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OPEN PUMPING IN SHEETED TRENCHES

L. MOLNAR
BUILDING RESEARCH INSTITUTE, BUDAPEST, HUNGARY

The determination of flow conditions prevailing during the drainage of a sheeted par-
tially penetrating trench by exact mathematical methods involves great difficulties. By means
of the electric model providing results the accuracy of which is close to the theoretical solution,
the effect of the variation of the parameters of the boundary conditions exerted on the amount
of water, etc. can be determined. It can be proved that the thickness of the permeable layer
under the bottom of the trench influences the discharge considerably only as long as its thickness
is not greater than three times the width of the trench. On the other hand, the increase of the
length of the sheet wall has a great effect on the maximum outlet gradient. The length of the
sheet wall greatly influences also the distribution of the amount of water entering at the bot-
tom of the trench.

1. Introduction

Open pumping is one of the most economical dewatering method,
however, its application is difficult, due to the fact that properties of flow
have not been properly clarified. While, for example, if in case of well-point
drainage any difficulty arises in connection with the lowering of water level,
the trouble can be eliminated during operation, in case of open pumping,
as soon as the soil failure occurs, the trouble can be eliminated only by the
application of another, sometimes very expensive method in case any irrep-
arable damage does not occur.

For this reason, if open pumping is used, it is necessary to know both
the soil conditions and the circumstances of flow with greater accuracy than
in the case of any other method of dewatering.

Soil failure theories which are available at present, presume the knowledge
of flow net, or at least that of the magnitude of exit velocities and gradient,
respectively. The determination of these data is highly important from a
practical point of view, but it involves great difficulties for many boundary
conditions which are encountered in a practice. The analytical solution of
even the simplest case of boundary conditions leads to complicated elliptical
integrals, the solution of which, while requiring a sophisticated mathematical
apparatus, are extremely time-consuming. For many boundary conditions an
exact mathematical solution is not even obtainable.
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4 L. MOLNAR

This paper is concerned with a boundary condition which is very
frequently encountered in practice, hut rather neglected in theory, namely,
the question of the sheeted and partially penetrating trench, in case of lateral
water supply.

The solution of flow problems was obtained by using an electric analégon.
The investigation covered the effect of the thickness of the water bearing stra-
tum under the bottom of the trench and that of the depth of the sheet wall.

2. Description of the equipment and method of investigation

Hungarian and foreign literature deals extensively with the theoretica
and practical problems of the electrical analogical method [1—12]. Here
only a brief review is presented concerning the problems of modelling, evalua-
tion and establishment of the boundary conditions.

In the investigations, it was assumed that the flow was homogeneous
and isotropic, surface of the impervious lower layer and the original ground-
water level were horizontal before starting the dewatering. In this case,
the vertical plane passing through the axis of the trench is a symmetry plane
from the point of view of flow. Therefore, it was sufficient to use one half
of trench only as a model.

Fig. 1 shows a sketch of the electric model of the part of the trench
of 26 width on one side of its symmetry plane. The inlet and outlet surfaces
of the flow are made of copper plates, the other interfaces influencing the flow
of insulating plates. The investigation was difficult because the phreatic line
was not known in advance, and it had to be determined by means of successive
approximation. Using the known method, it was possible to determine with
high accuracy the real shape of the phreatic line.

The investigations were divided into two major parts. In the first part
we investigated how the variation of values t and c (as indicated in Fig. 1)

Fig. 1. The sketch of the electric model
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OPEN PUMPING IN SHEETED TRENCHES 5

influence the amount of water flowing into the trench, the form of the depres-
sion curve (its h value), as well as the value of the maximum outlet gradient
developing in the line of intersection of the sheet wall and the plane at the
bottom of the trench (Imax). In the second part it was studied how the value
of t and c influences the distribution of the amount of water flowing in along
the bottom of the trench.

For this latter investigation, we divided the copper plate serving for
the modelling of the bottom of the trench into five equal parts, and we
measured separately the electric current flowing through each surface section
which is proportional to the amount of water flowing in at that surface.

3. The effect of the thickness of the water bearing stratum
under the bottom of the trench on the discharge

The effect of the variation of values t and c, water discharge g, and on
values h'"and 7max was investigated in 35 model versions. The results are
shown in Table I. Here in the third column there is indicated the non-dimen-
sional value q/kH instead of water discharge q' which is a so-called model
form factor proportional to the discharge. It depends only on the boundary
conditions.

For the investigation of the effect of the thickness of water supplying
layer, from Table I random values gq/kH were selected arising in case of a sheet
wall reaching to the bottom plane of the trench (c/b = 0), and plotting values
t/lb = 2tjH on the abscissa and g/kH on the ordinate, so the curve to be seen
in Fig. 2 was obtained. It can be clearly seen that in case of small t values,
the water discharge increases first rapidly with the increase of t, and with
greater values of tit increases at a lower rate. When t b, a further increase
no longer influences the water discharge.

Fig. 2. The effect of the thickness of the water bearing layer under the bottom of the trench (i)
on the water discharge when there is a lateral water supply
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L. MOLNAR

Table 1

Results of the investigations of electric models for the boundary
conditions given in Fig. 1

|(:| k- k‘L ~|:|1~ "max
1 2 3 4 5
0,125 o 0,14 0,17 —
0,2 0,12 0,50 1,38
0 0,20 0,13 —
0,25 0,2 0,17 0,34 0,87
0,4 0,14 0,50 0,55
0 0,25 0,15
0,1 0,24 0,27 1,14
0,2 0,22 0,30 0,90
0,5 0,4 0,21 0,36 0,66
0,6 0,19 0,55 0,44
0,9 0,13 0,64 0,35
0,95 0,13 0,71 0,27
0,75 1,00 0,20 0,57 0,42
0 0,35 0,23 —
0,2 0,33 0,32 1,38
0,4 0,30 0,41
1,0 0,25 0,55 0,46
1,0 15 0,21 0,64 0,40
1,75 0,15 0,75 0,32
1,85 0,15 0,75 0,32
1,95 0,11 0,79 0,22
0 0,46 0,22 —
0,2 0,42 0,40 1,58
2,0 0,4 0,38 0,48 1,00
0,6 0,38 0,56 0,74
0 0,51 0,27 —
0,2 0,46 0,44 1,66
0,4 0,39 0,54 1,19
0,6 0,38 0,63 1,01
3,5 0,8 0,36 0,68 0,83
1,0 0,31 0,70 0,77
15 0,27 0,77 0,63
2,0 0,25 0,80 0,54
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OPEN PUMPING IN SHEETED TRENCHES 7

Fig. 2 indicates the character of the process, however, the numerical
values are correct only for boundary conditions where ratios I/H = 3,82 and
H/b = 2, corresponding to the model constants.

4. The effect of the length of the sheet wall

Fig. 3 shows the relationships of the effect of the length of the sheet
wall on the amount of water flowing into the trench, q" on the maximum
outlet gradient and on the shape of the depression curve (h'), constructed
on the basis of the data given in Table I. Another restriction in the investiga-
tions was that the thickness of the water bearing layer was fixed at t/b = 1,
the only variable being c.

The water discharge — as it is to be seen from curve gq/kH of Fig. 3
decreases linearly with the increase of ¢, until the free surface under the tip
of the sheet wall is reduced to 20% of the original opening. Beyond 80%
closing, the water discharge decreases more rapidly.

It can be seen from the figure that in order to decrease the water discharge,
the partial closing has a rather slight effect.

On the other hand, the value of the maximum outlet gradient occurring
in the line of intersection of the bottom and the sheet wall reaching down
to the plane ofthe bottom of the trench (c — 0), the value of Jmax is theoreti-
cally infinite. With the increase of c, i maxdecreases rapidly, so that at c/b = 0,2
its value already falls below unity. Consequently, from the point of view cf
soil failure the sheet wall is of the utmost importance, but it also makes clear
that from the point of view of the prevention of soil failure there is no need
for an excessive sheet wall length.

Fig. 4 represents relationships similar to those of Fig. 3, for a greater
thickness of the water bearing layer (t/b — 2).

5. The distribution of the inflowing amount of water
along the bottom of the trench

In order to determine the distribution of the inflowing amount of water,
the bottom plate of the trench was divided into five equal parts, and the
quantity of electric current flowing through on each surface element, was
measured. This value determines the q/kH value for each surface element.
In the course ofthe investigations, the following ratios were fixed: L/H = 1,90,
H/b = 2, t/lh= 1

The depth of the sheet wall (c) was varied. The investigation resulted
in the g/kH values which are proportional to the amounts of water flowing

Acta Technica Academiae Scientiarum llungaricae 64, 1960
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g/kh, h/h, 310K

Figs 3 and 4. The effect of the length of the sheet wall on water discharge into the trench
(q/kH), on the values of the maximum hydraulic gradient (/max) and on the height of the
height of the free surface (h’/H)

through the surface elements 1—5. The results of the investigations are given

in Table II.
The variation of q/kH plotted as a function of c/t is shown in Fig. 5,

based on the data in Table II.

Ada Technica Academiae Scientiarum Hungaricae 64, 1969



OPEN PUMPING IN SHEETED TKENCHES 9

Fig. 5. The variation of g/kH which is proportional to the water discharge on surface section
1—5 of the bottom, plotted as function at c/l

Table 11

Distribution of qjkH which is proportional to the water discharge along the bottom of the trench

t 1 2. 3. 4 5 6
0 0,036 0,041 0,052 0,076 0,263 0,47
0,1 0,042 0,048 0,059 0,093 0,173 0,42
0,2 0,047 0,054 0,070 0,094 0,143 0,41
0,5 0,047 0,050 0,062 0,072 0,081 0,31
0.9 0,031 0,033 0,036 0,042 0,044 0,19
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10 L. MOLNAR

On surface element No. 5 nearest to the sheet wall an extremely great
amount of water flows through if the depth of the sheet wall is small. This
is conform with the previous result of the investigations showing that in
this case the outlet gradient in the vicinity of the sheet wall is extremely
great (Figs 3 and 4). Increasing the depth of the sheet wall, the amount of

Fig. 6. The distribution of water discharge for surface sections 1—5 of the bottom of the
trench plotted as function of the length of the sheet wall (c/t ratio)

water flowing in on surface element no. 5 decreases rapidly. The character
of variation is similar to the variation of Jmax to be seen in Figs 3 and 4,
respectively. On the other hand, the variation of the amount of water flowing
through the elements 4—1 shows a quite different character. If the sheet wall
gets deeper, the amount of water increases first, then starts to decrease at
a well defined sheet wall depth.

This phenomenon, which seems to be unusual, can be explained by the
fact that the initial lowering of the sheet wall diverts the inflowing water
quantity towards the centre of the trench, and in case of lowering the sheet
wall to a greater depth, the closing effect of the sheet wall acts in the centre
of the trench, too.

Acta Technica Academiac Scientiarnm Hungaricae 64, 1969



OPEN PUMPING IN SHEETED TRENCHES 11

In Fig. 6 the distribution of the amount of water along the bottom
of the trench can be seen for different driving depths of the sheet wall. On the
abscissa the individual surface elements are represented, the ordinates are
proportional to the amount of water flowing through the individual surfaac
elements. By connecting the obtained points a continuous curve, the charac-
teristic of the distribution of water quantity, was obtained. The dashed line
gives the amount of water, when there is no sheet wall. In this case, a part
of the water discharge enters from the sides, thus, the total amount of water
coming from the bottom is less than that in the vase of the use of a sheet
wall.
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OcymeHme KaHaBoii B OorpaHM4yeHHOM C LUNYHTOBbIM pPAAOM KOT/10BaHe
1. Monbliwp

OnpegeneHvie rMapoaYHAMUYECKMX YCII0BUIA BOKPYT OTPaHWUYEHHOr0 LUMYHTOBbLIM PSA0M
KOT/IOBaHa MyTem CTPOroro MaTeMaTMUecKoro aHaM3a OueHb TPYAHO. Mpu NOMOLLUY 3M1EeKTPU-
YeCKO Modenu, Aatollei pesynbTaTbl, CTOsILUME 6/IM3KO K TEOPETUYECKOMY PeLUeHUI0, MOXHO
6bICTPO OMpPedeNUTL AEMCTBME W3MEHeHUsI MapameTpoB MpeaeNibHbIX YCnoBuid. TonwmHa Bogo-
HOCHOr0 CNosi Mof HOM KOT/I0BaHa CW/IbHO BO3[ECTBYeT Ha KOMMYECTBO BTEKawoLleii Bogbl
TOMLKO B TOM C/ly4ae, ec/in ee TO/LMHA He NPEBbICUT TPONHOM LUMPUHBLI KOT/IOBaHa. Y Tny6eHue
LUNYHTOBOrO PsAfa CHMXKAeT KOMMYeCTBO BTEKaloLleidl BoAbl TOMbKO B HE3HAUUTENbHOM Mepe,
NoKa LLUMYHTOBLIA P He NMepeKpoeT BOAOHOCHBINA croli nog KoTnoBaHom Ao 80%. B npouecce
JanbHeliLlero MnepekpbITAS KONMYECTBO BTEKaloLeli BOAbl CUMIbHO YMeHbLUAeTCs. Yrny6neHue
LUMYHTOBOrO psAfa CUMbHO BO3AENCTBYET Ha BENNUMHY MAKCUMASIbHOrO0 BbIXOAHOIO r1apaBu-

Acta Technica Academiae Scientiariim Hungaricae 64, 1969



12 L. MOLNAR

YecKoro rpagueHTa. LLInyHTOBas CTeHa, 3abuTas Ha rny6uHy, cOOTBETCTBYHOLLYIO K 10% o6Lueit
LUMPUHBbI KOT/I0BaHa, CHWXaeT TrWAPaBAMYECKUA TpagmveHT, COOTBETCTBYHOLUMI LLNYHTOBOM
CTeHe C rny6uHol paBHOM Hy/0 (TEOPeTUYECKN BECKOHEYHbIN) A0 BENMYUHBI MEHbLLE eANHULLbI.
B cnyyae WwNyHTOBON CTeHbl, 3a6UTON Ha rAy6uHY paBHyt Hynto (rnybuHa 3abMBKU BO BCEX
cnyyasx cnefyeT cuMTaTb OT [Ha KOT/0BaHa), Hambosbluas 4acTb BTEKawollell B KOT/I0BaH
BOAbl KOHLEHTpUpPYeTCcsl BG/M3M CTeHbl KoT/MoBaHa. C OMyCKaHWEM LUMYyHTOBOW CTeHbl, 06LLee
KO/IMYECTBO BTeKaMLLel BOAbl YMEHbLLAETCS TO/IbKO B HEOOMbLUOW Mepe, HO pacnpefeneHue ee
CTaHOBUTCSI 6oMee ypaBHEHHbIM.

Acta Technica Academiae Scientiarmn Hungaricae 64, 1969
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OBSERVATIONS AND EXPERIENCES
DURING THE DEWATERING OF A FOUNDATION PIT

GY. SZABO
BUREAU FOR SURVEYING AND SOIL EXPLORATION, BUDAPEST. HUNGARY

During the dewatering of a large foundation pit an initial discharge of 200 litres/inin
was observed at each pumping station, which, however, dropped to 20 litres/min after 5 months.
Visual and instrumental observations made in the course of the dewatering operations in the
fine sand revealed that the drawdown range did not increase beyond 875 m and no additional
lowering of the groundwater table towards the row of pumping wells was 1%. The permeability
of the soil was 3,84 m/day.

1. Introduction

During the construction of a large industrial project large-scale dewa-
tering operations became necessary in order to keep water out ofthe foundation
pit. Observations during the extended dewatering operations offered opportu-
nity to check the theoretical predictions against measured values.

2. Main characteristics of the site

The foundation pit to be dewatered was 270 m long, of 50 m average
width and of 7 m average depth. In some placesthe depth ofexcavation attain-
ed 8 to 10 m. The suction line of the vacuum wells surrounding the simul-
taneously excavated pit was divided into 6 sections, each of which was served
by a pumping station equipped with vacuum pumps. Two additional pumping
stations with the appartenant well points became necessary as parts of the
pit were excavated deeper. The required lowering of the groundwater table
could thus be accomplished in two stages.

In the foundation pit a complicated basement system including venti-
lation machine halls, service tunnels, machine foundations, cable ducts will
be constructed.

The slope of the groundwater table under the construction site was 1%;
at the highest point the groundwater was 1,8 m below the terrain at the be-
ginning of pumping. The soil varied from silty fine sand to fine sand underlain
by an impervious silt or sandy clay layer at a depth of 10 m.

Acta Technica Academiae Scientiarum Hungaricae 64, 1960



14 GY. SZAB 0

3. Observations, initial conditions

Site observations and the evaluation of results were carried out for a
single pumping station only. The row of well points served by the pumping
station was 100 m long in the projection perpendicular to the direction of
groundwater flow. The steady groundwater level measured at the center of
the row, in the vicinity of the pumping station was 2,5 m below datum before
pumping was started.

Calculations were based on the following assumptions:

a) Darcy’s law was considered valid;

b) the slope of the groundwater table is constant (i = 0,01) and the
groundwater table extends to infinity in all directions;

c) the water bearing layer is a uniform fine sand;

d) the depression caused by the pumps is effective down to the imper-
vious substratum;

e) the dewatering of the large construction pit causes two-dimensional
seepage over the section investigated.

4. Soil permeability

a) Pumping test

In the course of preliminary design the permeability of the soil was
determined by pumping tests, from the results of which the permeability
coefficient was obtained as &= 5,8 X 10 5 cm/sec = 5,01 m/day.

b) Checking calculations

The discharge from the row of vacuum wells served by the pumping
station investigated, became steady after 5 months of pumping. No further
lowering of the groundwater level was thereafter observed in the wells (Fig. 1).
Neither did the drawdown range R show any further change.

The discharge consisted initially of two parts, one part resulting from the
gradual depletion ofthe space above the drawdown surface which itself became
continuously deeper as pumping proceeded, the second part being due to wa-
ter filtering into the depression zone. Once steady conditions were established,
the discharge pumped by the station was exclusively due to watre that flowed
form the outside into the depression zone.

Assuming the validity of Darcy’s law and seepage to occur in two dimen-
sions, we have

qo= FKki, 1)

Acta Technica Academiae Scientiarum Hungaricae 64, 1969
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Fig. 1. Test load curves of piles in sandy soils
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16 GY. SZABO

where

F = 100 H = the seepage cross section area (100 m is the length of the seepage line
H is the height of the water column).

W ith the observed values
go = 20 litres/min = 28,8 m3day
i = 0,01,

F — 100w X 2,7m = 750 m2
we have, since

ad - Fki,
k—_% - 288 _ = 4,88 mMay, or
iF 0,01-750
k = 4,5 X 10 -s m/sec. 2)

This value has been used hereafter for calculations.

5. Relationship between water volume, length of pumping period
and influence range of the depression curve

Assuming seepage from one side only, the discharge flowing to the well
row can be readily calculated from the familiar relationship (Fig. 2)

a = 100zki = 100b _d »
1

where

the water volume produced during unit time per 100 m length of the well row
dzjdx = the relative slope.

Pig. 2. Test load curves of piles in loose sand

4eta Technica Academiae Scientiaram Hungaricae 64, 1969



DEWATERING OF A FOUNDATION PIT 17

Upon the separation ofthe variables and integration the above expression
becomes:

100 K
(*2- A~

Owing to vacuum effects and to the presence of the impervious layer
below, and close to the bottom, the value of ho can be neglected, so that

4 zl. (3)

The volume of the space enclosed by the original groundwater surface
and the depression cone becomes

V = RH 100 - V
where

V = 100 \zdx,

and the magnitude of z is computed from Eq. (3), i.e.,

2q
00k X
Consequently
. Jq 200 2q
V'= 100 - -
100k) liix 100 k R
0
200 ; 2q
V — 100 RH .
100 K 32

The total discharge produced is composed of the volume withdrawn
from the depression cone and the outside inflow, thus

200 2
= n 100RH - 4.4q32 . 4
Q 100 K Qo @
wherein
Q = the total volume (m3) withdrawn per 100 length of construction pit
N —the pore volume of the water-yielding aquifer (n = 0,4 in this particular instance)

00 = the total inflow volume (m3) through the boundary defined by the depression
range into the depression zone.

2 Acta Technica Academiae Scientiaruni Hungaricac 64, 1969



18 GY. SZABO
The depression range is expressed from Eq. (4) as

- 0
Q-Q -

A direct computation of R from Eq. (5) is impossible, as R figures under
the square root sign on the right-hand side of the equation. By successive
approximation, on the basis of actually observed discharges, the value of R was
computed and it was found that the shape of the depression curve remained
essentially constant after 5 months. Having attained the value of R — 875 m,

Fig. 3. Test load curves of piles in medium compact and compact sands

no more than the external inflow due to the natural slope of the groundwater
table remained to be removed by pumping. The relationship between time,
discharge and R is shown with theoretical and observed values in Fig. 3.

Information on variations of the depression curve is also obtained from
water levels observed in a row of wells arranged perpendicular to the row of
vacuum wells. Lowering of the groundwater table was started on the 20th
July, 1967 and no level fluctuation occurred in the observation wells after
January, 1968 (Fig. 1).

In these calculations flow towards the well row was assumed to occur
from one side only. The well points penetrating the full depth of the pervious
layer formed a complete enclosure around the construction pit. From the
interior space the water volume contained in the construction pit had to be
removed once only, which necessitated in the initial phase of pumping the re-

Acta Technica Academiae Scientiarum Hungaricae 64, 1969



DKWATERING OF A FOUNDATION PIT 19

inoval of about 3000 in3of water on the average by each ofthe pumping stations.

The enclosure of the construction pit was completely successful and work
therein was carried out under perfectly dry conditions.

In spite of the fact, that the depression curve on the external side of
the construction pit may he regarded as rather steep, the vacum-pump in-
stallation was capable of removing on the internal side every “drop” of water
from the soil, down to the impervious sublayer.

A comparison of the small yield (which was 200 litres/min initially and
dropped to no more than 20 litres/min in the final stages of dewatering) with
the pumping capacity installed wrill reveal that the construction firms are
ingeneral, not equipped with the suitable range of pumps. Instead of the
high-capacity pumping sets, the purchase of a larger number of up-to-date,
small-capacity pumps should be emphasized. Disregarding coarse gravel soils,
low discharges were commonly encountered during unwatering operations.

The operational and safety standby capacity of pumping stations should
he selected in a manner permitting in the initial stage of pumping the removal
of water by the simultaneous operation of main and standby pumping units,
whereas the standing pumps assume their original reserve function at subse-
quent stages only. In these stages discharges are very low, on the one hand,
while on the other, any operational trouble would involve grave consequences.

Hab6ntogeHns B npouecce 06e3BOXMBAHUSI KOT/I0BaHA U OLEHKA [aHHbIX
. Cabo

B npoliecce 06e3BOXMBAHNA KPYMHOr0 KOT/I0BaHa HadasbHbI pacxod B 200 1/MUH Mo
Ka)Xk[JOMy HacOCHOMY arperary, Yepes NsaTb MecsLeB CHU3WU/CS YXKe A0 OAHOW AeCATON Hadasb-
Horo. MpoBegeHHble B NpoLIecce 06e3BOXMBAHNS B ME/IKO3EPHUCTOM MecKe M3MepeHust U Habio-
[eHVs1 MoKasann, uTo 3(eKTMBHOE PAcCTOsHWE Aenpeccun fanblie 875 M yXe 6ofblue He
BO3PAcTaeT, CHWXKEHVEe YPOBHSI TPYHTOBbIX BOJ 3aBepLUM/IOCH Yepes 5 mecsueB. HaknoHeHue
YPOBHSI TPYHTOBbIX BOJ, B HarpaB/eHWU BCacblBaeMbIX KOMOALUEB 6bi10 1%. KoaddumumeHT
(hUNbTpaUMKM rpyHTa 6bln K — 3,84 M/CYyTKW. B 0TeueCTBEHHON NPaKTUKe — 3a WCK/IOUEHMEM
TEPPUTOPUIA C rpaBuiiHbIM OCHOBaHWEM — BOOGLLE HAGMIOAAIOTCA HU3KME PACXOfbl, @ B TO Xe
BPEMSl HalM CTpouTeNibHble NPeAnpUSTUAS pacrnofiaraloT MOLHLIMMA HACOCHLIMM arperatamu.
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L’ INFLUENCE DE L’EMPLOI DE BERMES
SUR LA STABILITE DES TALUS

A. TIMAR
UNIVERSITE TECHNIQUE, BUDAPEST, HONGRIE

A method is developed for estimating the stability of slopes constructed with a berm.
Investigations have been extended to nine fundamental cases (three different slope inclina-
tions and three different berm heights). The stability coefficient was plotted graphically in
terms of the angle of internal friction of the soil or the ratio berm width to slope height. Direc-
tives are given for the selection of the most economical location, design and dimensions of the
berm. The use of the results obtained is illustrated by two practical examples.

Les talus des fouilles de construction comportent souvent des bermes
utilisées pour des raisons de sécurité, des raisons techniques (emplacement de
puits filtrants) ou autres. Une bonne partie des terrils des mines de charbon et de
minerais a ciel ouvert, ainsi que des digues emploient, de méme, des talus a
bermes. Aussi voit-on se manifester un intérét légitime pour le calcul de la
stabilité des talus construits avec des bermes, calcul qui tienne également
compte de I’effet résultant de I'emploi de ces dernieres. Dans la présente
étude, nous exposons une méthode permettant d’effectuer ce calcul et de
chiffrer aussi I'effet positif (augmentant la sécurité) que I’emploi de bermes
peut avoir du point de vue de la stabilité des talus.

1. Notations, données fondamentales

On a examiné neufcas fondamentaux selon les notations du talus de la
figure 1, pour les valeurs p = 1/2, 2/3, 3/4, et cotR = 1,0, 1,73, 2,0.

Le poids volumétrique du sol a été pris y — 2,0 Mp/m3.

Les résultats sont donnés en fonction du rapport p/h entre la largeur
de la berme et la hauteur du talus.

La place dont nous disposons ne permettant point la publication de
tous les résultats, abaques et figures, nous nous bornerons a en présenter
les plus importants. Soulignons ici que les résultats obtenus ont été analogues
dans tous les cas examinés.

Dans nos calculs, les surfaces de glissement dangereuses ont été supposées
traversant le pied; I’angle d’inclinaison formé par la corde du cercle et I’hori-
zontale a été désigné par a; enfin I’angle central 20 a été considéré avec
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les valeurs publiées par Taytor [1] (cf. figure 1). Ajoutons que, dans les cas
de ® = 0 et ® = 5° nous avons toujours supposé un glissement de talus
par le pied, bien que dans ces cas, il existe aussi une rupture profonde plus
dangereuse au-dessous du pied du talus.

Le facteur de sécurité caractérisant la stabilité des talus a été calculé
selon [2], comme sécurité composée (cf. figure 5).

En cas de ® donné, la valeur de la cohésion nécessaire correspondant
a la valeur v= 1 ("-constante) a été de méme calculée en utilisant les données,
les abaques de Taylor.

2. Hypothéses fondamentales

Sous les conditions résumées au point 1, I’emploi de hernies augmente
le facteur de sécurité, donc si p ]> 0, on aura pour le méme talus (~-constante,
h-constante)

Vo>V

ou Vp signifie le facteur de sécurité valable en cas d’emploi de bermes.
Si on suppose la valeur de ® constante, cette supposition peut aussi
s’écrire sous la forme
Ncep< Nec,

ou I’indice p indique encore la présence de la berme et Nc= cjthy).

Suivant notre méthode, nous prendrons pour le calcul de Ncp un talus
d’inclinaison fictive B', pour lequel il est vrai (la surface de glissement étant
considérée comme constante) que la somme des forces (poids) verticales pro-
voquant le glissement est invariable:

2G-f(B) = ZG-f(R"). (1

Cette condition se trouve satisfaite si les aires hachurées de la figure 1
sont égales. Sur cette base, on peut déduire la relation suivante:

cotB' = cotB-f- (1 -p) "{1‘-. 2)

En utilisant cette relation on peut, pour une largeur de berme p quelcon-
que, calculer I’inclinaison fictive R’ du talus, et en connaissance de celle-ci,
la sécurité de ce dernier.

La question peut se poser de savoir jusqu'a quelle valeur limite p l'aug-
mentation de p accroit la sécurité. Cet état limite (Av = 0) est atteint, quand
a sécurité calculée du talus d’inclinaison fictive B' et de hauteur hest identique
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a celle du talus moins élevé, de hauteur /uh, mais d’inclinaison (B) originals.
Les valeurs de p calculées a I’aide de I’équation (2) pour les neuf cas
fondamentaux sont contenues dans le Tableau T.

Tableau 1

Valeurs de 10 p/h (m)

0 J<=1/2 ,=213 1 ,=3/4
/1=26,5° 0=30° /5=45° 0=26,5° 0=30° R=4S° /3=26,5° 13=30° 13=45°

0 = 25° 1,0 1,6 3,8 1,0 15 3,5 1,0 1,5 3.4

0 = 20° 3,8 4,8 6,0 3,7 4.4 55 3,6 4.3 51

0 = 15° 7,5 9,3 9,0 7,1 8,0 8,1 6,7 7,1 7,5

0 = 10° 12,7 13,1 13,6 11,0 11,2 12,0 9,5 9,7 10,8

0=5° 24,4 26,0 26,1 24,1 24,7 23,1 22,3 23,4 19,3

0=0° 34,0 34,1 34,4 16,2 17,6 20,3 7,1 10,3 16,1
L0AL

Au dela de p, I’accroissement de la largeur de la berme n’influe plus sur
la sécurité.

Nous avons encore examiné I’effet de I’emploi de bermes par une méthode
différente. Dans celle-ci, I'influence de la berme a été considérée d’une part
en calculant la sécurité d’un talus de hauteur fictive (h') au lieu de la hauteur
réelle, et d’autre part a travers la valeur de la cohésion nécessaire satisfaisant
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a condition de sécurité v = 1. Sans entrer dans le détail, nous donnons ci
dessous les relations déduites ayant servi de base au calcul:

h' = h (1~t*)P 3
/n(cot c— cotR) ®
et
1 —n)ph
Anécessaire Angcessaire 1 ( G)p y (4)

Dans I’état limite ci-dessus, les valeurs de p peuvent étre aussi calculées
lau moyen des équations (3) et (4). Dans les cas comparables, les valeurs de
p calculées sur cette base ont été inférieures a celles présentées au Tableau I,
calculées d’aprés I’équation (2). Ce sont donc ces dernieres qui sont critiques.
Les résultats qui vont &tre exposés sont également basés sur I’hypothése
définie dans I’équation (2).

3. Détermination de I’accroissement de sécurité réalisable
par I’emploi de bermes

3.1. Détermination de la fonction Nc=ffd)
Pour un talus de hauteur h et d’inclinaison § données (construit de sols

ayant un poids volumétrique y), on peut déterminer la courbe correspondant
a la sécurité composée v = 1 (cf. figure 5). On peut, de méme, tracer la courbe
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correspondant a la valeur v = 1 du talus de hauteur ph, a l’aide des abaques
de Taylor (surface horizontale non chargée).

Des courbes Nc= /(®) calculées pour trois cas fondamentaux (8 = 30°,
p = 1/2, 2/3, 3/4) sont représentées sur la figure 2.

3.2. Détermination de la fonction Nc=f(plh)

D’apres ce qui a été dit au point 2:
en cas de pjh =0

Nc= — = f(B,4>)
hy
et en cas de p/h = pl/li

K = = /(/?', ©)-
phy ( )

Entre ces deux valeurs, la fonction Nc = fip/h) peut étre supposée
linéaire avec une bonne approximation, étant donné que la valeur de (B — R")
varie entre des limites relativement étroites, de sorte que les parties corres-
pondantes des courbes Nc= f(B, ®) de I’abaque peuvent étre remplacées par
des droites.

Nos calculs de controle ont démontré la possibilité d’un tel remplacement.

3.3 Détermination de Nc= f(p)

En construisant une berme de largeur p = constante, nous avons divisé
le talus original en deux talus moins élevés (de hauteur fi-h, et h —p- h).
Des deux «petits» talus, c’est toujours le plus haut qu’il faut considérer comme
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critique, et dont la sécurité calculée doit étre comparée a celle calculable pour
le talus de hauteur originale (h) et d’inclinaison R'. (On a vu qu'en cas de
p — p, les deux facteurs de sécurité ont la méme valeur.)

Il ressort de la figure 3 qu’au-dela de la valeur p = 1/2, I’accroissement
de p n’influe plus sur la sécurité, car des deux «petits» talus, c’est celui de hau-
teur (L —p) h qu’il faut considérer comme critique, de sorte que la figure
sera symeétrique.

3.4. Détermination du facteur de stabilité en fonction de & et de p/h

Vu les difficultés d’exprimer la fonction sous une forme explicite et la
complication qu’elle introduirait ainsi dans les calculs, nous avons préféré
adopter la représentation graphique.

La figure 4 résume les résultats obtenus en cas de p = 1/2 et B = 30°.
Les surfaces correspondant a la valeur = 1 sont bien visibles.

Il apparait également sur la figure que I’application de bermes a pour
effet d’augmenter sensiblement la sécurité. Cet effet d’accroissement de la
sécurité est déterminé en général par la position en hauteur (p) et la largeur
(pjh) de la berme, et par I’angle de frottement interne (®) du sol. On voit
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sur la figure 5 qu’en cas de @ = 0, lI'accroissement maximum de la sécurité est
"max = = 100 % ,

c’est-a-dire que la sécurité est doublée.
Si @ 71 0, Avmax aura toujours une valeur inférieure a celle ci-dessus,
et en cas de ® = R enfin, Avmix = 0.

4. Choix de I’'emplacement et des dimensions les plus économiques
de la berme

L’emplacement et les dimensions de la berme doivent étre choisis d’une
facon telle que l'augmentation de sécurité ainsi réalisable, projetée sur les
frais d’extraction par unité de longueur (K), soit la plus grande possible.
Par la suite, ces frais seront considérés comme proportionnels au volume de
terre extraite pour construire la berme, c’est-a-dire que

IfCrtlmy _ a(Ft/m3) . oy (m»/m)_
Vu que
AV = (1 - n)ph

cf. figure 1) on peut écrire
K —a( —Wph

ou a est le facteur de proportionnalité.
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Dans le cas de @ = constante, la valeur de I’accroissement de la sécurité
peut se calculer d’aprés la figure 5:

En calculant les valeurs de fonction Av = f(A V) pour n’importe lequel
des cas fondamentaux mentionnés, on obtient toujours un résultat analogue
aceluide lafigure 6. On procede donc de la fagon la plus économique (AV/AV =
= maximum) en attribuant a fx une valeur de 1/2.
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Si quelque circonstance empéche de prendre fi — 1/2, on peut toujours
examiner, en comparant des frais, s’il est plus économique d’élargir la berme
de position fi = 1/2 (et par la AV AVmin) ou d’éliminer I’obstacle en ques-
tion.

On a examiné, a quelles valeurs de I’angle de frottement interne (®)
correspond I’accroissement le plus efficace de la sécurité par I’emploi de bermes.
Les résultats de nos calculs sont mis en vue sur la figure 7 (B — 30°).

D ’apres cette figure, I’accroissement dela sécurité par I’emploi de bermes
est le plus petit au cas de ® = 10° a 20°.

Les courbes de la figure 7 ont été marquées sur la partie @ 10° en
traits discontinus, car danslescas @ = 0et ® = 5° nos calculs serapportent,
comme nous l’avons déja dit, non pas aux surfaces de glissement les plus
dangereuses (au-dessous du pied du talus), mais a des glissements par la base.

5. Applications pratiques

Les applications pratiques de la méthode présentée peuvent étre illus-
trées le plus simplement par quelques exemples.

1° — Une berme large de 2m, formé a 2/3 de la hauteur h d’un talus haut
de 10 m et ayant une inclinaison B = 30° a été construit dans du limon sableux,
dont voici les caractéristiques: @ = 25° (calculé sur la base de la contrainte
totale) et ¢' = 1,0 Mp/m2,y = 2,0 Mp/m3 (cf. point P, de la figure 5). Dans
quelle mesure se trouve augmentée ainsi la sécurité du talus?

La sécurité du talus sans berme était de v = 1,4.

Apres I’application de bermes on peut, en calculant la sécurité, consi-
dérer I’inclinaison fictive du talus

cotR' = cotR -J- (1 —/r) " = 1,865
R'= 28,1°.

En représentant la courbe de sécurité correspondant a v= 1 du talus
de 10 m de haut et d’inclinaison B' = 28,1° dans le systéme de coordonnées
(c, tan @), on peut calculer la sécurité: v 1,52 (cf. figure 5). L’accroissement
de la sécurité:

Av= 19214040 8,5%,

1,40

2° — Soit le fond de fouille d’une profondeur (h = 10 m) et I’inclinaison
souhaitable du talus (B — 30°). Sur place, on trouve de l’argile jusqu’a une
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assez grande profondeur. Ses caractéristiques sont: ® = 15° (calculé sur la
base de la contrainte totale) et c= 1,6 Mp/m2; y = 2,0 Mp/m3.

La sécurité prescrite du talus est v= 1,5.

La sécurité du talus sans berme est selon la figure 5 (ou le point P re-
présente lesparametres dela résistance axi cisaillement de I’argile): v = 1,42 <
< 1,5

On choisit la position en hauteur® = 1/2 comme étant la plus économique
selon la figure 6.

Sur la figure 5, on cherche le point B sur la droite OP:

P
S — wB (b= 10° c= 1,25 Mp/m2D.

C’est par ce point que devra passer la courbe correspondant a la sécurité
v = 1, calculée pour le talus de hauteur h et d’inclinaison B'.
Selon I’abaque de Taylor:

25,5°.

En utilisant I’équation (2), on peut calculer alors la largeur de berme
nécessaire:

o CotR cotBy s

BIBLIOGRAPHIE

1. Taylor, IJ. W.: Stability of Earth Slopes. J. Boston Soc. C. E., 24 (1937), 197 —246
2. Kezdi, A.: Talajmechanika (Mécanique du sol). Tankényvkiadé, Budapest 1960

BnnsiHne 6aHKeTa Ha yCTOﬁHMBOCTb O0TKOCOB
A. Tumap

ABTOp npegnaraeT MeTOAMKY pacyeTa YCTOWYMBOCTM OTKOCOB, CTPOSILLUXCS C GAHKETOM,
YUMTbIBAIOLLY0 U BAMsiHWE GaHKeTa. ABTOpP pacrnpocTpaHW/ CBOW WCC/efOBaHUSI Ha [eBSiTb
OCHOBHbIX C/ly4aeB (a2 MMEHHO: A/ TPexX pas/M4YHbIX PacnosoXeHWn GaHKeTa Mo BbIcOTe Npu
Tpex pasnyHbIX yraax yknoHa oTkoca). KoahuumeHT ycToMYMBOCTM AaeTcsA B rpaduyeckoi
thopme B (PyHKUMU yrna BHYTPEHHEro TPeHUsi TPyHTa, U3 KOTOPOro M3roTOB/IEH OTKOC, U OTHO-
LLEHMS LUMPUHBI 6aHKeTa K BbICOTe O0TKOca. ABTOP 3aHMMAaETCsl TaKXe BOMPOCOM BblGopa Hambo-
/lee 3KOHOMUYHOI0 pacnofioXeHus 6aHKeTa M pasmepoB ero. PaboTa AOMOMHAETCA ABYMSA Npu-
Mepamu, AeMOHCTPUPYIOLLMMU MPaKTUYeCKOe NPUYMEHEHWe MOMyYeHHbIX Pe3ynbTaToB.
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METOAVIKA PACHETA OCYLLUEHVA KOTJ/IOBAHOB
Nnog o»YHOAMEHTbI COOPY>XXEHUU

H. H. BEPUTVNH—B. C. CAPKNCAH

When dewatering the foundation pits it is necessary to determine the water level drop
in their centre as well as in the wells with the given layouts, dimensions and yields. The pre-
sent report shows the technique to determine the hydraulic resistance and stripping coefficient
for rectangular- and circular-shaped foundation pits in an unconfined water-bearing formation.
It is assumed that the wells are located along the contour of the foundation pit with uniform
spacing and that they have the same yields at the same time. The consideration of some alter-
natives, differing in the number and yields of wells, results in the selection of the alternative
which is the most efficient from the technical and economic point of view.

1. O6wmne Bonpochbl

Ona ocyweHWsA KOT/NI0OBAHOB, B 3aBUCUMOCTMU OT FTMAPOreoNornyecKmnx ycno-
BWI palioHa U pa3MepoB KOTNOBaHa, MOXET MPUMEHATbCA OTKPbITbIA (MOBepX-
HOCTHbIW) BOAOOTAMB UAW FTNYy6UHHOE BOAOMNOHUXEHMUE.

Fny6buHHOe BOAOMOHUXEHMWE CO3[aeT Haunyduw,ue ycnosuss LS5 NMPOU3BOA-
CTBa 3eM/IAHbIX U 6eTOHHbLIX paboT B KOT/0BaHax, a TakXe obecneymBaeT coXpaH-
HOCTb TPYHTOB OCHOBaHMA. MM03TOMY OHO NONYYUNO BecbMa WMPOKOe pacnpocTpa-
HeHne B CCCP. 1nA NpoeKTUPOBAHUA U OCYW eCTBJIEHUSA BOAOMOHUXEHUA Heob-
XOAUMO BbIMONHUTL PUNBTPALUOHHbIE pacyeTbl, ONpeAensoLWne NPOU3BOAUTENb-
HOCTb BOAOMOHWU3NTENbHbLIX YCTAHOBOK U 3 PEeKTUBHOCTb BOAOMOHUXEHUSA.

OcylweHne CTPOUTENIbHbLIX KOTNOBaHOB pa3fiefiieTca Ha fABe CTafun:

a) nepuof OCYWEHUSA ANNTENbHOCTbIO /, B TeYeHWe KOTOPOro B KOTJ/IOBaHEe
focTuraetcsa 3affjaHHOe TMOHWMXeHUe YPOBHA TPYHTOBbIX BOJ (Hanpumep, Ha
1-H,5 M HuXxe Hanbosiee HU3KNUX OTMETOK AHa KOT/0BaHa);

6) nepuop nojpepXaHma paHee AOCTUTHYTOro BOJOMOHWXEHUA B KOTNO-
BaHe Ha 60/n1ee MU MeHee NOCTOAHHOM YpPOBHE.

B nepBblii nepuoj npu OAHOBPEMEHHOM BBOAE B 3KCMayaTalLWid CKBaXWH
06Wmnii NPUTOK BOAbI K BOAOMOHWU3NTENbHOW CUCTEME NOCTOAHEH, @ YPOBHW BOfAbl
B CKBaXXMHaXx BCe BPeMs MOHMXaWTCA. B 3aTOoT nepuoj NpoMcxoauT ocylleHUe
KOTN0BaHa W CKBaXWHbl NMPUHUMANOT, FNaBHbIM 06pa3oM, MPUTOK BOAbl W3 30HbI
oCyW eHWs B npejenax BOPOHKM genpeccuu Bokpyr kotnosaHa (Qc), a Takxe
pacxop ecTecTBeHHoro rpyHTosoro notoka (Qe) u npuTok BoAbl M3 GAMXKaLWMX
peK n BOJOEMOB C FOPU3OHTOM BOAbl 60/iee BbICOKUM, YeM YPOBHM B CKBa)XMHax
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(Qp). B TeueHne nepsoro nepuoaa pacxog QCHenpepbIBHO YMeHbLW aeTcs, a PacXoqbl
Qewn Qp sospacTaloT. B nepBbIii Nepuof ABUXKEHME MOA3EMHbLIX BOJ K BOAOMOHMN3N-
TeNbHbIM CKBaXWHamMm MWMeeT APKO BblpaXXeHHblIA HeycTaHOBWBLIMIKACA XapaKTep
N NO3TOMY pacyeT BOAOMOHWXEHWS MPOU3BOAUTCA MO ypaBHEHWSAM HecTaumoHap-
HOli hunbTpayumn.

Bo BTOpoM nepuofe NPUMTOK BOAbl K BOLOMOHW3NTENbHOU cucTeMe 06bIYHO
yMeHbLlaeTca CO BpeMeHeM, a YPOBHWN BOAbl B CKBaXWHax 1 B KOT/IOBaHe ocTat TcA
CTabuUNbHbIMW WAN HE3HAUYUTENbHO CHMXalTcA. BBMAY yMeHblueHVWA ob6Liero
npuToKa BOAbI K CWCTeMe B 3TOT Mepuoj 4acTb BOAOMOHWU3NTENbHbIX CKBaXWH
BblKNlOYAaETCA WAN yMeHbl awTca MX AebuTbl. CKBaXWHbl MNPUHMMAKT B 3TO
BpeMA, rNaBHbLIM 06pa3oM, ecTeCTBEHHbI pacxoa rpyHToBoro notoka Qeu nputok
BoAbl M3 6amxaiiwmx pek u Bogoemos QP. MocTynneHue xe BOAbl M3 BOPOHKM
ocyweHns BoKpyr kKoTnosaHa QCHeBeNnuKo M ¢ TeyeHMeM BpeMeHUM MpoOfoONXKaeT
yMeHblW aTbcA. [BUXEeHMWe NOA3EMHbIX BOA K CKBaXMHaM WMeeT OTHOCUTENbHO
cTabuNbHbIN XapakKTep, N1 NO3TOMY pacyeT BOLOMNOHUXEHNSA MOXeT NPOM3BOANTLCA
no ypaBHeHMWAM KBa3unycTaHoBuBLLelicA punbTpauum. Ecnu kKoTnoBaH pacnona-
raetca B6AM3M BOJOEMOB, TO B NepmoAbl NaBOAKOB W YCUEHHOW MHDUNbTpPauumn
aTMoc(epHbIX 0CaffKOB MPUTOK BOAbl K KOTN0BaHYy Bo3pacTaeT. AnA nojAaep>XXaHuns
JOCTUTHYTOrO OCYWEHNS B 3TO BPEMS MOXET BO3HWKHYTb HEOOXOAMMOCTb BKIJIO-
YeHWS [OMNONHUTENbHbIX CKBaXWH WAW NOBblIWEHNE MNPOW3BOAUTENbHOCTU JeW-
CTBYIO LW NX CKBaXUH.

Tak Kak B nepBblii Nepuoj NPUTOK BOAbl K KOTNOBaHYy 60nblie, 4eM BO BTO-
poM, To AnA ob6ecnevyeHWs TpebyemMOoro NOHMWXXeHUA B 3TOT Nepuoj 06bIYHO Tpe-
byeTca 60nbllee YNCNO CKBa>XXMWH, 4eM BO BTOPOM nepuoge.

HailfgeHHoe p[nA nepBOro nepuofa Heo6XOLMMOE KOMMYECTBO CKBaXXUH
YyTOUHAETCA NMPOBEPKON [NA nepuopa naBoaKa.

Mpwn BblIGOpe pacyeTHbIX CXeM CleAyeT pa3nuyaTtb: 1. KOTN0BaHbl, pacnono-
XEeHHble faneko OT NOBEPXHOCTHbLIX BOAHbIX MCTOYHUKOB (peK, 03ep, BOAOXPaHU-
nvw); 2. KoOTN0BaHbl, pasMelwiatowmecs s6aunsm BogoeMoB (beperosble N pycnoBble).

Mo copme B NnnaHe KOTNOBaHbl MOryT 6biTb NMpuWBeAeHbl K OHOW W3 cnepy-
IOWNX pacyeTHbIX CXeM:

a) KpyroBble — TMpPW OTHOWEHWU MeHbl el CTOPOHbI K 6onbwei oT 1:3
o 1:1;
6) nonocoobpa3Hble — NPU OTHOWEHUW CTOPOH MeHee 1 :3.

Huxe usnaraerca MetogmkKa PUAbTPALUOHHBLIX pacyeToB 4N1A KOT/NOBAHOB,
yAaneHHbIX OT BOAOEMOB, KOrjga BAWSAHME MOCMAefHUX 3a BpeMsa sKcnayatauuu
BOJOMOHU3NTENbHbIX CKBaXMWH He CKasblBaeTCsA (HeOrpaHW4YeHHbI nnacT).

Tpebyemoe 3arnybneHue enpecCMOHHOW KPUBOW HUXeE NMPOEKTHbIX OTMETOK
fHa KoTnosaHa (HopMa OcCyllLeHMA) 06bIYHO 3ajaeTcsd B MeCTe HaMBbICLWero nNono-
XXEeHWNSA [enpecCMOHHON KPUBOW B LeHTPe KOTN0BaHa MM B Hanbosiee NOHMIXXEHHOW
yacTu KoT/ioBaHa M nNpuHumaetca B npegenax 0,5-f-1,5 M. NMoHUXeHMe B 3ToOM
pacyeTHOW TOYKe BCerjga MeHblle, YeM B CKBa>UHax.
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Ha nepuoj CTpouTenbHbIX paboT MOHMXEHWe YpoBHA S B pacyeTHOW
TOUYKE KOT/0BaHa [O/IXKHO 6blTh

s — h2, (1)

roe hl  — rny6uHa KoTnoBaHa HVXKe eCTECTBEHHOFO YPOBHSI FPYHTOBbLIX BOf,
h. — Hopma ocyLueHus.

MoHMXeHMe S pocTuraeTcs B TeuyeHMe 3aflaHHOr0 HayanbHOro nepuoja
ocyweHnns tH

BofonoOHM3NTeNbHbIe CKBaXXWHbl 06bIYHO pas3mel,atTCcA MO BHEWHEMY KOH-
Typy KoTnoBaHa. B 30He HaMBbICLIEro NOMOXEHUA NOBEPXHOCTMW feNpeccum Takxe
BbIFOAHO pasMmel,aTb HECKONbKO CKBaXMWH.

MOHMXeHNe [UHAMWYECKOro YPOBHA OT feACTBUSA BOAOMOHU3NTENbHbIX
CKBaXWH S onpegensetrca no gopmyne [1]:

s = he Q (R + C), (2)
2 nK
rae
D-058S
C=2 K r~y 1In147 0,55 2,65
n —058) h0—0,5S
hO — cpegHas ecTecTBeHHas rnyGUHa MoToka, /0 — rAy6UHa NOFpy>XKeHust padoueit
YacTW CKBaXMHbI B BOAOHOCHbIA MacT,
Q — [nebuT 0AHOWM CKBaXWHbI, K — KOW(PULMEHT (hNbTPaLmN,
he — nepBoHaYasbHas MOLLHOCTb 6e3HANOPHOr0 MOTOKA, C— KO3DULMEHT, YUUTbI-

BalOLLI.VIVI CTENEHb N XapaKTeP BCKPbITUA Mnacta,
R — rnapaB/INYECKOE COMPOTUB/IEHME TPYHTaA, KOTOpPOE NnpeofoneBacT MOTOK MNpu
ABWKEHUN K CKBa>KMHaM.

3HayeHna koahduumeHTa C, 06YCNOB/MIEHHOTO CTENEHbLIO BCKPbLITUA nnacTa,
onpegeneHbl H. H. BepuruHblM #n ero sHavyeHue npusoguTca B pabote [1].

C Uenblo yyeTa eCTeCTBEHHOIO NOTOKA MOA3EMHbLIX BOJ MOHUXEHNA YyPpOBHA S
(B CKBaXuHe nan B N06ON ApYyroi Touyke naacTa) OTCYMUTbLIBAKOTCA OT €CTECTBEH-
HOr0 YPOBHSA MOfA3eMHbIX BOJ [0 Hayana OTKauyKMu.

EcTecTBeHHble rny6uHbl he onpegensAwTcs no kapTe rUApoOW3OrUnc unam
no gopmyne

(3)

rae rny6rHa FPyHTOBBIX BOZ OT X YPOBHS 0 BOAOYMOpa B CEYeHUU MoTokay = O
% €CTECTBEHHbI PACXO0f rPYHTOBbLIX BOL, B TOM XK CEUEHUU;
y KoOpAuHaTa, rie onpefensieTcs

MOAyNb NUTaHUA NMOTOKa.
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Benuuunbl gjk u e/k naxogsatca ns (3) no rny6unam notoka HO, Hru H2
B pa3BeflOMHbIX CKBa)XMHaXx, NpobypeHHbIX B Touykax Y = 0, YX u y2 (Bce Tpu
CKBaXWHblI pasmel,aoTca BAOMb MOTOKA FPYHTOBbLIX BOf).

2. Monocoobpas3Hblli KOT/NOBAH

3agaya 0 NPUTOKe NOA3eMHbIX BOA K MNPSAMONUHEAHOMY pPSfy CKBaXWH
Npu KOHEYHOl fNuMHe paga paccmoTpeHa H. H. BepurumHbim [1], a npu 6ecko-
HeyHoOW ero gnuHe C. H. HymepoBbiMm [5].

Ona pacyeTa ocyweHusas nonocoobpa3Horo KoTnOBaHa paccMOTpUM feit-
CTBUE ABYX PSAAOB CKBaXMH 6CKOHEYHO 60NblWOK ANUHBLI. TTONOXUM, UYTO JebUTbI
BCeX CKBaXWH OfMHAaKOBbl W MNOCTOSSHHbI BO BpeMeHW. CKBaXMWHbl HaxXoAsaTCH
APYT OT Apyra Ha paccTosHum /. PaccToAaHue Mexay psagamu npuuato 2 d
(puc. 1).

FngpaBnunyeckoe CcOMPOTUBNAEHME ANSA UeHTpa KoTnoBaHa OT AelcTBUA
060X pPAAOB CKBaXWH Ha OCHOBAHWW MpPUHLMNA CyNnepno3nuymMy MOXHO BblpasnTb
cnefyrowmm obpasom:

dr
+ 2 exp d2+ (kl)2 9 )
4 at 4 ar T
nnn
R=21 @1+ 2y+ 2y*+ 2y9+...) exp (5)
Jo I f-
3pech
. 12
ip— exp (— noc) , = (6)
4 aTn

roe @ — KoahMUMEHT Mbe3onpPOBOAHOCTM, T — Bpems AelicTBUS CKBaXKWH psja.
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BeckoHeyHass cCymMma B Kpyrnblx cko6kax noj uHTerpanom B (5) npeg-
cTaBnsieT co60l TaTa PYHKLMIO, & NOTOMY

d- - \dr
R exp v3 O, (?)
4 ar 4paT 1 T

Onsa 6onbwunx 3HaveHnin a > 1 (manbix t) dyHkymwo v3(0, a) MOXHO onpe-
fenuTb no opmyne [2]:

73(0,a) = 1 -(-2exp(— Aa) (8)

Mpu Manbix 3HaveHusax a < 1 (6onbwwux 1) dyHkumio r3(0, a) MOXHO
BblYNCANTbL NO Gopmyne:

1
»®’a) = 1=~ 1+ 2exp — 9
K*

MorpewHocTb ANna (8) mmeeTr nopApok 2 exp (— 4 gaa), a gna (9) —
2 exp (— 4 ala).
MopactaBnaa 3HaveHue r3(0, a) no (8)—(9) B hopmyny (7) n uHTErpupys,

HaxofuMm:
a) ana manbix BpemeH (B > 1)

R=-2{£i(- Bd2)+ 2 [—B(1 - d2]}, (10)
roe
P - d
B=——,d=— (n)
4 at /

6) ana 6onbwwnx BpemeH (B < 1), 6ypeT:

R=- 2|-Ei(-d2-2 Ei[-(1 + d2] + 2/a exp ~d2
—exp (—d2 + d Ja (erfdim — erfd)) (12
3peck €rfX — nHTerpan BepoOATHOCTU, paBHbIii
ériX= 2, L e undu. (13)
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AHanornyHblMm o6pasom onpefensaeTca BeMYUHA TUAPaABANYECKOr0 COMpPO-
TUBNEHNA ANA HaXO0XAEHWSA MNOHMXEHUS B CaMUX CKBaXuHax papoB. Nmeewm:
a) onA manblX BpeMeH (B > 1) nmeem:

K=-[2 Ei(- B) + Ei(- B7n)] - {Ei(-4Bd2+

+ 2EQ[-B (I + 4d2]};70 (M)

roe r0 — paguyc ckBaxuHbl. B cnyuae d > |, koTopblii uaue Bcero nmeeT MecTo
npu OCYWEeHWN KOTMOBAHOB, MOXHO MPUHATH:

—Ei(—4 Bd) —2Ei[~ B(1 + 4J2] oO. (15)
Torga rugpasnuuyeckoe conpoTusneHue npu B > 1 6yaetr onpegensatbes
no gopmyne
R = —Ei(- B7) - 2Ei{ B). (16)
Mpun 3Tom owwubka, o6ycnosneHHas pgonyuwennem (15) npu B = 1, d u r0 0,1
coctaBnsaet 0,1%. Ecnu npeHebpeyb n BTOpPbIM 4yneHoM B (16), To owmbka And
Tex Xe ycnosuii 6yaetr npumepHo 10%.

6) Ona 6onbwwnx BpemeH (B < 1) rugpaBnmyeckoe CONPoTUBAEHUe onpe-
penserca no cgopmyne:

R=2 — +i,_L_ 4 jjEi(-4d) — 2£,-[-(! +4 d2] +
2nrn

£ 4 b exp (—4Bd2 -f-dyn (erf2d\n —erf2d) |1. (17)

Ecnu cunTath, YTO PSAAbl CKBAXMWH MMEIOT KOHEUYHYI AJINHY, 4TO Ha npak-
TUKe O06bIYHO UMEeT MecTO, TO COMPOTUB/IEHUE ANS UeHTpa KOT/A0BaHa MOXeT
6blTb BbIPaXeHO C/ejyloliuM 06pasom:

B=20; 0=-271i;i[-B(d2+ /d]-Ei(-Bd 2, (18)
fc=1

N = (p—L1/2p— 4ucno cKBaXWH B OHOM psifly (YMCNO0 CKBXKWH B PSiZly HEUETHOE).

3uauenun dyHkuun O npusoasTca B Tabnuue 1.
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i 0,001
0,002
0,005
0,01
0,02
0,05

3 0,001
0,002
0,005
0,01
0,02
0,05

10 0,001
0,002
0,005
0,01
0,02

0,001
0,002
0,005
0,01
0,02
0,05

Mpwun

METOANMKA PACYETA OCYWEHMNA KOTNOBAHOB

Tabnuuya |

3HauveHne & no copmyne 18

3 4
351 422
30,3 36,0
240 279
193 22,0
148 164

9,32 9,89
26,7 33,0
22,0 269
158 19,0
11,4 13,5

7,33 8,45

3,09 338
125 159

8,34 10,5

3,76 4,70

0,31 0,37

0,01 0,01

Tabnuua

5

48,4
40,9
31,1
24,1
17,5
10,2

38,6
31,2
21,7
151
9,23
3,53

191

12,6
5,57
0,42
0,01

53,9
45,1
33,7
25,6
18,2
10,3

43,8
351
24,0
16,3
9,75
3,60

22,2

14,6
6,34
0,46
0,01

3HayeHve F (B, m) no dopmyne 22

112
176 271
155 23,6
128 191
10,7 157
872 124
611 820
122 198
102 164
750 11,9
556 8,74
376 578
175 257
545 9,02
3,65 6,03
167 274
014 023
0 0,01
633 113
564 9,90
473 8,08
404 6,72
335 5,38
247 3,69

15,4

13,4

10,7
8,64
6,69
4,32

B <

190 221
16,3 18,7
12,7 14,3
10,1 111
755 811
463 4,77
0,1
d2+ fc2

dyukuniw & MOXHO onpegennTb no Gopmyne:

e

=pin

2

24 nt.
02

24,9
20,9
15,6
11,9
8,47
4,83

58,8
48,7
358
26,7
18,6
10,3

48,4
384
25,9
17,3
101
3,63

25,2

16,4
7,03
0,49
0,01

27,4
22,7
16,7
12,4
8,70
4,86

63,2
51,9
37,5
27,5
18,9
10,3

52,7
41,4
27,4
18,0
10,3
3,64

27,9

18,1
7,63
0,50
0,01

29,6
24,3
17,5
12,9
8,40
4,87

n
Q= WOP rr (J2+ *2nlIPT

K-li

67,34
54,7
38,9
28,1
191
10,4

56,5
44,0
28,6
18,5
10,4
3,65

30,6

19,6
8,15
0,52
0,01

31,7
25,7
18,2
13,2
8,92
4,88

37

70,9
57,1
40,0
28,6
19,2
10,4

60,0
46,3
29,7
18,9
10,5
3,65

331

21,0
8,59
0,52
0,01

33,5
26,9
18,8
13,4
8,97
4,88

(19)

(20)
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rugpaBnuuyeckoe CcONPOTUBAEHWEe [ANSA LUEHTPanbHOW CKBaXMUHbl psja

bypeTt:
R=2FB,n- EL- Brg- &v (21)
roe
F(B,n)= - j? Ei(-Bk2,
k™M
0,=- 2 y;Ei[—B(d2+ k3] Ei(—Bd2; dy= 2d. (22)
k=1
3HaueHuns Takxe onpeaenswoTca nota6nuue I npu d = 0,5 dlt a F(B,n) — no
Tabnuuye II.
B cnyuae
B< A (23)
d\ + k2

BMecTo (21), 6ynem uMeTb:

2,25 at 2,25 at
R = In e hpb —— — (24)
ei Q
roe
(ni) 2P (25)
I,
ap — onpegensetca no (20), rge smecto d npuHumaetca dv

3. KoTnoBaHbl B BuUAe Kpyra

3afjaya O MPUTOKe MNOA3eMHbIX BOJ K KO/bLUEBbIM 6aTapeaM CKBaXWH B
HeorpaHM4yeHHOM nnacTe paccmaTpuBanace B pa6botax B. H. LW enkayeBa [6]
n H. H. BepuruHa [3, 4].

O na BblBOAa pacyeTHbIX 3aBUCMMOCTeld MPUHMMAaETCH, YTO CKBaXMWHbl pac-
NOMOXEHbI MO BePWIMWHAM MPaBU/IbHOTO MHOTOoyrosbHukKa (puc. 2).

FngpaBnuyeckoe CcOMNPOTUB/IEHUWE [ANA LeHTpa Kofblua OnpeAensercsa no

hopmyne:

R = -PEi(-Bl), £*= -~4 (26)
4 at
rae P — uucno ckBaXWH B Konble, RN — pagnyc konbua, @ — KO3 HULUEHT
Nbe3onpoBOAHOCTH, t — BpemMA ,qeﬁCTBVIﬂ BOAONOHN3NTE/NIbHBIX CKBa>XMWH.
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Mpn < 0,1 wnHTerpanbHbli 3KcNOHeHUMan B (26) MOXHO 3aMeHUTb
norapumMom, nNpuHUMas
0,562

Y —1Imx = In (27)
X

roe Y = 0,5772 nocTtosiHHasa Oinepa.

Mpu onpejeneHWn MOHUXEHUS B CKBaXMHaX CONpoTUBNeHUe 6yaeT:

. p-1
R = —Ei —  Ei W) (28)
=1 4 at

rge 10 — paguyc ckBaxuHnbl, Rit—RX R., ..., RP-t — pacctosHua ot ckBsa-
XWHbI, rfe onpefenseTca MNOHWUXEeHMWe, A0 OCTaNbHbiX CKBaXWH KonblLa. Tak
KaK pacCTOSHUAMEXAY CKBaXMHaMu ofguHakosbl, To Bennuunsl RILR,, .. ., RP-X

onpefensioTca crneAywwmum o6pasom:

Rk—2R,, sin — . (29)
P

MoactaBnsAs sHauyeHne Rkno (29) B (28), yumTbiBasi pasnoXeHue UHTerpanb-
HOW MNoKasaTenbHOW PYHKLWM B P W OrpaHMYMBasiCb MNepBbIMW NATbIO YeHaAMMU

psfa, HaxoouM:

R=2In"- + TOp, (30)
=]
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roe

ro=In2-EL -2 Rj)- Rfil- 15Rj+ — BFf — BT (31)
I 16 30
R _ Ro » (32)
n 4 at

3Hauenune T0 npusogutcsa B Tabnuue IlI.

Ta6bnuua 111
=} T T, B. T, B T.
0,85 0,591 0,55 0,733 0,25 121 0,05 2,51
0,8 0,595 0,5 0,783 0,20 1,36 0,025 3,16
0,75 0,607 0,45 0,840 0,15 1,58 0,005 4,72
0,7 0,628 0,4 0,908 0,125 1,72 0,0025 1 541
0,65 0,656 0,35 0,989 0,10 191
0,6 0,691 0,30 1,09 0,075 2,15

Mpun B < 0,1 dyukyuio TOmoxHoO onpefennTb no cdopmMmyne:
TO= 2R1-InR1-1,5B 2- 0,577. (33)

OnAa OKOHYaTeNnbHOro Bbl60pa CNCTEMbl BOAOMNOHWUXEHUA COCTaBNAKTCA

HECKO/MIbKO BapuaHTOB, pasnuuyarwuimxca Apyr oT Apyra uyucnom u pe6urtamu

CKBaXWH. N3 3TUX BapnmaHTOB NpUHUMaeETCA ONTUMaNnbHbIA B TEXHUKO-3KOHOMMU -

HEeCKOM OTHOLWEeHUN. HOCI’Iep.HIAIZ AONXeH CO0TBETCTBOBAaTb MUHMUMYMY Kanunutanb-

HblX W 3KcNnyaTayWOHHbIX 3aTpaT Ha BOAONOHWXEHWME 3a BeCb nepunop akKcnny-
aTayunun BO,qOI'IOHI/I3VIT€‘fIbH0[7I CUCTEMDI.

powoN
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Pestome

Mpn OCyLIeHWN KOT/I0BAHOB TPeGyeTcs Onpeae/inTb MOHUXEHWE YPOBHS TPYHTOBbIX
BO/, B LEHTPE MX, a TaKXe B BOAOMOHU3UTENbHbIX CKBaXKMHAX MpPW 3aaHHbIX CXeMax pasmelle-
HUA, pasmepax U [e6UTax CKBaKMH.

B noKnajfe MpuBOAUTCA METOAMKA OnpeaeneHnsl TUAPaBANYECKOro COMPOTUB/EHUS W
KO3(h(hMLMeHTa HECOBEpPLLEHCTBA A/ MOI0CO06PA3HON0 M KPYrioro KoT/I0BaHOB B HeorpaHu-
YeHHOM BOJOHOCHOM niacTe. Mpu 3TOM CUMTAETCs, UTO BOAOMOHM3NUTE/bHbIE CKBAXKWHbI pasme-
LLieHbl N0 KOHTYPY KOT/IOBAHOB Ha PABHOM PACCTOSIHUM APYT OT Apyra WU UMelT OAMHaKOBble
NOCTOSIHHbIE BO BPEMEHU Ae6UTbI.

M3 pacueTa paga BapuvaHTOB, Pa3/IMUaOLLMXCS UMCIOM U ebuTaMy CKBaXKUH, BblGupa-
eTCsl BapUaHT, ONTUMa/IbHbIN B TEXHUKO-9KOHOMUYECKOM OTHOLLEHUW. TOCNeAHIA 1OMKEH COOT-
BETCTBOBaTb MUHUMYMY KanuTaslbHbIX W 3KCM/yaTaUMOHHbIX 3aTpaT Ha BOAOMOHMXXEHWe 3a
BECb ne)pmo,q aKCMyaTauny BOAOMOHM3NTENbHOM CUCTEMbI (BK/OYasi CTOMMOCTb 3/1€KTPO-
aHeprum).
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CONSIDERATIONS ON THE BEARING CAPACITY
OF VERTICAL AND BATTER PILES SUBJECTED
TO FORCES ACTING IN DIFFERENT DIRECTIONS*

AMIN AWAD-G. PETRASOVITS

POLYTECHNICAL UNIVERSITY, BUDAPEST

The bearing capacity of vertical and batter piles driven into cohesionless soils is stud-
ied. During the experimental investigations the following cases were studied: the bearing
capacity of batter piles subjected to lateral loads; the bearing capacity of vertical piles
subjected to lateral loads; the bearing capacity of batter piles subjected to vertical loads; the
resistance of vertical in- and out batter piles to lateral loads. The optimum values obtained in
individual cases are presented. Relying on the experimental results and using the coefficient
of subgrade reaction a computation method is described for illustrating the variations in the
magnitude of the coefficient of subgrade reaction as well as of the trend of these variations.

1. Introduction

The pile foundations are frequently subjected to considerable inclined,
or horizontal forces. As long as the horizontal component of these forces
remains relatively small, the design of the foundation remains unaffected,
however, great lateral forces may require radical changes in the design.

Great lateral forces arise commonly on retaining walls, piers and bulk-
walls in harbours, bridge abutments and tower structures. Earth pressure,
dynamic forces (impact of ships), or wind pressure may be named as typical
causes for these forces.

W henever horizontal or inclined forces of considerable magnitude are
transmitted by the structure to the foundation, piles are commonly recurred
to in practice, and batter piles are relied upon for resistance against horizontal
loads. The frequency with which considerable inclined forces, and in turn,
batter piles are encountered in practice, prompted the attempt for a more
detailed theoretical and experimental investigation of problems associated
with the bearing capacity of vertical and batter piles subjected to forces
acting in different (inclined, horizontal, vertical) directions.

* The experiments described in the present paper have been carried out by Mr. Amin
Awad, Civ. Engr. for his thesis for the title of Candidate of Sciences, under the guidance of
Dr. G. Petrasovits.
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2. Experimental equipment; the purpose of the experiments

The primary purpose of these experiments was to provide added infor-
mation for the calculation of the bearing capacity of vertical and batter
piles acted upon by forces acting in different directions. In evaluating the
experimental results, the factors affecting the magnitude of the coefficient
of subgrade reaction, the influence of the driving depth, the pile diameter,
the horizontal displacement of the pile head and the magnitude of the acting
force have been considered.

The lateral displacement of a foundation must not exceed the limiting
value, at which the structure cannot fulfill its purpose. In the case of pile
foundation, the value of the allowable displacement is controlled by the
rigidity or flexibility of the pile. Where rigid piles are used, the safety of the
structure will be governed by the lateral ultimate strength of the soil, as it
is then assumed that the bending moment arising within the pile is being
resisted by the material of the pile itself. In the case of flexible piles the
safety of the structure depends on the ultimate strength of the pile cross
section carrying the ultimate load.

The model piles used in these experiments belonged to the rigid and
semi-rigid piles and could be loaded up to the soil failure.

The diameters and the driving depths of the model piles were as follows:

D=3 mm, L —50to 35 cm,
D =20 mm, L = 50—30—20 cm,
D — 13 mm, L = 50 cm.

The material of the model piles was “fredal” (an aluminium alloy).
The piles had the following flexural rigidities:

El= 36 X 106 kp-sq.cm,D —35mm,
El = 428 X 105 kp-sq.cm,D =20mm,
El= 28 X 105 kp-sq.cm,D —13mm.

The model soil used in these experiments was synthetic emery, which
does not invoke the danger of silicosis.

The effective unit weight ofthis cohesionless soil was y = 3,95 kp scu.cm;
its angle of internal friction @= 37,2°.

The model soil was graded as follows:

passing 0,08 mm 4.0 per cent by weight
0,08 to 0,1 mm 14,0 " "
0,1 to 0,3 mm i6,0 . .
retained on 0,3 mm 6.0
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The relative density of the model soil was

max B F45 0,95 Q
enex emn 1,45 0,86

All tests were conducted in a steel testing tank with atotal height of
80 cm. The soil was compacted in 5 cm thick layers to obtain uniform den-
sity throughout.

Driving was accomplished in every case by a dropping weight using
the same method, whereas hydraulic jacks were used for loading.

a) b) c) d)

Fig. 1. Cases of loading studied experimentally

Relying on the results of extensive laboratory tests, an overall picture
was obtained from the principles, at which the pile position resulting the
highest bearing capacity for different load directions could be predicted with
a fair degree of reliability.

The tests were run for the following 4 arrangements, which were
considered to be typical in practical engineering.

a) The direction of the force acts in the pile axis, the angles between the
pile axis and the vertical amounted to 8 = 0, 7,5, 15 and 22,5 degs.

b) The force acting on the pile was invariably vertical, the pile axis made
the angles B = 7,5, 15, 22,5 and 30 degs with the vertical.

c) The force acting on the pile made with the vertical angles a = 7,5, 15,
22,5 and 30 degs with the vertical, while the pile axis was kept invariably
vertical.

d) The force acting on the pile was invariably horizontal, while the pile
axis was either vertical, or inclined towards, or away from the force, including
angles B = 7,5, 15, 22,5 and 37,5 degs with the vertical (Fig. 1).
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3. Bearing-capacity tests

3.1 The bearing capacity of battered piles subjected to axial loads

The basic purpose of the present tests was to determine the variation
of the load bearing capacity of an individual pile in cohesionless soils, when
the relative directions of the pile axis and the acting load were varied. An
exact analytical formulation of the relationship between the above two
factors is very difficult due to the complex soil mechanical problems associated
with the phenomenon.

THE BEARING CAPACITY OF THE BATTER
PILE IS TAKEN AT A VERTICAL SETT -
LEMENT EQUAL TO 25mm

P.), IS THE BEARING CAPACITY OF THE
BATTER PILE

R0 IS THE BEARING CAPACITY OF THE
VERTICAL PILE

P’ 0 75 15v 25
BEARING
CAPACITY OF 796 895 882 827
THE PILE Pa

fypo V. 100 1125 1 104

THE CURVE IS THE AVERAGE OF THE
THREE TESTS FOR EACH CASE

Fig. 2. Batter piles subjected to axial loads

The proper application of the laws of soil mechanics and their correlation
with experimental data greatly contributes to the solution of the numerous
uncleared problems in this field.

Studies into the fundamental cases of different load directions and pile
positions were started with the case of axially loaded npiles.

In these tests the bearing capacity of batter piles of 7,5 and 15 degs
relative to the vertical was found to exceed by 10 to 12% that of the vertical
pile (Fig. 2).

At a pile inclination of 8 = 225 degs. the bearing capacity closely
approximated that of the vertical pile. The higher load bearing capacity of
batter piles axially loaded is attributed to the direct influence of geostatic pres-
sure, and it is felt that the reduction in bearing capacity observed at
R = 22,5 degs is related primarily to the dimensions of the model pile.
In the case of prototype piles no similar reduction is likely to occur.
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3.2 The bearing capacity of vertical piles subjected to oblique loads

The results of tests on vertical piles with inclined forces are illustrated
in Fig. 3. The tests were carried out on piles of 3 different diameters driven to
the constant depth of 50 cm. In these tests the acting force was inclined at
a= 7,5 15, 22,5 and 30 degs. relative to the pile axis. The results obtained
at all pile diameters revealed the bearing capacity of the piles to be highest
when the load was inclined at x = 22,5 degs. During these tests both the vertical
and horizontal displacements of the pile head were observed.The force pertaining
to a vertical, or horizontal displacement of 25 mm was regarded as the
measure of bearing, whichever of the two first attained this arbitrary
magnitude. During the tests the vertical displacement of the pile was invariably
dominant, except for the case x = 90 degs.

As it will be perceived from Fig. 4, the horizontal displacement of piles
under the ultimate oblique loads is unaffected by the magnitude of the acting
force, as well as by the diameter of the pile itself. The magnitude of horizontal
displacement at the permissible vertical displacement of S = 25 mm — at the
limit load — is controlled essentially by the inclination of the acting force only.

The lateral bearing capacity of vertical piles subjected to lateral loads
(x = 90 degs.) is illustrated in Fig. 5. The piles used in these tests may
be regarded as rigid, or semi-rigid, according to the following relationship for
cohensionless soil:

at Zmav — —£ 2 the pile is rigid,

at Zn — = 2to 4 the pile is semi-rigid,
T

at Zmax — — > 4 the pile is flexible,
T

where

T = [(EI-L)I(C1.D)]1/5

L = the length of pile driven into the soil

C~= the coefficient of subgrade reaction at the pile tip
D

= the diameter of the pile.

At a horizontal displacement Yo= 25 mm of the pile top and at

L = 50 cm ) = 35 mm Z = 1,93,
L=50 cm D= 20 mm Z= 256,
L =50 cm D= 13 mm Z = 274.
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ULTIMATE OBLIQUE LOAD, Pa,Kp

Fig. 3. Variation of the bearing capacity of piles having different diameters, plotted against
the direction of the acting force

L=50cm
e=15cm

PILE DIAVETER THE DISPLACEMENT,”, mm
D. mm a= 0 ct=75 a =15 0c=225==8°

35 0 34 85 13 16.8
20 0 4 7.0 132 166
13 0 42 85 132

THE HORIZONTAL DISPLACEMENT, YOIIN
THIS TABLE IS TAKEN AT THE BEA-
* RING CAPACITY OF THE PILE WHERE

7.5e 15° 225~ 30" THE VERTICAL SETTLEMENTS,IS 25 mm
LOAD INCLINATION , cc , DEGREES

Fig. 4. Horizontal displacement of vertical piles having different diameters, subjected to
oblique forces
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The bearing capacity of rigid, and semi-rigid piles is controlled by
the bearing capacity of the soil. Loads which are not coinciding with the
pile axis may in practice give rise to considerable bending moments, thus
these tensile stresses in the pile lead to its lateral failure.

Fig. 5. Resistance of vertical piles having different diameters to horizontal forces

3.3 The bearing capacity of batter piles under vertical loads

The bearing capacity of piles inclined at 7,5, 15, 22,5 and 30 degs
relative to the vertical follows in character, a trend which is essentially identical
with that outlined before, and even the absolute magnitude of bearing capacity
differs by no more than a few per cents (not exceeding 10) in favour of the
batter piles. As it can be seen from the average curves in Fig. 6 there
is a notable reduction in the pile bearing capacity at pile inclination, /3=30
degs. inclination relative to the less inclined piles. Highest bearing capacity was
observed at inclination of 8 = 22,5 degs.

From a comparison of results obtained for batter piles under vertical
loads and vertical piles under oblique loads (Fig. 7) it was concluded that
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LOADP, Kp

Fig. 6. Bearing capacity of piles of different inclination under vertical forces

75*
15*
22.5%

30*

P«

ULTIMATE LOAD
KG

ULTIMATE LOAD
B KG

103

113

vl

1165

140

137

Qrk®

100

1132

124

133

128

@

K

2

1

THE ULTIMATE LOAD R0 ANC
ARE TAKEN AT SETTLEMENT
EQUAL TO 25 mm

Fig. 7. Bearing capacity at the same inclination of pile and acting force
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for identical pile dimensions and pile inclinations, respectively for the same
force orientation the trends in hearing-strength variation are identical.

In these tests the behaviour of batter piles under vertical loads
was in general superior, however, from practical aspects, no special sig-
nificance can be attributed to this fact, since the driving of hatter piles is
associated with considerable difficulties at the site, which are not encountered
with vertical piles.

3.4 The bearing capacity of “in” and “outbaiter piles subjected to lateral
loads

Experiments of similar nature have been conducted earlier by several
investigators (Matsuko, 1948, Yoshimi [4], Kubo [5]) and theoretical anal-
yses of high interest have been published (Tchebotakiors [1]),but it is felt
that no satisfactory solution has been attained so far. Experimental results
and conclusions based on them are frequently contradictory.

Both vertical and batter piles subjected to lateral loads play an
important role in practice. As demonstrated by the present experiments

RELATIVE ULTIMATE LOAD,H- WITH RESPECT TO VERTICAL PILE .

- +P
EFFECT OF PILE INCLINATION ON THE ULTIMATE LOAD-HORIZONTAL TENSION

Fig. 8. Bearing capacity of piles of different inclination under lateral load
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(Fig. 8) the bearing capacity of a pile depends greatly on the depth of driving
(L/D = 10, 17,5 and 25), on the inclination of the pile and on the direction
of the horizontal force. For the cases of in-batter piles (negative values
of B), a considerable increase in bearing capacity over that of the vertical
pile was observed, and it was not only beyond a pile inclination never oc-
curring in engineering practice (8 = 37,5 degs) that the bearing capacity

Fig. 9. Variation of the coefficient of subgrade reaction of piles of different inclination,
in terms of displacement

started to drop sharply. Nevertheless, it reduced at B = —45 degs slightly
below the lateral bearing capacity of the vertical pile. At 8 = —37,5 degs
the lateral bearing capacity of the pile was almost 1,6 times as high as that
of a vertical pile. In this case, again, the force pertaining to a horizontal
displacement Yo = 25 mm ofthe pile top was considered as the measure for
bearing capacity. In the case of piles inclined against the direction of the ho-
rizontal force, the reduction of bearing capacity was found to follow an ap-
proximately linear relationship and at /5= 422,5 degs. the bearing capacity
of the inclined pile was no more than 75 to 80% of the lateral bearing capac-
ity of the vertical pile.

In analyzing the bearing capacity of laterally loaded rigid piles, a linear
distribution (*fthe coefficient of subgrade reaction was assumed; the variations
in the magnitude thereof were studied in terms of the horizontal displacement
(Fig. 9) and of the horizontal load (Fig. 10).

The magnitude of the coefficient of subgrade reaction was determined
according to the diagram illustrated in Fig. 11, in the following way:
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Fig. 10. Variation of the coefficient of subgrade reaction of piles of different inclination,
in terms of the lateral load

u. - 3
X= the coefficient of subgrade reaction at any depth x.

Acta Technica Academiae Scientiarum Hnngaricae 64, 1969



54 AMIN AWAD — G. PETRASOVITS

The acting horizontal forces are

P\~ ~6—DCLyoLU2, (4a)
P,= -f DC,yOL (Us+ 2- 3)/47, (4b)
6
H- P,+ P9:O;H:—6DCLy0L(3I'7-2)U, (5)
M, + Mi- M2= 0;M, = He=- 1/12DCLyoL2 (4L - 3)/L, (6)
U= (4e + 3L)/(6e + 4L), ©)
H = 1/6 DCLyuLZ (4e + 3L). (8)

The horizontal displacement of the pile at the soil surface is

H
YO = 6 oroieees (4e + 3L), )
DCIL2

tan0 = — = 6 -———(6e + 4L). (10y
a, DC, V

The horizontal displacement of the pile top is

Yo= yo+ 14tan0=6 —yyyy (4de + 3L) + e-JByy (6e+ 4L). (11)

dclu dcll™*

The magnitude of the coefficient of a vertical pile at the point of the pile is

Ci H (4e + 3L) + J*- (6c+ 41L) (12)

DL- DLs

The value of the coefficient for an hatter pile is

C, = H cos2B — (4e + 3L) + (4L + 6e) (13)

where H and YO are values measured in the experiment, B is the angle
of inclination of the pile.
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Kp/env

THE COEFFICIENT , CL

INITIAL PILE INCLINATION , 3, DEGREES

Fig. 12. The coefficient of subgrade reaction vs. pile inclination

THE EFFECT OF PILE INCLINATION ON THE COEFFICIENT OF SUBGRADE
REACTION

Fig. 13. Ratio of coefficients of subgrade reaction for batter and vertical piles at different
lateral displacements
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The variation of the coefficient of subgrade reaction is illustrated for
different pile inclinations and different horizontal displacements Y in Fig. 12.
For in-batter piles the coefficient was found to increase up to 8 = —22,5 degs,
whereafter it decreased gradually. The value of the coefficient decreased
uniformly when the pile was inclined against the direction of the force.

Variations of the coefficient of subgrade reaction of inclined piles is
related to the coefficient of vertical piles in Fig. 13, showing that this value
varies with the magnitude of the inclination. It may be stated with fair
approximation that, depending on the direction of inclination, if the pile
is inclined in the direction of the force, the increase of the coefficient of sub-
grade reaction over that of the vertical piles is, expressed in percentages,
the same as the angle of inclination inthe opposite direction and the decrease
of the coefficient is the same — in percentages — as the angle of inclination
in degrees.

4. Conclusions

Tests have been performed in cohesionless soil with the following main
results:

a) The bearing capacity of axially loaded batter piles is greater than
that of vertical piles of the same length;

R) The bearing capacity of vertical piles is greater under inclined loads
than under vertical ones. Highest resistance occurred under a force inclined
at @@= 22,5 degs. The bearing capacity was then greater by about 35% than
that of the vertical piles (a = 0);

y) The resistance of batter piles against vertical loads increased with in-
creasing the angle of pile inclination and attained peak values at /3=22,5 degs pile
inclination. The variation of the resistance of batter piles is similar in
character to that of the resistance of vertical piles to inclined loads. The
absolute magnitude of resistance was found to be higher by about 10% for
batter piles.

0) The resistance of piles to horizontal loads varied between wide limits
depending on the position of the pile axis. — Maximum resistance of laterally
loaded piles developed when the pile was in-batter at 8 = —37,5 degs in a
sense identical with that of the acting force. This resistance was 1,6 times
as high as that of a vertical pile. At greater inclinations resistance decreased
at a rapid rate. — For out-batter piles the resistance was lower than that
of vertical piles and decreased in proportion with the angle of inclination.
At B = +22,5 degs. the resistance was no more than 75 to 80% of that of
a laterally loaded vertical pile.
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e) The coefficient of subgrade reaction of laterally loaded piles increased

up to pile inclinations of 8 = —22,5 degs., whereafter it decreased gradually.
— For pile inclinations commonly used in practice (to 22 degs) it was con-
cluded that with fair approximation the coefficient of subgrade reaction of
in-batter piles increases over that of vertical piles by as many per cents, as
the angle of inclination expressed in degrees. In the case of out batter
piles the decrease of the coefficient is the same — in percentages — as the
angle of inclination in degrees.
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K BOMpocy Hecylyeii CMOCOGHOCTM HaKMOHHBIX 1 BEPTUKA/IbHBIX CBali, HarpyXeHHbIX CuUnamu
JECTBUIOLMMU B PA3INYHBIX HanpaBneHusx

A. Asag, I'. MNeTpawosuy

Pa6oTa 3aH/MAaeTCsi MCCMe0BaHWEM Hecyllieli CMOCOGHOCTM BePTUKa/IbHbIX W HaK/OH-
HbIX CBaii, 3a6WUTbIX B 38PHUCTYIO cpefy. Ha oCHOBe MccnefjoBaHuWii aBTOpamMy paccMaTpuBaloTCs
cnepytoLme:
— Hecyllas Crnoco6HOCTb BEPTUKA/IbHbIX U HAKMOHHBIX CBail, HarpyXeHHbIX BAOMb WX
ocu
— Hecylasi Crnoco6HOCTb CBal MpY NPUIOKEHUM HAKIOHHO [EACTBYIOLLEA HarpysKu
— HecyLas crnoco6HOCTb HAKMOHHbIX CBail NPU BepTMKa/IbHO AeiCTBYIOLLEN Harpyske
— Hecylas crnocoGHOCTb HAKMOHHBLIX M BEPTUKA/bHbIX CBail NpY BEPTUKANbHO [eiCT-
BYIOLLEN Harpyske
B pa6oTe AaloTCs ONTMMa/bHbIe 3HAYEHUsl, MOyYaloLMecs MNpW OTAENbHbIX CAy4Yasx
Harpy3ku, Nnocne Yero, UCXOAS W3 IKCMEPUMEHTAIbHBIX AaHHbIX, C MCMOMb30BAaHUEM KO3((M-
LMeHTa nocTenu, coobLLaeTcsl pacyeT 418 AEMOHCTPALMKU 3HAYeHUs KOI(p(uLMeHTa MocTenu u
3aKOHOMEPHOCTY €ro U3MeHeHMsI.
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HEKOTOPBLIE HOBbIE PE3YTIbTATbI
SKCINEPMEHTAJTIBHOIO UCC/TIEOBAHNA
YIMNOTHEHUA TTIMHNCTOIO MPYHTA

N. 0. anTeKapb- C.C.byuw KaHel,
BHWWI wm. B. E BEAOEHEEBA, TEHWHTPAQ, CCCP

The paper contains new results of experimental investigation relating to the process of
consolidation of clayey soil at different initial moisture content and at different rates of loading
of samples by vertical pressure up to 60 kg/cm2 (diameters of samples are 30, 45 and 90 cm).

Bonpocbl onpefeneHnsa ocafjoK rMUHUCTbLIX AA4ep BbICOKUX NNOTUH KaMeHHO-
HabpoCHOro TMNa N UX HaNPsAXXeHHOro COCTOAHUA B NpoLecce YNAOTHEHUSA UMEOT
BaXXHOe NpakKTUYecKoe 3HauyeHMue.

CyuiecTByloume Teopumn ynnoTHEHUSA 3eMAHbIX Macc, paccMaTpuBaroLwune
FPYHT KaK ABYXKOMMNOHEHTHYIO Ccpefy, UCXOAAT M3 NPefNOCbIIKW, YTO B Hayalb-
Hbl/i MOMEHT BPeMEHW BHEW HAS Harpyska NosHOCTbI0O NnepefjaeTca Ha BOAY, 3aMon-
HAOLWY Nopbl FPyHTa, M NpoLecc KOHCONMUAALUM CONpoOBOX/aeTca nepepacnpe-
feneHnemM Hanps>XeHWNn mMeX [y MNOpoBOM BOAOW W CKeneToM rpyHTa Mo mepe eé
BblfjaB/IMBaHNA W3 Nop rpyHTa. MNpu 3TOM, ecnnM FTPYyHT He o6najaeT cBoicTBamu
non3yyecTun, ero ynjoTHeHMe 3aKaH4YMBaeTCsa Nocne TOro, Kak Harpyska Bocnpu-
HATa CKenetoMm rpyHTta. B obwem Xe cnyyae MexaHU3M KOHCOMUAAUUUN TANHUCTBIX
rPYHTOB OMNpeAensieTcas KakK MOPOBbIM JaBfeHWeM, TakK W BSA3KUMMU CBOWCTBaMM
CKefneTa rpyHTa, NMPpUYemM pPonu KaXXAoro M3 aTUX PakTopoB pas/InyHble B 3aBUCU-
MOCTM OT CKOpOCTW fedopmaymnii monsy4vecTu.

JKCNepuMMeHTaNbHble UCCMef0BaHUA MOKasblBalT, 4YTO YNAOTHEHUWe nNOn-
HOCTbIO BOJOHACbLIWEHHOrO0 TrpyHTa MNpPOTeKaeT B COOTBETCTBUU C YKa3aHHbIM
MexXaHU3MOM KOHcONMpjauumn.

Mpn BO3BeAeHUU Afep M 3KPAHOB MJOTUH CNOCO60M YKaTKM HayanbHOe
COCTOSIHME TpyHTa XxapakKTepudyeTcs 06bIYHO KOIDPULUMEHTOM BOJOHACHILW EHUSA,
paBHbIM 0,7-y0,8. Kak 6yfeT nokKas3aHO HWXe, NpoLecc KOHcoNuMpauwuu Henon-
HOCTbI0 BOJOHACbIWEHHbLIX TFAMHUCTBIX FPYHTOB OT/AMYaeTcAa OT TakKoBOro pAns
NOJIHOCTbIO BOJOHACHILWEHHbIX FTPYHTOB.

B pab6oTe M3n0XeHbl pe3ynbTaTbl 3KCNEPUMEHTaNbHbIX UCCNefO0BaHUA Npo-
yecca YnaOTHEHUSA TAWMHWUCTOrO rpyHTa MPW pPasIMYHON CTeneHW ero BOJOHACHI-
W eHNA, NPOBeAeHHbIX ANA 000CHOBAHWSA pacyYéTHOW MOAeNn KOHconupauuun spep
BblICOKUX MIOTUH.

JKCNepuMeHTaNbHble UCCNE[O0BAHUA BbINONHANNCE MPUMEHUTENBHO K [U-
HUCTOMY S4py CTposuW,eiicd KaMeHHO-HabpocHOW nnoTuHbl Hypekckoih I3C
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Gpema 6 cyTKax

Puc. 7. 'padmkn nsmeHeHNss KoapduLmeHTa NOPOBOro AaBfieHUs M 0CafoK obpasua CyrfiMHKa

BO BPEMEHM MpY MIHOBEHHOM NpuAoKeHUn gasneHns 30 kr/cm2 1 — rpadwmk kn = f(t) npm

w = 20,3%; 2 —rpadmk kn = J(t) npuw = 16,5%; 3 — rpadmk kn= /(/) npuw = 15%; 4, 5 —
rpagmky ocagok Ans onbitoB npu w0 = 20,3% 1 yx 15%

BblcoTOl 300 M. WccnefgoBaHnsa nNpoBOAWAMCL B CNeLManbHO CO3[aHHOW KOM-
NPecCUOHHO-KOHCONNAAaLNOHHONK nabopaTopun, B KOTOPO MMelOTCA BOCEMb ycCTa-
HOBOK — Tpu 60N1bW KX A4NA ONbITOB ¢ o6pasyamMun gnamerpom 90 cM M NATbL ManblX
ANA nNpoBefileHUA oNbITOB C obpasyamu guametrpom 45 cm. Kaxpgasa v3 ycTaHOBOK
npejctaBnsieT co60/i KOHCONWAALMOHHbLIN CTakKaH, YycTaHOBNEeHHbIN Ha paboyem
cTone ruipaBnMyeckoro mnpecca, CHabXeHHOro aBTOMaTM4eCcKOW annapaTypoi,
no3BONAK LW EN NoAfepXMBaTb MNOCTOAHHOE JaBneHWe Ha WUCNbITyeMblid ob6pasey,
rpyHta fo 60 Kr/cm2. OnbiTbl NMPOBOAUNCL TaKXe ¢ ob6pasyamu guametrpom 30 cm
Ha yCTaHOBKAaXx, KOTOpble Ha CXeMe He MoKasaHbl.

JKcNnepuMMeHTanbHble WCCMeA0BaHUA NpPOLECCOB KOHCONMAaLUW MNpoBOAM-
NUcCb B YCNOBUAX OAHOpPasMepHOW 3ajayuMm MNpu OAHOCTOPOHHEM OTTOKe BOfbl
BBEpPX.

CneunanbHbIMW ONbITaMU 6bIJI0 YCTAHOB/IEHO, YTO MPU COOTHOWEHUMN Ana-
MeTpa ob6pasuya K ero BblCOTe, paBHOM 1 ;1 »n NPUHATUUN Mep ANSA YyMeHbLIEeHUSN
TPEeHUsA rpyHTa Mo CTeHKaM CcTakKaHa, BepTMKal/ibHble HanNpsaAXeHUa B obpasle He
M3MEHAITCA MO BbICOTE.

OnbITbl MPOBOAUANCE C JIECCOBUAHBLIM CYT/IMHKOM, [NA KOTOPOro 4uMCo
nnactuuynoctu W = 8% (JFr = 28%; WP= 20%). OnTumanbHble 3HauyeHus
06bEMHOro Beca cCkKeneta W BNaxXHoOCTU no MpokTopy paBHbl: YK = 1,80 ricm3,
W = 16,7%. Koshduunent dunbtpayun cyrnmika npu W = 17 -y 20% u
YK — 1,77-1- 1,85 r/cm3 pasen K@= A ®10“7 — A ¢ 10-8 cm/cek.

O6pasubl NpuroTaBAMBannWCb CNOCO60OM MOC/MOMHOrNO0 YNNOTHEHUSA TFpPyHTa
C 3aaHHONW BNAaXHOCTb A0 HYXHOro 06bEMHOro Beca. YMNNOTHeEHME KaxXAoro
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Puc. 2. PesynbTaTbl OMbITOB Ha KOHCONMAALMIO 06pasLOB Cyr/MHKA Mpu Bo3pacTatollei Ha-
rpyske. 1 — rpaduk pocTa Harpy3ku Bo BpeMeHW; 2 — rpafuK U3MeHeHWs1 MOpPoOBOro JaB/eHuUs
BO BpeMeHM; 3 — rpaduk ocagku o6pasiia BO BpeMeHU

cnoa nNpouv3BOAUNOCE NPeccoBaHUEM, PeXWUM KOTOPOro ycTtaHaB/MBanCA MeTOAU-
yecKMMU onbliTamun. Hanpumep, ans nonydeHua Y& = 1,70 r/icm3 npu W = 165%
W HayanbHOW TonuwmHe cnos 10 cm Tpe6oBanocb MNPOM3BOAUTb YMNNOTHeEHUEe B
TeyeHue 15 MUHYT gaBneHumem 15 kr/icm2. Kaxablii nocnegywwuin cnom rpyHTa
yKnafjblBancss Ha B3pPbIXJIeHHYI0O TMOBEPXHOCTb paHee YJ/0oXeHHoro. [lopoBoe
flaBeHne U3MepANocb FMAPO3HEPreTUYeCKUMU npubopamMun B LWIECTU-AEBATM TOY-
Kax, a ocafjku obpasya — C NMOMOLWbIO MHAMKATOPOB YacoBOro Tmna.

M3yyeHne npoLeccoB YMJOTHEHUA CYrAMHKa NPOBOAUAOCE NPU pasInUHbIX
3HaYeHUAX HayanbHOW BNAXHOCTM M B YCNOBMAX Pas3NINYHbIX PEXUMOB Harpy-
XXEeHMWSA, & UMEHHO: NOCTOAHHAA Harpyska, NnpuaoXeHHasa K o6pasuy «- MFHOBEHHO»
M Ta Xe Harpyska, HO Bo3pacTawuwas cTyneHsamu. BTopas cxema HarpyxeHus
COOTBETCTBYET YC/IOBUAM BO3BefleHUA Afep KaMeHHO-HAabpOCHbIX MAOTUH.

MexaHU3M pa3BuTUSA MOPOBOro faB/IeHUA MO f[aHHbLIM OMNbITOB HA KOHCO/N-
fauuno npu AeNCTBUN «KMFTHOBEHHO» MPUNOXEHHOW YNNOTHAOLWeEN HAarpysku, pas-
Holl 30 Kr/cm2, unnwcTpupyeTcs TunuuHbiMu rpatdukamu Kn= f(t) (puc. 1) onsa
Tpex pa3fiMyHbiX 3HAYeHWN HayanbHOW BNAXHOCTU TrpyHTa: ONTUMAaNbHON no
MpokTopy, pasHoii W — 16 4- 17%, meHbuweii onTumansHoit W = 14% un 60nb-
weii ontumansHoit W = 20%, npu HauyanbHOM 06bLEMHOM Bece cKeneTa FpyHTa
YCK = 1,70 r/cm3.

MonyyeHHble pe3ynbTaTbl 3KCMNEPUMEHTOB YKa3blBalOT Ha Clefyloline 0CO-
6eHHOCTN pa3sBUTUA NOPOBOTrO fjaB/leHUA B NpoLecce KOHCOMUAALNN.

1. MakcumanbHoe 3HaYeHNe KoahduLMeHTa NOPOBOro faBneHns sospacrtaeT
C yBe/IMYeHUEeM HauvyanbHOro KoapduuMeHTa BOJOHACHIWEHUSA TPYHTa U jocTuUraet
eUHNLbI NPW MNOJMHOM BOAOHACbHLUEHWM TpyHTa, T. e. B MOCAefHeM chayyae B
HayanbHbI/A MOMEHT Harpyska MOJIHOCTbIO MNepefaeTcsa Ha BOAHYK a3y rpyHra.

2. MakcumManbHoOe 3HayYeHWe KosaPdhULMEHTa NOPOBOro fJaB/eHMUs, 3aPUKCKU-
poBaHHOe B OMbITax C CYyrMMHKOM MPU HayanbHOW BAXHOCTU, COOTBETCTBYIOLLEN
ontumansHoit (W = 16 -y 17%, g = 0,74), pasHo KnTax = 0,05 -y 0,15.
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Mocne KpaTKOBPEMEHHOrO Mepuoja WHTEHCUBHOINO paccemBaHMs MOPOBOro
faBfeHUa HacTynaeT [AAUTeNbHbI nepuoj CcTabmNbHOro nNOPOBOr0 faBneHuWs,
B TeYeHWe KOTOPOro YMNNOTHEHWe FPyHTa MPOMCXOAWT 3a CYET BHA3ZKUX CBONCTB
cKeneTa rpyHTa, uTo uanwctpupyetca rpadpukamun KN= /(/y n S = /(/) Ha puc. 1.

JKCcMepuMMeHTarbHOe M3y4YeHUe nMpolecca KOHcCoNMaauum npu CTyneH4yaTtom
Harpy>eHuun npoBOAMNOCL MNPUM HavyalbHOM KO3D(PULMEHTEe BOAOHACHILWEHNSA
rpyuta, pasiom 0= 0,74 (JF = 16,5%, Y&= 1,70 r/icm2 n g0= 0,92 (JF =
= 20,4%; ka: 1,70 r/cm3). HarpyxeHue o6pas3yosB nNpouM3BOAMNIOCL PaBHO-
MepHO B TedyeHWe 15 CyTOK CTyneHAMW Mo 4 Kr/cM2 B CYTKMW [0 AaBneHns 60 Kr/icm2.
B onbiTax npwu gO: 0,74, HecMOTpPSA Ha MHTEHCUBHbIW pPOCT Harpysku, nNo cpas-
HEHWIO C YC/NOBUSAMW BO3BeAEHWA MAOTUH, MaKCMMasibHOe MNOPOBOe JaBJfieHUe,
permcTpupoBaBlUeeca Nocae NMPUNOXEHUA KaX [0l CTyneHW Harpysku, He nNpesbl-
wano 3HayeHma all— 3 Kr/cM2 B TeyeHMe BCero onbiTa. Ha pwuc. 2 npuBefeHbl
rpaukmn pocta Harpyskm a = /x(/), rpadMKn M3MeHeHUSA NOPOBOr0 faB/ieHUSA BO
BpeMeHn al= /2(/), a Takxe rpagukun ocagok S = /3(/) gnsa Tpex onblToB. Kak
BUAHO W3 MPWUBEAEHHbIX TpauKoB, NOpoBOe fAaB/NeHWE B 3TUX OMNblTax He3Ha-
YNTENbHO.

Takum o06pa3oM yKasaHHbIMW oOMblTaMW NOATBEPXAAeTCA MNONOXEHUE O
He3HayYnTeNbHOW BeNMYMHEe NMOPOBOr0 AaBfleHWSA, BO3HMKaAlOLWEro B npouecce KOH-
conNuMpaummn rNUHUCTOFO FPYyHTa C HAayYalbHOW BNAaXHOCTbK W NNOTHOCTbIO, 61U3-
KUMW K ONTUMalbHbIM 3HAYEHUAM.

B onblTax ¢ rpyHTOM, HayanbHblii KO3 PULMNEHT BOAOHACHILEHNA KOTOPOTO
g0= 0,92, npouecc pa3BUTUA MNOPOBOro gaBneHUsA 6bl/1 COBEPLUEHHO WHbIM.

MepBasa CTyneHb Harpys3kuW MNONHOCTbI BOCNPUHMManNacb BOAHOW a3oi
rpyHTa, 4YTo cornacyeTcss C OCHOBHOW NpefnoCbiNKON (GUAbTPaLMOHHOW Teopuwu
KoHcOnWpgaunu T. e. KoaduumeHT noposoro gaasneduns KM= 1. Mocneayouine
fBe CTYyMeHW yNnnoTHAOLWeER HArpy3Ky Bbl3blBasy NOBbILWEHNE MOPOBOro AaBneHuns,
paBHoe No Benn4ymHe 80 1 70 NpoLeHTaM OT MPUNOXKEHHbIX COOTBETCTBEHHO BTOPOWA
N TpeTbel cTyneHel Harpysku. flanbHeliwee NOBbIWEHUEe YNNOTHAOWER Harpysku,
NPOM3BOANBLUEECA C TOW X e CKOPOCTbI, YTO NpeablAylw,ne CTYNeHN Harpy>XeHuns,
X0TA W CONPOBOXfAanucCb MNOBbIWEHWEM MNOPOBOro faBfleHUSA, HO He O60NbLWUM
JOCTUTHYTOr0 Ha TpeTbell cTyneHW Harpysku (ayn = 24 kr/cm2; all= 18 kr/cm2).
Mpn 3ToM Heo6XOAMMO MNOAYEPKHYTb, UYTO MPWU KaXAOM YBe/IMYEHUMN Harpyskwu
npubopbl MNOPOBOro faB/IEHWUA perucTpuposBann BCMNJAECKW MOPOBOro faBneHus,
OffjHAKO MO Be/in4YMHE OHW He npesocxoaumnmu all = 18 Kr/cm2, 3aMKCUPOBAHHOTO
npu NPUNOXEHUWN TpeTbel CTYMeHW Harpysku.

Ha puc. 3 npusefjeHbl rpapuKn U3MEHEHUSA MOPOBOro faBfieHNA U KO3 du-
LMeHTa NOpPOBOro AaB/ieHUS MO OAHOMY U3 NpU6GOPOB, YCTAHOBNEHHbLIX B o6pasue
AnameTpom 90 cMm, a TakXe rpauMku pocta Harpysku un ocagku. locne cTtyneH-
4aTOro MPUNOXEHWA Harpysku fo 60 Kr/cm2 onblT NpoOAOSXKANCA MpW 3TOW Har-
py3ke 47 cyTok. lMpu sTom oTMeyanocb 00blYHOe ANSA MWUCCAEAYEMOro CYr/JMHKa
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Puc. 3. Pe3ynbTaTbl onbiTa Ha KoHconumgauuto n0 = 20,3%; yx 1,70 7/m3. 1 rpagmk
BO3pacTalLleli Harpysku; 2 — rpafmk ocagku; 3 — 13MeHeHWe NopoBoro faB/ieHUs BO BPEMEHU;
4 — n3meHeHWe Koath(hMUMeHTa NOPOBOro AaB/IeHUS BO BPEMEHM

ABNEHWE, KOrfa YNNOTHEHWEe TrpyHTa nNpoTeKaeT MNpu He60/MbWOM MNOCTOAHHOM
NopoBOM fJaB/ieHMN BCRAefCcTBMEe BSA3ZKWX CBOWCTB CKeneTa rpyHTa.

Takum o6bpas3om, pe3y/nbTaTbl OMNbITOB MOKa3blBAlT, YTO NPU YMNNOTHEHUMU
BOJOHACbILLEHHOr0 FPpyHTa noj AecTBMEeM BoO3pacTarleli Harpysku, NoaoxeHune
OUNbTPALMOHHOW TEOPUMN KOHCONMMAALMMN O MOMHOW Mepefaye HAarpyskum B Hayanb-
Hbl/i MOMEHT Ha BOAHYK a3y HaxoAWT CBOE MOATBepPXAeHWEe NPWU MPUMOXEHUN
nepBoil CTymeHW Harpysku. Mpu panbHeliwem BO3pacTaHUM Harpysku umeeT
MeCcTO YacTuyHaa nepefayvya Harpyskum Ha BOAHYK @dasy, yMeHblliawuasaca ¢
pocToM Harpysku. OTo ABNeHue ob6ycnosnuMBaeTcsa, NO-BUAMMOMY, TEM, 4TO MO
Mepe YNNOTHEHWA FPyHTa 4YacTb BHelWHel Harpysku cpasy nocsie eé NpuaoXeHns
BOCMPUHMMAETCA CKefleTOM FpyHTa.

Pe3ynbTaTbl 3KCNEPUMEHTA/NbHOr0 W3YyYeHUA MNOPOBOro faBNeHUSA, BO3HU-
Kalwero B npowecce ynaoTHEHWSA TAUHUCTOrO rpyHTa, NPOBEAEHHOro Ha obpas-
yax puametpom 90, 45 u 30 cM npu pasHOl HayanbHOWA BAXHOCTU, pasHblX
pexumax HarpyXeHusa [o faBneHuih 60 Kr/cm2, no3BoNAKT caenatb crneaywlwme
BbIBO/bI.

1. Mpn HayanbHOM KO3PMULMEHTE BOJOHACLIWEHNSA TPYHTA, He MpPeBblLWalo-
wem g = 0,8 (4T0 OTBEYaeT YCNOBUAM BO3BeJeHUA Afep KaMeHHO0-HabpoCHBbIX
NA0TUH), NOPOBOE AaB/ieHNe Masio U He UMeeT NMPaKTUYEeCKOro 3HayYeHnsa, U ynnoT-
HeHWe TpyHTa MPOMCXOAMT 3@ CYET KOMMPECCMOHHbIX U BA3KWX CBONCTB rpyHTa.
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Puc. 4. IpadmK M3MEHEHMA 0CagKyM BO BPEMEHW MpW CTymneHbYaToli Harpyske w0 = 16,5%;
ycek = 1,70 r/lem3 1 — Mpadmk ocagky BO BpeMeHU; 2 — rpadMkK pocTa Harpysku BO BPEMEHW;
3 — rpamk n3MeHeHMs KoadhumuyeHTa NOPOBOro AaB/iEHUSA BO BPEMEHM

B Takux cnyyasax BOMpocbl YMNAOTHEHWUSA MOTyT paccmaTpmBaTbCA Ha OCHOBE
pacyéTHOW Mojenn rpyHTa KakK OAHOKOMMOHEHTHOUW NON3yyeil cpepbl.

2. PacyeTHas mofenb KoHconupjauuum aByxdasHoin cpeabl B eé obuieil mocTa-
HOBKE KaK CMelaHHOo!M 3ajayun GuNbTpaunoHHOW Teopun KOHCONU[ALUN 1N Teopuun
non3yyecTu, c HavyaslbHbIM YC/IOBUEM, ONpPEAENAOLW UM MOMHYIO Nepefayy Harpysku
B MOMEHT €€ NMPUIOXEHNA Ha BOAHYIO a3y, MTPUMEHUMA K FIMHUCTLIM BOJOHACHI-
WeHHbIM rpyHTam (g ~1,0) npu YynnoOTHEHWW WX MOCTOAHHOW Harpyskoih w
HayanbHOW NNOTHOCTM TrpyHTa, obecneynBalLWen nNOAHYKW nepefavyy npuno-
XEeHHOI Harpysku Ha BOJHYl (asy.

3. PasBuTne nopoBoOro fJaB/lIeHWA B BOAOHAaCbIWEHHOM T[/IMHUCTOM TFPYHTE
npuv YyNnnoTHEHUW ero Bo3pacTaloleil Harpy3kon TpebyeT AanbHellwero akcnepu-
MEHTa/IbHOTO N TEOPETUYECKOT0 U3YyUYeHUS.

MpuBefeM HeKOTOPble [AaHHble, XxapakKTepusylLl Me ocafjKu TrpyHTa npu
pa3Hbl X 3HAYeHUSAX HayaNbHOW BNAXHOCTU ero. Bbilwe 0TMeyYanocb, YTo B BbINO/-
HEHHbIX 3KCMepMMeHTax Mnpouecc ANUTeNbHOW ocafKW rpyHTa npoTekan npwu
HanMyunMmy O0CTaTOYHOro MOPOBOr0 fAaB/leHUA, HE3HAUYUTENIbHOTO MO BeIMUYUHE.

MpoAONXKMNTENBHOCTL OMNbITOB, MPOBOAUBLUUXCA AN OMNPeAeNeHNA BeNUYUH
cTabunu3mpoBaHHOW ocafgkun ob6pa3loB rpyHTa gnametrpom 90 cM n BbicoTOl 85 cM
NpPu HavyanbHOM COCTOAHWMW FPyHTa, xapakTepusyemom BnaxHocTeio W = 16,5%
M 06bEMHBLIM Becom ckeneTa rpyHta Y& — 1,70 rp/cm3, n ynaoTHAOWMUX faBne-
Huax o 50N-60 kr/cm2, coctaBuaa okono 150 cyTok. [nsa npoBepKW MONYUYeHHON
BENNYNHBLI CTabunm3npoBaHHON ocagkuM MCNbITyeMblX 06pa3uoB rpyHta 6bin npo-

Acta Technica Academiae Scientiarum Hungaricae 64, 1969



WCCNEAOBAHWNA YNANOTHEHWA TANHUCTOINO FPYHTA 65

BefléH KOHTPONbHbLIA ONbIT, B KOTOPOM ANWTENbHOCTb WCAbITAHUSA cocTaBuna
356 CyTOK. DTOT 0oNblT NoKasan Be/MYUHY OTHOCUTENbHOW ocagku 7,4% , NpoTuB
7,1%, 3a)MKCUpPOBAHHOW B OMNbITax C MNPOAONXUTENbHOCTbK uUcCAbiTaHus 150
CYTOK. Pas3BuTue ocajKum BO BPEMEHW WUANKOCTPUPYETCA TUMNUYHBLIM TrpaPuKom
S = /(/), npuBejeHHbIM Ha pwuc. 4, Ha KOTOPOM faH W rpaukK 3aBUCMMOCTU
KM= /(/). 3TOT rpathumk nNoATBepXfaeT paHee BblCKa3zaHHOe MOJIOXKEHWE O TOM,
4TO MNPWU HavyanbHOM KO3apduuMeHTe BogoHacbiweHnsa 0,75-~0,80 ocafKu rpyHTa
npoTeKkawT, rnaBHbIM 06pa3om, 3a CYeT BA3KUX CBOWCTB CKefeTa rpyHTa.

M aeHTNUYHBbIE ONbITbI C FTPYHTOM, HayanbHafd BNaXHOCTb KOTOPOro cocTas-
nana W = 142%, T.e. MeHblWe ONTUMaNbLHOW BAAXHOCTW, AaNU BeAUYUHY
OTHOCUTENbHOW ocagku 7,1% npu ¢poke mcnbiTaHusa 352 cyTOK.

Ha ocHOBaHUMW MONYYEHHbIX JaHHbIX ONbITOB MOXHO 3aK/IIOUYUTb, YTO YMEHb-
lWeHWe HayanbHONW BNAXHOCTU FPYyHTa, MPOTUB ONTUMAaNbHOIO 3HayeHMa B yKa-
3aHHbIX Mpefenax, He oKasblBaeT CYLW eCTBEHHOI0 B/AINAHNA Ha BEIMYUHY OTHOCHU-
TeNbHOW 0CagKu rpyHTa, obnajatoliero csoiicTBamMy NoOA3yyecTu.

OfHaKo TaKoi BbIBOJ He MOXET pacnpoCTPaHATbLCA Ha FTPYHT C BAAXHOCTbIO
6onbwe OoNTUMaNbHOM, 4TO MOATBEPXJaeTcA pe3yNbTaTamMuW ONbITOB, MOCTAB/IEH-
HbIMW Npu HauyanbHol BRaxHocTu rpyHta W — 20,3% . Mpu npounmx paBHbIX
YCNOBUAX 3KCMNEPUMEHTUPOBAHUA U AANTENbHOCTU mMcnblTaHua 200-~-220 cyToK,
OTHOCUTeNbHaa ocajgka okasanacb paBHoi 13,6%, T. e. Mo4YTK B ABa pasa 6onble,
yeM Npu HauyanbHolW BnaxHocTu rpyHta W = 16,5%.

Ha ocHOBaHWW MONYYEHHbIX Pe3y/NbTaToB ONbITOB C/efjyeT yKa3aTb Ha cyLje-
CTBEHHOE BNMAHMWE Ha'yaNnbHOW BMAXHOCTU FPyHTa Ha BeIMYWMHY OCafKW, UYTO He
MOXeT 6blTb YYTEHO MO TeOpPUM (PUNbTPALMOHHOW KOHCONMAauun. PaccmMoTpeHue
3TOro BOMpPOCa MOXeT OblTb NPOM3BEAEHO NPW PeeHUN CMEeWaHHON 3afjauun
TeopuUn MUNBTPALUOHHOIO YNJOTHEHUA U TEOPUM MNON3YUYECTU C UCNONIb30BAHUEM
pacyeTHbIX MapaMeTpoB MOM3y4YecTU, YCTaHaB/IMBAeMblX U3 ONbITOB Ha NOJ3y4YecTb
ONA KaXA0ro COCTOAHUA TPYHTa.

Pestome

PaboTa coAepXXMT HOBble pPe3ysibTaTbl 3KCMEPUMEHTANIbHOFO M3Y4YeHUst Mpouecca KOH-
CONNAALNN TIMHUCTOrO FPyHTA NPV PasHoii HauaslbHOW BNaXKHOCTM €ro M pasHbIX pexumax
Harpy»eHusi 06pasLoB BepTMKa/bHbIM AaBneHMeM Ao 60 Kr/cM2 (auameTp 06pasLoB rpyHTa
30, 45 n 90 cm).
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FOUNDATION
OF THE TRADE UNION CENTER (SZOT) HOTEL
IN BUDAPEST

B. BALAZSY
UNDERTAKING FOR SURVEYS AND SOIL EXPLORATION, BUDAPEST, HUNGARY

An alternative of deep spread foundations realized under difficult terrain and geological
conditions, is described. Special care was indicated in the foundation design. A deep spread
foundation was accepted to meet various requirements, involving no more than 6 construction
pits and foundations. Each of these supports 9 columns, the load of which is transmitted by a
cantilevered reinforced concrete structure. The high load bearing capacity of the hard marl
could be used to the full in this manner, up to an effective bearing pressure of 20 kp/sq. cm,
without transferring loads to the unreliable upper clay layers. The completed structure verified
the data of preliminary explorations and tests, and justified the correctness of the foundation
design adopted by the designer.

1. Introduction

As a consequence of progress in urban development increasing use is
being made of lands, considered so far unsuited for one reason or another for
construction (e.g. man made fill terrain with unfavourable topographic con-
ditions, areas where swelling or shrinking soils occur, etc.).

W ith progress in town development, these areas are becoming increas-
ingly attractive primarily for the realization of housing projects, and also
for the settlement of industry. Advance in the technology of foundation
engineering allowing atthe same time the design and construction of the founda-
tions required for similar areas. The combination of achievements in scientific
and theoretical research and the growing use of mechanization contributed
to the development of solutions which proved satisfactory from the engineer-
ing and economic aspects alike.

In the present paper a successful foundation will he described in an
area, where construction was considered risk yowing to unfavourable topograph-
ical and subsoil conditions and to a slight danger of landslides. This reserva-
tion supported by the surface movement in the vicinity of the construction
site, which, however, was rather soil creep than landslide in character.

2. Geological and soil conditions

The construction site is located in Budapest, on the steep eastern slope
of R6zsadomb (Fig. 1).
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Fig. 1. Plan of building site and environment

It can be seen from the map and the representative E—N profile of
the area (Fig. 2) that particular conditions had to be taken into consideration.
The original slope varied from 10 to 15 m within the building area, while the
total difference in elevations attained 50 to 60 m. Part of this takes the form
of an about 60°, in some places even 75° slope which resulted from movement
along a NW —SE tectonic failure. In the face of the slide Upper Eocene Buda
marl is visible, which is an outcrop of the oldest geological formation. This
is overlaid by a 5to 6 m thick layer of extremely jointed, hard, cross bedded
clay, which does not appear to be a weathering product of the Buda marl,
but has moved by sliding along the slope to its present position. In the highest
parts of the area fragmented blocks of 2 to 3 eu. m volume of Pleistocene
freshwater limestone-shale are visible.

Although no signs indicating the danger of local landslide, or other
slope movement were detected at the proposed site of the hotel and the con-
dition of the slope appeared to be sufficiently stable, creeping having grave
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SECTION A
=i T.U.

Y7 T\ Shaly,jointed clay
E Z 3 Fissured marl

Eig. 2. E W profile and geological structure of the building site

SECTION B

Fig. 3. IS—S profile with section through the Hotel building and foundations of different depths

consequence in adjacent areas required a very careful foundation design.
Therefore, in the preliminary stage of the projects soil explorations were more
detailed than usual, the bedding and depth, the strength properties of the
Buda marl, as well as the location and condition of overlying, jointed clays
and clay marls were determined making 20 m deep boreholes.

The. information gained from these boreholes was compiled in the pro-
files shown in Figs 2 and 3. The hard clay at the surface had the following
properties: Ic= 1,2; at = 6,0 kp/sq. cm, void ratio e = 0,7. The condition
of this clay, or clay-marl improved with depth, its water content decreased
from w = 19% to w = 13% and its compressive strength attained at —
= 12 kp/sg. cm. The clay changed gradually to a layered, jointed marl (Fig. 4),
which under the influence of air and rainwater disintegrated into tablets and
scales (Fig. 5). This mass is characterized by a high degree of fragmentation
and fissuring, so that owing to the planes of separation and lithoclases no
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Fig. 4. Fissured clay marl blocks after excavation

Fig. 5. Weathering of the clay marl under atmospheric influence, 1 month after excavation

undisturbed core samples could be taken from the highly heterogeneous rock.
Consequently no positive judgment as to the quality of this layer could be
arrived at. Its load bearing capacity could not be discribed in the conventional
manner, nor by the design value OH = cr/6 (wherein OH = limit design stress).

In view of these conditions it was concluded that the behaviour of these
materials was controlled by the extent and pattern of fissuring rather than
by the strength of the rock-parts proper. This is due to the fact that the
residual strength of the heterogeneous rock mass is influenced by shear be-
tween the rock fragments and friction along the contacting more or less rough
surfaces. At the same time it was anticipated that deformations (compression)
of this rock mass would result from internal displacements of fragments
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relative to each other, rather than from the compression of individual
fragments.

The load bearing capacity of this rock mass was adversely influenced
by the 2 to 20 mm thick calcite crystal deposits encountered in the fissures,
indicating ancient action of thermal water. However, seepage water was not
observed neither in the boreholes, nor during excavation work.

Fig. 6. Stepped foundation plane in the hard, bedded Buda marl at depth from 8 to 10 m
below terrain surface

The calcite crystals are water-soluble, veins of greater thickness already
crushed under loads of 2 to 3 kp/sq. cm. During the excavation of the con-
struction pit the occurrence of these was therefore observed with special
care and the foundation plane was always carried below the layer zone inter-
woven with these calcite veins.

Below this fissured clay marl the Buda marl could be sharply distin-
guished by its hardness and form of appearance. This consisted of beds dipping
mildly to the south (Fig. 6) and had crushing strengths ranging from at = 175
to 400 kp/sg. cm as determined by tests on core samples. This rock of high
strength could be regarded as fix regardless of the nearby creeping slope
and had a decisive influence on the selection of the foundation design. On the
basis of test results a limit design stress

aH= —6—= 30 to 60 kp/sg. cm

would have appeared as a safe value, yet with regard to fissuring, to the dip-
ping, jointed formation and the considerable scatter of crushing strength
values, the conservative value of OH = 20 kp/sq. cm was fixed.
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The impervious clay layer that was deposited over the Buda marl
played an important role in the freshwater limestone. The high sulphate
content of the “keser(iforras” (bitter spring) shown on the plan may be
attributed to this clay. The spring rises from the impervious calcium-sulphatic
clay underlying the freshwater limestone and the SO.} concentration in the
water attained the 4000 mg/l order. The spring-headworks and the drainage
pipeline were destroyed in 1945 and the water flowed freely in the surround-
ings. The layers covering the marl became saturated and the ensuing slope
creep north of the proposed hotel building affected a large area, endangering
even some of the buildings in Frankel Leo Street (see the outlines of slope
creep on the general layout).

In order to restore the stability of the slope a system of deep drains
was constructed, after the completion of which no further ground movement
could be observed in the area. The large volumes of water intercepted and
removed by various drainage lines may be regarded as indications of the
effectiveness of this measure.

3. Structural design and loading
The described topographical and subsoil conditions played a decisive

role in the selection of the general outline — and to a certain extent of the
structural design — of the proposed building. The site occupies a very advan-

Trans-

Fig. 7. Plan of the hotel building showing the arrangement of columns and foundations
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tageous position dominating the surroundings and aesthetical considerations
called for a relatively low (4 to 5 floors) and long building fitting into the
slope. This effect was enhanced hy the arrangement parallel to the contour-
lines and thus a pronounced harmony could be created between the archi-
tectural solution and the surroundings (see the contourline map).

The superstructure itself is divided by three expansion joints into four
blocks, having a total area of about 110 by 16 m. The framework consists
of monolithic reinforced concrete with column loads ranging from 300 to 420
Mp. The arrangement in plan of the three rows of columns and the principal
dimensions of the building are shown in Fig. 7.

Vertically the building is elevated above the terrain, the area thus created
permitting the accommodation of a parking lot.

4. Foundation design

From the evidence gained by soil and rock tests it was positively conclud-
ed that any ofthe layers explored would be capable to carry safely the loads
of the structure, both as regards load bearing capacity and settlements.

Nevertheless, considerable care had to be devoted to the selection of
the method and depth of foundation, to the stability conditions of clay layers
overlying the basement rock. Allowance had to be made for the circumstance
that although in the period preceding construction work no signs indicating
movement could be observed on the surface and no signs of recent, or con-
tinuing movement were revealed during exploration, the cuts and excavation
associated with foundation work may still disturb this equilibrium and result
in soil creep of unpredictable area and extent.

W ith these considerations in mind preference was given to a method of
foundation involving an as small as possible number of excavations and con-
struction pits, thus disturbing the equilibrium of the jointed clay masses on
the minimum of locations. An additional consideration in favour of this solu-
tion was that no foundation structures running parallel to the contourlines
(wall footings, reinforced concrete foundation walls) seemed permissible in
the path of surface runoff resulting from precipitation, or of seepage flow
appearing periodically and occasionally immediately below the ground surface.

It became similarly evident that in the interest of slope stability no
load should be transmitted to the clay layers overlying the irregular surface
ofthe marl, sothat the shale clay and Buda marl encountered at greater depths
appeared suitable to carry the foundation loads. The average depth of from
8 to 10 m would have resulted, however, in a very expensive and for the sta-
bility of the slope adverse solution if each column would have been founded
separately. This would in fact have involved the excavation of altogether 54
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Fig. 8. Model of a foundation unit

construction pits arranged in three rows resulting besides in other drawbacks
in an prohibitively long construction period.

As afinal argument in support ofthe above considerations the favourably
high strength and load bearing capacity of the Buda marl formation was
introduced. However, it was found impossible to use, for individual column
foundations — each carrying a load of 300 to 420 Mp as mentioned above
— the high load bearing capacity. The only potential mechanized method for
constructing deep foundations, that involving the construction of cast-in-situ
piles by the Benoto method, had to be discarded in view of the presence
of limestone blocks referred to earlier.

In order to reduce the number of construction pits to the minimum
possible, and to use to the full the high strength and load bearing capacity
of the basement rock, to avoid underground structures arranged parallel to
the contourlines, etc., contributed to accept the final design illustrated in
Fig. 8. This consists essentially of providing a common foundation for each
group of 9 columns rather than separate column footings. In this manner the
number of construction pits required for the entire building was reduced to
six, which was estimated safe for the stability of the slope. Under the columns
carrying the heaviest loads the force transmitted to a foundation body was
9 X 420 = 3780 Mp, calling for a bearing area of 6,20 by 3,10 m = 19,0sq. m
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Fig. 9. Section through the building and foundations

at the limit design stress of <h = 200 Mp/sq. m, permitting the full use
of the load bearing capacity of the marl.

Each group of nine columns is supported by a cantilevered reinforced
concrete structure of 13,50 by 13,20 m area, resting in turn on a central block
transmitting loads to the foundation proper (Fig. 9). The foundation body
was elongated transversally to take care of the slight (about 40 cm) eccentric-
ity due to wind pressure. The cantilever structure was designed so as to
transfer the entire column load to the deep foundation block. Although the
lower reinforced concrete slab connecting the cantilever arms is cast directly
on the soil, i.e., on the plain concrete pavement spread thereon, it is designed
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to deflect 1-*2 cm — compressing the underlying clay layer by the same
amount — after which the full load will be carried by the structure just describ-
ed. The differences between the deflections of cantilever ends were no greater
than 8 to 10 mm, which could readily be accommodated in the design of the
superstructure.

M3roToBneHne (yHaameHTa GyfanellTcKoM rocTMHULbl CoBeTa Mpogicolo3oB BeHrpum

b. bana>ku

B pa6oTe onucbiBaeTcs OAWH W3 BapvaHTOB Yray6/IeHHOro M0CKOro dyHAaMeHTa,
KOTOPbIA MNPUMEHEH Ha Heob6bIYHO TPYLHOW MECTHOCTM NpW 0C060 TPYAHbLIX Fe0n0rnyYecKux
YCNOBUSAX.

[eonornyeckasa CTpyKTypa TeppuTOpMM, NPOUCLUEALINI B HEMOCPeACTBEHHOM 61M30CcTU
06Ban CK/oHa 1 obLme rMaporeosiorMyeckne ycnoBusi Npu Bblbope cnocoba ycTponcTea yHaa-
MEHTa WUrpasan peLlatoLlyo posb.

Ha [0 cux nop elle He3acTPOEHHOW TeppUTOPMM CO CK/IOHOM M MecTamy OXBayeHHOro
60—75° o06BasioM Hag Oypalickum TBepAbIM MepresieM, HaxoAslierocsi Ha rnybuHe 8—12 wm,
3anieraeT TPeLWHOBATbIN KyCKOBaTbI/i CNOM FIMHUCTOrO Meprens.

Mo BO3deCTBMEM CAMBA BOAbl B TeYeHVe MPOAO/DKUTENIbHOIO BPEMEHU Ha cocefHel
TeppUTOPUMN 3TN NOPOAbI CTA/IN TEKYUMMU U NPUBEN K CKOMbXEHUIO.

Bcneacteme ckasaHHbIX Bbllle, HEO06X0AMMO 6bl0 MPUHATH 0COBble Mepbl 3alUWTbl NpU
3a710KeHUN yHAaMeHTa roCTUHWULbI.

[na yaoBneTBOpeHUss MOCTaB/IeHHbIX Tpe6oBaHWIA Obla M3rOTOB/EH YrNy6neHHbIM Mo-
CKUIA (hyHOaMeHT, A1 KOTOpPOro Heo6X0AMMO Obl10 M3rOTOBUTHL TOMbKO LUECTb KOT/10BAHOB,
COOTB. (DyHAaMeHTOB. Ha Kaxfbli M3 HUX onupaeTcs No 9 KOMOHH NOCPEeACTBOM KOHCO/IbHOW
XKeNe300eTOHHON KOHCTPYKUMW, TakKMM 06pasoM BbICOKYH HeCyLLyH CMOCOOHOCTb TBEPLOro
Meprens yganocb MCNo/b3oBaTb A0 MOAOLUBEHHOM Harpysku nopsgka 20 krc/cM2 6e3 ucnosb-
30BaHNEM BepXHWIA CMOM FNNHbI, ABMASIOWENACA KPUTUYECKOW C TOUKM 3PEHUS YCTOMYMBOCTW.
M3roToBNEHHbIN €O BpeMeHeM (hyHAaMeHT MOATBEPAW NPaBUIbHOCTL NpeABapuTeSIbHbIX MCCIe-
[OBaHW W yCTaHOB/EHWI, a TaKXe BbIOpaHHOro MeToda OCHOBaHMS.
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A NEW METHOD OF SOIL STABILIZATION:
SUPERSILIC

GY. CZERNY—Z. REGELE—Mrs. B. SCHWOY
BUREAU FOR SURVEYING AND SOIL EXPLORATION. BUDAPEST. HUNGARY

The problems associated with the stabilization of soils with a high water-content and
low cohesion is dealt with. A brief review of soil stabilization methods used so far is presented
together with their relative merits and drawbacks. Difficulties in grouting can be overcome by
the so-called gaseous processes, where a gas, rather than a fluid is used as the reagent substance.
In the Supersilic method the soil is saturated with sodium silicate and then treated with a
fluoride gas compound. An actual application of the method is described where a loess soil
was stabilized by the new method. The Supersilic-method is expected to play an important
role in future soil stabilization operations.

1. Introduction

The most important fields for the application of soil stabilization methods
are in civil- and especially in foundation engineering, where the load-bearing
or stability properties of the soil must be improved, and where natural condi-
tions, as well as engineering and economical requirements are favourable for
such applications. These methods are particularly suited for the reinforcement
of foundations, to enable them thereby to carry additional loads due to the
addition of floors, or other reconstruction work resulting in increased loading.
The stability of foundations can in this manner be guaranteed in the case of
construction in the vicinity of existing buildings, or when repairing damaged
structures. In the majority of cases soil stabilization can be carried out without
causing major disturbance in the regular'use of the affected building, or struc-
ture and without endangering its stability.

2. Two- and single-fluid soil stabilization methods

Soil stabilization methods can be classified into two broad groups, namely
two- and single fluid processes. In the first case sodium silicate and the reacting
solution are grouted separately, in successive operations into the soil, whereas
in the second the two solutions are pre-mixed in predetermined ratios or by
the addition of retarder substances, so that only the grouting of a single fluid
is necessary. Both methods have inherent advantages and drawbacks. Two-
fluid processes in general, ensure high strength, but their application is restrict-

Acta Technica Academiae Scienliarum Hungaricae 64, 1969



78 GY. CZERNY—2Z. REGELE—Mrs. B. SCHWOY

ed to certain soil types. No success can be anticipated unless the soil is granu-
lar and of a coarse gradation, having an effective particle size Dm= 0,1 mm,
a combined silt-clay fraction of S,+a = 10% by weight and a permeability
coefficient K — 10 ~3cm/sec. Beyond these limits the method tends to become
very slow and consequently— especially with greater grouting volumes — une-
conomical. In the single-fluid methods the chemical is more readily grouted,
but owing to the high degree of dilution of the sodium silicate and to the inev-
itable retardance of the time of setting, limited strength figures can only be
attained. Since the resulting gel is soft, of a loose structure and low bonding
strength, the single-fluid methods are mostly employed for improving the
permeability properties of the soil. In recent years successful experiments
were conducted in which plastic resins were employed for soil stabilization
purposes. These substances are suitable for eliminating the drawbacks mention-
ed above, the resulting solutions are of sufficiently low viscosity to be readily
grouted and considerable strength is imparted to the soil treated by the hard-
ened resin. Forthe time being any wider application of the method is prevent-
ed, however, by the high cost of the special plastic resin product and manu-
facturing difficulties.

3. Soil stabilization using sodium silicate and gas reagent

Gaseous methods, in which gas rather than a fluid is used for the precipi-
tation of Si02 occupy an intermediate position between the sodium-silicate
based two- and single fluid methods. The idea was conceived by Joosten
(1931) and Jorgensen (1935) who suggested in their patented methods [1] the
use of carbon dioxide gas (C02) for this purpose. A patent granted in Hungary
was based on the same principle [2]. The process is still realized in two stages.
Diluted sodium silicate is grouted into the soil first, followed by the gas after
the zone to be treated is saturated. As in the case of the two-fluid methods
reaction occurs immediately once the two substances come into contact, while
the gas expands by diffusion through the loose, aqueous gel formed in the capil-
laries of the soil. Grouting of the reagent was thus successfully solved by the
application of gas. However, for the effective stabilization of fine grained, semi-
cohesive soils (fine sand, silty fine sand, loess) by the gaseous method, high
strength must be attained even when using the sodium silicate in a highly
diluted solution. For this purpose carbon dioxide as the reactive substance is
no longer suitable, since the resulting gel is of low bonding strength, the treated
soil is unstable in water, and stabilization remains practically ineffective, ifthe
proportion of particles finer than 0,06 mm is equal, or higher than 20% by
weight of the soil [3]. This drawback is eliminated by the Supersilic method,
in which grouting of the diluted sodium silicate solution is followed by the
injection of the gas compound containing fluorine as the reacting agent.
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4. The Supersilie-metliod*

This method consists of a highly effective silicate treatment, based on
grouting two substances (fluid + gas) subsequently, which was used initially
for repairing damaged sewers from the inside. During these repair works it
was observed that not only the damaged spots ofthe sewer were sealed com-
pletely, but the soil surrounding the sewer also became stabilized by the fluid
sealant and gaseous reactive agent leaking into the soil. These favourable
practical experiences lead to the application of this method to actual soil
stabilization problems.

Owing to the gaseous phase of the reacting agent the method offers
considerable advantages in realization and at the same time the properties of
the product, the stabilized soil, are also excellent. These will be demonstrated
by quoting the strength and permeability figures obtained by high-intensity
steam leaching tests (atmospheric steam curing) on specimens made by differ-
ent methods. For these tests the cylindrical specimens (40 mm diameter)
were moulded with the same soil: sodium silicate ratio of 1 : 0,6. Stabilization
was effected under pressures corresponding to normal construction technology
using a 30% by weight CaCl2solution, C02-gas and a gas compound containing
fluorine, respectively. At the age of 5 days some of the specimens were steam-
cured for 32 hours under atmospheric pressure. Compressive strength and
permeability coefficient k were determined at the age of 5 days on both steam-
cured and uncured specimens. Tests on the former were performed under 8
and 32 hours of steam curing.

As revealed by the results of the strength tests (Fig. 1), the compressive
strength of the specimens (66,0, 98,5 and 77,5 kp/cm2) considerably exceeded
in every phase of the investigation the figures obtained with specimens treated
according to the Joosten (31,5, 27,0 and 18,5 kp/cm2 and carbon dioxide
(20,0, 10,0 and 4,5 kp/cm2 methods. It is interesting to note that by the end
of the treatment the strength of specimens made by the Joosten- and carbon
dioxide methods dropped by 37,5 and 76,7%, respectively, whereas in the case
of specimens stabilized by the gas used in the Supersilic method a gain in
strength of 17% over the initial condition was observed. By comparing the
results of the permeability tests (Fig. 2) it will be seen that the permeability
of specimens treated according to the latter method is appreciably (about
100 times) lower than that attained by the other two methods.

The permeability of specimens made by the new method will be observed
to have decreased during the period of treatment, whereas the specimens made
by the Joosten process became considerably more permeable.

The unexpectedly good strength and permeability properties as well as
their stability attainable by the new method may be attributed to the action

* Hungarian patent granted to Csanda—Czerny—Dezsényi—Novak.
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6 kp/cm2

Fig. 1. The compressive strength of test specimens stabilized by different methods
plotted against duration of steam curing under atmospheric pressure

of the gas compound containing fluorine (fluoride gas) used in the process. In
fact, the fluoride gas reacting with the sodium silicate plays a twofold role in
the hardening process. In the first phase the acid character of the gas is effec-
tive, when the silicic acid gel is precipitated from the sodium silicate according
to the familiar reaction. The alkali—fluorine compounds formed as by-products
of the neutralization reaction are poorly water-soluble and are of a catalytic
influence in the course of time, inasmuch as they promote the precipitation
of the silicic acid from the sodium silicate. These by-products combine eventu-
ally with the precipitated silicic acid gel to form practically water-insoluble
silicates. The permeability of the stabilized soil is greatly reduced further by
the special influence resulting from the silicic acid gel precipitated from the
reacting gas itself.

In the Joosten- and carbon dioxide processes, on the other hand, the
silicic acid gel and silicates precipitated from the sodium silicate solution are
accompanied by readily water-soluble products, such as sodium chloride, sodi-
um carbonate, etc. These are subsequently leached readily from the soil,
with adverse consequences for strength and imperviousness of the soil. By-
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Fig. 2. Changes in the coefficient of permeability of test specimens steam cured under atmo*
spheric pressure

products with a basic hydrolysis are especially detrimental (e.g. sodium carbon-
ate formed in the C02process), since they tend to loosen the structure of the
stabilized soil by dissolving to a certain extent the silicic-acid skeleton itself.
Chemical, X-ray diffraction, derivatograph and microbiological analyses of
soils stabilized by the Supersilic method both in the laboratory and in the
field provided conclusive evidence of the fact that these systems are inherently
stable, offering extended resistance — without any alteration — to salts, acids,
weak bases, organic matter, as well as to microbiological influences (fungi,
bacteria). The stability and durability of these compounds may therefore be
regarded as unlimited under normal operating conditions.

5. Practical applications

The first field tests aiming at the practical application of the new method
were started in November 1961, when the repair of sewers was attempted.
Complete success was attained in repairing a 81 m long and 35 cm diameter
sewer in Dunaujvaros. Full scale application started in autumn, 1966 and
round 14 000 linear metres of sewer were so far repaired by the new method.
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Fig. 3. Foundation and differential settlement of settling tank

The first practical attem pt at soil stabilization was undertaken at the
100 cu.m capacity settling tank of the Labatlan Paper Mill, where differential
settlement occurred during operation. The full load represented by the operat-
ing settling tank is about 300 Mp. The tank (12 m high) is of monolithic rein-
forced concrete, supported by six reinforced concrete columns spaced evenly
around the perimeter of a 6,8 m diameter circle and founded on separate foot-
ings, which transmitted the load at a depth of 2,0 m to a water-sensitive, mac-
roporous loess soil. After settlement, the axis of the structure was out of plumb
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Sequence of operations

Fig. 4. Arrangement of grouting pipes around a column footing and diagram of the stabili-
zation process

by about 17 cm, while in the horizontal plane the maximum differential settle-
ment observed was 12,5 cm (Fig. 3). From tests at the site and in the labora-
tory it was concluded that settlement of the settling tank was due to slumping
of the loess soil under the footings as a result of local saturation. In order to
prevent any further differential settlement and consequent structural damage,
stabilization of the foundation soil became necessary. Since the loess soil
under the footings was found to be susceptible to structural collapse down to
the range of groundwater fluctuations (5,0 m below datum), it was found desir-
able to transfer the foundation load to a plane at this depth. It was required
further to carry out reinforcement operations without interference with the
normal operation of the tank, which excluded any other method but soil stabili-
zation. Laboratory tests were run on samples taken from the original soil
using several methods and the results obtained proved the method to be superi-
or to the others. The contractor for the stabilization works was Hidépitd
Vallalat (Bridge Construction), for which Mr. K. Po1tl, acted as resident en-
gineer. Work was completed in a single month.

The objective of soil stabilization was to create, under the separate
footings of 1,5 by 1,5 m- area, arranged around the perimeter of a circle, a

6* Acta Technica Academiae Scienliarum Hunguricae 64, 1969



84 GY. CZERNY—Z. REGELE—Mr«. B. SCHWOY

Fig. 5. Injection of the fluoride gas compound. In the foreground the manual pump
used for grouting the sodium silicate

silicate-treated cylinder of adequate load-bearing capacity, resistant to struc-
tural collapse of the soil when exposed to the influence of water, by which the
load of the settling tank could be carried down to the non-sensitive soil layer.
Grouting at each of the column footings was accomplished through 8 pipes of
2 inches diameter, perforated over 1 m length at their lower end. The chemicals
were grouted into the soil at three depths between the 2,0 and —5,0 m
levels (Fig. 4). A soil mass of about 16 to 18 cu.m volume was stabilized under
each footing, proceeding downward in grouting the sodium silicate. Gas treat-
ment was carried out similarly in three stages but the direction of progress
was reversed while the grouting pipes were gradually withdrawn. Fluoride gas
was transported in truck-mounted containers to the site. The equipment per-
mitted continuous recording of gas pressure in both the container and the
grouting pipes (Fig. 5.).

In order to check the effectiveness of the stabilization process, pipes
were driven into the soil in the vicinity of the settling tank, through which
stabilized soil blocks were produced under identical conditions. These were
subsequently excavated and the samples retrieved were tested at the labora-
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Fig. 6. Stabilized soil mass excavated at the site of the stabilization trials

tory (Fig. 6). The influence range of stabilization was found to attain in the
loose soil under the footings 75 to 80 cm and was not less than 45 to 50 cm even
at greater depths (Fig. 7.). The unconfined compressive strength of stabilized
soil ranged from ou= 6,3 to 12,5 kp/cm2 (which contrasted favourably with
the original value of 1,8 to 2,3 kp/cm2). No structural collapse of the samples
occurred after immersion in water. The modulus of compressibility was
M = 28 to 50 kp/cm2 for the original soil and increased to M — 67 to 112
kp/cm2 after stabilization.

The described method of soil stabilization was applied also for the rein-
forcement of the foundation of the Mindszent pumping station. The structure,
which has a major significance for flood control, was constructed over a 10 m
thick saturated silty fine-sand layer. Under the foundation slab cavities devel-
oped during operation. In order to fill these cavities a mixture of fly ash
and sodium silicate was first grouted through holes drilled in the foundation
slab, whereas in the second stage the fine-sand layer was saturated with sodium
silicate down to a depth of 1,5 m. The fluoride gas compound was introduced
subsequently. Planning of the works described above was executed by the
Office for Civil Engineering Planning, in cooperation with the Bureau for
Surveying and Soil Exploration.
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Fig. 7. Stabilized soil columns around the grouting pipes in the excavated pit

6. Conclusions

The drescribed method proved successful for stabilizing fine-sand, silt
and loess soils. The results attainable thereby are considerably superior as
regards both strength and permeability to those obtained by the methods used
so far. In some instances, such as in the case of soils having a high silt content,
the method assumes special significane, since the stabilization of similar seini-
cohesive soils was possible by costly and cumbersome electro-grouting only.
The Supersilic method may, therefore, be expected to gain added importance
as a method for soil stabilization.
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CYMNEPCUMINK — HOBbIA MeTOf 3aKpensieHUsi rpyHTOB

Ob. Yepun—3. Perenc—b. Llisoi

PaboTa 3aHMMaeTca nNpo6seMoli 3aKpernseHWUs MMbIBYHOB W MONYCBA3HbIX [PYHTOB.
M3naraotca NpyvMeHMBLUMECS O CUX MOP MEeToAa 3aKpensieHns rpyHToB, UX HefoCcTaTKU U
orpaHVyeHNs nx nNpuMeHUMOCTW. pobnema HarHeTaHMs MOXKeT ObITb peLleHa Npu MOMOLLM
T. H. ra3oBbIX METOAOB, MPU KOTOPbIX B KayeCTBe peareHTa WCMo/b3yeTCsA HE XXUAKOCTWU, a ras.
B cnyuyae npumeHeHns metoga CYTMEPCUTNK HacbIlWeHHbIA XWUAKMM CTEK/IOM, FTPYHT 0b6pa-
6aTbiBaeTCA (HTOPUCTOI rasoBoil cMecbio. Ha OcHOBe npefBapuTenbHbIX N1abopaTopHbIX WUCMbI-
TaHWi, Nony4YeHHbIe MPU MNOMOLLY 3TOr0 METOAa BE/IMUMHbI, MPOYHOCTM U BOLOHENPOHULLAEMOCTH
3HAUNTENbHO MPEBbLILWAKT ONbITHblE AaHHble MeToAoB «JOOSTEN» mnm «COr»; 3aKpensieHHbIn
TakMM 06pasoM FpPYHT COMPOTUBASAETCA MPOLO/IKMTENbHO BCAKOr0 poja KOPPOU3OHHbIM BO3-
JelicTBuAM. B paboTe m3naraetcs npoBefeHWe paboT 3aKpenseHuns /EcCoBOr0 rpyHTa C HOBbIM
MeTOAoM. HarHeTaHne Npon3BoAWIOCHE B TPY CTYMNeHW Mo rny6uHe, PTOPUCTbIN ras noctasnsascs
K MeCTY B CreLMasibHbIX aBToLMCTepHax. B fpyrom cnyvae 3akpenseHvie rpyHTa npon3Boiu/ioch
nog, ONOPHON NAWTON, rae obpasoBasics MOAMbIB 418 06ecrneyeHns YCTOMUMBOCTU COOPYXKEHUS.

Mo Bcelt BepoAaTHoCTK, MeToag CYMEPCUTNK 6yaeT urpatb 60/bLUYO ponb B paboTax 3aKpe-
NAeHNs TPYHTOB B GyayLUeM.
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APPROXIMATE DETERMINATION OF THE ULTIMATE
LOAD OF REINFORCED CONCRETE PILES IN SANDS

GY. DETRE—L. ROZSA
UVATERV, BUDAPEST, HUNGARY

Based on test loadings, the present paper points out primarily, the influence of the
original density and compaction by ramming on the load bearing capacity of driven piles and
on the internal friction angle of the sand, in the case for fine and medium fine sandy soils. An
empirical relation is given serving to determine the ultimate load on piles. The natural
soil density (number of blows of the sounding device) and the compactibility (uniformity
coefficient) of the soil were considered.

In one of our previous publications [1], the effect of the density and
compactibility of sands on the load bearing capacity of driven piles was ana-
lyzed. It was pointed out that, partly, soil density is of great importance and,
on the other hand, the load bearing capacity of driven piles increases with the
compactibility of the soil, even at almost identical density values. The com-
pactibility can be characterized by the uniformity coefficient. It was similarly
emphasized that, in case of calculations with static formulae, the assumed
angle of friction should take density and compactibility into account.

The paper referred to did not discuss in detail pile test load results, nor
was any recommendation submitted on how to reckon with the degree of com-
pactibility in a numerical manner. This topic was further developed on the
basis of investigations conducted since that time and by making use of the
test load results.

The test load results with precast reinforced concrete piles driven into
fine and medium fine sands are presented in Table I. The length of the piles
varies between 6to 8 m, their cross section is a 30 X 30 cm square. The majority
of the piles was driven into the soil by means of a mechanical winched drop
ram of 1,6 to 2,4 Mp weight. With the pile test loads recorded, the pile point
was always located in fine or medium fine sand. The upper part of the mantle
surface was generally surrounded by silt or clay soil, while the longer lower
section by fine or medium fine sand, with a silt content of a 10 per cent
maximum.

The test load curves (Fig. 1) scatter considerably. However, if the curves
are divided into two groups depending on density, that is, piles driven into
loose and dense or medium dense sands, the test loads curves reveal a nearly
identical character within each category (Fig. 2 and 3). The ultimate failure
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Number
of test
loading

2/a

2/b

10

12

13/a

13/b

13/c

16

19

21

22

28/a

29,/a

29/b

36

GY. DETRE—L. ROZSA

Location of test loading

Highway No. 21
bridge km. No. 63-f-287

Highway No. 21,

bridge km. No. 63287
Highway Nagyatdd— Kutas,
bridge km. No. 7+ 950
Highway Nagydobos—Fehérgyar-
mat, Kraszna river bridge
Olcsvaapéati bridge

of the Tur canal

Olcsvaapéti bridge

of the Tur canal

Olcsvaapéti bridge
of the Tur canal

Bridge of the Feny6sziget—Kengyel
Main canal

Farta bridge

of the Olyvos canal

Ajka bridge,

of the Tarna creek

Kallé road bridge,
Kaposvar

Balassagyarmat bridge
of the IpoJy river

Olcsvaapéti interconnecting road,
Kraszna river bridge

Olcsvaapéti interconnecting road,
Kraszna river bridge

Highway No. 3, km No.
Malomarok bridge

107+850,

Soil grain
distribution below
the pile point

Serial
o test
piles gravel sand Mo sill
% %
20
15 - — —
1 91 9 —
12 — 85 12 3
5 95 5
21 — 89 5 6
10 95 5 —
1 62 30 8
8 — 93 7 —
16 7 51 32 10
4 — 56 40 4
4 7 87 6
10 — 86 14 —
12 — 81 19
1 21 76 3 —

Table

1.4

3,9

2,2

4,1

2,2

6,4

2,3

6,5

2,5

34

2,9

4,0

3,9

load of the piles varied between 28 and 105 Mp, that is, within a relatively
wide range; after grouping, the same figure for piles in loose sand was 28 to
55 Mp, whereas that for the piles in medium compact sands varied from 55
to 105 Mp. While in loose sands the ultimate failure load was always achieved,
for medium dense or dense sands this was generally not so. It will be noted
here that, in loose sand, the ultimate failure load variation between 28 and
55 MP is in correlation with the 1 to 10 increase of the uniformity coefficient
(17) value. A similar character can be discovered in case of medium dense or
dense sands as well.
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of test
loading

2/a

2/b

10

12

13/a

13/b

13/c

16

19

21

22

28/a

29/a

29/b

36

ULTIMATE LOAD OF REINFORCED CONCRETE PILES IN SANDS

Description of
the soil below
the pile point

Compact silty sand with
small-size gravels

Medium compact gravel-sand
Loose fine running sand
Compact fine sand

Loose fine running sand

Loose fine somewhat silty sand
Loose fine running sand

Loose fine somewhat silty sand
Medium compact,

medium fine running sand
Medium compact fine silty sand
Medium compact

fine running sand

Compact medium fine sand
Compact fine sand

Compact fine sand

Loose coarse sand

Number
of blows
below
the pile
point

plane

120
104

39

191

29

30

45

37

54
55

83

150

118

146

41

Pile
penetra-
tion
within
the last
impact
series, cm

2,0

6,0

5,0

2,0

4,0

4,0

Pile length

7,0

7,0

7,0

6,0

7,0

8,0
6,0

8,0

9,0

9,0

5,0

itl

Ultimate breaking load

actual

28

45

45

45

60

37

(Mp)

extra-
polated

—80
—70

~105

—50
—75

—55

—95

—85

—90

calculated
according
to thr
method
suggested
above

89
82

34

112

33

41

40

54

45

58
96

77

93

45

Parallel to the pile test load experiments, heavy sounding test was

also performed in order to determine the density of fine and medium fine

sands, by measuring the penetration

resistance of a sounding device. The

diameter of the Hungarian standardized heavy sounding apparatus is 55 mm,
and their apex angle is 60 deg. In the tests, the number of drops required for
a 25 cm penetration of the rod was counted with a 50 kp ram weight and a
0,5 m drop height. The density of sands was determined on the basis of the
number of blows required for a 25 cm of penetration, according to Table II.
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Load Mp

Table 11

The number of blows re-

Soil compactness condition quired for 25 cm pene-

tration
Very loose — 20
Loose 217-50
Medium compact 514-110
Compact 1114-200
Very compact 201—

This number varied between 20 and 200. There is an approximative
relation (Table Ill) between the number of blows (n) required for the 25 cm
penetration of Hungarian heavy sounding apparatus conforming to the specifi-
cations of the respective Hungarian Standard (MSz), the American standard
penetration resistance (N-Standard Penetration Test), and the penetration
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Load.Mp
70 8

10 20 30 40 50 60 0
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Tabic 111

Impact number of blows  Nymper of blows for a Penetration resistance of

Soil compactness condition Eoorrdzii(_;:m Foeneilrﬁtni;:riaacn- SSitSalz:]jcagd P;enretra;(ijon ?5_ standal(rslcﬁ]rgbing,
Standard 2635 —65
n N 4c
Very loose 4-20 4-4 4-20
Loose 214-50 4 ;10 204-45
Medium compact 514-110 104-30 45 4-130
Compact 111 : 200 304-50 130 4-220
Very compact 4-200 4-50 4-220

Jesistance qc of static sounding, respectively:
n= 41IV= qc.

According to our experiences, compactibility can be taken into account
by using the uniformity coefficient (U). The greater the value U, the better its
compaction will be, thus compactibility will greatly contribute to the increase
of the density of sand both below the pile point plane and around the pile
shaft, upon the effect of pile ramming.

According to the pile tests on the basis of the natural soil density (num-
ber of blows of the sounding device: re), and the compactibility observed in
course of ramming (uniformity coefficient: U), the estimated value of the ulti-
mate failure load of a pile in sand, expressed in Mp, may be calculated by the
following empirical formula:

P,= 15+ 045+ 4 (U -1)

where
Umax - 10.

The first term ofthe formula (15 Mp), as a constant, means the lowest ultimate
failure load value. The second term of the formula (0,45 re) takes the original
in situ density of the sand into account. The third term of the equation, 4
([/—1), characterizes compactibility; in practice, the value of U varied be-
tween 1,4 and 10.

The formula includes point resistance and average mantle friction. The
actual ultimate failure load values are well approximated by the ultimate
failure load values calculated with the above empirical formula. Table | presents
the actual and extrapolated ultimate failure load figures determined by load
test, as well as those calculated by the given formula.
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Table IV
Informative values of the internal friction angle of sandy soils (phi)

Compactness

Compactibility

Uniformity coefficient, U Very loose Loose Medium Compact Very compact
» = 14-20 n= 20-f-50 C%mogalcoto /i=100 200 ?>=200-f400
n=

Poorly graduated

U= 154-30 25 :28 28 :31 31 :34 34 :38 38 :41
Medium graduated
u=3 7 26 : 29 29 :32 32+ 35 35 :39 39 :42

Well graduated
U = 74-10 27 : 30 30 33 33 :36 36 : 40 40 : 43

The angle of internal friction of sand is not a constant, it depends, in
case of rammed piles, on the compaction effect of pile ramming, and is a func-
tion of the grain size distribution. The reduction of the void ratio taking place
in the course of ramming around rammed piles and below the pile point, leads
to an increased internal friction angle ofthe sand; the increment will be greater,
with greater compactibility, i.e. with a higher uniformity coefficient.

On the basis of test loads, authors suggest for the angle of internal fric-
tion the use ofthe informative values presented in Table 1V, with the number
of blows of the Hungarian standardized sounding rod required for 25 cm
penetration (compactness), and the uniformity coefficient (compactibility)
taken into consideration. These informative values can be best approximated
by using the following equation:

s = 23°+ ]J[h+ yvV—T.

The first term of the formula represents the minimum angle of internal friction
practically encountered in the case of sands, usually observed with extremely
loose, uniform, fine sands. The second term of the formula takes into account
the original density of the sand concerned on the basis of the number of blows
required for 25 cm penetration, while the third term reflects compaction during
pile ramming in function of the uniformity coefficient. Using the pile road
bearing capacity calcidation techniques involving static formulae, particularly
the up-to-date and most accepted relations (Caquot Kérisel,Berezantsev,
etc.) reveals that, if the static formulae have the informative internal friction
angle values suggested above substituted, then ultimate failure load values
agree well with the results of test loads.
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Mpnbnn3nTenbHOE OMNpefeneHne Hecylleli cnocoGHOCTU 3a6UTbIX
)KeNne306eTOHHbIX CBali B MecyaHbIX FpyHTax

A. OeTpe~Jl. Poxka

B pa6oTe (Ha 0CHOBE MPOBHbLIX HArpy3oK CBaii) aBTOPbl MOKAa3bIBAOT 3HAUUTE/ILHOE B/IN-

sIHVe, OKasblBalolLee OPUTMHANbLHOW MNIOTHOCTBIO 3a/1eraHus U YNJOTHEHWEM, MPOUCXOASLLUM
npv 3abuBKe, Ha BE/IMUMHY Yyrna BHYTPEHHEro TPEHUS M Ha HecyLlyl CnocobHOCTb cBali B
MeNIKO3ePHUCTbIX U CpefHUX Meckax. [puBognTcs NpubAnsnTenbHas 3aBUCMMOCTb ANs Orpe-
[eNeHNs1 Hecylleil CNOCOGHOCTM CBail B MecyaHbIX FPYHTax ¢ YY4eTOM OpPUrMHaIbHOV MIOTHOCTU
3aneraHus (4nicna ygapoB NeHeTPOMETPA), a TaKXKe YNIOTHAEMOCTU U YNIOTHEHUS], MPOUCXOAS-
ero npu 3abueke cBan (KO3hPUUMEHT HEOOHOPOAHOCTM).
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DYNAMIC TESTS OF PILES
AND THE VERIFICATION OF RESULTS
BY STATIC LOADING TESTS

A. DVOfiAK
INSTITUTE OF ENGINEERING GEOLOGY, PRAHA, CSSR

At a dynamic test a pile is set into vibrations by a blow on its upper end. The continuity
of the pile and the quality of its embedment into the soil can be judged by the character of the
forced vibrations. The dynamic method enables a quick examination of the quality of piles
and gives a reliable indication of any rough defects. Therefore, it is particularly suitable for
the investigation of a great number of piles for which no other data are available, as is the case
with cast-in-place concrete piles. Dynamic tests give relative data and, as a rule, static loading
tests give a basis for the reliable evaluation of results.

1. Introduction

Static loading test of a pile is expensive and time-consuming especially
when the bearing capacity of a greater number of piles should be examined.
For this reason we try to introduce simplified methode which would give the
possibility to give an approximate value for the bearing capacity and to
control the quality of cast-in-place piles. In such cases examination of some
scores of piles isnecessary and a few loading tests are not sufficient. Nowadays,
in addition, large diameter piles are more and more used at cast-in place
production and for the static test of such a pile a load of several hundred Mp
is necessary, which increases the cost. For piles driven by hammers it is
possible to estimate the bearing capacity according to pile driving records.
But with cast-in-place piles, only some data concerning geology and the
required depth — and/or the penetration into a stratum of higher bearing
value can be obtained. Even for piles driven by vibrators or vibration ham-
mers are no reliable criteria allowing the quest of the bearing capacity, espe-
cially if the pile cannot be driven into the required depth. In some cases, piles
driven by a hammer or vibrator were severely damaged without being noticed.
A simple method which provides for a quick and economic examination of
piles is the dynamic test. In spite of its approximation the dynamic method
gives reliable indications of serious defects which could he dangerous for the
safety of a construction.
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2. Description of the dynamic method

At the test the pile is set into vibrations by a stroke of a light hammer,
in horizontal or vertical direction, on the upper end of the pile. Vibrations
generated by the blow are recorded by a vibrograph fixed also at the upper
end of the pile. For point-bearing piles a vertical blow in the axis of the pile
is suitable. On the other hand if friction piles are to be examined and if defects
at a small depth are expected, a horizontal stroke can be applied. Two dif-
ferent kinds of vibrations can be distinguished in the vibrograms: First,
vibrations of the pile as of a slender rod, embedded into elasto-plastic medium,
appear in the record. Further, vibrations in the pile as a confined body are
also generated. The former vibrations have — as a rule — a lower frequency,
a greater displacement amplitude, and appear in the record as fundamental
oscillations. Vibrations in the pile usually appear as secondary oscillations
with a higher frequency and a lower displacement amplitude. From the first
kind of vibrations the stiffness of the pile embedment in the soil and the
continuity of the pile can be judged. Vibrations in the pile indicate the quality
of the pile material (concrete) and the length of the pile. A small displacement
amplitude as well as a high frequency of the first vibrations prove that no
interruption or necking of the pile exist and that the pile is firmly fixed.
Low frequencies and large displacement amplitudes are signs of a soft embed-
ment or of defects e.g., necking or interruption of the concrete.

At vibrations within the pile a high frequency and small displacement
amplitude prove a good quality of concrete but high frequencies are also
indicative of shorter piles.

On the other hand, ifthe load-settlement relation is known, the frequency
and displacement amplitude of the pile, generated by an impact, can be
approximately calculated. From the length of the pile and the elasticity
modulus of the concrete the frequency and displacement amplitude of vibra-
tions within the pile can be determined.

3. Examples of dynamic tests

If it was necessary to examine a large number of piles and since no
time was left for a sufficient number of static loading tests, it was decided
to dig out some piles after the dynamic test to the whole depth. Fig. 1 shows
a faultless pile on which a static loading was accomplished after the dynamic
test. The vibrogram of the dynamic test shows a high frequency and small
displacement amplitude. A pile which was finished below the surface isshown
in Fig. 2. The head of this pile was made later, and in the meantime, fill
material from the vicinity fall into the borehole and formed a 30 cm thick
layer. The result of a dynamic test was extremely unfavourable but when the
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F ig. 1. Cast-in-place pile into a borehole, a) Uncovered pile and geological section: 1 — filling
— soft clayey soil, 3 — ground-water table, 4 — sandy gravel, 5 — Ordovician clayey shales
b) load-settlement graph from static loading test; c) vibrogram from dynamic test

-“l Oils

bj
Fig. 2. Cast-in-place pile into borehole with a layer of fill below the post-concreted head,
a) upper end of the pile: 1 — post-concreted head, 2 — filling;fallen from the surrounding sur-
face, 3 — concrete with a smaller content of mortar, 4 — normal concrete; b) upper end
after removal of the filling. Corresponding vibrograms of dynamic tests are given in the lower
part of the figure
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Oils K

Fig. 3. Cast-in-place pile in a borehole with a defective head and a necking at the lower end.
The removed part is marked by dotted line. Vibrograms: a) before, b) after cutting-off the
upper part with filling. Bad indication persisted

head of the pile and the fill were removed, the result of a new dynamic test
was quite satisfactory.At another pile with a similar defect the unfavourable
result of the dynamic test persisted even after the removal of the upper part,
Fig. 3. The pile was uncovered and a substantial necking could be observed
in depth. The sensibility of the dynamic test is obviously greater for defects
which are at a small depth below the upper end of a pile (Fig. 2), whereas a
fault at a greater depth is not so distinct in the record.

More precise data can be obtained by calculation of the length of the
vibrating pile from the known frequency of vibrations inside the pile, if these
vibrations can be distinguished in the record.

It was also possible to detect, by dynamic test, a soft support ofthe point
of a prefabricated concrete pile which had a protective insvdation and a special
tip with bituminous layer (Fig. 4). After the static loading test, at which the
bitumen was sufficiently compressed, the record of a repeated dynamic test
showed no difference compared with a pile without insulation and protective
tip. In this case piles were driven by a comparatively light hammer with a
higher frequency, and the point of the pile was not sufficiently pressed into
the tip at hammering.
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a, b;

Fig. 4. Precast reinforced concrete pile with insulation against corrosive water and with a
protective tip lined with bitumen —B. a) pile and geological section: 1— fill, 2 — soft organic
clay, 3 — corrosive ground water, 4 — sand, 5 — sandy gravel, 6 — calcareous clays (Cre-
taceous), 7—sandy filling; b) load-settlement graph of static loading test; c) vibrograms from
dynamic test: 1 — before static loading, 2 — after loading, 3 — similar pile without insulation

4. Comparison of static and dynamic tests

A good control of a dynamic test is a static loading test. The dynamic
test must be performed before the static loading; otherwise, the results of
dynamic measurement would be misinterpreted. It was possible to perform
several series of parallel dynamic and static tests. The example given in Fig. 5
shows a satisfactory agreement between the results of both tests. The quality
of piles determined by dynamic tests can he better recognized from a spectrum
of frequencies with corresponding displacement amplitudes (Fig. 5d) than
from vibrograms. Fig. 5 gives also results of a dynamic test on pile no. C-3
which, unfortunately, was not tested by static load. This pile was concreted
by grouting of gravel and the unfavourable result of the dynamic test led
to a discussion with the contractor as — according to his view — pile C-3,
manufactured by grouting, should have been better than all other piles. But
the unfavourable indication persisted even at repeated dynamic tests (Fig. 5c).
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Fig. 5. Parallel static and dynamic tests of cast-in-place concrete piles, a) piles and geological section: 1 — fill, 2 — organic loam, 3 —

loess-loam, 4 — loamy gravel, 5 — gravel without mortar inside pile C—3; b) load-settlement graphs from static tests; c) vibrograms

from dynamic tests: 1 — before, 2 — after static loading (except pile C—3 which was repeatedly examined by dynamic method only);
d) spectrum of frequencies with corresponding displacement amplitudes it



DYNAMIC TESTS OF PILES 103

Q
2x100/am
1
2x100 pm
3x100 pm
U
2
1
0 20 AO 60 80 1nOOc.p.s.

Fig. 6. Dynamic tests of piles Benoto 0 98 cm. a) vibrograms, b) spectrum of frequencies

with corresponding displacement amplitudes u. Piles: 1 — faultless point-bearing pile resting

in Ordovician clayey shales. Settlement of a pile group was approx. 1 mm for 210 Mp load.

Further are vibrograms of dynamic tests of three cast-in-place friction piles embedded into

stiff Neogene clayey shales. Settlement of a group of 4 piles was 8 to 36 mm for 140 Mp load.
Pile: 2 — good, 3 — middle, 4 — defective which had to be reconstructed

Finally the pile was uncovered and two layers of ungrouted gravel, approx.
30 cm thick were found: at the point and in the mid-length.

Piles of large diameter, e.g. Benoto system, provide a wide field for dy-
namic testing. As an example cans erve tests of Benoto piles with a diameter
of 98 cm and a length of 8 to 14 m. It was necessary to use a heavier hammer
in order to obtain distinct records of vibrations. Some characteristic vibro-
grams and a spectrum of frequencies with displacement amplitudes are given
in Fig. 6 for two different sites. As the calculated loads were considerable
(210 Mp and 140 M), no static loading test could be made. From the results
of dynamic tests it could be inferred that with the except ion of two piles
from the second site — no serious defect exists. Since a repeated dynamic
test after the reparation of the defective piles furnished just admissible results,
it was possible to continue the construction work. Results of dynamic tests
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and the quality of piles were verified later by systematic measurement of
settlement which has proved that the piles are really good and that the results
of dynamic tests are reliable.

5. Conclusion

The dynamic method makes the testing of a large number of piles
possible and is, particularly suitable for cast-in-place piles. For large diameter
piles the dynamic method can save high costs connected with static loading.
A comparison of parallel static and dynamic tests proves that there is a reliable
correlation for piles made under similar geological conditions. In some cases
it is difficult to conclude whether the reason of an unfavourable result lies
in a soft subsoil, a necking of the pile or a poor quality concrete, since the
particular factors are covered one by another in the records. However, in all
cases we obtain indications of serious defects by the dynamic method. This
point is very important when doubts, concerning the quality of piles, emerge
on a work under construction.
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JvHaMnyeckue mcnbiTaHUA cBail n noaTeepXaeHmne nonyvYeHHbIX
pe3ynbTaTtoB AaHHbIMW CTAaTUYECKUX I'Ip06HbIX Harpysok

A. ABop>kak

MpY AMHAMUYECKUX WUCMbITAHUAX HAaHOCUMble Ha ro/0BY CBail yaapbl BbI3bIBaOT Kose-
6aHuA cBaii. KauecTBO CBSIBHOCTU U MOCTE/IKM B FTPYHT CBaM MOXHO OMPeAennTb Mo XapakTepy
BO36Y>KalOLLMX Kone6aHwii. [uvHaMUYeCKnii mMeTof Mo3BOMsSeT NPOM3BOANTL GbICTPOE onpeje-
NleHNe KauyecTBa UCMbITYEMbIX CBald, 1 HaeXXHO MOKa3bliBaeT BCSIKOTO pofa WX rpybble norpeil-
HocTW. Mo3ToMy NpeanaraemMblii MeTOf 0CO6EHHO XOPOLUO MOAXOAUT ANSt MUCMbITaHWA 60MbLLOTO
yucna cBait, y KoTopbIX He MMEeTCs B PacropsPKeHnn Apyroin Bo3MOXKHOCTM, Hanpumep, B ciyyae
HaGMBHbIX CBali. JMHAMMUUEeCKMe UCMbITaHWA [al0T OTHOCUTE/IbHbIE JaHHbIE, A JaHHble 40MOHW-
TeNbHbIX MPOGHLIX HArpPy30K Aal0T BO3MOXHOCTb HAfleXXHO OLEHUTb MNOsyYeHHble pPesynbTaThbl.
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EFFET DES SURCHARGES
SUR LES PAROIS VERTICALES

JEAN-PIERRE GIROUD™*
LABORATOIRE DE MECANIQUE DES SOLS, UNIVERSITE DE GRENOBLE. FRANCE

Experimental measurements warrant the use of elasticity theory for the calculation
of the stresses applied on vertical retaining walls due to loads resting on the horizontal ground
surface. A method is proposed for the quick determination of these stresses in the case of a
load of great length parallel to the wall.

1. Introduction

La pression exercée sur un mur de souténement est augmentée lorsque
I’on dépose une surcharge a la surface des terres qu’il retient. Les ingénieurs
rencontrent souvent ce probléeme et nous présentons une méthode pour le
traiter rapidement. Cette communication comprend trois parties:

1. étude théorique des contraintes exercées sur le mur,

2. compte rendu d’expériences permettant de justifier la théorie utilisée,

3. méthode pratique pour le calcul des contraintes exercées sur le mur.

2. Calcul de la contrainte sur le mur par la théorie de I'élasticité

Les contraintes dans un massif semi-infini élastique dues a une force
normale, N, appliquée a sa surface, ont été calculées par Boussinesq [1].
En particulier:

N 3x2z z 12z + — XAz - 27
. @- ) Az+ 2 — x4 )

zn 5 V4] B(z + |)2 ™

avec
Il = yx2+ y2+ z2.

Si deux forces égales, N, sont appliquées respectivement aux points 0
(0, 0, 0) et 0' (2d, 0, 0) (Fig. 1), les contraintes normales sur le plan x = d

sont:
: 12z + 1)- d-(z+ 21) 1

/1 F(S-M)2 ’ w
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avec
= Yd2+ y2+ z2-

Or, par symétrie, le plan x = d ne se déplace pas. La distribution des
contraintes sous I’effet d’une force N appliquée sur le sol situé d’un seul
cO6té d’un plan rigide et fixe est donc également donnée par la formule (2).

Fig. 1

Le principe de cette «méthode des images» a été donné en 1924 par Carothers
[2] et repris par de nombreux auteurs: Mindlin [4], Weiskopf [11], Tchebo-
tarioff [10] et Terzaghi [9]. La formule (2) se simplifie pour v — 0,5:

3N ®-z
7 @2+ y2+ 2252

Les valeurs pour v = 0,3 et 0,5 different peu (Fig. 2a) et I’on utilise en
pratique la formule (3).

Pour calculer ax due a une force g uniformément répartie sur une droite
infinie paralléle au mur a la distance d, il faut intégrer la formule (2), en vertu
du principe de superposition:

3x2z Piz+ I)- x2z+ 21)

erv =
n.ﬂ- P a Hz + If

3)

dy. &)

Le résultat est indépendant de v (on peut également le retrouver par
la «méthode des images» en déformation plane):

4q d2z
(5)

~n w + w

Enfin, par intégration de (5), on obtient ox sur le mur dans le cas d’une
charge normale, p, uniformément répartie sur une longueur infinie et une
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largeur a au bord du mur (Fig. 2b):

2P arc tan (6)

ct -f- 2%

Cette derniére relation nous permettra d’établir une méthode pour
calculer rapidement ax.

3. Rappel de quelques résultats expérimentaux

Il existe dans la littérature tres peu de résultats concernant la mesure
des contraintes provoquées, sur les murs de soutéenement, par des charges
déposées a la surface du sol. Les plus importants, & notre connaissance, sont
ceux de Gerber [3], Spangler [6,7,8] et Richard et Linger [5]. Ces

Tableau 1
Comparaison des diverses expériences

Auteur Matériau Rigidité et hauteur du mur

Gerber Sable propre de riviére a Mur rigide. Hauteur: 0,80 m
granulométrie uniforme
(0,24-1,5 mm).

Spangler Granulométrie étendue Mur cantilever libre de tourner autour
(100% < 35 mm, 60% < 2 mm, du bord de sa base. Hauteur: 2,10 m.
13% < 74 /0.
Richard et 1) Sable propre a granulométrie a) Mur cantilever flexible. Hauteur:
Linger uniforme (0,1-r4 mm, U = 2,39). 2,50 m (avec le matériau 1).
2) Tout-venant a granulométrie b) Mur rigide. Hauteur: 2,50 m (avec
étendue (100% < 25 mm, 57% < les matériaux 1 et 2).

2mm, 2% < 74/i, U = 13)9).
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expériences ont été faites dans des conditions différentes indiquées sur le
Tableau 1. Les résultats obtenus ont été interprétés différemment par leurs
auteurs, mais on peut estimer qu’ils concordent de fagon assez satisfaisante
avec les formules (3) et (5) comme I’ont fait remarquer Mindrin [4] et
Terzaghi [9], et comme le montre la Fig. 3.

6* dlq Pounds per sq.ft. Pounds per sg. in.

4. Calcul rapide des contraintes sur le mur dues a une surcharge quelconque

a) Principe de la méthode

A l’aide de la formule (6) on peut dresser le Tableau I1I.

Tableau 11

Valeurs numériques de la formule (6)
ax/p 0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45
alz 0 0,565 0,750 0,900 1,065 1,205 1,400 1,580 1,780 2,050

y 0,565 0,185 0,150 0,165 0,140 0,195 0,180 0,200 0,270
m'(t

Ce tableau montre, par exemple, que:
— une charge p uniformément répartie sur une largeur a = 1,065 m produit a la profondeur
z = 1m une contrainte Gx = 0,2 p.
— pour a'= 1205etz= 1 m: Gx= 0,25 p.
— par différence, une charge p uniformément répartie entre a = 1,065 m et a' — 1,205 m
produitaz = 1m sur le mur: ax = 0,05 p.
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Ainsi, chaque intervalle A (ajz) produit sur le mur a la profondeur z
la méme contrainte, ax = 0,05 p. Considérons alors une charge prismatique
quelconque, paralléele au mur et de longueur infinie: pour calculer ax a une
profondeur z donnée, on peut la diviser en intervalles inégaux A a d’aprés
le Tableau Il. Dans chacun d’entre eux, la charge a une valeur moyenne

200

Nombre de cases
0 50 100 150 170 180

différente jp- et la contrainte ax sur le mur a la profondeur z s’écrit:
ax = 0,05 Hpi.

Le principe du calcul rapide est alors évident et nous a conduit a tracer
le «damier» (Fig. 4).

b) Utilisation pratique du «damier»

Considérons un tas de minerai parallele au mur de souténement et
calculons la contrainte ax qu’il provoque a la profondeur z= 2 m sur le mur.
Les contraintes exercées sur le sol par le tas sont approximativement normales
et égales k y h (Fig. 5). Il faut alors:

1. Dessiner sur papier calque le profil de la charge avec une échelle de
longueurs telle que P'P = z = 3 m, et une échelle de contraintes telle que
yH = p (Fig. 4).

2. Placer le calque sur le damier et compter les cases (blanches et noires)
comprises dans le profil. On trouve ici: m = 64 cases, d’ou:

ax = 0,006 myH = 1,6 kg/cm2
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avec
y = 25g/cm3etH =2m

¢) Remarques

1. Pour faire varier la distance de la charge au mur, il suffit de déplacer
latéralement le calque sur le damier.

2. Pour calculer ax a une profondeur différente, il faut refaire le dessin
sur calque avec une échelle différente pour les longueurs mais en gardant la
méme échelle de contraintes.

3. Dans certains cas simples, un calcul exact nous a permis de voir que
I’erreur commise en utilisant les damiers n’excédait jamais 2%.

4. En pratique, les charges ne sont jamais de longueur infinie et la mé-
thode s’applique aux charges de grande longueur pour lesquelles elle donne
un résultat approché par exceés.

5. Cette méthode permet également de calculer az, rzx et ax dans les
fondations: nous publierons trés prochainement les damiers correspondants.

5. Conclusion

Les résultats expérimentaux semblent montrer que la théorie de I’élasti-
cité permet de calculer sans erreur excessive les contraintes exercées sur une
paroi verticale par une surcharge déposée a la surface du sol. Nous en avons
déduit une méthode pour le calcul rapide de ces contraintes dans le cas d’une
surcharge de longueur infinie parallele au mur: elle s’applique au cas des tas
de terre (comme le montre |’exemple), aux semelles filantes, et, avec une
bonne approximation, aux surcharges de longueur non infinie.*
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Ce travail fait partie d’une these de Doctorat es Sciences qui doit étre soutenue a la

Faculté des Sciences de Grenoble. Nous remercions Monsieur le Professeur J. Biarez de ses
conseils, ainsi que Messieurs A. Rabatel et M. Rey de leur aide pour les calculs et les dessins.

S<SNcfzIges

Notations

largeur de la charge de longueur infinie (Fig. 2b).

distance de la charge au mur (Fig. 1 et 2a).

hauteur de remblai au-dessus d’un point de la surface du sol.
hauteur maximale du remblai (Fig. 5).

force normale concentrée (Fig. 1 et 2a).

force normale uniformément répartie sur une droite infinie.
coefficient d’uniformité de Hazen (Tableau I).

profondeur a laquelle est calculée la contrainte sur le mur.
poids volumique de matériau en remblai.

coefficient de Poisson du sol.

: contrainte normale sur le mur a la profondeur z.
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[eiicTBre BHeLUHel Harpyskn Ha BepTWKasibHble MOAMOPHbIE CTEHbI
XK. T Xupy

SKCMepUMeHTaNIbHble U3MEPEHUst NMOATBEPXXAAOT NMPUMEHUMOCTb TEOPUM YNPYTrocTn Ans

BbIUMC/IEHUS HAMNPSXKEHWNIA, 06pasyIoLNXCA B BEPTUKA/IbHBLIX MOAMOPHbIX CTEHAX, BO3HMKLLMNX
nof AeiicTBMEM HArpy3Ku, NMPUIOKEHHON MO FOPM3OHTANIbHON MOBEPXHOCTM 3aChbINKW. ABTOP
npegnaraeT MNpOCTO/ MeTo4 OMnpefeneHns 3TWUX HanpshKeHWi s ciydyasl, Korga Harpyska
NPVKNaabIBaeTca AJIMHHO, NapasfieslbHO C MOAMOPHON CTEHOMA.
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OMPEAENEHWNE HECYLLEM CrOCOBHOCTW
3ABVMBHOW BWCAYEN CBA/ B MPYHTOBbIX
YCNOBUAX 10 TUMA MO MPOCALOYHOCTY

A. A. TPUTOPAH -B. M. MAMOHOB

The paper presents a method how to estimate the bearing capacity of a driven, friction,
short (till 7 m length) pile, that doesn’t penetrate all the layers of loess soil of first type, using
the laboratory characteristics of loess soil. The bearing capacity of a pile is estimating as sum
of point resistance and skin friction. The point resistance is estimating with using as well
nature dry density, as incipient deformation pressure of saturated loess soil. The skin friction
is estimating with using shear characteristics, when the friction between the compactioned
loess soil and the material of a pile takes place, and the coefficient of lateral pressure of loess
soil. The theoretical schemes are assumed according to an experimental data of tests with piles
in situ, that were carried out in Dushanbe and Kcherson.

B HacTosuee Bpema Hecyu,as cnocob6HocTb 3a6MBHOW BuUcAYel cBaun, pabo-
Tallwen Ha OCeBYK CXMWMAaLWY Harpysky, onpejenserca Kak cymma conpo-
TUBNEHUA TPYHTOB OCHOBAaHMUA NOJ HVMXKHUM KOHLOM CBau ¥ No ee 60KOBOI NoBepXx-
HocTu [1]. 3HaueHUs HopMaTUBHBLIX conpoTusneHuii R" n/H, Bxogsawux B dop-
MYny ANA pacyeTa Hecywei cnocobHOCTW cBau, ONpeensatoTCca MO AaHHbLIM WUCMbI-
TaHWIA cBall cTaTUUeCcKOW Harpyskoi. B HacTosiweil cTtaTbe cAenaHa nonbiTKa
onpefennMTb Hecywyl Ccnoco6HOCTb OAWHOYHONW CBau, YacTMUYHO MpopesatoLei
npocajoyHyto To/LWy, NyTeM pacyeTa, C UCMNONb30BaHNEM pe3ynbTaToB nabopartop-
HblX OonpefeneHnii NPoOCTeRW NX (U3NKO-MeXaHUUYECKUX XapaKTepUCTUK TFpyHTa.

OCHOBHble MONOXEHUA MO pacyeTy OblNU YCTaHOBJ/IEHbl B pe3yfbTaTe Mpo-
BefleHWS MNoNeBbiX 3KCMepUMeHTaNbHbIX MUCCNefOoBaHWN. NccnegoBaHme Hecylei
cnocobHOCTM 3abUBHbLIX BUCAYUX CBal 6GbINO NMPoOBeAeHO B YCNOBUAX, Korga no
BCell f/INHE U NOA HVXXKHUMMW KOHUaMu cBali 3aneranu 0o4HOBOAHbIe CMAIbHOMpoOCa-
[OYHble TPYHTbI. ONbITbl NPOBOAUNAMCL Ha nnaouwagkax B ropofax JywaHbe un
XepcoH B CXOAHbIX FPYHTOBbIX YyCNOBUAX. FPYHTbl ONbITHbLIX MAoOWajoK Mnpej-
CTaB/ieHbl [O0BO/IbHO OAHOPOAHLIMWU MepecranBalwWMMNUCA leccaMn M NeccoBuUf-
HbIMU CYFrIMHKaMun Ha rAy6uHy o 20 M. o rny6uHbl 10 M rpyHTbl UMEKT HU3KYIO
npUpPoAHY BRaxHocTb (5— 10%), mManyw NAOTHOCTb B MPUPOAHOM 3aneraHumu
(Bec ckeneta rpyHta B eguHuue obvema YCK= 1,33 u- 1,40 r/cm3) n obnapgatT
3HAYNTeNbHOW MNPOCA[OYHOCTbLIO (KO3((MULMNEHT OTHOCUTENbHOW MNPOCAAOYHOCTM
Sp— 74 11% npu P = 3 kricm?).

Ha onbITHbIX Nnow,agkax 6blAM MCNbiTaHbl CTaTMUYeCKOW Harpyskon 12 csai
AnuHOW oT 4 o 9 M, ceyeHumem oT 20x20 cM, go 50x50 cm. B TomM uuncne 6biau
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ncnblTaHbl CBam-wWTaMnbl, NO3BONAKOWME ONPefeUTb pas3fenbHO CONPOTUBAEHUE
rpyHTa nofj HMXHUM KOHLOM U N0 60KOBO MOBEPXHOCTMW.

CBaun 3abuBanucb B TPYHTbl MPUPOAHON CTPYKTYpbl W BNAaXHOCTWU; fanee
rPyHTbl B OCHOBaHWMW cBali NogBepranMcb 3amMayumBaHMWIO A0 COCTOSSHWS MONHOTO
BOfOHacblIWeHNA. HarpyxeHue cBali NMPOU3BOAMAOCL CTyNeHAMMW [0 HacTynne-
HNSA NpeAenbHOro cocTosiHUsa (cpbiBa cBai) (puc. 1).

O 2 46 8 10 121416 18 Pt

Puc. 7. 3aBucMMOCTb ocagkuy cBauv ceveHneM 30 x30 cM, AIMHOW 6 M OT Harpysku, Npu gelicTeun
ee: 1) M0 HWKHEMY KOHUY; 2) Mo 60KOBOI MOBEPXHOCTM; 3) MO HMKHEMY KOHLYY U N0 60KOBOWA
NoOBEPXHOCTU

Bo BCex NpoBefeHHbIX ONbliTax Ha6Gnlfanacb Manas BeAMUYUHA OCAfKM
cBaii, nopsgka 3-~5 MM, Ha BCEM Y4yacCTKe HarpyXeHuUs [0 NpeAeNbHOW HATrpy3Ku.
B BOfgOHAaCbILWEHHOM FpyHTe YNpyruih nogbem cBaii npu pasrpyske 6AM30K Mo
BefMUMHe K OcajKe CBaill mofj npepenbHOW Harpyskoi (puc. 1).

McnblTaHua cBail ¢ pasfeNbHbIM onpejeneHUemM nNpejenbHbIX CONPOTUB-
neHunii rpyHta nog HuxHum koHuom PO u no 6okosoii nosepxHoctu P6 ceaii
nokasanu, YTo UX CyMMa BO BCEX OMbITax XOPOLWO COBMajaeT CoO 3HAUYeHUEM npe-
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fenbHOW Harpysky Ha BCW cBalw PcB. B onbiTe, NpeAcTaBNeHHOM Ha pwc. 1,
CymMma npefieibHbIX Harpysok coctasnser 14,5 T, a Harpyska Ha BCl cBalo
— 15,0 T. BBupAy 3aTOoro B OCHOBY pacyeTa MNOJIOXEHO YyC/NOBUe:

Pcg] — Pq+ P6 m @

Kpome Toro, B onbliTax NpPOM3BOAMNOCHL MUCCNejOoBaHWe pasmMepoB ynnaoT-
HEHHOW 30Hbl OT AeWCTBUSA 3abMBKMK, a TakKXe 30Hbl JedhopmMauunm FpyHTa OT Aeli-
CTBUA CTAaTMYECKOTr0 HarpyxeHuma cBaum. MccnegoBaHme YynaoTHEHHOW 30HbI Npo-
n3soamnocb nyTem oTbopa o6pasyoB rpyHTa Ha MNAOTHOCTb Ha Pa3IMYHbIX pac-
CTOSAHMAX OT cBan. NS 3Tol Uenu cBakw OoTKanbiBanu ¢ nomouibio wypda. Ncene-
foBaHue fedopmMuMpyemMoin 30HbI MPOW3BOAUNOCH MYyTEM W3MEPEHUS C MOMOLYbIO
hukcaTtopoB Aedopmanmnii nepeMel,eHM i TOPU3OHTaNbHbIX CN0EB FpyHTa B6IM3K
cBan. ®ukcatopbl gedopmaunii nomewanncb B ropuM3oHTaNbHble WNYpbl, pacno-
NOXeHHble B BePTUKaANbHOW MNOCKOCTM, NPOXOAALLeli Yepe3 OCb paHee 3abuTol
cau. MNocne ncnbiTaHWA cBaf BCKpbiBanacb WyphoM U HUTU hukcaTopoB fJedop-
Maumm o6Haxanwuch.

Bponb 60KOBOW MNOBEPXHOCTW CBauW MNepemMel,eHWn TFpyHTA OTHOCUTENIbHO
nepBoHa4yaNbHOro COCTOSSHMA Ha BCeX TrOpPM30HTax MNOYTWM He Habnwoganock.
HecmoTpsa Ha To, 4To obwas ocagka cBau coctaBuna 30 cm, Hambonbliee nepeme-
W eHWe rpyHTa Ha KOHTaKTe co cBaeil gocturno ~ 1 cm (puc. 2). MNocne cpbiBa
NPoOMCXOAMNO0 NpocKafib3blBaHMe CBauW MO 3aMOYE€HHOMY TFpyHTYy. ConpoTuBfeHue
rpyHta no 60KOBOW NOBEPXHOCTW onNpefensieTcs BeJUYMHONW CONPOTUBAEHUSA
CABUTY 3aMOYEHHOro MPoOCajo4YHOro rpyHTa Mo mMaTtepuany cBawu.

MoA HUXHUM KOHLOM cBau jedopmMaunm rpyHTa Habnwoganucb Ha rnyo6unHy,
paBHyt 2,6 gnameTpoB cBau. JIMHWWM nNepeMeu,eHMA GUKcaToOpoB Aedopmayunii
B pe3ynbTaTe OCafjKW CBau, XxapakKTepusyllne TPaeKTOPUN ABUXEHUA TPYHTO-
BblX 4YacTuL MOA €e HWXHWUM KOHLOM, NMokasaHbl Ha puc. 2.

ConocTaB/ieHNe OTHOCUTENbHbIX BEPTUKaNIbHbIX U FOPU3OHTaNbHbIX fedop-
Maumnii nokasano, 4To fjedopmMauuum B TFPYyHTe HEMOCPELCTBEHHO MOf HUXHUM
KOHLUOM CcBau B npejenax ~7 CM Npoucxonat 6e3 MsMmeHeHuss obbema (Koagpdu-
uueHT MyaccoHa /M= 0,5), ¢ MeANeHHLIM BblaBMBaHWEM TFpPYHTa B CTOPOHbI.
Bbinop rpyHTa BBepXx Mpu 3TOM He HabntofgaetcAa. HuXxe pacnonioXeHHbIi TPYHT
YyNNoTHAETCA, a TakKXe 4YacCTWMYHO pacwmpsaeTcs B CTOPOHbI. Ha rpaHuue 30HbI
fehopMaumny Mo oCU cBaM MMeeT MeCTO TO/IbKO YN/JOTHEHWe TPyHTa B BepTuKalb-
HOM HanpaBneHWn. ConpoTMBNEHWE TFPYHTA MO HUXHWM KOHLOM cBau onpe-
fensieTcA, B OCHOBHOM, COMPOTUB/IEHWEM CXaTWUIK 3aMOYEHHOro TrpyHTa.

Mpy BO3pacTaHMM HarpyskKu Ha cBal BMNNOTb [0 MNpefenbHOl BeNUYUHbI B
npepgenax YNNOTHEHHOW 30HblI OCTaTOYHble AedopMauumM rpyHTa NO4YTM He Npo-
ncxoaaTt. Mpu 3aTOM HanpsiXXeHWA B FPYHTe Ha rpaHuue YNJOTHEHHOW 30HbLI NoO
ocu cBau Moj ee HWXHMUM KOHLOM He MPeBOCXOAAT HEKOTOPOW BeNWYMHBLI. 3ITa
BelMYMHA YC/MOBHO MOXeT OblTb Ha3BaHa HayanbHbIM fJaBneHuem fedopmaymmn
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3aMOYEHHOro TPOCAfOYHOro rpyHTa. 3a HayaNbHOe faBneHue fepopmanuu, no
aHanoruum ¢ HayaNbHbIM NPOCAAOYHLIM faBfeHueMm (2), MOXeT 6biTb MPUHATO
Takoe AaB/eHNe, KOTOPOMY B YC/NOBUAX KOMMPECCUOHHOIO CXaTusa COOTBETCTBYeT
OTHOCWUTeNbHas fehopMauus 3aMOYEHHOro MPOCAajA04HOro rpyHTa, paBHas 0,02.
3T0 paBneHuWe xapaKTepusyeT MNPOYHOCTb CTPYKTypbl TPYHTOBOro ckeneta (3).

7m

Puc. 2. [eopmaumu rpyHTa Bfofb GOKOBOW MOBEPXHOCTM W MOf HVXXKHUM KOHLOM CBan Mpu
Harpy>eHuun. 1) NonoXeHue ceavM 1 (HUKCATOPOB AeOPMALIMIA 10 HArpy>KeHUst; 2) To Xe nocne
Harpy>eHus

Mocne pJoOCTWXeHUSA MNpefenbHOW HArpy3ku HanpsXeHWs Ha rpaHuue
YyNNOTHEHHOW 30HbI Ha4YyMHalT MNpeBblWaTb HauvyanbHoe faBneHue Jedopmayuu.
FpyHT 3a npejenaMmu YnNNOTHEHHOW 30HbI HauyMHAET WUHTEHCUBHO YNNOTHATbCA,
UYTO XapaKTepu3yeT HacTynfeHue cpbiBa cBau. C poCcTOM 0CafKy CBau HamMpsiXKeH-
Has 30Ha 3axBaTbiBaeT BCe HOBble 06/1aCTU HEYNNIOTHEHHOTro FPyHTa, BCMAeACTBUE
Yyero ocajfka NpMHUMAaeT He3aTyXal U Uil xapakTep.

PasMepbl YNNOTHEHHOI 30HbI OT AelicTBUS 3a6MBKU CBau oNpesennmM Mcxons
M3 ycNnoBWs paBeHCTBA BeCOB MMWHepanbHOW 4YacTu TrpyHTa A0 3a6UBKMU CBau u
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Puc. 3. 3oHa ynioTHeHNs rpyHTa BOKPYT CBau, @) CXeMa K OfpeJeneHnio paguyca ynaoTHeH-
HOI 30HbI, 6) pacrpefeneHUe NOTHOCTM FPYHTA MO OMbITHBIM JaHHbIM
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nocne ee 3a6UBKN U KPUBOW W3MEHEHWUS MNOTHOCTW FPyHTa C yfasieHMeM OT cBau
(puc. 3), onucbiBaeMOil ypaBHEHUEM:

Vtk, = B e-a*-n+ Yk, 2
rpe:
Yy°K — BEC CKefleTa FpyHTa B efuHuLe 06bema B NPUPOAHOM 3a/ieraHum, ricm3

r — paguyc UWIMHAPUYECKO CBau, PaBHOBE/IMKOM MO N/owWaanM MnornepeyHoro
CeYeHVs1 C MPU3MaTUUECKON, CM.

BblpaxeHue Ana pajuMyca 30Hbl ynnoTHeHus R Bponb 6okoBoii noBepx-
HOCTW CBau MONy4YeHO B BUfE:

R=rfl+ — In Vck~ Yk \ , 3)
| K 0,00 }

roe:

K = (Yck—Vek) + ¥ (Yck)2—(YcK)D/Ycek,

YCK — BeC CKefieTa rpyHTa B euHu1LIEe 06beMa Ha KOHTaKTe Cco cBaeid, r/cM3
0,01 r/cM3 — TOYHOCTb OMpPeAeNeHNss Be/MYMHBI MAOTHOCTM TPYHTA METOAOM PEXYLLEro
KOMbLia B N1a60paTopHbIX YCNOBUSIX.

BennunHa y'k onpefensieTrca B 3aBMCUMOCTU OT HayanbHOW NNAOTHOCTMU
rpyHTa YK Ha ocHoBe sKcnepuMeHTanbHbiX JaHHbIX No onpeaenednio YK Heno-
CPeACTBEHHO BO3/e GOKOBOW MOBEPXHOCTWM M HWXHEro KOHUa cBali ANA NeccoBblX
rPYHTOB C pa3/IN4YHON HavyanbHOW NNoTHOCTbK (r. r. AywaHb6e, XepcoH) 6bina
nonydeHa saBuCUMOCTb Mexay y'ck u YK B cnegywoujem Buge:

Yek = 1/70 -f- 0,774 (y°K— 1,25). (4)
Mpepenbl NnpumMeHUMocTun Gopmynbl (4)
1,25 r/cm3~ Yk~ 1,55 cm3

npu CTeMeHW BNAXHOCTW rpyHTa B npupoaHom 3aneraHium G< 0,6. Koathdpu-
LUEHT KOppPenauum Ans 3aToi 3aBMcMMOCTU nonydeH paBHbiM = 0,92, yTo yKasbl-
BaeT Ha TEeCHYI CBA3b MEXJy Be/lUYUHaAMu y'CKM y°K

Takum o06pa3omM, pagmyc ynnoTHEHHON 30HblI BAONb GOKOBOW MOBEPXHOCTM
cBaun onpepenserca no ¢opmyne (3) B 3aBUCUMOCTM OT )PCK, nonyyaemoro B
nabopatopun.

Mo paHHbIM onpejeneHUit NNOTHOCTM 06pPa3LOB FPYHTA MOS HUXXHUM KOH-
LOM cBal B HATYPHbIX YCNOBUAX O6bINI0O MONYYEHO, YTO IMHUN PaBHbIX NNOTHOCTEN
6MN3KN K KOHUEHTPUYECKUM MNONYOKPYXHoCcTAM (puc. 36). lMo3aToMy cuuTaem,
4TO YMNJIOTHEHHAA 30Ha FPyHTa NOf4 HMXHUM KOHLOM cBanm umeetr hopmMy nony-
wapusa paguycom R.
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Onpesenum npegensbHyl Harpysky PO, gelicTeylowyo B naockocTn HuUX-
Hero KoHLa cBawu.

BeNMUMHbl BepTUKANbHbIX CXUMAKLW WX HAaNpPsXeHW No ocu cBaum Noj ee
HUXXHUM KOHLOM OMpejenvM M3 peleHWidt Teopuu ynpyrocTtu.

3a O0ocHOBY npuHumMaem peweHune Kesgu [4], nonydeHHoe fAns pacyeTa
Hanps>eHWii No oCU KPYraoro, rOpU30HTaNbLHO PACMONIOXEHHOTO AUCKA, HAXO0AS-
uerocsa BHYTpPM MOMYyNnpocTpPaHCTBAa WM HArpyXeHHOro paBHOMEPHO pacnpefefieH-
HOW Harpyskoi WHTeHCMBHOCTbI (. 3ajaya pewanacb UM NyTeM MHTErpupoBaHUS
BblpaxeHua P. MuHANMHA no nnowaau pucka. dopmyna fns onpepeneHus
BEPTMKANbHbIX CXUMALWUX HaNpsXXeHUn 6e3 yuyeTa cCoGCTBEHHOro Beca FpyHTa
nonyyeHa B CleAylolleM BuUge:

3qg [1 — 21
— o+ — +
I - h «0 R,n Zn Z,
4 4n )
+ - e t(l -2 fi) (5)
6 LLr
1
tz(z — t)
3z, 3uwn L%
rae:
fi  — KoathpuumeHT lMyaccoHa,
t — 3arny6neHue gucka OT NOBEPXHOCTU 3eM/IU, M,
z  — paccTosiHMe OT MOBEPXHOCTU 3eMM A0 TOYKMW, B KOTOPOA OMNpefensitoTcs Ha-
NPSHKEHUSA, M,
Zi = Z—t;
n = z+ t,
Rol = Yro4- 2i,,
Roi = bl + of
r0 = paguyc Aucka, Mm.

dopmyna (5) oyeHb rpomMo3gKa M ee UCMONb30BaHWe CBA3aHO C BblUYUCAU-
TeNlbHbIMWU TpyaHOCTAMMK. [03aToMy, NpuHAB BennuumHy g = 0,35, annpokcumu-
pyem ¢dopmyny (5) npocToil hpyHKUMen Buga:

y
ar 6
c+ T (©)
rpe:

CUT = KOIPUUMEHTBI, 3aBUCALLME OT OTHOCUTENbHOro 3arnybneHusa pgucka. [Mpwu-
MEeHWUTeNbHO K cBasiM ceveHnem 30x30 cm (r0 = 16,95 cm), 3a6UTbIM Ha FNy6uHY
0T 4 [0 7 M, BENMYMHA ¢ U3MeHSIeTca B npegenax ot 1,9987 go 1,9996; + — oT
0,005416 po 0,005443.

CpaBHeHVe Be/IMYNH oz/q, BbIYMUCNEHHbIX N0 gopmynam (5) u (6) gna cnyyasn
3arnybneHma HUXHero KoHua cBam Ha 6 m (c = 1,9995; T = 0,005438) paHo B
Tabnuue |; BCe BbIYWCMEHWA BbINOJHEHbI C MOMOLW b0 3/1EKTPOHHO-CHETHOW
MallVHBbI.
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Z (cm)

no q)opnz)z/ﬁe (5)

no q)opnz)zllr(ie (6)

A. A. TPATOPAH—B. M. MAMOHOB

Ta6bnuua |

10 20 30 40 50

0,391 0,241 0,146 0,094 0,064

0,393 0,239 0,145 0,093 0,064

Kak BuUfHO u3 aToli Tabnuuybl, pesynbraThbl
n (6) ouyeHb 6n1M3kK. Mpu NpefenbHOW Harpyske

60 70 80 90 100

0,046 0,035 0,027 0,022 0,018

0,046 0,035 0,027 0,022 0,018

BbluncneHuii no popmynam (5)
Ha cBal, Kak 6blno BbllWe NpuU-

HATO, HanNpPAXeHWA <S¢ Ha rpaHuUe YNNOTHEHHOR 30HbI paaumycom R paBHbI
HauaNbHOMY [aB/eHW0 fepopMayuu 3aMOYEHHOr0 NpocajodyHoro rpyHTa P'H
(puc. 4a).
Torpa
y
PH = 2
c\+ T mR2 *

BennmunHa HauyanbHOro fasneHus gedhopmauuu P'H onpegenseTcs nNo faHHbIM
KOMMNPECCUOHHbIX UCMbITAHUA 3aMOYEHHOr0 FPYHTA.

MoactaBue 3HaueHue R u3 dhopmynbl (3) B BbipaxeHue (7), Haligem Benu-
YNHY npefeNbHON paBHOMEPHO pacnpeaeneHHOW

Harpysku, peicTByuwein B

NMNOCKOCTU HWUXHEro KoHUa cBawu:

Puc. 4. Cxema K pacyeTy npefie/ibHO Harpysky Ha cBat B 3aMOYEHHOM MpPOCaj 0YHOM FPYHT
a) nog HMWKHUM KOHLOM, 6) no 60KOBOI MOBEPXHOCTY
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MpegenbHasa Harpyska B MNJ0OCKOCTM HWUXHEro KoHua cBau 6yfeT paBHa
PO= nr2q.

Onpegenvm nepefenbHy Harpysky no 60KoBOW NOBEPXHOCTWU CBawu.
Ha rny6uHe / oT MOBepXHOCTWU TrpyHTa (puc. 46) BblgennM OTpPe30K cBau
BoicoToii Ol. YcnoBue paBHOBecua BbIfeNeHHOr0 3fieMeHTa BbipaxaeTcs B clie-

gy em Bupge:
dP4 =2 nrréledl, 9)

rae:

— CUnbI COI'If)OTVIB}'IeHVIFI CHBUrY, AeicTBytOLME NO GOKOBOI MOBEPXHOCTM CBau Ha
rnyéuxe I, 1/m2

B cocToAHMM nNpefenbHOro paBHOBEeCUA MeXAY HOPManbHbIMW W Kaca-
TENbHbIMU HanpAaXeHUWAM Cylw ecTByeT uUcBeCcTHad 3aBUCUMOCTb:

Tal = man ¢ + c', (10)
roe:
Cbl — HOpMarbHOE faBfieHne Ha GOKOBYH) MOBEPXHOCTb CBau OT COGCTBEHHOrO Beca
3aMOYEHHOr0 TPyHTa, T/M2

tann'mnc — KOS(*)(*)VILI,I/IGHT TPEHNA W CLENSIEHNE NPU MOBEPXHOCTHOM TPEHMMW YMNIOTHEHHOTO
3aMOYE€HHOI 0 NPOCal04HOro rpyHTa Mno 60KOBOWA NOBEPXHOCTN CBau.

HopMmanbHOe faBfieHWe TPyHTa Ha 60KOBYI MOBEPXHOCTb CBau MPUHUMAEM
KaK jaB/ieHWe B MOKOe 3aMOYEeHHOro NPoCafioyHOro rpyHTa NMPUPOAHOTO CNOXEHUSA,
npakTU4Yecky He ob6najatllero cuenseHmem, T. e.

ce/ = To*Ex» ()
rpe:
y0 — 06bEMHbIi BEC 3aMOYEHHOr0 MPOCaA0YHOr0 rpyHTa, T/M3
BennunHa koadpduuymeHTa 60KOBOro faBneHUA LNA 3aMOYEHHOro mMpocajoy-
Horo rpyHTa f 6bina paHee uccnegosaHa (5). Moactasue (11) B BblpaxeHue (10),
nony4vymm:
T4 = Yolftan¥ + C'e (12)

MoactaBuB BblpaxeHue (12) B ypaBHeHue (9) u mHTerpupysa ot 0 o h,
nonyyum BeNMUYUHY NpeaenbHOW Harpysku, felicTBylol el no 60KOBOW MNoBepx-
HOCTW CcBawu:

P4a= nerm[y0e£tan gmh + 2¢']. (13)

MopgcyeTbl, NpoBeAeHHble N0 GopMynam [ANA oOnNpefeneHnsa npefebHON
Harpysky nofj HMXHWUM KOHUOM cBau [dopmyna (8)] u no 60KOBON MOBEPXHOCTMU
[hopmyna (13)] xopow o cornacywTcs € JaHHbIMU MNONEBbLIX ONbITOB, MPOBEAEHHbIX
B ropofax AywaH6e n XepcoH.
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Pestome

B cTaTbe npefaraeTcsi pacyeTHbI MeTOA onpejenieHUst Hecylleli cnoco6HOCTM 3a61BHON
BUCSAYE KOPOTKOW (ANMHOM A0 7 M) CBau, HEMOMHOCTbIO MPOpe3atolle NPoCcagoyHyo TOMLLY
rpyHTa | Tvna, ¢ ncnonb3oBaHNEM (DU3NKO-MEXaHUYECKUX XapaKTepuUCTUK FPyHTa, onpenens-
eMbIX B /1a60paToOpHbIX UCMbITaHUSX. Hecyllasa cnoco6HOCTL CBau OMpefensieTcsi Kak cymMma
COMPOTMBAEHWIA TPYHTA NOA HUXHUM KOHLOM CBau M No ee 60KOBOW MoBepxHocTW. ConpoTuB-
NIeHWe TPYHTAa MOf HWKHWM KOHLLOM OMpefeNisieTCsl C UCMO/b30BaHWEM BeNYMHBbI NPUPOLHOro
06bEMHOr0 Beca CKefneTa, a TakXKe Be/IMUYUHbI HaYa/IbHOTO JaBrieHns AeopMaLy 3aMOo4eHHOr o
npocajoyHOro rpyHTa, nosly4aemMoit Mpu KOMMPECCUOHHbIX UCMbITaHKsAX. CONpPoTUBEHWE FPYHTA
no 60KOBOI MOBEPXHOCTM OMpefensieTcs ¢ UCMO0/Ib30BaHWEM XapaKTepUCTUK caBUra npu noBepx-
HOCTHOM TPEHMW YMI0THEHHOTO FPyHTa Mo MaTepuany ceaum (6eTOHY, MeTal/ly) K KoaphuLmMeHTa
60KOBOr0 [aB/fieHUs1 TpyHTa. PacyeTHble CXeMbl MPUHSATbI Ha OCHOBE BbIMOHEHHbIX MOJEBbLIX
UCMbITaHWii cBail B I. I. AywaHbe 1 XepcoH.
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HEKOTOPbLIE _PE3YJIbTATbl OBPABOTKN OAHHbLIX
NCTbITAH CBAN CTATUYECKOW HAIPY3KOWU

X. P. XAKNMOB

HAYYHO-UCCNEQOBATENbBCKUMA MHCTUTYT OCHOBAHWUN N MOABEMHBIX COOPYXEHWUN
FOCCTPOA CCCP

The results of a large number of a loading tests on concrete single piles carried out by
the scientific and design institutes of the U.S.S.R. have been collected and investigated by
statistical methods. The results of this investigation are presented in present paper. The data
given here in some cases allow to determine the settlement of piles without loading tests.

B HacToflwee BpeMsa BMNOSIHE YCTaHOBNEHO, YTO OCHOBaHWA 34aHUN 1 coopy-
XeHui uenecoo6pasHo paccyuTbiBaTb Mo fgehopmaunmam. B HOpMaTWBHbIX JOKY-
MeHTaX Ha MpoeKTUpoBaHWe CBalHbIX (GyHAAMEHTOB AN ONpejefneHUs ocajKwu
KycTa cBali ykasaH [OCTAaTOYHO YAO0BAETBOPSAKLWMIA 3anpocaM MNpPpakKTUKKW MeTOf.

UTo Xe KacaeTcs cBali, OTHECEHHbIX MO CBOUM pacnofoXeHWAM B NaaHe
K OfWHOYHBIM, TO MeTOAbl WX pacyeTa no pgedpopmaumnmam paspaboTaHbl cnabo wu
B CBA3M C 3TUM HOPMaTWBHbIe AOKYMEHTbl PeKOMEHAYIOT 0CaAKy OAWHOYHOW cBawu
NPUHUMAaTb TaKyl, Kakas nonydyaeTcs NpuM WCNbITaHWUW CTAaTUYECKOW Harpy3KoW.
3TO0 MNpuMBOAUT K HeobX0AMMOCTW MNPOU3BOAUTL B KaXAOM cryyae [OBONIbHO
TPYyLOeMKOe WUCMblTaHWe cBai CTAaTMYeCKOl Harpys3KoW.

Kak nokasan onbiT, B MacCOBOM XWNULWHOM CTPOUTENbLCTBE U B pAfe CNy-
YyaeB MPOMBbILLJZIEHHOrO CTPOUTENbCTBA cBan paboTalT KaK OfMHOYHbIE. YUYUTbIBASA
3TO, HECKO/IbKO N1eT Ha3af, aBToOpoM Obl/10 BbICKA3aHO MHeHUe 0 LenecoobpasHoCcTH
cbopa u 06paboTKM pe3ynbTaToB MUCMNbITaHWI CBail M OLEHKW BEIUYUH 0CaAAO0K
cBail NMpu pacyeTHON Harpyske Ha HWX.

B cBA3M co cKa3aHHbIM B HWWM ocHoBaHW noj PYyKOBOACTBOM aBTopa
BblNoNHANacbL TeMa no cbopy M obpaboTke pe3yNbTaToB UCNbITAHWIA cBall cTaTm-
YeCKON Harpyskol B pa3nU4YHbIX TPYHTOBbIX YCN0BUAX. HekoTopble npefBapu-
TeNbHble fAaHHble 6blMN A0N0XeHbl B pab6oTe (1). Mpu BbINONHEHUW YyKa3aHHOW
TeMbl 6blny cobpaHbl pe3ynbTaTbl 420 McnblTaHWA cBal CTaTMYECKON HarpyskKoi,
npouns3BefleHHbIX pasNIUYHbIMK opraHusaumamun: FMWA dyHLamMeHTNPOEKT W ero
NeHuHrpagckum ¢dunmanom, Baw HWMW cTpoii, PasaHbxunctpoint, HNW ocHoBa-
HWA, WHCTUTYTOM CTPOUTENbCTBA W apXWTeKTypbl B r. MuUHcKe n ap.

CobpaHHble MaTepuanbl UMenn HefoCTaTKU — YacTo OTCyTCcTBOBasa (MU3NKO-
MexaHuU4yeckas xapakKTepucTuKa TFPYHTOB.

B pspge cny4vyaeB MCMbITaHWA BeNWUYUHbI Harpys3oK He JOBOAUAMCL [0 nNpe-
fenbHbIX. B oTfAeNbHbIX cayyasXx OTCYTCTBOBa/NW [aHHble, NoKa3blBall e, 4YTO
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HabnwAeHUs Npu OAHOW WM TON Xe CTYMeHW HarpyskKu MPOM3BOAUANCL A0 MOMHOTO
3aTyXxaHusa oCafKMu.

B cBA3M ¢ yKazaHHbIMW HejocTaTKaMu maTepuanoB K3 06LWero KoamyecTtsa
cobpaHHbIX pe3ynbTaToB WCMbITaHWN K o06paboTke 6bIN0 NPUHATO nAuwb 95
ncnbl TaHWUNR.

O6paboTka pe3ynbTaToOB WCNblITaHWA NpouM3BOAMIaCb MeTofaMW mMaTemaTu-
YecKOl CTaTUCTUKMW.

MpuHATbIe K 06paboTKe pe3ynbTaTbl UCNbITaHWIA pa3buTbl Ha rpynnbl cBaii.
FpynnnpoBKa nNpou3BefeHa C Yy4eTOM FPYHTOBbIX YCNOBWIA, B KOTOPbIX HaXxoAwu-
nocb OoCTpue cBai, maTepumana W KOHCTPYKLMWMK cBal, UX FAy6uHbl NOrpyxXeHwus
B FPYHT ¥ MOMNepeyYHbIX pasmMepos.

Mpun pa3bMBKe UCMbITAHHbIX CBall Ha OTAENbHble FTPYNMNbl BblABWAOCL, 4YTO
Hecylw,afd cNoco6HOCTb cBali, MOrPy>XeHHbIX B FPYHT He 6osee 4yem Ha 6-1-7 ™,
3aBUCKT, rnaBHbIM 06pa3om, OT TOro, Ha KaKOW TFPYHT OHW ONUPaKTCHA CBOUM
HUXHWUM KOHUOM. B 3Tux cny4yasax yganocb cobpaTb B 04HY rpynny csau, Onu-
patlimecs Ha Necok cpefHeld KPYMHOCTM W cCpefHein NNOTHOCTM M npeHebpeyb
BNAVUAHWEM W3MEHEHWSA HannacTtoBaHWA TPYHTOB Ha 60KOBOe COMPOTUBNEHMUE.
Bblnun o6paboTaHbl TakKXe pe3ynbTaTbl UCNbITaHUS 60/1ee AUHHbBIX cBall (8-y 17 m),
HO B 3TOM c/lyyae npeHebpeyb BAUSAHMEM WU3MEHeHUA HanNNacTOBaHWUA TPYHTOB,
npopesaeMblXx CBasMW, O0Ka3anoCb HEBO3MOXHO.

B cBA3M C 3aTUM 6bINO0 NPU3HAHO, YTO pe3yNbTaTbl UCAbITAHWA [AWMHHBIX
cBali HyxXpalTca B MOMONHEHWWN C y4eTOM BAUAHWA W3MeHEHWUI HannacToBaHWU
rpyHTOB Ha 60KOBOe COMPOTUBJ/IEHUE cBau.

B cBA3M cO0 CKa3aHHbIM B HacToAWeEM JOKaaje NPUBOAATCA pe3ynbTaThl
06paboTKN 3KCNEPUMEHTANbHbIX faHHbIX NWLWb N0 BblleyKa3aHHOW rpynne cBai.

PesynbTaTbl 06paboTKN 3KCNEPUMEHTANIbHbBIX AaHHbIX MOKa3anau, 4To MexXxfay
OCafiKOW cBaM W Harpys3kKol Ha Hee CyL,ecTBYeT BMNOMIHe YAOBNeTBOPUTENbHas
KoppenAaunoHHasa 3aBUCUMOCTb. B yacTHOCTU, 3HaveHUe KoahduuMeHTa Koppens-
umMn konebnerca s npefenax 0,7-y0,9; 3HayeHne cpefHUX KBajpaTUYeCKUX OTKO-
HeHUIi B ocajgkax Kone6netcsa B npegenax 0,2-y2,5 MM.

MpegBapuTenbHaa o6paboTkKa faHHbIX MO NWHEWHON 3aBUCUMMOCTU MeEXAY
Harpyskoi u ocajgkoli cBail nokasana, YTO OHa MMeeT MecTO /AUWb MPU BecbMma
Manoi BeNWUYUHE Harpyskwu.

B cBA3M C3TMM, B NONbITKe HaWTU Hanbonee NoAX0AAW MR cnocob o6paboTky,
bl npoBefeHbl CNOCO6bLI anpoKCUMMaLUM 3KCMEPUMEHTaNbHbLIX faHHbIX MO cle-

aytowmum dopmynam:

S=APn; S= AP*+ BPan+CP; S = AP2+ BP,
raoe S — ocagka B Mm; P — mHarpyska B Tonnax; A, B, C — koatdhduuymnentsl,
mnMewuine CooTBeTcTByrOULLMNE pPasMEpPHOCTU.

OKas3anocb, YTO MpPU HeB6ONbLW MX HArpy3Kax Ha CBal 3IKCNepUMEHTaNibHble
LaHHble YLOBNETBOPUTENbHO anpoKCUMUPYTCA N06GOA M3 yKasaHHbIX QopMy.
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Ho K cpefjHUM 3HaYeHUAM 3KCMNEepUMEeHTaNbHbIX fJaHHbIX MO ocagkam AN
N bbIX 3HAYeHWA Harpysok Hambonee 61M3KO MOAXOAUT KpuBasdA, NOCTPOEHHAasn
no pesynbrtaramMm o06paboTKu cnocob6omM HaMMeHbLW MX KBajpaToB Ha OCHOBEe Teopwuwu
Koppenauuun. Mo3aTomMy 3ToT cnocob u 6blN NPUHAT ANA AaNbHeliweidn 06paboTKM
faHHbIX.

Ha pucyHKe ykKasaHbl pe3ynbTaTbl UCNbITAHWA cBai ¢ rny6buHO norpyxe-
HUA B TPYHT 54-7 M, ceyeHnem 30x 30 cm, onupar W Mxcsa Ha NecKu cpefHel NnoT-
HOCTU W CPpeAHENn KPYMHOCTH.

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 Pr

© oo N o g b W N P

= 8

Puc. 1. CBam . 6. cedyeHnem 30x30 cm, norpykeHHble B FPYHT Ha 5—7 M 1 onuparouimecs
Ha C/O necyaHoro rpyHTa

Mo abcuncce pMCYHKa OT/NIOXEHbLI BeNMUYUHBLI HArpys3oK B TOHHax, Mo opAu-
HaTe — COOTBETCTBYHLULME BEAMYUHbI 0CAAOK B MM. XX MPHOW NMHMER MoKasaHbl
cpefjHMe 3HayeHUA ocafoK (S) nNpu COOTBETCTBYWLWUX 3HayeHMAX Harpysok (P).
AMnupunyeckas @opmMmyna, ykKa3aHHas Ha PUCYHKe, oTob6paxaeT CBfA3b MexXpy
S npPk.

MYHKTUPHBIMW NVUHUAMMN NOKa3aH NMpMMep pacyeTa NpPuW pacyeTHON Harpyske,
onpefensiemMoil Mo M3BECTHON (Opfyne COBETCKUX CTPOUTENbHbLIX HOPM W NMpaBwu.

M3 faHHbIX PUCYHKOB BUAHO, YTO OCafjKW CBail MpW pacyeTHbIX Harpyskax
BeCbMa Manbl W He npeBblWawT 5-y7 MMm. OgHako B OTHOLWEHUW cBai, onupato-
WMXcsa, B YaCTHOCTW, B CNOW FJAMHUCTOFO0 FPyHTa MAACTUYHOW KOHCUCTEHLMWWU,
MOXHO MpeAnonaraTb, 4YTO (PakKTM4YecKad ocajjKa cBaum Nnoj coopyxeHuem 6ypaet
HEeCKONbKO 60/blLUe.

[To HeKOTOpPbIM WCCNefOBaHMAM 3Ta pas3HULa MOXeT AOX0AMTb Ao 2-"3
pa3 [2]. Mo-BugumMoMy, 3To 06bACHAETCA TeM, 4YTO NPW UCNbITAHUU OAWHOYHON

Acta Technica Academiae Scienliarum Hungaricae 64, 1969



126 X. P. XAKUMOB

cBan CTaTUYeCKOW HArpy3kKo B TFAMHUCTbIX FPyHTax He fJOMNycKaeTcsa NOMAHOe
3aTyxaHue ocajgku.

OnbIT NoKa3sblBaeT, OfAHAKO, YTO eCNN [JaXe ocajKa cBau NOJ COOPYXeHUem
6yfeT npesbllWwaTb 0cCafjKy, ONpPefesleHHYO MNpu WUCNbITAHWUW, TO BCE >XXe OHa He
6yfeT npeBbliwaTb JOMNYCTUMYIO OCafjKy Ha COOPYXEHMUS.

B 3akno4yeHne aBTop CYMTAET CBOUM MPUATHBLIM AONTOM OTMETUTb 60NbLIYIO
M XOpoWYy MNOMOLWb, OKa3aHHYW eMy npu cbope maTtepuasnoB U obpaboTke wux
coTpyfgHMKamu nabopatopumu cBai: YpgauuHoii B. W., AHpgpeeBoih T. A., Kapa-
BalW,KuUHoW H. M. n BypoBoin P. A.
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Pesiome

B foKnaae manaratlTcs pesynbTaTbl 06pa6OTKM [aHHbIX MHOFOUMCIEHHBLIX WCTbITaHWi
OfINHOYHbIX Xe/1e306eTOHHbIX CBali, NPOBEAEHHbIX PSAOM MPOEKTHbLIX U HAayUYHO-UCC/e[0BaTe lb-
CKMX opraHusaumit CCCP. Martepuasnbl, U3N0XeHHbIE B [0KNaje, B pAae Cydaes Mo3BosisiloT
onpefenaTb 0cadku ceaid, He npuberaa K NpeABapuUTeNlbHbIM WCTILITAHWAM CTaTUYECKOW Ha-
rpy3Koii.
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A COMPARATIVE STUDY
OF MULTI-UNDERREAMED PILE
WITH LARGE DIAMETER PILE IN SANDY SOIL

G. S. JAIN—S. P. GUPTA
CENTRAL BEILDING RESEARCH INSTITUTE, ROORKEE, INDIA

This paper presents the results of a pair of load tests on piles of uniform large diameter
and multi-underreamed cast in sandy soil. The latter was found to develop much higher resis-
tance with less material comsumption as compared to the uniform large diameter pile. Guiding
principles for the design of such piles based on soil characteristics are also given.

1. Introduction

During recent years the technique of using underreamed piles has been
further advanced by underreaming at more than one point along the pile stem.
A series of tests conducted on single and double underreamed piles, both in
clayey and sandy soils have shown that the bearing capacity could be consid-
erably improved by providing more than one bulb. Tests have shown that in
clayey soils [1], the improvement is due to a substantial increase in the fric-
tional resistance component. By providing an additional bulb, the bearing
capacity is increased by about 50 per cent. Thus very high capacity piles can
be obtained by providing a number of bulbs at suitable intervals [2] (Fig. 1)
and can easily replace groups of smaller diameter piles. Some recent research
in Russia [3] has also indicated that in a multi-bulb pile, all the enlargements
would be operative thus considerably increasing the bearing capacity.

The present investigation is confined to the study of the results of load
tests of a pair of piles cast in sandy soil. One pile had a uniform bore diameter
of 64 cms, and the other was multi-underreamed with shaft and bulb diam-
eters of 30 and 64 cms, respectively. Both the piles were 522 metres long. The
multi-underreamed pile was cast with four bulbs spaced at 95 cm apart (Fig. 2).

2. The site and soil properties

The piece of land selected was supposed to be a fairly virgin ground with
water table at a depth of about 10 metres. Undisturbed soil samples were
taken from a bore hole, and also from a pit that was made in between the two
test piles soon after the tests were over. Standard (Dynamic) penetration tests
were also conducted. The soil at the site was sandy with fines of about 8 per
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Fig. 1. Triple underreamed pile

cent (less than 60 microns) and @ = 83°. The N values from the standard
penetration tests varied from 4 to 8 upto 2 m depth and 13 to 14 thereafter
upto 6 m depth. The dry density was fairly constant at 1,5 g/cm3 and moisture
content varied with depth from 3 to 6 per cent.

3. Test piles

Details of piles are given in Fig. 2. For constructing the uniform diameter
pile, a manually operated earth auger with a boring guide (covered by Ind.
Pat. Nos 97496 and 82303)* was used [4]. The auger had adjustable blades
so that their inclination as also the opening could be changed depending on
the type of soil and the cutting required. It also helped in cleaning the base
of bore holes. For the multi-underreamed pile a spiral auger was used with
a manually operated underreaming tool [5] (covered by Ind. Pat. No. 54907).*

*M/s M. S. J. (Engineers) & CO., Khanjarpur, Roorkee (U.P.) india.
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Fig. 2. Details of test piles

Load tests were carried out by the Method of Equilibrium [6]. It elimi-
nates the need of a load maintainer or constant pumping of the jacks to main-
tain the load at a particular value. The method involves the application of
load and its partial automatic release due to the constant settlement of the
ground. A state of equilibrium is achieved between the load and subsequent
settlement and the ultimate load is obtained with fair accuracy from the load
settlement curve.
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4. Discussion

Load/total settlement curves for both the uniform diameter and multi-
underreamed piles are shown in Fig. 3. The curves almost overlap indicating
similar load bearing characteristics. Ultimate loads based on settlements equal
to 10 per cent of the base diameter, work out to 93 tonnes for both. In this

Fig. 3. Load settlement curves

particular case the curve beyond point A becomes a straight line. If the abscissa
of point A is taken as the ultimate load, it works out to 77 tonnes.
For estimating the bearing capacity of these piles from soil characteris-
tics, certain assumptions have to be made. For uniform diameter pile, the
ultimate bearing capacity (Qu) can be calculated from the expression:

Q Q@+ —Ap-ydNy+ yDfNg + — K y DpAstan O. (1)

The symbols used in the above expression are explained at the end. For ® = 33°,
the bearing capacity factors iV7and Nqgare 20 and 14, respectively. The latter
value is based on Fig. 4. (After Vesic [7]). Terzaghi’s value for Nghas been
found to give high bearing capacity for ®-values greater than 30°. The point
resistance (Op) on the basis of the above values, is equal to 40 tonnes.
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For estimating the frictional resistance, the earth pressure constant
K is to be ascertained. JAKY [8] recommends the value of K equal to the
coefficient of earth pressure at rest. Meyerhof [9] has suggested still lower
values. However, Dinesh Mohan [10] and Jain [11] have found values consid-
erably larger than 1. Some workers have also attempted to express te coeffi-
cient of lateral earth pressure in terms of the coefficient of passive earth pres-
sure. In a pull out test on 5,9 metres pile in a loess soil, MitoviO [12] has
reported a value of 0,9 times of the coefficient of passive earth pressure. Based
on pull-out tests on Raymond step-taper piles, Iretand [13] has observed

Fig. 4. Determination of factor Ng

that frictional resistance developed in single piles in sand may approach that
of a passive state of stress. In pull out tests on short bored piles in a sandy
stratum [14] the coefficient of earth pressure has been found to be 2,25. In this
study the angle of friction between the pile and soil (8) was taken equal to the
angle of internal friction (®) for the soil which was 30°. Such an assumption
was based on the fact that the pile stem had a rough finish and the soil was
sticking to ‘its surfaces.

In the present case also, 0 is taken equal to ® and the coefficient of
earth pressure is assumed equal to half of the passive earth pressure coefficient,
i.e. 1,7. This is based on the assumption that there might be some soil drag
along the pile stem thereby compressing the surrounding soil. On the basis
of this assumption, the value of skin friction is equal to 50 tonnes. The ulti-
mate bearing capacity due to both point and frictional resistance therefore
amounts to 90 tonnes.

The ultimate bearing capacity of multi-underreamed piles may be exam-
ined by any one of the following methods —
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1. Complete mobilization of frictional resistances along the shaft sur-
faces AB and GH (Fig. 2) and bearing resistances of the four bulbs.

2. The point resistance at the base of the shaft and the complete mobili-
zation of frictional resistance along the surface ABCDEF (Fig. 2).

According to method (l),the bearing capacity equation can be written as:

Ne - o) —(d,, - dnyNy-\-y (Dy -j-Do + D3-f-D&Ngq +

n
Qu 2

>+

— 42 Y dyNy+ yDjNg — —7iKydtan6(Ul+ D}- Df). (2
4

On the basis of the equation (2), the ultimate bearing capacity works
out to 76 -f- 9+ 8 = 93 tonnes.

The second method of failure may be considered similar to that in
clayey soils [1] where instead of considering each bulb acting separately in
bearing, it is assumed that the failure takes place by shearing along the sur-
face of the cylinder circumscribing the underreams. In this case, as the shearing
takes place between soil and soil, it is also presumed that the value of friction
developed in this portion would be equal to the shearing strength of the soil.
In sandy soils this would possibly result in a higher earth pressure constant
equal to the passive state of stress. This mode of failure was also confirmed
when, on excavating around the multi-underreamed pile, a crack was found
going down circumscribing the bulbs. Taking this into consideration the failure
may be assumed taking place along ABCDEF (Fig. 2) due to shearing and on
the lowermost bulb in bearing. The ultimate bearing capacity can be found
from the expression

Q=~dIl Lx-duyNy+ yDtNg +

+ — ay tan $[KdD\ + K'du(Dl - D\) +Kd{D} Df]. ()
2 AN

On the basis of the equation (3), the ultimate bearing capacity works
out to 33 -f- 74 = 107 tonnes.

It is felt that both the criteria given above for working out the ultimate
load of a multi-underreamed pile in sandy soils can be applicable. The first
is likely to give lower values as it does not take into account any friction that
might also develop due to increased spacing of underreams, whereas the second
is likely to provide higher value if the spacing is kept larger than the specified
value of lv2times the underreamed diameter [15]. With the present state
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of knowledge on this subject, the lower of the two values may he taken for
design purposes.

It would be of interest to note that the amount of cement concrete
required for the 30 cm diameter multi-underreamed pile is only 0,64 mi
against 1,68 m3 required for the 64 cm uniform diameter pile, the ultimate
load remaining the same for both. Thus by using multi-underreamed piles
an economy of over 60% in cement concrete alone is obtained.

5. Conclusions

The following conclusions can be drawn as a result of this investigation

a) By using multi-underreamed piles, there is saving in operational cost.
The equipment used is lighter and easier to handle than that required for large
uniform diameter piles.

b) There is considerable saving in cement concrete.

c¢) The ultimate bearing capacity of a multi-underreamed pile can he
assessed by assuming that at each of the bulbs the resistance would he in a
bearing capacity mode and frictional resistance along the top and bottom
portions of the shaft.

The authors are grateful to Prof. Dinesh Mohan & Dr. V. N. S. Murthy for their keen
interest anti guidance in the studies and to their colleague Shri Raj Kumar for his help. The
study formed a part of the normal programme of research at the Central Building Research
Institute and the paper is published with the permission of the Director.

Symbols
ultimate bearing capacity of pile
point resistance
frictional resistance

Ap — areyfof the pile base

I — surface area of the pile shaft

Y average field density

d diameter of pile shaft

du — underreamed diameter

Jwy.1v, bearing capacity factors

— number of bulbs
K — earth pressure constant
K — passive earth pressure constant = tan2(45° + ®/2)

— total length of pile

depth to the center of first bulb

D, depth to the center of second bulb
D: — depth to the centre of third bulb
D, depth to the center of fourth bulb
O] — angle of internal friction
a angle of wall friction
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ConocTas/neHne WUCNONb30BaHHbLIX B MECYaHbIX FPYHTaX CcBa,
YTONWEHHbIX Ha HECKO/NIbKNUX Yy4dacTKaX, WU CBak 60/1bLLIOr0 anameTpa

I C duu—C. M. IynTa

V3naratoTca 3KCNepuMeHTa/IbHbIE [jaHHble NPOGHbLIX Harpy3oK B MecHaHOM FpyHTe cBau
60NbLUIOr0 AMameTpa M CBau MEepeMEeHHOro AMaMeTpa, YTOJLLEHHOrO Ha HECKOMbKUX y4acTKax.
MocneaHAs, HECMOTPSA Ha MeHbLUWIA pacxof MaTepuana, okasanacb NpPUrofHoli ANs 3HauUTeNb-
HOW 60NbLUE NpefenbHOM Harpysku, Yem oAMHaKoBasi, 60/blUass Mo AvameTpy cBas. ABTOpPbI
n3naratoT NPUHUMMbI NPOEKTUPOBAHUSI TaKMNX CBaii, Ha OCHOBe XapaKTepHbIX CBOWCTBaX rpyHTa.
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PROBEBELASTUNGEN AN PFAHLEN
" FUR FREILEITUNGSMASTE

K. KLEIN
FORSCHUNGSANSTALT FUR BAUWESEN, BRATISLAVA, C'SSR

Results of loading test of in situ made piles as well as of precast piles with a smooth
and rough surface. The piles were constructed in saturated sands and stressed by vertical pulling
as well as hy oblique compressive and pulling force. Evaluation of tensometric measurements
for ascertainement of shear stress in vertical direction is given.

1. Einleitung

Das Fundament eines Mastes fir Starkstrom-Freileitungen kann man
als Einzelblock oder als geteiltes Fundament flur jeden einzelnen Mastful}
gesondert errichten. Das geteilte Fundament kann aus vorgefertigten Elemen-
ten oder aus Ortbeton ausgefihrt werden. Beim Vorhandensein von Grund-
wasser ist die Errichtung des GrindungsfuBes sehr schwierig, es ist daher
aus technisch-6konomischen Grinden vorteilhaftery Pfahlgrindung anzu-
wenden. In diesem Aufsatze werden die Ergebnisse von Probebelastungen an
vorgefertigten Pfahlgrindungen und Ortbeton-Pfahlgrindungen fir Freilei-
tungsmaste beschrieben.

2. Einwirkende Krafte

Das Fundament des Starkstrom-Freileitungsmastes Ubertrdgt in den
Untergrund

a) vertikale Krafte — Gewicht des Mastes, der Leitungskdrper mit
Zubehor;

b) horfzontale Kréfte - Druck des Windes, Zug der Leitungskdrper
je nach der Mastenart.

Die KraftgroBen sind durch die konstruktive Gestaltung des Mastes,
durch den Abstand der einzelnen Stitzpunkte gegeben. Das Fundament des
Mastes ist durch verdnderliche Belastung beansprucht, wobei insbesondere
der Wind auf die Konstruktion mit wiederholten Belastungen einwirkt.
Das Fundament des verteilten Mastes wird also je nach den wirkenden Kréaften
in der gegebenen Zeit abwechselnd durch vertikale Kréafte, durch schrége
Zugkrafte oder schrdge Druckkréafte belastet. Fir den Entwurf des Funda-
mentes ist oft die GroBe der schrdgen Zugkraft ausschlaggebend.
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3. Geologische Verhéltnisse

Die Versuchspfédhle wurden in wassergesattigtem Sand eingebaut.
Der Sand ist feinkdrnig bis mittelkdrnig, der Ungleichférmigkeitsgrad ist
kleiner als 5, die umhillenden Linien der Kornverteilungskurve sind in Bild 1
dargestellt. Unter der Sandschicht in der Tiefe 6,9 -S 7,5 m befinden sich
Neogentone. Der Grundwasserspiegel lag 0,9 bis 1,1 m tief. Die Drucksondie-
rung mit der Spitzendrucksonde der Type Degebo-Maihak hat ergeben, daR
die Lagerungsdichte des Sandes auf dem Versuchsfeld mit Grundril 30 X 25 m

Bild L Umhillende Linien der Kornverteilungskurven von Sanden

in horizontalen Schichten der ganzen Baustelle praktisch die gleiche ist.
Die relative Dichte des Sandes laut Auswertung der Eintragungen bewegt
sich im Bereich D = 0,25 ; 0,50 (Bild 2).

Die in diesem Versuchsfeld errichteten Pféhle befanden sich also unter
relativ gleichen geologischen Bedingungen und die Ergebnisse de* Belastungs-
priafungen kann man untereinander vergleichen.

4. Arten der Pfahle

Zweck der Prufungen war die Wahl von geeigneten Pfahldimensionen
und der Beweis der Tragfédhigkeit der Pfadhle in gegebenen geologischen Bedin-
gungen. Fiir die Probebelastungen wurden vorgefertigte Stahlbetonpféhle
und Ortbetonpféhle bereitgestellt, 9 Stiick Einzelpfdhle und ein Pfahlpaar.
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Bild 2. Sondierungsergebnisse mit Spitzendrucksonde, Degebo—Maihak

4.1 Vorgefertige Pfahle

2 Stick 35 X 35 X 600 cm

2 Stick 30 X 30 x 000 cm

1 Stick 30 x 30 X 000 cm mit Rillen

2 Stlck 30 X 30 X 450 cm mit verbreitetem PfahlfuBR auf 35 X 35

cm, Verbreitung in der Ld&nge 70 cm im
unterem Teil des Pfahles.

Die Pfahle mit Abmessungen 35 X 35 X 600 wurden in alten rauhen
Stahlformen hergestellt, in denen bereits etwa tausend Pfahle fertiggestellt
wurden; die Ubrigen Pfdhle wurden in neuen glatten Blechformen hergestellt,
so daB die Pféhle verschiedene Rauhigkeit haben. Am mit Rillen versehenen
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Pfahl 30 X 30 X 600 cm verliefen die Rillen senkrecht zur Pfahllinge in
12-cm Abstdnden, die Tiefe der Rille betrug 1 cm und die Breite 2 3 cm
(Bild 3). Die Pfédhle mit 6,0 m L&nge wurden vor dem Einbetonieren mit
Saitendehnungsmessern des Typs Metra versehen.

Die vorgefertigten Pfadhle wurden mit der Vibrorammanlage WPS
20/11 sowjetischer Herkunft eingerammt, diese auf dem Traktor S—100 mon-
tierte Ramme mit verldngertem Fahrgestell und eigener Elektrozentrale ist

Bild 3. Vorgefertigter Pfahl 30x30x600 cm mit Rillen an dem Betonmantel

fahrbar. Die Vibroramme besitzt einen Elektromotor mit 40 kW, die Zentri-
petalkraft der Unwuchtkérper betrdgt 20 Mp, die Frequenz 710 Dr./Min.
Das Rammgerét kann einen statischen Druck von 11 Mp aufden Pfahl austben.
Zum Rammen der Pfdhle mit Abmessungen 35 X 35 X 600 cm war es ndtig,
bis in die Tiefe von 5,0 m mit einem Bohrgerdt O 22 cm vorzubohren, praktisch
ohne Bodenertrag. Die tbrigen Pfdhle wurden ohne Vorbohrung eingerammt.

4.2. Ortbetonpfahle

2 Pfahle Rundquerschnitt 0 37 cm, Pfahllinge im Geldnde 5,20
1 Pfahlpaar mit denselben Parametern, Pfahle im Grundril mit Axenabstand
1,1 in.
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Die Pfahle wurden mit dem Yibrorammgerdt VYPS 20/11 im vollen
Durchmesser mit verlorenem PfahlfuB vorgerammt, mit Bewehrung versehen
und im Druckbetonierungsverfahren mit Vortriebrohr unter Luftdruckein-
wirkung 4,0 kp/cm* ausgefiuhrt. Der Betonmantel des Pfahles ist griffig, die
UngleichmaRigkeit der Oberflache kann man teilweise durch den Unterschied
des Pfahldurchmessers von 36 bis 39 cm ausdricken.

5. Probebelastuiigen

Von jeder vorgefertigten Pfahlart wurde je eine mit vertikaler Zugkraft
und je eine abwechselnd mit schrager Druck- und schrédger Zugkraft in Neigung
7 : 1 beansprucht. Die Neigung der Krafteinwirkung 7 : 1 (vertikal zur Hori-
zontalen) entsprach einer Kraftneigung, die auf den Pfahl bei zuldssiger Bean-
spruchung der angewandten Konstruktionsart des Mastes einwirkt. Der
vorgefertigte Pfahl 30 X 30 X 600 cm mit Rillen wurde durch vertikale
Zugkraft belastet. Die Ortbetonpfédhle, und zwar Einzelpfdhle und Paarpfahle
wurden mit schrdger Zugkraft auch in Neigung 7 : 1 belastet.

Die auf den Versuchspfahl wirkende Kraft wurde durch eine hydrauli-
sche Vorrichtung mit elektrischer Pumpe ausgetbt. DieVorrichtungermdglichte
ein Ansteigen der Belastung vom O-Punkt auf den erforderlichen Wert in
5 Sekunden und eine Aufrechterhaltung eines stabilen Wertes der Kréfte.
Die Stutzkonstruktion je nach Art der Belastungsprufung bestand aus einer
geneigten und auf Pfahlen in einer Entfernung von 3,0 m vom Versuchspfahl
verankerten Stitzbricke (Bild 4), oder aus einem Dreifull dessen FuBabstand
von der Mitte des Versuchspfahles 3,5 m betrug. Das Stitzsystem fir die
Versuche an den Pfahlpaaren bestand aus zwei I-Trédgern 1000 von 10 m Lé&nge,
deren Stiutzen von dem Versuchspaar 4,5 m entfernt waren. Die vertikale und
horizontale Verschiebung wurde mit einer MeRuhr von 1/100 mm Genauigkeit
gemessen. Diese MeBuhr war auf einem unabhédngigen MeRtrdger befestigt.
Die Stutzen der MeRbricke waren 3,5 m von der Mitte des Versuchspfahles
entfernt, die Konstruktion wurde wahrend des Versuches, um den W armeein-
fluR zu beschrédnken, mit einer Schutzbedeckung geschitzt.

Die Tragfahigkeit der Pfahlfundamente (GroRe der Kraft und der Defor-
mation) ist verschieden, je nach dem, ob statische Kréafte oder wiederholte
Belastung einwirken. In der UdSSR wurde ein grofe Serie von Bohrpfdhlen
mit Schraubenfull (Screwpiles) in von Tkofimenkow, Mariupolskij [1]
erstellten Versuchen geprift.

Die Pfahle wurden mit stufenweise ansteigender, pulsierender, wechseln-
der (Zug-Druck) und allméahlich ansteigender Belastung beansprucht. Die
Grenztragfahigkeit in lockeren Sanden war je nach Art der Belastung génzlich
unterschiedlich. Die Grenztragfdhigkeit unter denselben Bedingungen war
verschieden von 30% bis 100%, je nach der Art der Belastung.
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Bei unseren Probebelastungen wurde bei jeder Belastungsstufe abge-
wartet, bis sich die Deformation festlegte (senkrechte oder horizontale Ver-
schiebung) bei andauernder Kraft im Ruhezustand mit dem Kriterium
0,05 mm in 10 Min. der Dauerbelastung (zweimal hintereinander wiederholt).
Nachher wurde auf der gegebenen Belastungsstufe die Pfahlgrindung in
M inutenintervallen mit Entlastungen bis auf 0 bzw. 2,5 Mp belastet, wobei
die Belastung vom Nullpunkt auf den erforderlichen Wert in 5 Sekunden er-
folgte. Die Deformation infolge der wiederholten Belastungen betrachteten

Bild 4. Probebelastung des Pfahles auf schragen Zug und Druck

wir als stabil, falls zweimal hintereinander in einer Zeitspanne von 10 Minuten
die Verschiebung nicht mehr als 0,10 mm betrug. Der Wert 0,10 mm/10
Minuten stellt das Herausziehen des Pfahles um 0,6 mm, in einer Stunde des
Anhaltens eines maximalen Sturmes senkrecht zu den Starkstrom-Freileitungs-
masten dar. Bei den Probebelastungen, mit abwechselndem Zug und Druck
nach jedem Druckbelastungsgrad und nach der Festlegung der Deformation,
wurde der Belastungsgrad mit schrdger Zugkraft durchgefihrt.

Die Ergebnisse der Probebelastungen sind in Tafel | angefihrt. Vom
Gesichtspunkt der Grenztragfahigkeit kann man feststellen, dal unter den
gegebenen geologischen Bedingungen die besten Ergebnisse Ortbetonpféhle
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Tafel |

Ergebnisse der Probebelastungen

3
e 2 =3 @ § 2 1 Art der
2 S SO S2 S < Pfahlmantelflache
o a @ = > (3
5 s 55 L 5 @ N
£ _‘i ©° §§ ° g N
E ! g2 £E 2 < b
z < £s <& [ < o
No cm m m2 m Nb
I 35 X 35 55 7.2 5,0 c 15,0 Ruttelbeton in alten rauhen
5 35 X 35 5,5 7,2 5,0 a 20,0 Stahlformen
4 30 X 30 55 6,1 — c 5,0 Ruttelbeton in neuen
2 30 X 30 55 6,1 — a 7,5 glatten Stahlformen
3 30 X 30 5,5 6.1 a 25,0 Ruttelbeton in neuen glatten
Stahlformen, mit Querrillen
a 12 cm
7 30 X 30 4,0 — — c 7,5
Verbreitung Rittelbeton in neuen glatten
6 30 X 30 4,0 — — a 5,0 Stahlformen
Verbreitung
9 037 5,2 5,6 — b 30,0
10 037 5,2 5,6 — b 25,0 Griffiger Betonmantel des
1 2 Stiicke Ortbeton Pfahles
037 5.2 11,2 — b 55,0

Erlauterungen: 1. a — Vertikaler Zug
b — Schréger Zug mit Neigung 7 : 1
¢ — Abwechselnd schrager Zug und Druck mit Neigung 7 : 1
2. Achsenabstand der Pfahle No. 11 war 1,1 m

(30 und 25 Mp) und der vorgefertigte Pfahl 30 x 30 X 600 cm mit Rillen er-
gaben (25 Mp). Die Pfédhle 30 x 30 X 600 cm ergaben eine Grenztragfahigkeit
von 15 und 20 Mp. Eine sehr kleine Grenztragfdhigkeit ergaben vorgefertigte
Pfahle 30 X 30 X 600 cm, die in glatten Stahlformen fertiggestellt wurden
(5 und 7,5 Mp).

Auf die GroBe der Grenztragfdhigkeit der Pf&hle hatte die unterschied-
liche Griffigkeit des Betonmantels einen bedeutenden EinfluR. Potyondy
[2] fuhrt Versuchsergebnisse bei Schubkraftprifungen unter Anwendung

Acta Technica Academiae Scientiarum Hungaricae 64, 1969



142 K. KLEIN

unterschiedlicher Baustoffe (Beton, Holz, Stahl) an. Fir wassergeséttigte
Sande gibt er das Verhéltnis zwischen dem Mantelreibungswinkel und dem
Reibungswinkel f9 = &im Bereich von 0,64 fir Stahl mit glatter Oberflache
und bis 0,90 fir Beton mit griffiger Oberfldche an; den Wert des in Stahlformen
hergestellten Betons mit glatter Oberflaiche driickt er mit fip = 0,80 aus.
In unserem Fall schdtzen wir infolge einer erheblich ungleichmé&Bigen Ober-
flache des OrtbetonpfahImantels diesen Wert auf Bp — 0,98, d. h., die Ver-
schiebung erfolgte im Sand und nicht auf der Beriuhrungsflache zwischen
Betonmantel und Sand. Auf der Oberfliche des Ortbetonversuchspfahles
blieb nach dem Herausziehen eine sehr anhaftende Sandschicht. Auch nach
dem Herausziehen des Pfahles 30 X 30 X 60 cm mit gerillter Oberflache
blieb auf der unteren Ha&lfte des Pfahlmantels eine unregelmd&RBig verteilt
anhaftende dichte Sandschicht von 0,5-FI,5 cm.

Zur Erlduterung des erheblichen Unterschiedes der Grenztragfédhigkeit
der Pféhle geniligt es nicht, die mit direktem Scherversuch gewonnenen Ergeb-
nisse der Scherfestigkeiten zwischen Beton und Sand anzuwenden.

Den beachtlichen Unterschied in der Tragfahigkeit der Pfaéhle kann man
folgendermaBen erkléren:

Bei Pfahlen 30 X 30 X 600 cm mit glattem Pfahlmantel entstand der
Schub zwischen Beton und Boden. Infolgedessen wurde in diesem Falle die
Dilatanz nicht oder nur in ganz geringem MaRe mobilisiert, die doch einen
bedeutenden Teil der Festigkeit nichtbindiger Bdden bildet.

Bei den Pfadhlen mit rauhem Pfahlmantel, d. h. bei Ortbetonpféahlen und
vorgefertigten Pfadhlen mit Rillen, erfolgte die Verschiebung im Boden selbst
und nicht auf dem PfahImantel. Dabei kam die Dilatanz zur Geltung, die
jedoch durch den umliegenden Boden beschrénkt wird, was nun eine Erh6hung
des Schubwiderstandes also auch des Widerstandes gegen das Herausziehen
des Pfahles hervorgerufen hat (John [3], Feda [4]).

6. DehnungsmeRverfahren

Zwecks Verteilung der Mantelreibung ladngs des Pfahles, wurden an
manche Pfahle Saitendehnungsmesser des Typs Metra eingebaut. Solche
Pfaéhle wurden vor dem Rammen durch die Zugkraft geeicht. Im weiteren
werden die am Pfahl No. 5 erreichten Ergebnisse beschrieben. Vor der eigent-
lichen Eichung wurde der Pfahl 25mal mit einer Kraft von 30 Mp belastet,
um im Beton im vorhinein RifRbildungen hervorzurufen.

Der Pfahl wurde nach der Probebelastung herausgezogen und umgeeicht.
Es zeigte sich, daB an manchen Dehnungsmessern dieses Pfahles infolge der
Vibrationsrammung kleinere Anderungen in den Ausgangswerten entstanden,
die in der Auswertung in Betracht gezogen wurden. Das Belastungsdiagramm
des Pfahles No. 5 ist in Bild 5 dargestellt.
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Zu den Auswertungen der Dehnungsmefergebnisse (Bild 6) kann man
folgendes bemerken.

a) Bei Belastungen der Pfédhle durch Zugkréfte kommt es zum Verschub
des Pfahles und die Reibung wirkt unmittelbar langs des Pfahles.

b) Auf den Yerteilungskurven der Zugkraft, entlang der Pfahlldnge
(voller Strich), ist im unteren Teil eine Anomalie zu vermerken. Unter der
Annahme, daB die Kurve die tatsdchliche Verteilung der Zugkraft bei einer
Zugkraft 5,0 Mp darstellt, Ubernimmt der Pfahl in einer Tiefe von 3,1 bis

Bild 5. Belastungsdiagram des Pfahles No 5

4,75 keine Kraft, dhnlich wie bei einer Kraft von 10 bis 15 Mp in einer Tiefe
von 3,1 bis 4,2 m. Dieser Zustand ist unter den gegebenen geologischen Bedin-
gungen praktisch nicht moéglich. Die Werte der Kurven (voller Strich) sind
aus den Dehnungsmessungen errechnet, vom Ruhestand des Pfahles nach der
Rammung bis zum entsprechenden Belastungsgrad.

Nach der Einrammung des Pfahles (Vibrationsrammung mit zusdtz-
lichem Druck von 11,0 Mp), nach sukzessivem Ausschalten des Vibrationsge-
rdétes und nach Entlastung des zusétzlichen Druckes, kommt es infolge des
elastischen Zusammendriickens des Pfahles und des Bodens unter der Pfahl-
spitze zum Verschub des Pfahles in Richtung nach oben, dhnlich wie bei Druck-
Probebelastungen des Pfahles nach der Entlastung. Infolge des Verschubes
des Pfahles in Richtung nach oben entsteht auf dem PldhIlmantel Reibung,
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die in der entgegensetzten Richtung des Verschubes wirkt. Es kann vermutet
werden, dall sich der Pfahl, der sich nach dem Einrammen im Ruhezustand
befindet, in Wirklichkeit auf der Pfahlspitze durch die Druckkraft des elasti-
schen Zusammendrickens des Untergrundes und durch die Reibung auf dem
PfahImantel belastet wird.

Die Tatsache, daB der Pfahl nach der Belastung und nach der darauffol-
genden Entlastung des Pfahlkopfes auf dem O-Punkt im Spannungszustand
der Druckeinwirkung verharrt, folgt aus den von K érisel und Adam (Abb. 52
S. 1075 [5]) erstellten Messungen.

Bild 6. Verteilung der Zugbelastung entlang des Pfahles. 1) Aus der Belastung ausgewertete
Kurve; 2) Aus der Entlastung ausgewertete Kurve; 3) Aus der Belastung nach der Entlastung
von der Zugbelastung 7,5 M p ausgewertete Kurve

Es wurden auch Modellmessungen mit MeRpfahlspitzen  ausge-
statteten Pféhlen durchgeflihrt; der Durchmesser betrug 36 mm, der Mantel
war rauh gestaltet. Nach der Belastung des Pfahles und nach der Entlastung
des Pfahlkopfes auf den O-Punkt bestand auf der Pfahlspitze eine Vorspannung,
die Pfahlspitze blieb mit einer Kraft von 30 kp belastet.

Auf Grund der angefihrten Betrachtung kann vorausgesetzt werden,
dafR die Verteilungskurve der Zugkraft (voller Strich) nicht die richtige Kraft-
verteilung aufweist, da auch der Wert der Vorspannung infolge des Druckes
(grofRer in dem unteren Teil) miteinberechnet ist, den man von den aufge-
tragenen Werten abrechnen sollte.

Eine &hnliche Erfahrung bezuglich der Kraftverteilung entlang der
Pfahllange ergab sich bei dem Zugversuch an Pfdhlen von Mansur und
Kaufman [6]. Bei diesen Versuchen des Pfahles No. 2 und No. 6 wurden
jedoch die Pf&hle zuerst druck- und dann zugbelastet.
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c) Das Absinken der Zugkraft entlang des Pfahles ist nicht
méRig, woraus hervorgeht, daB die Mantelreibung entlang des Pfahles nicht
gleichmdRig verteilt ist. Die GroRe des Grenzwertes der Mantelreibung bei
Einwirkung wéchst mit der Tiefe (Bild 6 rechts), was im Einklang mit der
Lagerungsdichte des Sandes ist, die durch Spitzendrucksonde ermittelt wurde.

SCHRIFTTUM

1. Trofimenkov, J. G., Mariupolskij, L. G.: Screw Piles Used for Mast and Tower Founda-
tions. Proceedings of the Sixth International Conference on Soil Mechanics and Foundation
Engineering, Yol. 11—4/22, Montreal 1965

2. Potyondy, J. G.: Skin Friction between Various Soils and Construction Materials. Geo-
technique, 11 (1961)

3. Jonhn, K.: Gebohrte Ortbetonpféahle im sudlichen Kalifornien. Die Bautechnik, (1960)

4. Feda, J.: SKkin Friction of Piles due to Dilatancy. Proceeding of the International Conference
on Soil Mechanics and Foundation Engineering, Budapest (1963)

5. KERISEL, J.—Adam, M.: Fondations profondes. Annales de I'institut technique du batiment
et des travaux publics, Ne 179 (1962)

6 Mansur, C.I.—Kaufman, R. |.: Pile Tests, Low-Sill Structure, Old River, La. Journal of
the Soil Mechanics and Foundations Division ASCE, 82 (1956)

Mpo6Has Harpyska Onop CTOMGOB BO3AYLUHbIX 3/1EKTPOMNPOBOAOB

K. KneiiH

B pa6oTe NpnBoAATCA pesy/bTaTbl MPOGHON Harpy3ku onop CTon60B BO3AYLIHbIX NeK-
TPONPOBO/0B, N3rOTOB/IEHHbIX Ha MeCTe 13 6ETOHa C rNafKoii 1 rpyboil NOBEPXHOCTAMM, a TaKxKe
c6OpHbIX OMop. Onopel MPU MCMLITAHMAX GblAN MOMeLLEHbl B HACHILLEHHBI BOAON Mecok W
MoABEPrHYThl [ECTBUI0 BEPTUKaNbHOW PacTATMBAlOWE, a Takke [AENCTBYIOLIEN HaKNOHHO
pacTArMBalOLLEN M CXXMMatoLLel Harpyskam. [aeTcsi OLeHKa pesysbTaTOB TEH3OMETPUYECKOrO
npu6opa Mpy M3MepeHUM BAO/bL OMOPbI, C LiENbio OMpejeneHns pacrnpefeneHns CABUratoLLnxX
HanpsHKeHUIA.
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KOMBINIERTE BRUCHFIGUR
FUR FANGDAMME MIT DOPPELTEN SPUNDWANDEN

B. MAZURK.IKWICZ
TECHNISCHE HOCHSCHULE, GDANSK, POLEN

The paper presents the analysis of combined rupture figure for a cofferdam with two
parallel driven sheet pile walls with an anchoring on the top of the walls in the state of equilib-
rium. The geometrical parameters are considered for the solution of the stability of coffer-
dam based on Brinch Hansen’s earth pressure theory.

1. Einleitung

Die Kinematik einer flachen, vertikalen Spundwand beansprucht mit
einer einzelnen, waagerechten Kraft setzt einen Drehpunkt, in der Tiefe s
unter der Oberfldche voraus.

Die bisherigen Versuche und Lésungen haben diese Drehung nicht nur
fur freistehende W é&nde, sondern auch fiur Stiitzwédnde bestdtigt. Im Lichte
dieser Ergebnisse gefuhrte Untersuchungen mit Fangddmmen — zwei
parallelen, oben verankerten Spundwé&nden — haben bewiesen, dafl auch die
W énde eines Fangdammes Drehungen erleiden, wobei die Drehungen der
beiden Waéande nicht einander gleich sein missen. In den bisherigen Lésungen,
der angewandten Methode gemdl, wurde entweder eine Verschiebung oder
eine Drehung des ganzen Fangdammes angenommen (Bild 1).

2. Modellversuche

Es wurden zur Untersuchung der genannten Behauptung Modellver-
suche mit einem Taylor—Schneebeli Modell durchgefiuhrt. g 0, c¢c= O0;
Erdoberflache in gleicher Hohe auf beiden Seiten.) Die dufRere Belastung war
eine horizontale Kraft, die in verschiedenen Hdhen auf die obere (belastete)
Wand des Fangdammes wirkte. Diese Hohen entsprechen den Angriffs-
punkten der Resultanten vom Erddruck, Wellenschlag, Wasserdruck und
Anprall von Wasserfahrzeugen. Bei der Analyse der in den bisher ausgefuhr-
ten Fangd&dminen angewandten Abmessungen hat man erhalten, daB das
Verhéaltnis zwischen der Rammtiefe der Spundwande (D) und der Fang-
dammhdhe (H) gewdhnlich zwischen 0,6 und 1,0 liegt. Aus diesen Grinden
hat man alle Versuche und theoretischen Erw'dgungen auf diesen Bereich
begrenzt, mit der zusdtzlichen Annahme, dafl die Wé&nde vollkommen starr
sind und keine Durchbiegung entsteht.

Die durchgefuhrten Modellversuche (Bilder 2—4) erbringen die Fest-
stellung, dal sich die obere Spundwand des Fangdammes (belastet mit
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einer horizontalen Kraft) im Verhaltnis zu dem unbeweglichen Boden und im
Verhéltnis zu der unteren Wand (unbelastet mit &uferen Kréaften) dreht,
wobei sich eine kombinierte Bruchfigur bildet. Diese Bruchfigur enth&lt eine
fast vertikale Gleitlinie, die das Fullmaterial in zwei Kdorper teilt.

Die Analyse der erhaltenen Bruehfiguren und der gemessenen und
berechneten Lagetiefen der Drehpunkte erlauben, folgende Schliusse zu ziehen:

a) Die Tiefe des Drehpunktes der oberen Spundwand nimmt bei gréferen
<p-Werten zu, und nimmt bei gréBeren if/D-Werten und bei groReren h/H-

Fig. 2
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Fig. 3

Fig. 4
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W erten ab. Die Tiefe des Drehpunktes 148t sich mit folgender empirischen
Gleichung berechnen:
7 / m » \

= 0,9exp 0,104® - 0.345 -0,110— . (1)
\ D Hi

b) Die geometrischen Parameter und die Werte der inneren Kréfte
der totalen kombinierten Bruchfigur eines Fangdammes mit zwei parallelen
eingerammten Spundwdédnden sind von den folgenden Faktoren abhdngig:

1. Winkel der inneren Reibung des Bodens und des Fullmaterials;

2. Verhéaltnisse b/H und H/D;

3. der Dreh- oder Verschiebungsrichtung der Spundwand im Verhéltnis
zu der mit der Wand abgestiutzten Einfiillung des Fangdammes.

c) Die obigen Faktoren entsprechen im allgemeinen den Faktoren,
welche die Standsicherheit einzelner Wéande bestimmen. Die Spundwénde eines
Fangdammes stehen also unter denselben Belastungsbedingungen wie die
einzelnen Wande.

3. Geometrische Parameter der kombinierten Bruchfigur

Eine weitere Analyse der einzelnen Spundwé&nde mit verschiedenen
Berechnungsmethoden zeigte, daR s&mtliche genannten Faktoren nur mit der
Gleichgewichtstheorie von Brinch Hansen beriucksichtigt werden kdénnen.
Aus diesen Griunden wurden die geometrischen Parameter der festgestellten
Bruchfigur so dargestellt, daB sie zur Einfuhrung in diese Theorie geeignet
seien.

Die kombinierte Bruchfigur wurde mit einzelnen Bruchfiguren ange-
néliert, die den in verschiedenen Teilen der Bruchfigur auftretenden Bewe-
gungsarten entsprechen. Die totale Bruchfigur, geteilt in eine Reihe von
elastischen Zonen, zeigt, daR diese mit plastischen Zonen als Ubergéngen
verbunden sind, wobei die Pseudogleitlinien in diesen Zonen als zu Null
strebenden angenommen sein dirfen. Daher wurde der Bereich zwischen den
Spundwdénden in zwei elastische Zonen geteilt, die mit drei kreisférmigen
Gleitlinien verbunden sind, wobei die Kreismittelpunkte auf einer Geraden
liegen (Bild 5). Die Annahme der Kreismittelpunkte wurde aus kinematischen
Griinden gewahlt, die eine gegenseitige Ubereinstimmung von Forméanderun-
gen und Bewegungen der einzelnen Bruchfiguren und der als steif angenom-
menen Spundwdnde erfordern.

Betreffs der &uReren Bruchfiguren kann man folgende Annahmen treffen:

a) Fiur die obere Spundwand (belastet mit dufReren Kréften):
— glatte Wand — kombinierte Bruchfigur AaR (konkaver und Ran-
kine-Brueh);
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— rauhe Wand — kombinierte Bruchfigur AaP (konkaver und
Prandtl-Bruch).

b) Fur die untere Spundwand (unbelastet mit dufReren Krdaften):
— glatte und rauhe Wand — kombinierte Brucbfigur XfP (konvexer
lind Prandtl-Bruch).

Wenn wir annehmen, dall die Drehpunkte der niedrigsten inneren und
&uBeren Bruchfiguren in derselben Tiefe liegen, dann kénnen wir die &uBeren
Bruchfiguren als Funktionen dieser Tiefen bestimmen. Das bedeutet, dal die
geometrischen Parameter der Bruchfiguren IV, Y, VI, VII, VIII nur von der
Lage der Drehpunkte der Bruchfiguren Il und 11l abhédngig sind, d. h. die
Grenzspannungen ladngs der Leitlinie als auch des duBeren Erddruckes kon-
nen grundsdtzlich unabh&ngig von den Berechnungen der totalen Bruchfigur
berechnet werden. Daraus folgt, daB die Darstellung des Erddruckes als eine
Funktion der Drehpunktlage die Bestimmung der kritischen Gleitlinie ermég-
licht, wobei diese Linie die geometrischen, kinematischen und statischen
Bedingungen als auch die allgemeinen Gleichgewichtsbedingungen fir alle
Bruchfiguren erfullen wird.
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Aus der Annahme der Lage der Drehpunkte der Bruchfiguren I, Il und
Il auf einer Geraden geht hervor, dal nur funf geometrische Parameter
als unbekannt betrachtet werden sollen. Die Bestimmung dieser fiinf Para-
meter wird die Berechnung der anderen und von denen auch die Berechnung
aller inneren Kréafte der totalen Bruchfigur des Fangdammes ermdglichen.

Die allgemeine L6sung des Problems des Fangdammes wird daher auf
der Annahme von gewissen Werten der fiinf unbekannten geometrischen
Parameter und auf der Berechnung nach dieser Annahme der bleibenden
Parameter und des Gleichgewichtes der inneren Bruchfigur und des ganzen

Fangdammes beruhen.

VcnbiTaHne yCI'IOBI/IVI npeaensHOro paBHOBECUA MEPEMBIYEK,
N3roTOBNEHHbLIX C ABYMA LWNYHTOBbIMW CTEHaMW

B. MasypkuesT
B paboTe u3naraloTcs pe3ynbTaTbl UCCNEAOBaHWS 3MOPbI NPEAeNbHOro PaBHOBECUS
nepeMbIUKW, U3roTOB/IEHHOW MeXAy ABYMA napanfenbHbIMW, aHKepoBaHHbIMU, CBEpPXY LUMYyH-

TOBbIMW CTeHamu. [1pMBOAATCA reOMeTpPUYEecKue napameTpbl 4N BbIICHEHNS BOMNPOCOB MO
YCTOMYNBOCTN NEPEMbIYKM Ha OCHOBE TEOPUN AaB/iEHUA TPpyHTa no Brinch Hansen.
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FORCES IN PILES SUPPORTING PIERS

E. MISTETH
VIZITERV, BUDAPEST, HUNGARY

The study deals with the calculation of internal forces and moments in a piled foundation
with two symmetry axes, caused by an arbitrary three-dimensional load system. The subgrade
modulus is assumed to increase in proportion to the depth; the foundation as infinitely rigid.
After having established the four characteristics of the deformation of the pile in the ground,
the internal forces of the pile foundation as of an indeterminate structure can be determined
in the direction of the symmetry axis. Tables are presented for the evaluation of these four
values. The study discusses special cases as well, such as constant deformation modulus and
infinitely rigid piles. Finally, limit driving depths are determined for friction piles. For vertical
piles, internal forces and moments can thus be calculated by using a single method.

1. Description of the problem

W ith the development of the possibilities of constructing large diameter
piles, caisson foundation techniques are increasingly replaced by large diameter
piles as supporting columns when constructing piers in stream bed sites.
Their structural outline is designed as follows. The reinforced concrete piles
with diameter d and pile spacing are connected with a robust reinforced concrete
bedplate beam above the permanent low water level. In order to make the
piles invisible even under low water conditions, the bedplate beam sides are
surrounded by a skirting made of prefabricated units resembling pile planks,
the lower end of which projects below the low water level. Pier construction
above the bedplate beam can be made in the conventional manner.

Of the forces acting on the pier shaft, the dead weight of the bridge
structure, the useful load, the dead weight of the pier and that of the piles
represent the vertical ones, while among the horizontal forces, the braking
force and the moving force produced by shoe resistance and acting against
the bottom side of the shoes exert their effects in the direction of the longitu-
dinal axis of the bridge, within the plane of the deck, whereof always the
greater must be taken into account. Of the forces perpendicular to the longi-
tudinal axis of the bridge, that is, wind force and downstream dynamic water
or ice pressure, similarly the greater one must be reckoned with. The inclina-
tion of the latter may include an angle of as much as 12 degs in the downstream
direction [I]. All the loading forces are represented by six components: forces
Ry, Rvand Rz and moments Mx, My and Mz.
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2. Starting point and assumptions

a) The principle of superposition is accepted, thus the loading forces
may be discussed in form of their components, and the stresses produced by
the sectional forces affecting the individual piles can be summed up.

b) The moment of inertia and cross-sectional area of the beam connecting
the piles may be considered infinite as compared to the piles proper.

¢) The soil is regarded as homogeneous, and the reaction is assumed to
be p = Cy, on the basis of the subgrade reaction concept. The value of the
coefficient of the horizontal subgrade reaction, C, will increase proportionally
to the depth: C = c0-j- cxx (2). Where the soil is inhomogeneous, it should be
resolved to homogeneous strata wherein the above assumptions would prevail.

d) The spacing of piles is: Bmin= 2,5 d. In case of piles designed as one
beyond the other, the passive soil resistance is independent of that of the next
one. In the horizontal section of the pile arrangement the axes y and z are
symmetry axes.

e) The theoretical fixation to the bedplate beam is assumed to be at
0,5 m above the bottom plane ofthe beam. The top level of the soil must be as-
sumed as being located 1 m below the minimum bed bottom level observed
so far.

f) The torsional moment of the force twist is distributed among all
piles corresponding to the polar moment of inertia of the piles

Ip=1ly h
or, per pile:
R(x) — ~1xsz JMX) __ M xsy
Ip Ip

where sv, s2represent the distance of the pile tested from the centre of gravity
of the entire pile pattern.

3. Calculation of unit factors

W ith the generalization maintained, Fig. 1 presents the static frame of a
foundation and its main support T. In addition to the part of the support
above the area level, the piles of i-length embedded into the soil in a flexible
manner are, naturally, also parts of the entire load bearing structure, just like
the soil which is considered to be elastic, is similarly inseparable therefrom.
Thus the soil is reckoned with as an elastic half-space, the points of which in
infinity are immovably fixed, and Xv X 2.. .Xn can be calcxdated by using
the well-known system of equations
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M1 N2 b *eed+ AUXi+ e+ VXn+ HO= 0,

AQI*1 + A22%D 4 ee. F Xi-- . e+ b.,nxn+ ~0= 0,
Otl xI -F 6i2x2+ ..o+ QjjXj + ..e+ binxn+ 80 = 0, (1)

ani X1+ M2*2 + eee + Kixi+ eee+ banxn+ aM — O

or, with a matrix calculation method, (J) x -} 6n 0. Here Al indicates the
relative displacement of the main supports upon the effect of force X,- = 1,
and consists of two parts:

G — &k - §ik. @)

In order to understand the terms with a single and those with a double dash
let us assume the main supports (T') and (T") instead of T, to be defined as
follows: T' differs from T, presented in Fig. 4, by the rigid subsoil below the
terrain level, E = oo, 1jE = 0. On the other hand, T" differs from the T main
support by having a rigid part above the terrain, E — 1/E = 0. Since
Blicrepresents the unit factors on T', and 0" those on T". The parts need
not be dealt with in this paper as these are discussed in every engineering
manual; they are:
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<5n 462 = a;4:

A2 - A21— 01
h2

013 = 031 ==028 = 032 = 2EJ (3)

. 2

B3 SEJ

The 0jk values can be calculated if, upon the effect of the load conforming to
Fig. 2, the terrain-side displacement of the column parts indicated is <m and
em, respectively, when M = 1, or ¢ and eP when P = 1. Since the column
part and its support are assumed to form an elastic structure, the law of
interchangeability still prevails, ¢oM = ewm-

Let us assume, furthermore, a fJ'jMp elastic settlement of the pile tip,
and an e= a(h -f- t)I(EF) pile compression where the value of @varies be-
tween 0,6 and 1, depending on how much of the load is transmitted by point
resistance and how much by mantle friction:
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4. Calculation of the load factors

The load factor 0,0 of equation system (1) presented in chapter 4 consists
of two parts, just as did before. The b'nvalues are also contained in every
engineering manual. These are:

! Hh-
= 'u
Al =H> 2EJ
Ko = Ao=

Hh3 )
A = ('Xn_

3EJ

With (pm, em, <p, and eP, as known, the b'0values are determined in a manner
similar to the calculation of <Si:

M

Ko = ((J}— @+ «)+ (<Pp — (PMA)H ,

Ko = - @+ «), (6)
0 13-

Ko = Ko= (fp - 4pA— N+ ¢, A H ,

The foregoing statements reveal that the determination of both the load factors
and unit factors require the definition of quantities eP, epp, em, and (pm. The
sectional forces can of course he determined, by the Cross method.

The differential equation of a curved bar is generally given by

it - J- . 7
dxi EJ @

W ith respect to Paragraph (c) of the assumptions, in case of a rod driven into
the soil the following differential equation will he obtained:

EJ + (c0+ Cjx)dy = 0. (8)
T4

5. Solution of the differential equation

It seems reasonable to introduce dimensionless variables. For this reason,
the following symbols will he introduced:
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|EJ

Ti: dCI ) I
ciTi 9)
_ JpEJ W YMEJ
P= pry " MTI

By using the symbols of expression (9), the differential equation (8) assumes
the following form [5, 6]:

&~ + (t+r)Vv=0. (10)
de*

The general solution of differential equation (10) is

tk

\Y, k>_(’)a|k)- n)

where the coefficients are readily reviewed in a tabulated form.

The radical sequences in Table | converge as they have variable signs, and the
limit value oftheir members’ absolute value is zero. The above radical sequence
has the advantage of making the derivatives of function obtained by writing
the coefficients tabulated above always one column to the left [5]. The general
solution can be expressed in the following form as well:

n= a,And) + « Ai[£) + a2 A2d) + a3A3d),
V' = «©An(i) + axAxd) + a2A2d) lasAd),
i = «QAG(E) + » Aid) + a2Aid) + 3Aid), (12)
V"= «A'0'd) + «xa'itd) f-u, A2'd) + °3Aq
4V= « A,vd) + a, Aivd) uf a, A!Zv(£) + ajA'v
In expression (12), the function A-(E)i = 0, 1, 2, 3 represents the individual

particular solutions of the differential equation, that is, the sum of the individ-
ual rows of the above Table.

6. Determination of the deformation quantities

W ith the peripheral conditions taken into consideration at points f = 0
and | = t/Tj, and with the symbol A*pt/T1— A@ introduced, and furthermore,
with

A Al = AIAT-A'QAT
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to fd w 4 , £6 , I , , €0 £11 J £12 £13 £14
Tf if 21 3f i 51 6! 7! 81 9! 10! 11 121 ww 141
“0 LIJ r -1 +T - -j-6r -0 —r3 - 15r: — 66T
«1 FEU -r M -f-r2 + 8r + 14 —r3 — 182
a2 . FEU —r —3 -j-r2 + 10T +24i —r3
«3 Ltu R 1—4 +T2 +12r1 + 36
«0 or M| +r2 +6r P6f -r3 15r- 66r -66 “U 4 +28; 276;
—r -2 + 12 +8r + 14 —r3 — 18r2 —102r -168 + - + 32?
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then the general solution of (12) for a force of P = 1 and a moment of M = 1
will have the following form:

Vp = eP AO(E) + (pP A u£) -l-Aj(£) (13)
Mv= éMAQE) + YMAJE) AZ2E)
The constants in expression (13) are:
AJAJ - AJ'A
ep — [Vp ]f=0 —
AAJ-AJ AJ
< = Wop ]f=0 = -
Fx (14)
AJA[" - AJ' A
®ai — [?7m ]E=0 = *
ajja" - aj aj"
PM = —— F
The four deformation quantities will he as follows:
PT\ _
EJ
PT? _
= —=-T ,
< Ej Pr
(15
MT\
em —---E-a—eAig
mJ Vigi\}
dm — ' .
EJ

It follows from the em = <P (law of interchangeability) that
AJ(E£) mAJ'(£) - AJ'(S) mAJ(£) = AJ(£) *AJ'(£) - AJ'(£) *AJ(E).

W ith the four deformation quantities known, the Oucand 60 values can
be determined, and the equation system under (1) can be solved. With the
equation system solved, in turn, the sectional forces can be determined. Finally,
with these forces obtained, the deformation of the pile part oftlength, and its
sectional forces will be:

deflection:
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0.1
0.2
0,3
0,4
0,5
0,6
07
08
0.9
1,0
1,1
1,2
13
1,4
15
16
1,7
1,8
19
2,0
2,1
2,2
2,3
2,4
2,5
2,6
2,7
2.8
2,9
3,0

Ao

1,00000
1,00000
1,00000
0,99998
0,99992
0,99974
0,99935
0,99840
0,99727
0,99508
0,99166
0,98658
0,97927
0,96908
0,95523
0,93681
0,91280
0,88201
0,84312
0,79467
0,73502
0,66241
0,57492
0,47048
0,34690
0,20192
0,03314
-0,16185
-0,38548
-0,64014
-0,92809

Ai(f)

0,0

0,10000
0,20000
0,30000
0,39999
0,49996
0,59987
0,69967
0,79927
0,89852
0,99722
1,09508
1,19171
1,23660
1,37910
1,46839
1,55346
1,63307
1,70575
1,76972
1,82294
1,86299
1,88710
1,89213
1,87448
1,83018
1,75474
1,64326
1,49039
1,29030
1,03679

A2

0,00

0,00500
0,02000
0,04500
0,08000
0,12500
0,17984
0,24495
0,31988
0,40472
0,49930
0,60384
0,71787
0,84127
0,97373
1,11484
1,26404
1,42060
1,58362
1,76047
1,92402
2,11533
2,27217
2,44343
2,60882
2,76468
2,90669
3,02986
3,12845
3,19589
3,22473

A3(i)

0,00

0,00017
0,00133
0,00450
0,01067
0,02083
0,03600
0,05716
0,08503
0,12146
0,16657
0,22162
0,28756
0,36536
0,45587
0,55996
0,67842
0,81192
0,96108
1,12634
1,30798
1,50607
1,72039
1,95043
2,19530
2,45365
2,72360
3,00265
3,28761
3,57447
3,85829

o)) Al(F>

0,0 1,00000
-0,00000 1,00000
~.0,00007 1,00000
~0,00034 0,99996
-0,00107 0,99983
~.0,00260 0,99948
-0,00540 0,99870
-0,01000 0,99720
-0,01706 0,99454
-0,02733 0,99016
~0,04165 0,98333
~0,06096 0,97317
-0,08632 0,95855
-0,11883 0,93817
-0,15972 0,91047
~0,21030 0,87366
-0,27193 0,82566
-0,34604 0,76414
-0,43412 0,68645
-0,53767 0,58968
-0,65821 0,47061
-0,79723 0,32494
-0,95615 0,15129
-1,13631 ~0,06130
-1,33886 ~0,30271
-1,62158 ~0,59093
-1,81478 -0,92598
-2,08908 -1,31243
-2,38753 —1,75477
-2,70938 —2,25732
-3,05316 —2,82403

a;<o

0,00

0,10000
0,20000
0,30000
0,39998
0,49994
0,59981
0,69951
0,79891
0,89779
0,99583
1,09262
1,18756
1,27990
1,36865
1,45259
1,53020
1,63599
1,65867
1,70468
1,73456
1,74474
1,73109
1,18890
1,61287
1,49705
1,33485
1,11905
0,84178
0,49455
0,06837

Al(t)

0,00

0,00500
0,02000
0,04500
0,08000
0,12499
0,17998
0,24493
0,31983
0,40462
0,49921
0,60345
0,71716
0,84002
0,97164
1,11145
1,25872
1,41248
1,57150
1,74508
1,89872
2,06261
2,22300
2,37642
2,51857
2,64506
2,74971
2,82606
2,86653
2,86245
2,80405

Table 11

Adt) AE_(|T) ASi>

0,0 0,0 1,00000
-0,00017  —0,00001 1,00000
~0,00133  —0,00013 0,99999
~0,00450  —0,00068 0,99994
-0,01067  —0,00213 0,99974
~0,02083  -0,00521 0,99922
—0,03600  -0,01080 0,99806
005716  -0,02001 0,99580
—0,08531  —0,03413 0,99181
-0,12144  -0,05466 0,98527
-0,16652  —0,08330 0,97501
0,22151  —0,12192 0,96025
-0,28736  —0,17260 0,93783
-0,36495  -0,23760 0,90727
-0,45509  —0,33680 0,86574
-0,55869  -0,42039 0,81054
-0,67628  -0,54348 0,73858
-0,80896  —0,69144 0,64637
-0,95563  -0,86715 0,52997
-1,11794  -1,07357 0,38503
-1,29532  -1,31361 0,20676
-1,48838  -1,50010  -0,01001
-1,69331 190568  -0,27874
-1,01183  -2,26274  -,058119
-2,14113 266328  -0,94884
-2,37868  -3,11521  -1,37856
-2,62120  -3,59990  —1,87738
— 286450  —4,13658  —2,45176
-3,10334  —471752  -3,10795
-3,33126  —534004  -3,36018
-3,54050  —5,99982  —4,68788

All
V)

0,00
0,10000
0,20000
0,30000
0,39998
0,49991
0,59974
0,69935
0,79854
0,89705
0,99501
1,09016
1,18342
1,27320
1,35837
1,43680
1,50695
1,56621
1,62829
1,63968
1,64662
1,62668
1,57537
1,48616
1,35201
1,16511
0,91680
0,59761
0,19728
-0,29514
-0,89127

Aé%;) A% A]%}>

0,0 0,0 0,00 1,00000
—0,00500 —0,00033 —0,00001 1,00000
—0,02000 —0,00267 —0,00020 0,99999
—0,04500 —0,00900 -0,00101 0,99992
—0,08000 -0,02133 —0,00320 0,99966
—0,12499 —0,04167 —0,00781 0,99896
-0,17997 —0,07199 —0,01620 0,99742
-0,24490 -0,11431 —0,03001 0,99440
-0,31975 -0,17061 —0,05119 0,98908
—0,40443 —0,24285 —0,08199 0,98032
-0,49881 —0,33299 -0,12493 0,96661
-0,60268 -0,44292 —0,18286 0,94634
—0,71574 -0,57451 —0,25886 0,91712
-0,83753 —0,72950 —0,35631 0,87637
-0,96746 —0,90954 —0,47884 0,82101
-1,10468 -1,11611 —0,63027 0,74745
—1,24808 —1,35043 —0,81466 0,65167
—1,39622 —1,61347 —1,03618 0,52871
-1,54728 -1,90579 —1,29909 0,37368
-1,71518 -2,22748 —1,60770 0,18054
-1,84818 —2,57800 —1,96620 -0,05652
-1,99160 -2,95609 —2,37860 -0,34485
—2,12482 -3,35956 —2,84858 -0,69125
-2,24268 -3,78511 —3,37930 -1,10448
-2,33902 -4,22816 —3,97323 -1,59150
-2,40658 -4,68253 —4,63185 -2,16096
-2,43695 -5,14025 —5,35541 —2,82106
-2,42034 -5,59125 —6,14258 —3,57985
-2,34558 -6,02301 —6,99007 —4,44490
—2,19998 —6,42029 —7,89217 -5,42300
-1,96928 -6,76472 —8,84028 -6,51971

ge)

0,0
-0,10000
-0,20000
-0,29999
-0,39997
-0,49987
-0,59961
—0,69902
—0,79782
-0,89557
-0,99167
-1,08523
-1,17513
-1,25981
—1,33732
-1,40522
—1,46049
-1,49942
—1,51762
—1,50987
—1,47005
—1,39107
—1,26482
-1,08209
-0,83257
—0,50480
-0,08617
+0,43699
+ 1,07934
+ 1,85639
+ 2,78427

AV
Ai(f)

0,00

—0,01000
—0,04000
—0,09000
—0,16000
—0,24998
-0,35992
—0,48977
—0,63942
—0,80867
—0,99722
—1,20459
-1,43005
—1,67258
-1,93074
-2,20258
-2,48553
—2,77622
—3,07034
—3,36248
—3,64588
-3,91227
-4,15163
-4,35189
-4,49876
-4,57544
—4,56232
-4,43682
-4,17309
—3,74188
—3,11036

Alv
2(f)

0,00
—0,00050
-0,00400
—0,01350
—0,03200
—0,06250
—0,10799
—0,17147
-0,25590
-0,36424
-0,49940
—0,66422
—0,86144
-1,09365
—1,36322
-1,67226
—2,02246
—2,41503
-2,85051
-3,34489
-3,84803
-4,44261
—4,99878
-5,61989
-6,26118
—6,91169
-7,55739
-8,18062
—8,75966
—9,26807
-9,67419

AV
A.(f)

0,00
—0,00002
-0,00027
-0,00135
—0,00427
-0,01062
—0,02160
—0,04001
—0,06825
-0,10946
-0,16657
—0,24378
-0,34509
—0,47496
—0,63822
—0,83994
—1,08547
—1,38026
-1,72994
—2,14005
—2,61597
-3,16274
—3,78486
—4,48600
-5,26873
-6,13412
—7,08135
—8,10716
—9,20532

-10,36597
—11,57488
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angular displacement:

PTIi , , M7\ |
J EJ np + EJ rnwm ;
bending moment:
M(X) = — PTtnp- MnW; (16)

shear force:
QM) = Prip'+ [
soil reaction:

P(*)= ~7jTNe + ~ V m-
Or= e =V

The sectional forces must be determined in both y and z directions, and should
be summed up vectorially. This may then be followed by pile dimensioning.

If the soil is heterogeneous, the differential equation must be solved
for every stratum, with the boundary conditions strictly adhered to.

It is not necessary to determine the subgrade coefficient by means of
a special soil mechanics test; using an approximative table is quite sufficient
(10). In solving the equation system, the values of both 6 and Bi0o involve
the figure of the assumed coefficient.

A vector element of the unknown induction forces is given by a fraction,
the numerator of which consists of the determinant formed by the load factors,

whereas its denumerator is represented by the determinant consisting of the
unit factors.

c0 values (Mp/m3) (cohesive soils, 1 m width)

If the unconfined compression strength, kp/cm*, is

0,1 0,5 1 2
100 300 500 1000

d values, Mp/m3 (granular soils, 1 m width)

Loose Medium Compact
Y=13 Mp/m3 7=1,6 Mp/m3 7=1,9 Mp/m3

Extreme values (range) 15H-40 40-1N40 140 H-280
Above ground water level 25 90 230
Under ground water level 15 60 140
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162 E. MISTETH

If the pile diameter is less than 1 m, perhaps the multiple of the above
figures should be reckoned with. Just for the sake of information, if the fric-
tion angle of the soil, (p > 25° and K <C 2,0 kp/cm?2, then, the coefficient of
subgrade reaction increases linearly with depth, whereas if (p<C 15° and
K > 4,0 kp/cm2 then it may be considered as a constant. With intermediate
values, the coefficient will show a trapezoidal distribution.

7. Special cases

1. In the variations of the C = (c0-f- cxx)d coefficient of the horizontal
subgrade reaction, a special case is given when c0= 0, that is, r= 0. These
are the granular soils when, in solving the differential equation, only the
encircled values must be calculated with (6), (8). In the engineering practice,
this is the most common ease. The upper level of the bed hardly gives horizon-
tal resistance (cohesion). For the values of A[k*(£), the attached Table Il was
elaborated (|max = 3, Ah, = 0,1).

2. The second special case is that of the high cohesion hard clay soils
when cx= 0. C = c0d is constant, and the coefficient of the horizontal sub-
grade reaction is independent of depth. For the introduction of dimensionless
variables, Eq. (9) may be used, however, with To= (EJ/dc0)1/4 instead of
Tv and T= 0. The differential equation will be written as:

d’rj
= 17
dir MT=o. (7)

Eq. (17) can be solved, however, in a closed form as well [3, 4, 7]:

| Y12f
€ C

Y f
on C

0s ? £+ ble*)"’ sin £+ b2e 0s £+

(18)

+ b3e Y28gin gt

W ith the value TO = {*EJjdc”)14 selected, (1/2)12 will be 1, but TOis much
more suitable for the infinite sequence according to (19). The disadvantage
of this solution is, that it is given by the product sum of four different expo-
nential and trigonometrical functions, respectively. The general solution in
the form of an infinite series is

r,= a0A"™(£) + a, A"(£) + a2A'(E) + a3A(f) (19a)
where 15
£3 17 £n
+ (19b)
AlE) 3! 7+ 111 15!
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The deformation quantities can be calculated, similarly to (14), from the toiiow-
ing formulae:

roo_ AmAC-A A
ep — LVp Jf=o —
FO
AA" - A2
= weifoe= ~F -~
P (20)
-ATA'-A2

eM — [*m]£=0 —

AA "+ A"A™
ou — [tIAI]E-0 —

In Eq. (20)

. 2
L 77 t .
A K mA\-jr\ and AW=Al\-7
r )\ To

The ep, (pp, em and (pm figures may be calculated according to (15) with TO
instead of Tv Function rj may be expressed according to (13):

riP eP A" (() + 9P A" (i) + A(S)

Vm = eMA™({) + gMA" (i) - A'(i)

The sectional forces will have to be determined corresponding to Eq. (16).

3. The third special case is when the part of t length is excessively rigid,
Imax = t/T — 1,5 in which situation the function of deflection would only
slightly differ from a straight line. This is encountered if the pile diameter is
great, while the horizontal embedding coefficient of the soil and the ramming
depth are small. In such cases the flexible line may be well approximated by
they = e -f- qxstraight line. The horizontal embedding coefficient is, naturally,
described by C — (cu-f- cpc)d again [9, 11].

If the loading force is represented by horizontal force P, then

e = 6(3tqt+ 4cOP
t(cjt2-f-6 c2c0l+ 6 Q)

12, 2c,t+ 3CYP
t2(eft2+ 6 cl cOt + 6 eg)

the bending moment:

M{X) = Px~ gPlct + Gg-y-j d— eP|cj +c 1d; (22)
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the shear force:
X- . .
\d —eP g = + co* di
) 2
and the soil reaction:
p(x) —— ¢P(ci x2+ cox) d — ep(clX -\r cOyd.
If the loading force is moment M, then em = oP

36(cjt+ 2cO M~
t3(c\t2+ 6 XAt + 6 Q)

the bending moment:

Xi *3] , j Xt t X2
M(X) = M + @ ¢t —+ Co—]«+ eMJCi— + co— d; (23)
12 6 / | d 2

the shear force:

KXS_S +G3§§—jd—e,, cl—>(22 + c0x d,

and the soil reaction:

p(x) = — Pm(ci *2+ c0x) d —eM(clx + cOd.

8. Pile ramming depth

Two conditions may he set up for the determination of the ramming
depth. One is governed by the vertical load bearing capacity, while the other
may be calculated from the horizontal loading of the pile. On the basis of the
first condition, the vertical load bearing capacity of a pile may be expressed
as follows:

VH= o()F + fi)Kerm . (24)

According to Eq. (24), the load bearing capacity of the pile depends on the
point resistance depending, in turn, on depth a(,), and on the shell friction
r(t) expressed similarly by the depth concerning (3). From Eq. (24), depth
tmi,, may be calculated by trial-and-error.

The second condition is satisfied, if the standard horizontal soil reaction
does not exceed the permissible passive earth pressure varying with the depth,
under the most unfavourable circumstances and in a least advantageous
depth,
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ivS) Avd) AA) M Av(t) AMS AA)
0 A A Yy A A A
0l A ' A n A L A ’ AII
P Y
< .w \y tan2 45c x + 2K tan i45°0- )
y 41 (25)
In Eq. (25), y indicates the bulk density of the soil receiving the pile, ipis its
friction angle, and K represents soil cohesion. The meaning ofthe other symbols
is explained by expressions (13) and (14) in Paragraph 6. If the deformation

of the underground part of the pile is negligible (Emax = 1,5), then Eq. (25)
will assume the form

y tan- g5° + (ep + ewW)Ci + (Vp + 4>m)co x — (<Pp + <Pn)ci*2<;

(eP-{-eM)co0 2K tan 45° —
(26)

The deformation quantities ep, ¢#p, em, and <m of Eq. (26) must be ob-
tained from formulae (22) and (23).

If a granular soil is being dealt hith, then co= 0, C = cxdx. In this case,
Eq. (25) will be simplified as follows:

0 P M/Tj

A AL A AFiTly tan2 45°+ JI2- (27)

AT A7 AR

Eq. (27) has been derived from
dp j
dx j(—o

valid at ground level. When dealing with a cohesion type soil, cx= 0 and

ytan?2

C —cd. In this case, maximum soil reaction will be observed at X — 0.
Expanded:
Av AT M OATA
. . . R 2K A K tan (28)
A A" A A"’

Expressions (25) (28) do not determine depth t, only the assumed t-depth
can be checked thereby, since the l ramming depth is involved in each relation
in one form or other, such as
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The load bearing capacity of piles will increase with ramming depth t
in both vertical and horizontal directions. Thus the question may arise, how
far down the piles should be driven. From vertical load bearing capacity as-
pects, the required depth is directly given by Eq. (24), in case of compaction
or friction piles, the maximum of which might be characterized by the load
bearing capacity limit of compressed reinforced concrete columns.

Undoubtedly, horizontal load bearing capacity can also be increased
with the ramming depth. Fig. 3 presents they, i, M, Q, and p figures of a pile
driven to depth t -- oo. This illustration clearly reveals that in case of tmjx
$= 0, with {"ax M = 0, t"'ax is at y = 0, etc.

W ith all the figures taken into account, tmax may be considered as the
most suitable maximum from a horizontal loading viewpoint:

\A A0 A" M Adb A"
PA{ A” A~ T A' A" |= o. (29)
! a" A" A2 a: ay)

In Eq. (29) the A*P values can only be determined with the tmax value assumed
in advance; thus the problem can he solved only through gradual approxima-
tion. Since pile ramming is never infinite, the tmax value obtained will be higher
than expected from Fig. 3.

Ada Technica Academiae Scientiarum Hungarii 64, 1969



FORCES IN PILES SUPPORTING PIERS 167

If the embedding coefficient is constant, Eq. (29) will assume the follow-

ing form A A' A" " A A' A
A A A A A A =0, (30)
At At At T8 A Al

In the above solutions the piles are assumed to be vertical although this assump-
tion has not been emphasized. Using battered piles in a given case may fa-
vourably influence the play of forces in the uptake of horizontal forces although
a battered pile system will make it possible to employ bend-free piles is quite
impossible to construct. The foregoing statements apply to both battered and
vertical piles.

9. Numerical example

Let us assume a river pier of the bridge layout according to Fig. 4, as given. Loading
force resultants:

Rx = 1480 Mp, Rv= 30,6 Mp, R, = 106 Mp,
Mx = —90,7 Mpm, My = —556 Mpm, M2= — 195 Mpm.

The subsoil is a dense sand: = 32°, y = 1,9 Mp/m3 e0 = 0. The horizontal embedding coeffi-
cient is, at a depth of 10 m, 1,3 kp/cm3. The n = 8 piles of 1,10 m diameter was manufactured
of B—200 concrete, with B—50 « 35 grade steel reinforcements of 14 0 36 = 142,44 cm!.

E = 2,75 « 10e Mp/m2, | = 0.100 m\ ./ = 1,164 m2

Pile point resistance: <fy) = 20 kp/cm2
Pile spring rate: o = 0,0052 cm/Mp.

The problem can be solved in a very simple manner as the piles are vertical whereby
the bedplate beam would be displaced and turned off in both y and z directions. Hence, the
only unknown factor will be the moment X, transmitted to the pile head. The horizontal force
is uniformly distributed among the piles, X2 = H/n. The moment of inertia of the pile pattern
is Js; from the X, unit the rotation will be BIt, and the displacement /S12; rotation /?,,, from the
external load is

Bn + Biz Nj -fBI0— 0,

0 h
Bn —-£j- + Vm~’

-nxl+B8[a="— +M = 0.

Arb

Eq. (31) as solved for X vwill assume the following form:

M(e + e) . H

. .t ¥Mh—
Nowo T Tejn @+ e 2
EJ v+ - Jq

In Eqg. (32) M is the external moment (My or M r)uand H indicates the horizontal loading force
Ry, Rz or 4®, Roe.
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The load per pile is

o !
Ho @ + <Pt tTl2eEl M kml
n h n(Q + e) h
EJ <$fn + 30

In expressions (32) and (33), Je is the moment of inertia of the pile pattern on the axis of the
moment vector, and s is the distance of the pile tested from this axis.

In case of vertical piles, there is no need for symmetry axes but the principal directions
of the pile pattern must be determined, and the moment vectors of the loading forces should
coincide with these principal directions.

The quantities to be calculated in our examples are:

5
1300 130 " 1/2,75-10e-0,100
a 10 1\ 1,1 +130

10,00
! = ;. F, = 1,63955
*max~ 4,54 220

ip= + 403148 ; eM= pP = — 2,79868 «+10'«, M = + 2,58073 ,
eP = 1397,335 «10-* : eM= qP = -209,771 «10~6; <M= + 43,398 «10~6.
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The two extreme piles are considered:

Upon the effect of Rz

19554710-G 306 | 482 5 444114644 54-200 8 - 10~6
AD 11,76 8  2m275+104 t ,
4,5 8 ¢54,7
—*0—  434.10-6+ :
27,5 104 ' 11,76

X@= + 808 Mpm.

Upon the effect of Mx = 90,7 Mpm

9;)0;:45 , 2745'52104 J W -11-6.Az 4- 91O AAm0-6 1
X[ = ’ s
; + 43,4- 1076
27,5 +104

X “}= + 35,36 Mpm.

In the direction of z:
Vij = 8,08 35,36 =43,44 Mpm

M2= 43,44 — 8,62 +4,50 = -f 4,63 Mpm

H- losga - B62MP
V=0
Upon the effect of
556 +54,7 10-6 106 | 4,52 .
' A, 10~6.4 5. 900 ft. 10 63
94,08 g l2.275.14°r i
27,5 « 10

<
I

= X~ = 8561 Mp,
Af, = 85,61 — 13,25 «4,50 = 25,99 Mpm ,

H = 13,25 Mp,
4,5 ,n_.| , 1nr 4,5« ) 0.
. 556 27.5 104 24275 «104 f 43,4+10-4m4,5 \
—-1ii——- 434 . io~« 4- 8'54,7
27,5-104 ’ r 94,08
106 [4- 209,8 + 10~€] 5.6
4,5 N 8-54,7 94,08
27,5 104 r 94,08
V = 73,86 Mp.
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The sectional forces are given as the resultant of the two directions:
M, = V85,612+ 43,442= 96,00 Mpm ,
Mo = ~4,63s+ 2599'- = 26,40 Mpm ,
H = /8,62* + 13,252 = 15,81 Mp,

71 _ 1480 /258,86 Mp,
\% 73’86 “ (111,14 Mp.

The angle included by H and M 2is ~23°, M2= M2cos 23° = 24,3 Mpm.
Along the section in the soil: M (0) = +24,3 Mpm.

By using Table Il:

M(0,5) = M(2,27) = — 7,67 Mpm,
M(1,1) = M(5,0) = —22,02 Mpm,
M (1,6) = M(7,26) = —12,78 Mpm,
M(2,2) = M(10,0) = + 0,74 Mpm ~ 0
Soil reaction p(o) = 0
p(0,5) = p(2,27) = —3,652 Mp/m,
p(l,1) = p(5,00) = —3,756 Mp/m,
p(0,8) = p(3,63) = —4,379 Mp/m.
p(l,6) = p(7,26) = —0,724 Mp/m,
p(2,2) = p(10,0) = +6,344 Mp/m.

The moment and soil reaction illustrations are presented in Fig. 5.
lleinforced concrete pile check-up by a flexible calculation:

V = 111,14 Mp, M = 88,27 Mpm, Og = 79 kp/cm2, av= 1390 kp/cm2,
V'™ = 258,86 Mp, M — 88,27 Mpm, ag = 79 kp/cm2 av= 590 kp/cm2
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Load bearing capacity according to (24):

V.=, . 20+4—, 110-n-tan 32° tan245—16) . 19 + 100 =

= 190 + 63 = 253t~ V"

or 2 per cent more than the standard, that is, acceptable.

SuswNR

-~

The acceptability of the horizontal soil reaction is checked on the basis of Eq. (27):

0 15,81 5,35 ||
-1,906 —0,279 1,575 I~ 1,64 «4,542+1,9 tan2(45-f16) «1,1
—3,360 —2,849 —0,691 1

104,3—24.0 — 216; this means a 2,58-times safety.

REFERENCES

Highway Bridge Regulations, 1967 (in Hungarian)
Hetényi, M.: Beam on Elastic Foundation. London 1946
Kezdi, A.: Soil Mechanics, 1 —I1. Budapest 1968

Széchy, K.: Foundation, I—Il. Budapest 1963

. Batia, A.: Dimensioning of Fixed Foundations. 1955 (In Hungarian)

Matlock—Hudson —Reese —Lymon: Generalized Solutions for Laterally Loaded Piles.
Journal of the Soil Mechanics and Foundations Division Proceedings, 1960

. Varga, L.: Embedding Factor and the Dimensioning Methods Based thereon. Mélyépités-

tudomanyi Szemle (1959) (In Hungarian)

. Varga, L.: Up-to-date Pile Plank Dimensioning. National Conference on Structural Engi-

neering, Budapest 1961

. Szidarowszky, J.. Die Bemessung von Pfeilen. Acta Techn. Acad. Sei. Hung. (1960)
10.
11.

Terzaghi: Evolution of Coefficients of Subgrade. Reaction. Geotechnique 1955
Mistéth, E.: Dimensioning of Flexibly Fixed Frames. Doctor’s Thesis, 1962, Manuscript
(In Hungarian)

OnpefeneHne BHYTPEHHUX CUM CBald, MOANMPAIOLWUX OMOPbl KOMOHH

3. MuwTeT

Pa6oTa 3aHMMaeTcs onpegeneHnemM BHYTPEHHUX CUN CBaHOr0O OCHOBaHUA C ABymA

OCSIMU CUMMETPUM, HArPYXXeHHOr0 FPY30M C MPOM3BO/IbHLIM NMPOCTPAHCTBEHHbLIM Pa3MeLLIEHNEM.
MpeanonoXuM, YTo KoaMULIMEHT NOCTeNN BO3pacTaeT NPonopLMOHabHO ry6rHe 1 OCHOBHas
6anka ABNseTcs GeCKOHEUHO >KeCTKOi. Mocne onpefeneHusl ueTblipex (PaKTOPOB Aedopmavum
ep, < em, 4>m NOTPYXXEHHOV B FPYHT CBau MOXHO PeLLUTb Mpo6/ieMy CBailHOro OCHOBaHWSI B
KauecTBe HeonpeaeneHHol 6asikv B Hanpas/ieHUn ABYX oceli CUMMETPUU. Mo YeTbipeM (akTopam
fediopmaLn NPUBOASTCA COOTBETCTBYIOLIME Tabimupbl. Kpome nepeuncrieHHbIX, paccmaTtpu-
BalOTCS TaKXXe CcreunanbHble C/lydan Npu NoCTOSAHHOM Ko3(uUMeHTe NocTes U GeCKOHEUHO
XECTKUX CBasix. HakoHel, AN BUCAUMX CBali MOXHO ONpPeAenvTb NpedeNibHble Ny6uHbI
3a6MBKU. B Clyyae BePTUKA/IbHbIX CBali BHYTPEHHWE CU/bl BbIYNC/EHbI MPY MOMOLLM MPOCTOro
MeTopa.
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LATERAL STABILITY ANALYSIS
OF CAISSON FOUNDATIONS

V. N. S MURTHY-R. KAPUR
CENTRAL BUILDING INSTITUTE, ROORKEE, INDIA

A simple method for checking the lateral stability of caisson foundations in sandy soils
is presented. The solution is based on classical theoretical assumption. In order to simplify
the analysis approximations were used. Caisson foundations calculated by the proposed method
are suitable for practice, the results are on the safe side. A comparison of grip lengths computed
by the author’s method with those actually provided for some of the major bridgesin India is
included.

1. Introduction

Caisson foundations, commonly known as well foundations in India,
are being widely used for bridge piers, abutments and other massive structures.
These foundations have to resist heavy vertical loads as well as large horizon-
tal thrusts and moments. The external forces are resisted by the passive earth
pressures, frictional forces on the vertical faces and the base moment due to
eccentricity of the base reaction.

Apart frcm designing the individual members of the foundation to
resist stresses ii duced both during sinking and service, the caissons have to be
taken to a sufficient depth below the scour level to ensure its stability against
the external forces. The problem of lateral stability analysis of caisson founda-
tions is a very complex one. However, it could be solved by any ofthe following
methods:

a) limit analysis;

b) dimensional analysis;

c) elastic or subgrade modulus theory.

Pender [1] and Roscoe [2] have used the limit theory to analyse the
problem of piers founded in sand. Mori and Tajima [3] have analysed the
problem with the help of subgrade modulus theory. They recommend the use
of pressiometer, developed by Ménard for the determination of subgrade
modulus.

2. Suggested method

The method suggested here is applicable for sand only. The external as
well as the resisting forces acting on a single rectangular caisson are shown
in Fig. 1. In this analysis we have not considered the frictional forces F1land
F2acting on vertical faces parallel to the direction of horizontal load as their
effect on the behaviour of the well might not be significant.
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Since the foundation is a rigid body, under the action of external forces,
it rotates about a certain horizontal axis passing through 0. Once the position
of this axis, the magnitude and the point of application of the various resisting
forces are known, the principle of static equilibrium can be used to solve tbhe
problem. In this analysis, the point of rotation O is assumed to lie anywhere
along the vertical axis of the caisson.

Qh

Plan

Fig. 1. Forces acting on the well foundation

Fig. 2 shows the probable variation in distribution of earth pressure as
the soil surrounding the caisson passes from elastic state to the limit case.
Since a caisson is generally quite massive with a heavy vertical load imposed
on it, the point of rotation might lie at the base at small lateral loads and the
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distribution of pressure may be parabolic as shown by curve afb in Fig. 2.
As the lateral load increases, the point of rotation may move up and the pres-
sure distribution for a particular load may be as shown by the curve adolc
(Fig. 2). As the lateral load is increased further, the slope of the parabola at
‘a’ becomes flatter and the distribution may be as shown by curve a dYo cv
tending to a d2oc2in the limit. The lower part of this curve can be approxi-
mated by a straight line d4oc4 and the simplified pressure distribution in the
limit is given by od4oc4 (Fig. 2).

The pressure distribution assumed in this analysis for a working lateral
load is as shown by the parabola adloclin Fig. 3. The slope of this parabola

Fig. 2. Distribution of net horizontal pressure as soil condition changes from elastic
to plastic state

at ,0’is just the same as the slope of the line ae. The maximum lateral load Qh
for non-flow condition is the load at which the slope of the parabola is equal
to the slope of the line ae. In the present analysis, the parabolic distribution
has been simplified by drawing two trapeziums afgo and ohjb as shown in
Fig. 3. This can be obtained by applying a suitable factor of safety to the
limit earth pressures given by triangles ad,0 and oc,b. A factor of safety of
3 is assumed in the analysis, which is just the one required for a non-flow con-
dition.

Fig. 1 shows the sectional elevation and plan of a single cell rectangular
caisson. For circular caissons an equivalent square section may be considered.
The pressure distribution for a working load is assumed as shown by trapeziums
afgoj and o.,bjh for a factor of safety of 3. The other notations are as given below:
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point of rotation,

grip length of the caisson,

depth of point of rotation below the scour level,

length and width of the caisson respectively,

height of the point of application of resultant lateral load Qn above
scour level.

eccentricity of the base reaction,

lateral load,

vertical load at the top of the pier,

weight of the pier and caisson,

total vertical load = Wy + WO = Base reaction (Side friction has
been neglected for the calculation of base reaction.),

the resultants of passive and active earth pressures due to the
hatched portions as shown in Fig. 1,

distances of P, and P2 from O respectively,

frictional forces,

mobilized coefficient of wall friction which is equal to a, in the limit,
anale of internal friction of soil.

As per the principles of static equilibrium, we have,
a) sum of horizontal forces = 0, i.e.

G+ P2-1IFara-P 1= 0;

b) sum of moments about any point, say about 0 = 0, i.e.

Qh(H + nD) — P,*0— PSI — We — WamD(l-n) — (P, + P2a, B/2 = 0;

Fig. 3. Assumed pressure distribution

In the calculation of base reaction, R, the relief afforded by the frictional
resistance on the vertical faces of the caisson has been neglected (a practice
followed by Indian design engineers). This results in larger cross-sectional
area for the caisson and is an error on the safe side.
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(11 — 11.4fl+ 3n-)n
~ 552 —n)r
C4= 0541 - n)
A =yKp' =y(Kp- KA)
y — Effective unit weight of soil,

Kp,Ka— The coefficients of passive and active earth pressures
respectively.

Substituting the value of W eam from equation (1) into equation (2) and
rearranging, we get
H+ D We
D- Qh( ) _ @)
ALB(RXD/B + «, fi2)

where,
R{=CtC3+ C,C, c. n) C2(1 n)

Ci+

TJie coefficients Cv C2 C3, C4, R1and R2are functions of n only.
Equation (3) is for a general case and is valid for any value of n.

3. Procedure for calculating the grip length 1)

Data: given L, B, H, W Q, vy, &.

1. Assume angle of wall friction, 6 = ®/2, or any other suitable Y'alue.
am — al —tan b,
Determine Kp, Kaand A for the given values of ® and b,
Assume e = B/6.
Assume n — 1,0. Determine values of R4 and R2 from Fig. 5.

5. Substitute the values in equation (3) and balance the right and left
hand sides as explained in example.

6. Calculate forces P4and P2 Take C{and C, from Fig. 4.

7. Check am= (Px— Qi, — P->)!W a,

8. Ifam”~ Qj, D isadequate. If am> a4 assume a lower value for n.

9. Find the new values of K, and R., from from Fig. (6) and repeat the
steps from (5) onwards.

_J>oo|\>
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Fig. 4. Coefficients & C2
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The above procedure allows the point of rotation to occupy a position
compatible with the external forces and the dimensions of the caisson. An
assumption of e = B/6 implies that the maximum pressure alis twice the
normal base pressure <J,= Wj{LB) and the minimum hase pressure cr2 is
zero. If a factor of safety of 3 is used in the calculation of allowable bearing
capacity, then this will get reduced to 1,5 when full seismic load acts. This
is quite adequate for seismic conditions. If a higher factor of safety is needed,
a smaller value for e may be assumed.

Fig. 6. Graphical procedure for determining grip length, D

4. Examples

The method presented above was adopted for computing the grip lengths
of caisson foundations for some of the major bridges in India. Table I includes
the seismic design loads, soil data provided and computed values of grip lengths
for these caissons. The step by step procedure for computing the grip lenght
is explained below for two of the caissons:

Example I: Brahmaputra bridge at Ainingaun
Data given:

L = 535", B = 32
QJ= 14795 tons QhB — 1, 29 870 Tft (For seismic condition)
W= 12810 T
y = 0,0268 T/Cft, ® = 30°
(1) Assume $= ®/2 = 30°/2 = 15°

am~ al= tan 6 = 0,268
(2) Kp = 4,80 j

Ka= 0,42 I for curved surfaces of failure.

Kp= Kp- Ka

= 4,38 )
A = yKl = 00268 X 4,38 = 0,118
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(3) Assume e = B/6 = 32'/6 = 5,30
(4) Assume n = 1,00
From Fig. 5
n, =79 m0'2 R, = 835 «10“2
(5) D can be computed by using equation (3), i.e.
= Qn(H + D) - We =
ALB(«! D/B + a,R2

(12987 + 04480 D — 1,2810 +5,33) - 101
0,118-43,5-32-10-2(~~ D+ 0,268-8,35]j

6,2 + 0,1480 D
0,494D + 44

The above equation can be solved for D such that LHS = RHS.
For different values of D assumed, the computed values of LHS and RHS are given
elow:

D LHS RHS
(feet)

68 4624 4285
67 4480 4290
66 4356 4300
65 4225 4330

Plotting LHS and RHS against D (Fig. 6) we find that at D = 65,6’, LHS = RHS =
4305.
(6) Earth pressures + and Ptare computed as below.
From Fig. 4
C, = 0,167, C2= 0
P, = C,DAA = 0,167 +4356 * 53,5 *0,118 = 4640 tons.
P2= CD"LA — 0 tons

Pi  Qh 4640 — 1480 — 0

0.236 < 268
™ W 12 810

(8) Since am< axa value of 66' for D is adequate. This is against a provided grip length
of 65
The above example clearly shows that for the loading conditions and dimensions of the
caisson as in bridge 2 (Table 1), the point of rotation would lie at the base.

Example 2: Yamuna bridge at Kairana

Data given: Diameter of the caisson = 20
Side of an equivalent square

= [-J--(20)2= 17,7".

Gh= 104 T, Q/,H = 4910 Tft (For seismic conditions),
W = 475 T, y = 0.0268 T/cft,
b = 30°.

Working out step by step, as in Example 1, it is found that if the point of rotation lies
at the base (re = 1,0), the mobilized coefficient of base friction, am, is equal to 0,57 which is
greater than Assuming a lower value for re and repeating the procedure, it is found that
when re = 0,85, all the equations of static equilibrium are satisfied. The grip length computed
is 38".

The above example clearly shows that the point of rotation need not necessarily be at
the base but its position depends upon the loading conditions and the caisson dimension.
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5. Discussions

The lateral earth pressure distribution assumed in this analysis is such
that no flow condition at the scour level is assured. The pressure distribution
assumed for a working load is parabolic, which as per the published literature
seems to be probably the real one, and not triangular as generally assumed
in limit analysis.

This earth pressure distribution has been obtained by applying a factor
safety 3 on the limit resultant earth pressure distribution. A comparison
of the grip lengths computed by this method and the actual values provided
in the field, shows more less good agreement between the two. This only
indicates that the method proposed is safe. W hether it gives maximum econ-
omy or not has to be checked with the help of field tests, which are at pres-
ent in progress at this Institute.

6. Conclusions

The method proposed here is very simple and can be made use of by
field engineers without any difficulty. A comparison of the computed values
for grip length with the ones actually provided in the case of some major
bridges in India shows that the values computed by this method are safe.

The authors are grateful to Prof. Dinesh Monhan, Director, C.B.R.Il., for his encourage-
ment in the preparation of this paper. This forms a part of the normal research programme of
the Central Building Research Institute, Roorkee and is published with the permission of the
Director.
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NccnegoBaHne 60KOBOWM YCTOMYMBOCTU KeCCOHOB

B. H. C. MypTun—P. Kanyp

M3naraetcs npocTo/ MeTod, pa3paboTaHHbI ANs MPOBEPKU 6GOKOBOI YCTOMYMBOCTU
KECCOHOB, CO3/laBaeMbIX B MecyaHbIX rpyHTax. OCHOBbI PeLUeHWUsI KIacCUYecKue TeopeTUyecKme
NpeAnonoXeHns. [Ona ynpoLieHUsi NPOBepKU MNPUHUMAOTCA MOMoXeHUsl. KeccoHbl, paccyu-
TaHHble MPU MOMOLLM MPeA/IoKEHHOr0 MeToAa, MOAXOAAT A1 MPaKTUKKW; pe3ynbTaTbl ClyXaT
B M0/Ib3y YCTOMYMBOCTM. B paboTe faeTcsi cpaBHeEHWe [/IMH 3axBaTa, pacCUMTaHHbIX METOZLOM
aBTOPOB, a TaKXe MPUMEHEHHbIX B [e/AICTBUTENIbHOCTU Ha MOCTPOEHHbIX B VHAUM KPYMHbIX
MocTax.
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EFFECT OF ADJACENT FOUNDATIONS
ON BEARING CAPACITY

A. MYSLIVEC—Z. KYSELA
INSTITUTE OF THEORETICAL AND APPLIED MECHANICS, PHAGUE, CSSU

Hearing capacity of adjacent foundations is measured experimentally with the aid of
models. Two different kinds of sands and test pieces with uniform size are used. The influence
of the spacing and depth of the test piece is studied. The results have shown that these param-
eters influence the bearing capacity up to about 20 per cent either in a negative or in a posi-
tive sense. This fact can be explained by the slip zones in the sand.

The paper reports on tests undertaken to determine the spacings of
foundations at which interferences occur, i.e. at which the bearing capacity
increases or decreases with the foundations at different depths.

Two foundations of identical size were tested, each with a cross section
of 1 X 10 = 10 cm2 Two sand types were used in the tests: a coarse standard
sand Nil, and a fine standard sand EJF. The symbols refer to brand desig-
nation under which the sands are supplied.

Table 1

Characteristics of the sands used

Range of grain sizes dia. Porosity n % Specific

Sand mm gravity
max. min. p/cm5

Nil 0,5 to 1,0 46.1 37,0 2,66
E.IF 0,1 to 0,2 50,4 36,0 2.66

The test were made in a 50 X 50 X 50 cm sheet metal box. The model
of the foundation was always placed at the centre of the box.

The sand was placed in the box in 1,5 cm thick layers, and uniformly
compacted by hand. Compacting was performed so well that porosity was
n= 37,6% for both sand types. At this porosity, density was 1,66 p/cm3.
Compacting uniformity was checked in each layer with a penetrometer.
After each test, the box was emptied and refilled with fresh sand in the manner
just described. The foundation models were hinge suspended on a dynamo-
meter; this instrument measured the magnitude of the force acting on the base
of the foundation. Even in the most favourable cases, i.e. at great foundation
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depths and large spacings, the shear zones extended to the surface at a dis-
tance of at least 4 cm from the box edge.

To photograph the shape of the failure zone below the foundations,
the tests were arranged in a somewhat different way. The box was 30 X 30 X
X 30 cm, and one of its walls was made of heavy glass. It was next to this wall
where the model was placed and the movement of grains below the foundation
was photographed.

The shear strength of the two sand types was determined in shear box
tests. The measured values are summarized in Table II.

Table 11

Physical properties of the sands used

Sand type in the box
Measured value

Nil EJF

Coefficient of friction tg (p 0,80 0,89
Internal friction angle tp 38°40' 41°40'
Residual coefficient of

internal friction tan (pr 0,61 0,70
Residual internal friction

angle <r 31°20" 35°00°
Critical displacement Al 1,4 mm 1,3 mm
Initial porosity in the box n0 37,4% 39,8%
Rate of displacement in the

shear strength test 0,4 mm/min 0,4 mm/min
Porosity in bearing capacity

tests n 37,6% 37,6%

The tests of ultimate bearing capacity were performed as follows: the
foundations were driven in the soil at a rate of 0,4 mm/min. The force acting
there on during driving in was measured with adynamometer, while the settle-
ment of the foundations was followed as indicated in Fig. 1. After the ulti-
mate bearing capacity has been reached — on the average at about 2 mm —
the load applied decreased by 30 to 40% while the foundation continued to
penetrate the soil to a depth of approximately 5 to 8 mm.

Afterwards higher loads were needed to drive the foundation still fur-
ther. Fig. 2 shows the results of one of the bearing capacity tests of two founda-
tions spaced S = 0,5cm apart, at a foundation depth oft= 1cm in sand EJF.

During the tests, the depth of foundation varied from t= Otot= 6 cm,
and the spacing of the foundations from S = 0 to 20 cm, to find which t and
S values the interference between the foundations would be brought about at.
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The total number of tests run whith the sand type Nil and with the
movement of grains photographed in the subsoil was 181. The bearing capacity
tests in which no photographs were taken numbered 85 for sand Nil, and 42
for sand EJF. Some of the tests were repeated several times to allow a rough
estimate ofthe variability ofresults which renged between 6 and 8%. The values
obtained in the tests are reviewed in Table IIl. In case of repeated tests, the

entries give the mean values.

Fig. 1. Arrangement of the test for measuring the bearing capacity of two foundations

Fig. 2. Bearing capacity determined experimentall
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The results of tests run with sand INIl are graphically represented in
Fig. 3. As the Figure clearly shows, the increase of ultimate bearing capacity
was up to 100% for reduced spacing S/B = 0,5 to 1,2. There was no interfer-
ence at spacings S/B = 4 to 5 and depths t/B over 2,3. At larger spacings,
there was a decrease of foundation bearing capacity to as much as 20% at
S/B = 10. As spacing S was increased still further, the decrease of bearing
capacity started to grow less, and at S/B = 15 and t/B more than 3, there was
no interference whatsoever. The interference was the greater, the more the

Fig. 3. Effect of the adjacent foundation on the increase or decrease of bearing capacity

depth of foundation increased. Considering for example, a foundation 1 m
wide at a depth of 1 m, i.e. t/B = 1, the decrease in ultimate bearing capacity
was found to be no more than 8% at S/B = 10. On the other hand, the ul-
timate bearing capacity increased by 115% at SjB 0,8. For the foundation
dimensions considered, this increase would take place at spacing S = 0,8 X 1=
= 0,8 m, and disappear at S = 7,6 X 1 = 7,6 m. At still larger spacings, the
ultimate bearing capacity would diminish until at spacing S = 13 X 1 = 13 m,
it would again equal the value of at no interference.

The per cent increase and decrease in the ultimate bearing capacity
of the foundations are shown in Fig. 4. Curves are fitted through having equal
percentual variations of ultimate bearing capacity. The curve connecting the
points with no interference between foundations is drawn in full line. Two
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such curves were obtained, one on the transition from increased to decreased
ultimate strength, the other at the spacing at which the slip surfaces do not
touch.

S/B

Fig. 4. Effect of the adjacent foundation on the increase or decrease of bearing capacity

Spacing $

Depth "of"""
foundation t

0,0
1,0
2,0
4,0
6,0

0,0
1,0
2,0
4,0
6,0

cm

cm

cm

cm

cm

cm

cm

cm

cm

cm

in % of the ultimate load of the unaffected foundation

Table 111

Measured ultimate bearing capacity of foundations

0,0
cm

4,46

7,45
10,73
13,61
20,45

5,52
10,05
14,70
18,63

0,5
cm

5,64
11,55
15,61
21,54
26,50

5,85
11,42
18,25
21,44
42,40

Ultimate bearing capacity kp

1,0 2,0
cm cm
Sand Nl
4,68 3,44
10,52 8,25

16,08 11,73
21,45 17,16
32,40 26,60

Sand EJF
5,02 5,38
13,50 9,68
— 12,80

20,01 19,30
25,72 20,75
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3,0
cm

3,14
7,99
9,61
15,38
22,40

2,98
8,46
12,12
18,60
20,01

5,0
cm

2,76
6,14
8,71
12,82
17,80

10.0

2,29
4,95
6,88
11,08
17,41

9,65
10,20
16,79
28,75

20,0

2,71
5,79
8,39
14,00
19,75

5,18
7,92
11,70
17,80
27,50
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Once the ultimate load has heen reached, slip surfaces in the soil arise,
the shape of which was determined by Terzaghi, Meyerhof and other au-
thors.

The bearing capacity is calculated from the formula

Imax  ytNgSqdgig -} 1/2 yBISy sy iy -f- civcscdcic
where

r Ny, Nc — bearing capacity factors (functions)
— depth of foundation
— width of foundation
unit weight of soil
— cohesion of soil
— shape factor for foundation
— depth factor for foundation f(t/B)
— inclination factor for load

—erok w2z
|

If the spacing of the foundations is sufficiently large, their slip surfaces
do not touch at all, as shown in (Fig. 5a).

If the foundations are very close to one another (Fig. 5b), they act as
though they were one with width 2B -f- S and, as a result, the ultimate bearing
capacity is higher than the bearing capacity of the two foundations.

Fig. 5. Slip surfaces under two foundations at various distances S of one from the other

As spacing S is increased, the effect of friction on the inner side of both
foundations diminishes until, at a certain value, the increase in ultimate load
manifests itself no longer. At a still larger S, slip surfaces form between the
foundations only. The two foundations co-operate in squeezing out soil from the
space between them (Fig. 5c¢). The idtimate bearing capacity ofthe foundations
is then lower. If spacing S is equal to or larger than the distance between the
points at which the slip surfaces come up to the top of the soil, interference
between foundations takes place no longer.

The movement of soil in the neighbourhood of the foundations may be
followed on the photographs shown in Figs 6 and 7. In the first photograph
the foundation spacing is small, the slip surfaces run out only on the outside
of the foundations, and the soil between the foundations co-operates with
them in increasing the ultimate bearing capacity. The slip surfaces in Fig. 7
form for the most part between the foundations. The foundations join in
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Fig. 6. Movement of sand grains when the foundations are close together. Slip surfaces are
outside the two foundations only

Fig. 7. Slip surfaces are inside and outside of the two foundations
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squeezing out the soil from the space between them and, as a result, the
ultimate bearing capacity lessens.

The diagrams in Figs 3 and 4 can be used for loose soils with an angle of
internal friction @ = 38°40'. To determine spacing S at which there is no inter-
ference, for various depths of foundations in loose soils with the angle of
internal friction differing from that of the sand used, a separate examination
of slip surfaces touching one another was made. The study involved only those
spacings at which the decrease of ultimate load was no longer observed, and
at an increase of which no interference took place.

The solution started from the formation of failure zones according to
Meyerhof, to which the secondary active zone of Sobotka was attached.

Fig. 8a shows the slip zones of surface-laid foundations at ultimate load.
There are active zone |, transition zone Il, and passive zone Ill formed in
the subsoil. The foundation spacing at which the slip surfaces touch the top

of the soil is
S = 2Be’ta™ etan (w4 + (pi2) .

h <t <tz fort > t2

Fig. 8. The distance between the two foundations S when the foundations do not affect one
another
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Fig. 9. Slip surfaces are between the two foundations

At shallow foundation depths, the shear surfaces also touch one another
on the top of soil, Fig. 8b. As compared to the preceding case, the transition
zone is larger and the point of shear surface emergence lies farther away from
the foundation. The distance between foundation and shear surface emergence
was determined with the aid of Meyernhof’s diagrams which yielded angle &
from the horizontal, Fig. 8b. Spacing S at which no interference takes place, is
double the distance between shear surface emergence and foundation. This
procedure can be used up to a foundation depth tA— rt sin (p, when

ro= rﬂ§<3l4n+»,12)tan 9 .

and
B

2 cos (a/4 -f- 12)

At foundation depths between ty and t2, the slip surfaces touch in the
lower rounded part Il at height tx above the base of the foundation level,
Fig. 8c. The contact point of the shear surfaces does not change up to the
foundation depth of

t, — Be*Rtan ’tan (a/4 + g>2) .
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Spacing S at which there is no interference is
S = 2Brxcos .

Foundations situated at a depth of t > t, give rise to secondary shear
surfaces touching one another on the top of the soil, as indicated in Fig. 8d.
The plane bounding the secondary active zone 1V passes through the foundation
edge at depth t and subtends angle (45° — <p/2) with the vertical. In this case
no interference takes place whenever the foundation spacing is

S = 2ttan (/4 — (p[2) .

Spacings S with no interference between foundations, calculated in the
above manner are plotted in Fig. 8 for angles of internal friction @ = 25°,
30°, 35°, 38°40', 40° and 45°. It is to see that the values obtained in sand tests
with @= 38°40', and marked with a dotted line in the diagram, are in good
agreement with the calculated values. The curves can, therefore, be used in
determinations concerning the effect of a foundation on the ultimate bearing
capacity of adjacent foundations laid at equal depth.

The diagram reveals for example that, at a reduced depth t/8 - 4,5,
foundations in soil with @ = 40° interfere up to spacings of 17,4 B. On the other
hand, with foundations laid at the same depth in the soil, whose @@= 25°,
interference takes place to spacings of up to 6,3 B only.

The 20% decrease in ultimate bearing capacity of foundations is not too
large. In contrast, the 115% incerase is very remarkable and should be taken
into account.

BnusiHue MpuCOeanHSEMbIX OCHOBaHMIA Ha Hecyllyl CrnocoGHOCTb

A. Mwncnweu—3. Kwucena

onpefeneHne  IKCNEPUMEHTAIbHBIMW - U3MEPEHUAMMW  (MCMOMb3yss  MOAENN)  Hecylileit
CMOCO6HOCTYM PacMoOXeHHbIX B HEMOCPEACTBEHHOM 6/IM30CTM APYT K APYTY (yHAaMeHTOB. Bbino
MCMbITAHO ABa BWa Necka (MCMoMb3ys WAEHTUUHbIE MO pasmepamM 06pasibl), Aanee W3yuyeHo
B/IMSIHME PACCTOSIHUA MEXAY MOAENAMM U UX rNy6uHa. PesynbTaTbl MOKasasiv, UTO (hakTopsbl
00 20%-0B BO3fIEACTBYIOT Ha NpeaesibHY0 HarpyskKy B MOMOXWTENbHOM WM OTPULATESIbHOM
cMbicne. OBbSICHEHWE 3TOFO ABMEHUSI CNeAyeT UCKaTb B M0/0CaX CKOMbXEHUs Mecka.
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EINBRINGEN UND ZIEHEN
VERSCHIEDENER BAUELEMENTE DURCH RUTTELN

M. PAUNESCU
TECHNISCHE HOCHSCHULE, TIMIGOARA, RUMANIEN

The paper presents several aspects of vibration used for sinking and pulling out different
units of the soil. For this purpose a series of vibratory or vibro-percussion devices were
designed ,made and investigated; they were used to sink and pull out piles, sheet-piles and
pipes, as well as to sink reinforced concrete columns. The experimental work was carried out
in different soils (sand and clay) as well as with various parameters of vibratory devices.
On the basis of the experimental work, a series of values were established for the soil
resistance and for the parameters of the vibratory devices as well. The conclusions per-
mitted to apply the method on a series of building sites leading thus to some final con-
clusions for the engineering practice.

«

1. Einleitung

An der Hochschule fir Bauwesen Timisoara (Ruménien) wurden, vom
Jahre 1958 an, verschiedene Mdglichkeiten der Anwendung des Rittelns im
Grundbau untersucht. So wurde das Einbringen und Ziehen der Pfahle und
Spundbohlen, die Fldchen- und Tiefenverdichtung des Bodens, das Einbrin-
gen von unterirdischen Rohren quer zu StraBen, die Durchfiihrung von Bohrun-
gen zwecks bodenmechanischer Untersuchungen, das Einbringen von Sdulen
usw. erprobt und praktisch durchgefihrt [1].

Die vorliegende Arbeit zeigt in dieser Beziehung einige mit Gerdten
einfacher Konstruktion gewonnene Ergebnisse. Da diese Gerédte unter sehr
verschiedenen Bedingungen eingesetzt wurden, kénnen einige Schliisse gezogen
werden, die bei der weiteren Verwendung dieser Arbeitsmethoden beachtens-
wert erscheinen. Alle Gerdte arbeiten nach dem gleichen Prinzip: Die Schwin-
gungskréafte werden durch zwei, in entgegengesetztem Sinn rotierende exzen-
trische Massen erzeugt, wobei die waagerechten Komponenten der Fliehkréfte
sich ausgleichen und die lotrechten sich addieren. Die Versuche wurden in
Sand und in Ton durchgefuhrt, wobei Ruttelgerdte und Ruttel-Schlaggeréate
Verwendung fanden.

2. Versuche mit Ruttelgeréten

Die im folgenden beschriebenen Versuchsriuttler wurden vom Verfasser
und von seinem Mitarbeiter entworfen, ausgefuhrt und erprobt.

Der Versuchsrittler VEI. (Technische Daten s. in Tafel 1.) Er besteht aus
zwei Hauptteilen: das Geh&use des Rittlers und der Elektromotor (Bild 1).
Im Gehéduse befinden sich auf auf zwei Kugellagern gestiitzten Achsen je zwei
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Wuchtmassen. Die beiden Achsen mit den Wuchtmassen sind an einem Ende
mit zwei Zahnrédern verbunden, so da bei Drehung der einen in einem Sinn,
die andere eine entgegengesetzte Drehung erfé&hrt. Zur Einleitung der Dreh-
bewegung wurde das freie Ende einer Achse mit einer Rolle fur zwei Treibrie-
men mit Trapezquerschnitt versehen, die den Elektromotorantrieb Ubertragen.

Der Versuchsrittler VE2 (Bild 2) hat dasselbe Funktionsprinzip und
Konstruktionsschema wie der Rittler YE1, abgesehen von einigen konstruk-

Bild 1. Der Riittler VEI beim Einbringen Bild 2. Der Ruttler VE2 beim Einbringen
eines Stahlrohres eines Holzpfahles

tiven Anderungen. Das Gerit ist von robuster Konstruktion. Wie aus Tafel |
zu ersehen ist, stellt der Rittler YE2 einen kraftigen Schwingungserzeuger dar,
der eine Riuttelkraft bis zu 31 Mp entwickeln kann.

Der Versuchsrittler VE3 (Bild 3) stltzt sich auf dasselbe Prinzip und
Konstruktionsschema wie die Rittler YE1 und YE2; seine Kennzeichen sind
in Tafel | eingetragen. Bei dem mit einem KurzschluBelektromotor kleiner
Leistung (1,7 KW) ausgestatteten Ruttler YE3 kann die Umdrehungszahl der
W uchtmassen in einem oder in anderem Sinn kontinuierlich gedndert werden.
Dies wurde durch die Verwendung eines Wechselstromgenerators mit verédn-
derlicher Frequenz ermdglicht, der geeignet ist, diesen Ruttler in Bewegung zu
setzen. So konnten die Versuche mit groBtmaoéglicher Wirksamkait und genu-
gender Genauigkeit durchgefiihrt werden.
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Tafel |

Die technischen Kennzeichen der Riuttler YEI, VE2, VES3

Riutteltyp
VEI VE2 VE3
Statisches Moment der Wuchtmasse, kpcm 180 2700 35
Umdrehungszahl der Wuchtmassen, Umdr./Min 10004-1800 1000 15004-3200
Maximale Schwingungskraft, Mp 24-6,5 31 0,87 -j-3,92
GroRe der Zusatzgewichte, Mp — — —
Gesamtgewicht, Kp 700 1500 90
Leistung des Elektromotors. KW 5,8 28 1,74-3,2
Bild 3. Der Riuttler VE3 beim Eintreiben Bild 4. Ziehen der Stahlbetonpfahle am
eines Stahlrohres Bauplatz eines Getreidesilo

Der Rittler M.T.Tc. ist fir das Einfuhren von Stahlbetonrohren mit
einem AuBendurchmesser von mindestens 1 m und einer Ldnge von 25-"30 m
bestimmt. Die technischen Kennzahlen dieses Rittlers sind in Tafel JI zusam-
mengestellt.
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Tafel 11

Technische Kennzeichen des Rittlers M.T.Tc

Die Schwingungskraft PO, in kp, fur:
Umdrehungszahl der
Wuchtmassen, n M = 26 123 M=21 400 M =15 290 M =7 207
umdr./min. kpem kpem kpem kpem

382 41 932 34 250 24 464 11 531
476 65 530 53 516 38 226 18 017
573 94 364 77 064 55 045 25 945
669 128 442 104 892 74 923 35 314
766 167 758 137 002 97 859 46 124

Bemerkung: Das Gesamtgewicht des Rittlers ist 8,6 Mp und die Motorstarke ist 190 KW.

Mit diesen Gerdten wurden zahlreiche Versuche durchgefihrt. Eine
Reihe von Arbeiten wurde unmittelbar unter Baustcllenbedingungen ausge-
fiahrt. Davon seien folgende erwdhnt.

a) Einbringen und Ziehen von Stahlbetonpfahlen

Fiur das Einbringen von Stahlbetonpfdhlen wurde zuerst der fest
mit dem Pfahl verbundene Rttler VE2 eingesetzt. So wurden am Bauplatz
einer Pumpstation 6 m lange Pfahle mit einem Querschnitt von 30 X 30 cm
durch einen sandigen Boden getrieben und ungefdhr 1 m tief in eine feste
Tonschicht eingerammt. Pfadhle mit denselben Abmessungen wurden auch bei
einer Baustelle der Schiffswerft Galati in den Baugrund eingebracht.

Eine bis vor kurzem als undurchfihrbar betrachtete Aufgabe ist das
Ziehen der Stahlbetonpfdhle und -Spundbohlen. Bei den Grindungsarbeiten
fir ein Getreidesilo bot sich die Gelegenheit, Rittler dafur einzusetzen.

Der Baugrund bestand aus 1,0-i-1,5 m Humusschicht, 1,5-1-2,0 m weich-
plastischem Ton, 2,5-b3 m Kiessand und einer festen Tonschicht. Unter jeder
Silozelle waren 8 und 10 m lange Stahlbetonpfdhle mit einem Querschnitt von
30 X 30 cm vorgesehen, die mit einem gegenseitigen Abstand von 60—80 cm
in konzentrischen Kreisen versetzt werden sollten.

Ungefdahr 120 Pfdhle haben wé&hrend des Rammens mit einem 3 Mp
Rammbdren Schéden erlitten (Zerstérung des Pfahlkopfes, Bruch des Pfahles
usw.), da einerseits die Qualitdt einer Gruppe von Pféhlen nicht den Forderun-
gen entsprach und anderseits infolge der Verfestigung des Bodens durch das
Rammen der benachbarten Pfdhle die Arbeit erschwert wurde. Diese Pféahle

Acta Technica Academiae Scientiarum Hurtgaricae 64, 1969



EINBRINGEN UM) ZIEHEN VERSCHIEDENER BAUELEMENTE H)7

konnten nur 5-7-6 m tief, also nicht bis zur vorgesehenen Tiefe, eingetrieben
werden (Bild 4); sie mufRten also gezogen werden. Die herkdmmlichen Metho-
den des Ziehens (mit Winden und starken Kradnen) versagten. Es wurde daher
vorgeschlagen, die Reibung zwischen Pfahl und Boden durch Riitteln herab-
zusetzen.

Das Gerét fur das Ziehen der Pfdhle besteht aus einem Bagger, ausgeriistet
mit einer Hebevorrichtung, Fihrungskerzen, einem Flaschenzug fiir die Herab-
setzung der Last und der Hubgeschwindigkeit, einem mit dem Pfahlkopf fest
verbundenen Rittler VE2, dessen Befestigungsvorrichtung und einem Schwin-
gungsd&mpfer.

Zuerst wird der befestigte Rittler in Betrieb gesetzt, und dadurch die
Reibung zwischen Pfahl und Baugrund herabgesetzt. Sodann wird mit dem
Ziehen begonnen. So konnten die erwé&hnten Pf&hle herausgezogen werden.

Die mit einer MeBRbricke ausgefihrten Vergleichsmessungen der Zieh-
kraft ergaben hohe statische Werte (bis zu 40-7-50 Mp) und bedeutend kleinere
(etwa 30% der statischen) Werte der dynamischen Ziehkraft.

h) Einbringen und Ziehen stahlerner Spundbohlen

Beim Bau eines Aluminiumkombinates mufRte auch ein Staudamm errich-
tet werden. Um die Ausfiihrung der Arbeiten der ersten Etappe zu ermdéglichen,
wurde ein mit Stahlspundwédnden vom Typ Larsen IV abgegrenzter Raum
gebildet; spéater wurden die Spundbohlen herausgezogen [2].

Auf Vorschlag des Verfassers wurden Rittler eingesetzt, um die Reibung
zwischen den Spundbohlen und zwischen den Spundbohlen und dem Baugrund
herabzumindern.

Der Baugrund bestand aus einer 4-7-8 m starken Schicht FluRkies, die
auf festem Ton gelagert war. Die Spundbohlen wurden I-f-1,5 m tief in die
untere Schicht eingespannt.

Fir das Ziehen der Bohlen wurde die schon weiter oben beschriebene
Einrichtung verwendet, nur wurde die Verbindung Rittler Bohle-VE2 mit
Hilfe von konischen Keilen hergestellt.

Mit diesem Verfahren konnten grofRe Einsparungen erzielt werden, so
daB auch in der zweiten Etappe dieses Riuttelverfahren verwendet werden
konnte.

In gleicher Weise wurde beim Bau einer Wasserfassung flir ein chemisches
Kombinat der Rittler VE2 beim Ziehen von Spundbohlen eingesetzt. Die
zum Ziehen erforderliche Zeit war 1,5 Minuten fir die 5 m langen und 2 Minu-
ten fur die 7 m langen Bohlen. Es muB hervorgehoben werden, dall die gezoge-
nen Spundbohlen keine Schdden aufwiesen. Die statische Ziehkraft von unge-
fahr 40 Mp wurde durch das Rutteln um 90% herabgesetzt.
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c) Tiefenverdichtung mit Hilfe von Erdfpahlen

Beim Bau der Nationalstrasse DN 6 wurde das Ruttelverfahren zur
Ausfuhrung von Sandpfdhlen verwendet.

Das Arbeitsgerdt zur Ausfuhrung der Sandpféhle besteht aus einer mit
einer Hubvorrichtung, Fidhrungskerze und einem mit dem Stahlrohr fest
verbundenen Schwingungserzeuger ausgeristeten Kran.

Mit schlaffem Hubseil dringt das vom R uttler bewegte Stahlrohr bis zur
vorgesehenen Tiefe ein. Sodann wird der Ruttler abgestellt, und die nasse
Mischung aus Sand und Kies in das Rohr eingebracht. Unter erneutem R itteln
wird das Rohr herausgezogen. Die aus vier zusammenklappbaren Teilen beste-
hende Spitze des Rohres 6ffnet sich dabei und hinterldRt einen gut verdichteten
Sandpfahl.

Ebenfalls fur Tiefenverdichtung, aber bei einem L6R, wurde beim Bau
eines Huttenkombinates das Rittelverfahren beim Bohren wie auch beim
Verdichten eingesetzt [1]. Mit Hilfe des Rttlers VEI wurden 12-1-14 m tiefe
Lécher mit einem Durchmesser von 80 mm gebohrt. Dabei konnte die Bohrzeit
von 75 Minuten im Falle eines Bohrgerdtes vom Type Uralez auf 5 Minuten
herabgesetzt werden, was natirlich betrdchtliche Einsparungen zur Folge
hatte.

d) Einbringen und Ziehen der bei Elektrosilikatisierung
verwendeten Injektionsrohre

Ungleichmé&Rige Setzungen von LOR unter dem Fundament eines W as-
serturmes fihrten zu einer Neigung desselben.

Um den W asserturm wieder senkrecht zu stellen, wurde folgendes Ver-
fahren gewd&hlt. Die hoher gelegene Seite des Fundamentes wurde durchndft.
Nachdem die senkrechte Lage des Turmes erreicht wurde, mufte der Baugrund
durch Elektrosilikatisierung verfestigt werden [1].

W &hrend der Elektrosilikatisierungsarbeiten mufte eine Reihe von
teils senkrechten, teils 2 : 1 bzw. 1 : 1 geneigten Bohrléchern ausgefiihrt werden,
die die Elektroden aufnahmen. Die senkrechten Bohrungen mufiten 5,00 m
und die schiefen 5,50 m beziehungsweise 7,00 m tief sein. Sie wurden mit Hilfe
des Ruttlers VE3 durchgefiihrt. Durch die Anwendung des Ruttelverfahrens
wurde der Zeitbedarf um 50% herabgesetzt.

Beim Bau einer Zuckerfabrik mufite fiir das Fundament eines Aggregates
eine 5 m tiefe Baugrube mit einer Fldche von 50 m- bereitgestellt werden. Der
Baugrund war ein feiner, wassergeséttigter Sand.

Infolge des hohen Grundwasserspiegels mufite das Wasser aus der Baugru-
be entfernt werden. Dabei bestand die Gefahr, dall das gepumpte Wasser den
feinen Sand mitspilt und so die Fundamente der Hallenstitzen und -wdnde
gefédhrdet rverden.
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Deshalb wurde bei den Erdarbeiten das Verfahren der Elektrosilikatisie-
rting mit Elektroden von 4,50-75,00 m L&ange angewendet. Das Einbringen
erfolgte durch Ritteln, mit dem Ruttler VE3, wobei der Zeitbedarf von 30
Minuten beim Rammen der Rohre auf 3 Minuten herabgesetzt wurde. Beim
Eintreiben mittels Rammbdren werden ungefédhr 40% der Elektroden zerstort.
Durch Riutteln wurde keine einzige Elektrode beschdadigt.

e) Einbringen von Stahlbetonsaulen

Bei dem Bau einer Donaubricke muRten Stahlbetonsdulen mit einem
Durchmesser von 1,20 m und einer Ldnge von 30 m in den Baugrund eingetrie-
ben werden. Deshalb wurde zusammen mit dem Forschungsinstitut fir
Transportwesen (1.C.T.) und der Generaldirektion fur Bauwesen im Ministe-
rium fir Verkehrswesen und Nachrichtentibermittlung (M.T.Tc.) ein dazu
geeigneter Ruttler entworfen, gebaut und erprobt.

Bei den Versuchen am Donauufer wurden kurze Einbringungszeiten
erreicht: 1,5 Minuten fir die ersten 6 m, 3 Minuten fir die nachsten 6 m und
5 Minuten fir noch 6 m. (Fur die restlichen Teile der S&ule sind die Einfih-
rungszeiten nicht bekannt.)

Die Ergebnisse der Versuche fuhrten zur Wahl der Grindung auf Sdulen.
Die erwédhnte Bricke wird gegenwdrtig ausgefihrt.

3. Einbringen von Pf&hlen mittels Schlagrittler

Die mit Ruttlern ausgefuhrten Versuche zeigten, dafl heim Einbringen
der Stahlbetonpféhle in lehmigen, verh&ltnismaRig festen Baugrund oft
Schwierigkeiten auftreten.

Das Schlag-Ruttelverfahren, das aus dem gleichzeitigen Einwirken von
Schwingungen und Schldgen in der Einbringrichtung der Pfahle besteht, sichert
eine groBere Wirkung bei der Durchdringung dieser verfestigten Schichten
(1] 3l

Zu diesem Zwecke hat man einen Schlagruttler (Bild 5) konstruiert.
Der dazu gehdrige elektrische Antriebsmotor wurde an einer Platte befestigt,
die mit dem oberen Teil des Rittlers durch 4 Federn verbunden war, um die
Ubertragung der Schwingungen auf den Motor zu vermeiden.

Die Betriebsparameter dieses Schlagruttlers sind: Umwuchtmoment,
500 kpcm; Gewicht des Schlaghammers, 500 kp; Gesamtgewicht des Schlag-
ruttlers, 700 kp; Antriebsmotor, 14 KW; Tourenzahl der Umwuchtmassen,
350 Umdrehungen/Minuten.

Der Schlagruttler wurde durch Einpressen des an der Kopfplatte des
Pfahles befestigten konischen Bolzens in eine entsprechende Vertiefung am
unteren Teil des Ambosses mit dem Pfahl verbunden (Bild 6).
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Bild 5. Prinzipschema des verwendeten Schlagruttlers. 1 — Zwischenachse; 2 — Hammer;

3 — Puhrungsstab; 4 — AmboB; 5 — Haube; 6 — kegelférmiger Bolzen; 7 — Schraube;

8 — Plattchen; 9 — Rahmen; 10 — Motor; 11 — Stutzplatte; 12 — Ruttler; 13 — Schrauben-

mutter; 14 — Fuhrungsring; 15 — Feder; 16 — Grundplatte; 17 — Befestigungseinrichtung
mit Achse; 18 Platte des Kegels; 19 — Schraube; 20 — Pfahl

Die verhdltnism&Rig guten Versuchsergebnisse ermdglichten, die Grin-
dung eines Wohnblockes durchzufihren.

Da der Baugrund aus einem lehmigen Schittboden mit einer Dicke von
3,50 bis 4,80 m und einer Schichte Kiessand bestand und der Grundwasserspie-
gel bei —2,00 m lag, wurden die vorgesehenen Einzelfundamente in 45 m
Tiefe durch 5m lange Stahlbetonpfédhle mit einem vollen 30 X 30 cm Quer-
schnitt ersetzt (Bild 7).

Die Einbringungszeit eines Pfahles schwankte zwischen 6 und 25 Minu-
ten, in Abhdngigkeit von der Eindringtiefe in die Kiesschicht (0,7 A 1,2 m).

Die Beanspruchung der Pfahle war unbedeutend [4]. Obwohl die L&ngs-
bewehrung aus nur 4 0 12 mm bestand und Bigel mit 0 6 mm in Abstédnden
von 15 cm verwendet wurden, traten keine Risse auf.
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Bild 6. Vorrichtung zum gleichzeitigen Heben des Pfahles und des Schlagrittlers. 1 — Schrau-

ben; 2 — Gleitmutter; 3 — Bolzen des Kegels; 4 — Kegel; 5 — Befestigungsvorrichtung;
6 — Grundplatte; 7 Haube; 8 — Haken; 9 — Platte des Kegels; 10 — Feder; 11 — Hebel;
12 Sperrvorrichtung

Bild 7. Lageplan der Pfahle fur das Wohnhaus in Arad, Filimon Sirbu StraBe
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Die Ergebnisse einer Kostenvergleichsrechnung fur drei Grindungsarten
sind in der Tafel 111 zusammengestellt.

Tafel 111

Kosten der Grundungsarbeiten in drei verschiedenen Ausfuhrungen, in Lei

Wohnblock P-f4, Ara?

Arbeitskategorien Gewshnliche Tatsachliche Fundamente
Fundamente Fundamente auf vorgefertigte
(bei—1,2 m) (bei—4,5 m) Pfihle
Erdarbeiten 1431 6 699 967
Transporte 1900 2 640 2 367
Einfacher Beton 15 178 1791 300
Stahlbeton -- 5 107 1232
Betonstahl — 14 515 3120
Zement 18 900 10 000 9 700
Schalung und Spreizung 1798 10 873 1589
Beton — 3000
Vorgefertigte Schalung 680 1
Pféahle Betonstahl OL — 7100 1
Manuell hergestelll — 1650
Einfihrungslange der Pfahle — — 6,472
Arbeitsleistung 5060 100% 14 583 287% 5302 105%
Maschinen 2374 100% 5003 211% 12 099 510%

Gesamtkosten

25421 100% 35 153 208% 49 811 123%

Auf die entfaltete Flache bezogene Kosten 31.3 65,2 59,2

Kosten je Wohnung

1524 2 757 2 495

Im Vergleich zur Grindung in 45 m Tiefe, mit einer Sohlpressung von
4,2 kp/cm-’, erzielt man bei vorgefertigten, durch Schlagrittler eingebrachten
Pfdhlen Einsparungen von 14%20%.

4. SchluBfolgerungen

Aus den angeflihrten Beispielen ist es ersichtlich, daB das Rttelver-
fahren mit Erfolg beim Einbringen verschiedener Elemente (Pféhle, Spund-
bohlen, usw.) in den Baugrund sowie beim Herausziehen derselben eingesetzt
werden kann. Es mufl jedoch darauf geachtet werden, dafl die verwendeten
Ruttel- und Schlagrittelgerdte entsprechende Parameter aufweisen. Diese
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Parameter h&ngen, wie es in der Arbeit [1] ausfuhrlich gezeigt ist, von der
Art und den Abmessungen der einzutreibenden Elemente wie auch von den
Eigenschaften des Baugrundes ab.

Tafel 1V gibt einige Orientierungswerte, die auf Grund der beschriebenen
Versuche ermittelt wurden.

Tafel 1V

Fur den Entwurf von Ruttlern empfohlene Werte (auf Grund von Versuchsergebnissen)

Leichte Elemente Schwere Elemente
m a n
Sef"l cm \Y Se%“ 1 cm \
5—7 1804-120 0,24-0,5 10-6 1004-60 0,84-1,1 84-4
(150) (0,35) (8) (80) (0,95) (6)
8 12 1204 80 0,54-0,7 54-3 604-10 1.34-1,9 5-r3
(100) (0.6) ©6) (50) (1.6) %)

Bemerkung: Fur Lehmbdden werden die unteren Grenzen der Frequenz beziehungsweise die
oberen Grenzen der Amplitude empfohlen.

Es wurden folgende Bezeichnungen verwendet: @& -- Winkelgeschwindig-
keit der Wuchtmassen; a Amplitude der Schwingungen des als frei ange-
nommenen Elementes: Fir = 40 100 sek 1 kann man 1 M/G setzen,
wobei M das statische Moment der Wuchtmassen und G das Gesamtgewicht
des einzutreibenden Elementes und des Rttlers sind (wenn ihre Verbindung
starr ist); r?= aco2g stellt das Verhdltnis zwischen der Beschleunigung der
Schwingungen (aco2 und der Erdbeschleunigung (g) dar.

Das letzte der angefiihrten Beispiele zeigt, daR das Verfahren der Ein-
bringung von Stahlbetonpfdhlen mittels Schlagrittlern fir Tonbdden gut
geeignet ist. Es ist wirksamer als das einfache Ritteln, mit dem bei kohé&sions-
losen Bdden gute Ergebnisse erreicht werden kdénnen.

Die schwache Beanspruchung wéhrend der Einbringung der Stahlbeton-
pfahle ermdglicht bedeutende Stahleinsparungen, da die GroRe der Bewehrung
nur von den Transport- und Montagebedingungen abhdngig ist. Durch die
richtige Wahl der Parameter des Schlagrittlers und des Verhdltnisses zwischen
dem Gewicht des Schlagrittlers und des einzubringenden Elementes, kann eine
hohe Produktivitat erreicht werden.

Es ist zu empfehlen, Schlagrittler zu bauen, die leicht in einfache Ruttler
verwandelt werden kénnen und so bei Arbeiten in verschiedenen Baugrundar-
ten eingesetzt werden kénnen [1].
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OnyckaHue W BbIEPrBaHUE CTPOUTENbHLIX 3/1EMEHTOB BUGPALMOHHBIM METOLOM

M. MayHecky

ABTOpP ONWCbIBaET P BUGPALMOHHBLIX METOAOB, CAyXalluX N5 OMNyCKaHWsi B TPYHT
CTPOUTENbHbIX 31IEMEHTOB, & TaKXe [/151 BbIAEPruBaHNs NX U3 rpyHTa. [N 3TOW Lenu KoHCTpy-
MPOBAHO, U3rOTOB/IEHO M UCTILITAHO PAf BUGPALMOHHBLIX U BUGPO-yAapHbIX YCTPOWCTB, KOTOpble
NpyYMeHeHbl ANsi ONYCKaHWS W BbIAEPTrMBaHNS CBaid, LUMYHTOB U TPY6, a TakxKe 415 OnycKaHus
)ene306eTOHHbIX CBail. MccnegoBaHuWa MpPOBOAWMMCL B Pa3fIMUHbIX TUMax rpyHTa (Mecok
M FNINHA), UCMOMb3Ys BUBPALIMOHHbIE YCTPOMCTBA C Pa3HbIMM TEXHUUECKMMIU XapaKTepUCTMKamu.
Ha ocHoBe MPOBEAEHHbIX UCMbITaHWA onpegesieHbl CONPOTUBIEHNE TPYHTA M TEXHUYECKME NOKa-
3aTefin BU6POYCTPOICTB. MonyyeHHble pe3ynbTaTbl MO3BOMIMAM WUCMOMb30BaTh AaHHbIA MeTof,
BO MHOTMX Paboumnx naouiagKax, Tak NpUBOAUIMCE NO/EBbIE AaHHbIE 415 MHXXEHEPHON NPaKTUKN.
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PROBLEMS IN THE DIMENSIONING
OF SCREEN-WALL FOUNDATIONS

Z. REGELE
BUREAU FOR SURVEYING AND SOIL EXPLORATION, BUDAPEST, HUNGARY

Two of the dimensioning problems associated with screen-wall foundations are
discussed, namely, the stability analysis of the open slot and the estimation of the load bearing
capacity of screen-wall foundations for vertical loads. The wall of the open slot is subjected to ac-
tive earth pressure, but as a result of arching effect the ensuing stresses do not increase in a
linear proportion with depth, they rather show a decreasing trend towards the bottom of the
slot. Methods are given for estimating the magnitude of earth pressure for slots of rectangular
and circular cross section and of finite length.

1. Introduction

It is generally recognized that mechanization in foundation works has
been lagging behind the technological development in other branches of
building construction. Therefore, the significance of new foundation methods
attempting to do away with this discrepancy, cannot he overemphasized.
In recent years increasing attention has been devoted to the application of
screen-walls as foundation structures, and together with the increase of suitable
equipment in Hungary, considerable practical experiences has been gained
in this field. It should he appreciated, however, that in the course of this rapid
development construction techniques obtained increased emphasis over more
fundamental problems, i.e., the practical problems of construction dominated
those related to the theory of design and analysis. Design and construction
on purely empirical basis bear the risk of adversely affecting the introduction
and more widespread application of new methods, inasmuch as success may
assume the appearance of randomness, further more, over-conservative
practices resulting in uneconomical structures may be promoted.

2. Screen-walls as foundation structures

According to their layout, shallow foundations of the screen-wall type
may be classified broadly into three groups, namely

a) pier-type foundations symmetrically or nearly symmetrically ar-
ranged into rectangular-, circular-, or other (I. H,-)-etc.) layout;
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b) solitary, panel-type foundations of oblong rectangular layout; and

¢) constinuous wall-type footings in open, or closed arrangement.

The types of foundations given in groups a) and b) are designed to carry
vertical loads only, whereas those in group ¢) may serve a variety of purposes
at a time, under particular conditions. These latter may be required to resist
horizontal loads as retaining walls or to hold water pressure as water-proof
tankings or cut-offs.

Requirements and conditions may be diverse even within the confines
of the same building or structure, and the efficiency of screen-wall foundations
may greatly depend on the degree to which the diversity of the method can
be exploited under the particular site conditions. Designs of underground
spaces in urban areas (deep basements, garages, etc.) may be quoted as typical
examples, where under suitable conditions and with proper design the same
screen-wall may be relied upon for not less than five different functions, such
as enclosure and support of the construction pit, means for solving the problem
of dewatering, support ensuring the stability of adjacent buildings, final
structural boundary wall and load-bearing foundation.

It will readily be perceived that sound engineering and economic design
of screen-wall foundations and enclosures calls for the solution of a number
of structural and other engineering problems, in which — owing to the great
diversity of requirements and site conditions — little positive guidance can
be gained from earlier examples of successfully executed structures. The devel-
opment of a suitable theoretical approach to dimensioning problems is there-
fore highly desirable. From among these problems two will be considered in
more detail in the present paper:

a) the stability analysis of the slot walls, and

b) the behaviour of screen-wall foundations under vertical loads.

3. Stability of the slot walls

In the stability analysis of the slot wall the hydrostatic pressure of the
slurry is compared with the earth pressure acting on the vertical faces of the
slot. The slot is excavated by mechanical equipment and filled for support
by a suspension of bentonite. Since the soil along the faces of the slot is loosen-
ed by excavation in a manner similar to the yield of the soil around bored
piles, and the face has an opportunity for differential displacement towards
the slot, active earth pressure is likely to develop. In uniform granular soils
and for a depth z the magnitude of the active earth pressure is

Y tan2 zy Ka’

E
a 2
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Fig. 1. Shape of the sliding wedge according to Kowalewsky

Fig. 2. Graph for determining the modified coefficient (K &) of active earth pressure

if the slot is assumed to be of infinite length. In practice, however, slots are
excavated in sections of finite length (usually under 6 m). Consequently resis-
tance to sliding is not confined to the curved surface of sliding but shearing
stresses are mobilized also on the lateral boundary planes perpendicular to
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the slot axis of the sliding wedge. For this reason in estimating the magnitude
of the earth thrust acting on the slot faces, the reduction of the earth pressure
coefficient Kais fully justified. In Kowalewsky’s theory [1] which is based
on Coulomb’s method, the sliding wedge is assumed to be bounded by a para-
bolical cylinder (Fig. 1). The modified earth pressure coefficient K'ais a rather
involved function of the coefficient of internal soil friction <p the ratio of slot
depth to slot length hx/L, the vertical position of the groundwater table hw and

Fig. 3. Distribution of stresses resulting from active earth pressure

the bulk density of the soil y. The value of the modified earth pressure coeffi-
cient may be obtained from graphs (Fig. 2).

In estimating the earth pressure acting on the vertical faces of the open
slot consideration should be further given to the circumstance that the concept
of a vertical wall rotating about its lower cornerpoint would not hold good in
the present case. A closer approximation to actual conditions appears to result
from the assumption that the slot face is displaced over its full height parallel
to its original position. Under this assumption the hydrostatic distribution of
stresses is modified by the ensuing arching effect as a consequence of which
the stresses tend to decrease towards the lower part ofthe wall (Fig. 3). Accord-
ing to RenduliC [2] the distribution of stresses may be approximated by
the following expression:

°x= Kzy-— (K —Kayyz\

Z il

where K is an undefined constant with values ranging from (1,8—2,4) Ka.
A workable approximation has been suggested by Terzaghi, according to which

Acta Technica Academiae Scienliarum Hungaricae 64. 1969



DIMENSIONING OE SCREEN-WALL FOUNDATIONS 209

the parabolic type distribution curve of pressures may be replaced by a trape-

zoidal envelope.

It is common practice that circular construction pits are enclosed by
screen walls. This axially symmetrical earth pressure problem, the three-di-
mensional equivalent to Rankine’s two-dimensional approach, has been solved
by Beresantsev [3].The radial stress of the active earth pressure acting upon
a cylindrical surface is given by the following expression:

tan (45° —wl2) T
ay -1

-4 oy ccot<pr 1tan2(45°—tpl2)—1
rb LI

rj = a-(-ztan (45° — 92)
A= 2tan <tan (45° -f- <pf2)

The pressure acting on the wall of a circular cavity ofradius a in granular
soil (c = 0) and with no external surface load (q = 0) is readily obtained from
the graph constructed by Kezdi [2] (Fig. 4).

6ria.y

Fig. 4. Determination of radial stresses according to Kezdi
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Another, two-dimensional solution for the same problem is given by the
theory of Mackey [4] who considered the critical equilibrium condition of
a circular segment sliding wedge shaped. The lower surface of the sliding wedge
was assumed to be a plane, the lateral faces divergent planes. For a radius r
and depth h the earth trust acting on the convex surface is

h
Ea~71yh~T tan R -} -—3—-r—tan2f3 cot(B+ P ar K Otan RB],

where

B is the angle of the sliding surface to the vertical,
K,, is the coefficient of pressure at rest

4. The load-bearing capacity of screen-wall foundations

The vertical load acting on the screen-wall foundation is transmitted
partly through its bottom surface, partly by friction on the lateral faces to
the surrounding soil. The two components ofload bearing, namely point bear-
ing and wall friction are closely interrelated and both their order of magnitude
and respective contributions to total resistance depend on the acting load.
The screen-wall foundation will settle under load in a vertical direction. This
displacement in turn will give risé to shearing stresses on the wall faces. As long
as the relative displacement of the screen Avail and the soil remains small,
the major part ofthe load is Carried by Avail friction. Settlement increases under
increasing loads and accordingly a greater share of load is transmitted to the

%

Fig. 5. The distribution of total load bearing among point bearing and Avail friction in terms
of load
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base surface. This process continues until the shearing stresses along the mantle
surface are completely mobilized. Beyond this limiting value the relationship
between resistance on the base and settlement will remain linear (Fig. 5).

Fig. 6. Relationship between shear and normal force, as well as settlement, according to Kezdi

where
An analytical expression for the relationship between point bearing,

wall friction and vertical displacement has been given by Kezdi [6] in the

following form:
r —atan [l — e~ks/ls»“s>]

T = atany = the equation of Coulomb’s envelope pertaining to failure,
s = relative displacement between the screen wall and the soil,
s0 = maximum displacement required for mobilizing the total shearing stress, and

K —s, tan a = constant (Fig. 6).

W all friction is the sum of shearing stresses acting upon the faces of a screen-

wall element, i.e.,

P.-jvrc*,

and since the normal force is a —P, zY,
hence

P = U.pyztan €[1 — e-fcs/(s,-s)j (iz
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Upon integration, Avail friction is obtained as:

Ps— uAoytan ¢ [1 — e~ks/Go-s)] _
2

In the above formulae U is the perimeter of the screen Avail element, | is its
depth and is the coefficient of earth pressure at rest.

The determination of the point bearing is based on the folloAving assump-
tion. The resistance on the base is balanced partly by the geostatic pressure

Fig. 7. Method for the determination of point bearing according to Kezdi

acting on the base plane of the screen-Avall foundation and partly by the ver-
tical stress due to Avail friction distributed over a section of n.v Avidth (Fig. 7).
Its magnitude is thus

Pl: asv Ps
nvL
Avherein
a =a constant expressing the direct proportionality between base resistance and settle-
ment,

\% the width of the screen-wall,
L the length of the screen-wall element,
|

the depth of the base below the ground surface, and
a constant ranging from 5 to 6.

=1

Since the foundation is capable of carrying a certain load even Avhen
resting on the surface, i.e., Avhen | — 0, the design formula must necessarily
include an additional term:

where Ny is Meyerhof’s bearing coefficient.
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Fig. 8. The load bearing capacity of a screen-wall element plotted against depth

Fig. 9. Contributions of point bearing and wall friction to total load bearing capacity, in terms
of screen-wall depth

The load bearing capacity P of the screen-wall foundation pertaining
to any particular settlement can be determined as the sum of the three afore-

mentioned components:
P = PS+ P, + PO.
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In Fig. 8 the load bearing capacity of a screen-wall foundation is shown
in terms of the panel length with reference to a practical example. The contri-
bution of point bearing and Avail friction to the total load-bearing capacity
is materially affected by the depth of the screen-wall (Fig. 9).

5. Closing remarks

In Hungary about 30 000 m2ofscreen-walls have so far been constructed,
and a rapid increase of this number is expected in the near future. According
to a recent estimate [8] the demand for screen wall will attain 100 000 m2
by 1970 and 210 000 in2by 1980. Although practical experience gained abroad
on similar constructions [9], [10] was of considerable help in the introduction
of this up-to-date foundation method in this country, the further development
of basic theory, the verification and improvement of design and proportioning
procedures are deemed necessary for meeting successfully the future require-
ments.
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HekoTopble Npo6/ieMbl MPOEKTUPOBAHUS 3a/10)KEHUS (PYHIAAMEHTOB
MpU MOMOLUYW LUSIMLEBbIX CTEH

3. Perene

V3 uyucna BOMPOCOB MPOEKTUPOBAHWUSI LUMLEBBLIX CTeH, Chyxalux Ans uenei 3ano-
XeHUs QyHaameHTa, paboTa 3aHUMaeTcs ABYMSi BOMPOCaMu: MCCefoBaHWMEM YCTOAUMBOCTU
OTKPbLITOrO Nasa, a TakXe OMpejesieHNeM HecyLleil CMocOBHOCTM OCHOBAHWS LUMMLIEBOI CTeHbI
Harpy>eHHOW BepTUKa/IbHO AeCTBYOLLEA cuio. Ha 60KOBOM CTeHe OTKPbLITOrO Masa BO3HU
KaeT aKTUBHOE [aBfieHNe TPYHTa, HO M3-3a 06pa3oBaHUsi CBOAA Pa3rpy>XeHUst 3TO He Bo3pacTas
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NINHEHO ¢ FNY6UHOWM, M CHMKAETCA Ha HUXKHEM YyyacTKe nasa. B pa6oTe m3nararoTcsi mMeTofbl
ornpejeneHns JaBfeHUs FpyHTa 4151 c/lydast GeCKOHEUHbIX MO AJ/IMHe, YeTbIPeyroibHbIX U Kpyr-
NbIX MO CEYEHWI0 Mas3oB. 3aBMCUMOCTb MeXAy ABYMSi (hakTopamu Hecylleil Cnoco6HOCTU OCHO-
BaHUS LUSIMLEBOM CTeHbl — COMPOTMB/IEHMEM MOAOLLBbLI M TPEHWEM MO 060/104UKe, a TaKXe 0caf-
KOW, MpoucxoasLeii nog AercTBMEM HarpysKum -  BblpaXkKaeTCsl 3KCMOHEHLMaNbHOM (hyHKLMen
4-p Kazan. Mpu noMoLLm 3To MOXHO BbIYMC/IMTL COOTBETCTBYHOLLLYHO HEKOTOPOM JaHHOW 0CafKu,
W [aHHOW Harpy3kum — HeCyLlLyt0 CMocOGHOCTb W OTHOLLEHME COMPOTUB/IEHWS MOAOLLBbI
N TpeHus1 No 060M104Ke. [Ny6MHA 3M1eMeHTa LUIMLEBOM CTeHbl B 3HAUUTENIbHOW Mepe BO3geit-
CTBYET Ha 3TW (HaKTOpbL.
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DRIVING STRESSES
IN OPEN-END STEEL PIPE PILES

I. SOVINC
UNIVERSITY OF LJUBLJANA, YUGOSLAVIA

In this paper results of laboratory tests on steel pipe piles are discussed. The values of
friction obtained from these tests are compared with the results on full-scale test piles, and,
finally, theoretically determined stresses in piles are compared with the stresses measured in
piles during driving.

1. Introduction

W harves are often situated aside from the central dock and are joined
to the coast with light bridge constructions only. To avoid damage to both
the ship and the structure, ships generally approach waterfront of such struc-
tures at a slow speed. Since the structure must absorb the kinetic energy of
the moving ship, it is advisable to design such a structure that will be neither
rigid to damage the ship nor too weak to yield and be damaged by excessive
movement.

In the harbour of Koper, the subsoil consists of thick compressible
layers, therefore, the wharf for unloading fuel- and oil tankers is founded on
a number of both vertical and battered steel pipe piles, connected by a rein-
forced-concrete cap platform.

2. Soil data

At the site of the wharf of Koper the subsoil consists of normally consoli-
dated recent littoral clay to a depth of nearly 30 m. This is underlain by sand
and gravel, which are wowen inter by thin layers of silt and silty-clay. The
solid flysh stratum appears in a depth of about 50 m under sea level.

The natural water content of the clay decreases from about 60% at the
surface to 35% at a depth of 30 m; the average value of liquid limit being 68%,
the plastic limit 24%. The shear strength increases with the depth zaccording
to equation tj = 0,164 z (after vane test).

For some samples of sand and gravel deposits the water content and the
unit weight were measured in the laboratory; standard penetration tests
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Fig. 1. Coefficient of friction between the steel plate and sandy-gravel

were performed “in situ”. Some results of these tests are presented in the follow-
ing table.

Depth Water content Bulk density “IN’_value
m % Mp/m3 (SPT)
28,9 - - 21
29,9 — — 39
30,8 18,7 2,19 —
31,5 9,7 2,05 —
31,7 21,0 2,03 _
31,8 — 2,04 70
324 — — 56
32,7 — — 26
33,2 7,0 2,38 75
33,9 10,5 2,14 55
34,3 20,8 2,03 —
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Fig. 2. Photograph of T-sections attached to the pipe pile to increase bearing capacity in the
bearing layer

Fig. 3. Dynamic coefficient of friction
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Set-cm per blow

Fig. 4. Ultimate driving resistance as function of penetration
3. Bearing capacity of the steel pipe pile

Owing to the very low bearing capacity of the clayey sediments, the
structure had to be founded on steel piles embedded in load-bearing granular
layers at a depth of at least 29 m.

In order to determine the values of friction between steel pile and the
surrounding sand and gravel, a simple laboratory test was performed. Two
moulds opened on both ends were filled with the material from the depth of
—29 to —34 m. (Water content 10,4%; bulk density 2,17 Mp/m3) Between
the open sides of the moulds a steel plate was inserted; in the open- end side
pistons were laid enabling the sample to he loaded in the normal direction.
The applied normal stress 1,4 kp/cm2represented the mean value of the hori-
zontal pressures in the middle of the bearing sandy and gravely layer (assum-
ing a K-value of 0,38). Then the steel plate was pushed in horizontal direction
and the pushing force as well as horizontal displacements of the plate were
measured. In order to avoid the friction between the ram of the moulds and
the steel plate, ball-bearings were inserted between them. The tested material
contained 18% of silt, 33% of sand and 49% of gravel. The steel plate used
was 11,2 mm thick.
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Fig. 5. Measured penetrations for the lower end of the pile in the depth of — 26 to — 33,5 m

Test results are given in Fig. 1 where skin friction as the function of the
displacements of the plate is represented. It can be seen that after a peak
value the coefficient of friction is indicating a considerable, decrease with
greater displacements of the plate, the remaining “dynamic” friction being
nearly 22% less than “static” friction.

The open-end steel pipe piles, used in building the wharf of Koper, have
a diameter of 508 mm and a shell thickness of 8 mm. They are 36 m long and
spirally welded. To provide larger bearing area in the sand and gravel layer,
two 60 cm wide and 5 m long steel T-sections were fastened diametrically to
the bottom of the pile (Fig. 2).

The bearing capacity of piles was approximately calculated by multiply-
ing the mantle surface of the pile (T-sections, outer and inner side of the pile)
embedded in coarse-grained layer by the “dynamic” coefficient of friction
as given in Fig. 3. The friction on the part of the piles driven through soft
clayey sediments and through thinner layers of silty clay was not included
in the calculations. The assumption was made that the soil in the lower part
in the inner side of the pile does not work as a pile shoe and thus the piles are
pure friction piles. While driving the piles through hearing strata, the earth
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core in the pile was at about the same level as the original ground surface,
therefore, the above-mentioned assumption seems to be correct.

Lest a safe working value of skin friction should not be exceeded and to
avoid overdriving, the pile stresses during driving were calculated.

Fig. 5 represents an example of measured set values for various heights
of drop of the hammer plotted against the depth. For h= 3 m, the set of
piles in the final series of 20 blows was 4,25 cms (i.e. 0,21 cm per blow).

4. Measurement of stresses during driving in the pile
During driving, the stresses were measured with strain-gauges near the
head as well as on several heights of the pile. In each measuring point two
measuring units were diametrically to the pile. The measurements were made

at 5 points, yet at two points simultaneously only, because of the apparatus
used. The deformations were measured in the longitudinal direction only, and

1,00

1,00

Fig. 6. Measuring points of driving stresses at the upper end of the pile
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Fig. 7. Measured and calculated driving stresses for the lower end of the pile in the depth of
29 to 33,5 m

the stresses were calculated, assuming that the stresses in the circumference
directions to he zero. The measuring points are given in Fig. 6.

In Fig. 7 the mean values of the measured stresses in all points are
plotted as the function of penetration depth. For every series of 20 blows the
measurements for 4 to 5 blows have been taken. The measured values are
compared with those computed by means of Hiley’s formula.

*

The laboratory tests, the results of which are reviewed in this paper, were
carried out in the Soil Mechanics Laboratory at the University of Ljubljana.
The author wishes to thank the Port of Koper for their kind permission to the

publication of this paper.

HanpsykeHns, BO3HMKatOLLMe NpU 3abWBKe CTasbHbIX TPYGHbIX CBali C OTKPbITHIM
3a0CTpUEM

. LLoBuHL

B paHHOl/ paboTe paccMaTpuBatoTCs 1abopaTOpHbIE WCCNEfOBaHWs, NPOBEAEHHble CO
CTa/lbHbIMU  TPYGHBIMM  CBasiMW. BenmumHbl TpeHWsi, OMpefenieHHble NpU yKasaHHbIX UCMbI-
TaHMAX, CPABHMBAKOTCA C BENNUMHAMM, OMPEAE/IEHHBIMM HA OMbITHBIX CBasX C MacluTabom 1 : 1,
nocsie Yero MosyyeHHbIe TEOPETUYECKUM MYTEM HaMPsHKEHUs CPABHUBAKOTCS C HAMpPsOKEHUAMM,
M3MEPEHHBIMW B MPOLiecce 3a6UBKW CBaiA.
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TRAGFAHIGKEIT VON BOHRPFAHLEN
EIN BEITRAG ZUR STANDARDISIERUNG

H. J. SCHAFFNER
FORSCHUNCSANSTALT FUR SCHIFFAHRT, WASSER- UND GRUNDBAU, BERLIN, DDR

The paper presents test load results on bored piles, obtained between 1965—67. The
loading diagrams were evaluated on the basis of the same method making use of rheological
principles, in order to determine the parts of the load due to point resistance and mantle
friction as well, regarding also their interaction which is a function of the pile settlement.
It could be stated that the part carried by mantle friction, is, in granular soils, essentially
greater than assumed so far. The paper discusses particularly the effects of the new findings
on standards regarding pile bearing capacity.

1. Einleitung

Vergleicht man die bestehenden Standards Uber Bohrpfdhle hinsichtlich
ihrer Annahmen Uber die Abhé&ngigkeit der Tragkraft von der Pfahlldnge, so
ergeben sich auffallende Diskrepanzen, deren Ursachen in unterschiedlichen
theoretischen Konzeptionen uber die Verteilung von Mantelreibung und
Spitzendruck zu suchen sind.

Die Gegenlberstellung der entsprechenden Angaben der DIN 4014 [11]
und der Entwurfsdaten Johns fiur Sudkalifornien [2] liefert hierfiir ein cha-
rakteristisches Beispiel.

Nach DIN 4014 Abschnitt 11 wird die in Tab. 2 in Abhé&ngigkeit vom
Pfahldurchmesser angegebene Tragfdhigkeit dann gewdhrleistet, wenn der
Pfahl bei einer Mindestlinge von 5 m mindestens 3 m in den tragfdhigen
Baugrund einbindet. Uber das Wachstum der Tragfahigkeit mit der Ein-
bindeldnge werden keine quantitativen Angaben gemacht. Grundgedanke ist
offenbar das Modell des mit der Spitze in der tragfdhigen Schicht stehenden
Pfahles.

Demgegeniber geht John [2] bei der Zusammenstellung der Entwurfs-
daten fiur Bohrpfdhle in sandigem Baugrund mittlerer Lagerungsdichte fir
den Raum Los Angeles von der Annahme reiner Mantelreibungspfdhle aus.
Diese Annahme steht im Einklang mit seinen Versuchsergebnissen und ent-
spricht den d&rtlichen Bauvorschriften, die die gleichzeitige Annahme von
Mantelreihung und Spitzendruck fir die Bestimmung der Entwurfstrag-
fahigkeit von Bohrpfédhlen verbieten.
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Unsere Aufgabe wird es im folgenden sein, aus der Analyse der setzungs-
abhdngigen Verteilung von Mantelreibung und Spitzendruck SchluRfolgerun-
gen Uber die Abhé&ngigkeit der Tragkraft von der Pfahlldnge zu ziehen, die
eine Grundlage fur die weitere Standardisierungsarbeit abgeben kénnen. Wir
benutzen hierzu ein Theologisches Analogie-Modell, mit dessen Hilfe aus den
Ergebnissen von Probebelastungen charakteristische Parameter abgeleitet
werden kdnnen, die die Theorie Kezdis [3] Uber das Verhalten eines starren
Pfahles in einem nachgiebigen Baugrund befriedigen.

2. Theoretische Grundlagen

Ausgangspunkt unserer Betrachtungen ist das in [7] entwickelte Theolo-
gische Modell, dessen Brauchbarkeit in [5] durch Vergleiche zwischen kon-
tinuierlichen und stufenweisen Belastungen bestatigt wird. Unsere Zusammen-
fassung basiert auf dem in [8] dargestellten Stand des Verfahrens.

Danach 4Rt sich die Lastruhekurve T(s) eines Bohrpfahles durch

T=a-fbs-j-c exp (1)

und die Momentanlastkurve P(s) mittels

P=T+P' (2)

=g 1 —exp (3

analytisch ausdrucken.
(a, b, ¢, k, s0,g, Cm — Konstanten, s' —s — s (T = P)).

Aus theoretischen Betrachtungen uber das Verhalten eines starren
Pfahles im zusammendrickbaren Erdreich findet Kezdi [3] die der Gleichung
(1) dquivalente Relation

T —PO+ + Pn (4)
mit
PO= oochp, (5)
Psp = B ldps + Pzs, (6)
Pm—YPdM 1 (7
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Hier bedeuten:

P0 — Traglastanteil fur ein Flachfundament mit dem Durchmesser dp
I'SP — Spitzenlastanteil
— Mantellastanteil
Pzs — Zusatzkraft, die als Folge der Mantelreibung in der Ebene des PfahlfuBes entsteht
dp — PfahlfuBdurchmesser
sm — Pfahlschaftdurchmesser
| — Pfahllange

— Setzung des Pfahlkopfes.

Die Konstanten a, B, y, K, sOsind spezifische KenngroRen, die von den
Abmessungen des Pfahles unabh&ngig sind. Der Vergleich der Gleichung (1)
mit den Formeln (4) bis (7) liefert die unter Vernachldssigung der GroRe P7%
gultigen Analogiebeziehungen

3
o*F (8)
9

(10

Die Zuléassigkeit der Annahme P 15 Pspwird durch Versuche von Zweck [9]
bestatigt. Als weitere Voraussetzung fordern wir entsprechend den theoreti-
schen Vorgaben Kezdis, daB die Zusammendrickbarkeit des Pfahles sehr
klein gegentber der Eindringung des Pfahles bzw. der Setzung des Pfahl-
kopfes ist. Diese Voraussetzung ist hei Bohrpfdhlen, bei denen gréRere Ver-
schiebungen des Pfahlfules zur Mobilisierung des Spitzendruckes notwendig
sind, meist erfullt. Gleichung (7) und (10) werden in [8] fir den Fall erweitert,
daR das Bodenprofil aus zwei Schichten mit unterschiedlichem W andreibungs-
winkel Pfahl-Erdreich zusammengesetzt ist.

3. Auswertemethodik

Die Bestimmung der Konstanten a, b, c, k, g, sO, Cound Cm.

Die gemessenen Lastsetzungskurven wurden in [8] ausfihrlich darge-
legt. Wir beschrdnken uns deshalb liier auf eine kurze Erkldrung des in Bild 1
gezeigten Auswerteschemas.

Ziel ist es, die theoretische Lastruhekurve gemé&R (1) zu konstruieren
und analytisch auszudricken.

Dazu dienen charakteristische Punkte (s' = 0, P' = 0) aufden Zwischen-
entlastungszweigen der Lastsetzungskurve, die zugleich Punkte der Last-
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ruhekurve sind, sowie charakteristische Abschnitte auf den Koordinaten-
achsen (a, ¢, g, sn Sj, Pj) und die Halbwertsbreiten (s2, s2) der nach exp.
Funktionen verlaufenden Kurvenabschnitte.

Alle zur Berechnung von b, k, CO und Cm notwendigen Beziehungen
enth&lt Bild 1.

Voraussetzungen fir die Anwendbarkeit des skizzierten Verfahrens sind:1

1. Lastsetzungsverlauf mufl hinreichend dicht durch MeRpunkte belegt
sein, so dafl die in Bild 1 schematisch dargestellten Merkmale sichtbar werden.

2. Die maximale Setzung des Probepfahles muB mindestens das 1,5 bis
2-fache der zur volligen Aktivierung des Mantclreibungsanteiles erforderlichen
Setzung s0 betragen.

3. Die Groe so muB ein Vielfaches (mindestens das 5-fache) der rever-
siblen Kompression des Pfahles und des Baugrundes unter dem Pfahlful}
betragen.

Die Voraussetzung 1 kann am besten erfillt werden, wenn die Probe-
belastung bei kontinuierlicher Registrierung als C. R. P.-Test erfolgt (C. R. P.
— constant rate of penetration; d. h. konstante Setzungsgeschwindigkeit des
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Pfahlkopfes). Durch Voraussetzung 3 wird die Anwendbarkeit des Verfah-
rens auf Bohrpfahle eingeschrankt, fir die im Durchschnitt 20 < s0<7 50 mm
gilt, wdhrend bei Rammpféhlen meist s0 5 mm gefunden wird [8].

4. Ergebnisse

Als Ergebnis der Probebelastungen sind in den Bildern 2 bis 5 gemessene
und nach (1) berechnete Lastsetzungsdiagramme gegenlbergestellt, die bei
allen Pfidhlen eine gute Ubereinstimmung zeigen. Die aus (8) bis (10) abge-

400 PVpI
Bencrto - Pfahl (01)
I- 15,3m d=0,88m
(01+02 Ooppelfahl)
O~ 6o M
20 p- 1 Mpmm
c- 275 M
k- 3,3
0 ge%0 M
h=1

4 G100 Mpmml
Q¢ nicht bestimmt

nmm
50 - s@ 70

60  ollhrenablesung
~Nivellement, an Uhrenablesungen angeschlossen

70 HP"™gQ-exp”s
;F P(t+ a+bs+c[l-exp(<"%-)]
80

Bild 4

leiteten spezifischen Pfahlparameter enthélt Tabelle I, die durch Kenndaten
des Pfahles und Angaben Uber den Baugrund ergdnzt wird.

Ziel der tabellarischen Zusammenstellung, die in [8] durch eine Reihe
weiterer Beispiele ergénzt wird, ist es, die Grundlage flr eine sinnvolle Vorein-
schédtzung der Tragfadhigkeit von Bohrpfadhlen sowie fiir die Standardisierung
zu liefern. Im Einzelnen bestdtigen die bisher durchgefiuhrten Probebelastun-
gen von Bohrpfdhlen stark unterschiedlicher Lange und verschiedener Her-
stellungsart folgende Erkenntnisse aus [8]:

1. Alle Lastsetzungskurven lassen sich analytisch in einheitlicher Form
mit Hilfe eines aus Theologischen Modellvorstellungen ([5], [7]) entwickelten
Auswerteverfahrens [8] ausdricken..
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2. Die ermittelten Lastsetzungsfunktionen sind mit den Ergebnissen der
Theorie KEzdis [3] fiir einen starren Pfahl im zusammendriickbaren Erdreich
vertrdglich und ermdglichen die Trennung von Mantelreibung und Spitzen-
druck.

3. Mit Hilfe »spezifischer Parameter« gelingt es, die Ergebnisse der
Probebelastungen in normierter Form unabhé&ngig von den Pfahlabmessun-
gen darzustellen und somit eine Yergleichsbasis fur die Qualitdt verschiede-
ner Pfahltypen sowie fur die Beurteilung der Tragfédhigkeit zu schaffen.

5. SchluRfolgerungen

Eine detaillierte Auswertung des bereits vorliegenden Tabellenmaterials
der »spezifischen Pfahlparameter« fihrt zu einer Reihe von SchluRfolgerun-
gen, die fur die Praxis der Bohrpfahlgrindungen bedeutsam sind und bei der
Bearbeitung neuer Standards beriicksichtigt werden sollten. Die in folgendem
genannten sechs Punkte liefern einen Extrakt:

1. Bestimmend fir die Tragfdhigkeit eines Bohrpfahles in locker bis
mitteldicht gelagertem Sand ist der Traglastanteil des Pfahlmantels, da zur
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Mobilisierung des Spitzendruckes unzuldssig groRe Setzungen erforderlich sind.

2. Die Mantelreibung pro Fldcheneinheit ist keine Konstante, sondern
wéchst linear mit der Mé&chtigkeit des hangenden Schichtpaketes.*

3. Kennzeichnend fir die Qualitadt des Pfahles ist der spezifische Mantel-
reihungskoeffizient y, dessen GroRBe im wesentlichen von der Technologie der
Herstellung bestimmt wird. Speziell bei Grindungen in nichtbindigem Bau-
grund ergibt sich fir

Rammpféahle 2 <y< 3 Mpin 3
Benoto-Pféhle 1 <y< 15 Mpm-3
gewdhnl. Bohrpfahle 01< y<05 Mpm-t¢

(Vergleichsdaten fir y aus [8]).

4. Der Vergleich von Zug- und Druckversuchen zeigt, da hei erstmals
belasteten Pf&hlen sowohl die Zunahme des Mantelanteils der Tragkraft mit
der Setzung als auch der volle Gleitreibungswiderstand am Mantel Uber-
einstimmen.

5. Der Spitzendruck wé&chst auch hei sehr groBen Setzungsbetrdgen
(s )> 200 mm!) noch linear mit der Setzung an.

6. Die Bruchlast gewdhnlicher Bohrpfédhle wird allein durch die Qualitat
des Pfahles bestimmt. Grundbruchersclieinungen treten selbst bei kurzen
Pfahlen und extrem hohen Setzungen (260 mm!) nicht auf.

Definiert man auf Grund der Punkte 5 und 6 die Grenztragfédhigkeit Pg
entsprechend [14] durch die Relation

Pg = P(leJ)zm (|/|)

(4 — Sicherheitsbeiwert, Pmax — maximal zuldssige Last, szui — zulédssige
Setzung), dann ist nach Einsetzen in Gleichung (1) eine Angabe der Abhéngig-
keit der Grenztragfdhigkeit von der Pfahllange mdglich, die in Bild 6 und 7
fir zwei verschiedene zuldssige Setzungen unter Vorgabe zweier Parameter-
kombinationen fir dicht (A) und locker (B) gelagerten Baugrund darge-
stellt wird.

Der Vergleich mit Probebelastungsergebnissen beweist, dall die Anstiegs-
tendenz der Traglast mit wachsender Pfahlldnge richtig erfalt wird, wahrend
die bestehenden Normen die Ldngenabhé&ngigkeit tUber- bzw. stark unter-
schétzen.

* Man beachte, dal wegen (10) fur die Mantelreibung pro Flacheneinheit gm=
= cl,ndMl) = (1/n)y gilt.

Die Mantelreibung pro Flacheneinheit stellt somit keine von der Pfahllange unabhéan-
gige Konstante dar, wie haufig aus Versuchen mit gering variierender Pfahllange vereinfachend
geschlossen wird (z. B. [6]). Einen interessanten experimentellen Beweis fur die theoretisch
geforderte lineare Abhangigkeit der Gleitreibung langs einer vertikalen Flache im Sand von
der Machtigkeit der Uberlagernden Schicht liefert [1] durch Versuche im Rotationsviskosime-
ter.
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Die dargestellten Beispiele kdnnen zukinftig noch an wirtschaftlicher
Bedeutung gewinnen, wenn Probebelastungen kiinftig unter Bericksichti-
gung unserer Forderungen durchgefihrt und einheitlich mit dem Ziel aus-
gewertet werden, die tabellarische Sammlung der »spezifischen Pfahlpara-
meter« zu erweitern.
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Hecyuias cnoco6HOCTb HabuHHbLIX cBaii. — K Bompocy cTaHgapTu3auum

X. W. WedHep

ABTOp M3naraet OMbITHbIE AaHHble MPOOHbIX HArpy3oK HabuBHbIX CBali, MPOBefeHHbIX
B 1965—1967 rr. OueHKa BCeX KpUBbIX MPOM3BOAMMACE MPU MOMOLUM WAEHTUYHOrO MeToAa,
C MUCMNONb30BaHMEM MPUHLMMNOB PEOSIOTMM, K ONPeAeneHnio CONPOTUBIEHNS 3a0CTPUSA U TPEHMUSA
no 060/104Ke, YUNTbIBasA WX B3aUMOLENCTBUE, 4TO ABMAseTca (YHKUMeld ocafku csawn. bBbino
YCTaHOB/EHO, YTO YacTb Harpyskwu, Moraoliaemas TpeHUMeMm Mo 060/104Ke B 3ePHUCTOM FPYHTE,
6blfa 3HauYMTeNbHO Bbille MpeanonaraBlleiicd Jo cux nop. B paboTe nogpo6HO paccmarpu-
BAEeTCA [eiCTBUE HOBbIX Pe3ynbTaTOB WCCMefOBaHWA Ha CTaHAapTbl, Kacalolluecs HecyLuel
Crnoco6HOCTY cBaii.
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MODEL TESTS
ON THE INFLUENCE OF THE SKIN FRICTION
ON THE POINT RESISTANCE OF FOUNDATION PILES

A. TEJCHMAN
TECHNICAL UNIVERSITY OF GDANSK, POLAND

Based on model tests the paper discusses the effect of the skin friction on the point
resistance of foundation piles. Tests were performed using cohesionless soil media and applying
two special-type pile models. It was found the point resistance being increased on the average
by about 10 per cent — asa result of the skin friction reaction.

1 Introduction

The problem of the influence of skin friction acting along the lateral
pile surface on its point resistance has not yet been solved exactly.

These stresses cause additional stresses around the pile tip, and, in turn,
increase the soil resistance under it. The vertical componenet of additional
stresses is usually calculated basing on the integration of Mindlin’s formula,
valid for vertical concentrated force acting in an elastic semispace (Fig. 1.).
According to the solution given by Mindrin [5],

da = éﬁOdl (I"Z’?(»-Q ) (1 2r) (z = |) 3(z = if

- n) L, Ll L,
33 —4n)z@-fIf 1 3(@z-F1)Bz 1) 30lz(z + Vf
L L L

where
Kj= [r2+ R*- 2rRcosB + (z- 1)2]1/2,

R., = [r2+ R2- 2rRcoss + (z+ 1)712.

Practical application of this formula to calculate the point resistance is
given by Berezantsev [1].

Besides, a very interesting solution, based on Mindlin’s theory was given
by PATI [6] assuming a uniform and non-uniform distribution of the friction
forces along the lateral surface of the pile as well.

From this analysis he concludes that the pile point resistance, due to
additional stresses due to friction forces, may increase by 10 to 15 per cent.
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Generally, one can assume (see also [2] and [4] for medium-dense
cohesionless soil) angle of internal friction ® — 30°-y35° that the effect of
stresses due to the friction forces along the pile skin on the soil resistance under
the tip of the pile may increase the average point resistance by about 15%.

It is worth to add that not all of the so-called static formulas of the pile
bearing capacity take the influence of the skin friction on the point resistance
into consideration (for example the Terzaglii formula for calculating the unit
ultimate point resistance disregards this influence).

Since in this matter there is a lack of empirical confirmation of these
data (some research work in this direction was conducted by Keérisel [3]),
it was decided to examine the influence of the skin friction on the point resis-
tance basing on model tests.2

2. Method and procedure of tests

To determine the effect of the friction forces acting along the pile skin
on the point resistance, two types of precast reinforced pile models were made
(Type | and Il). Piles of the first type enabled direct measurement of the forces
in the tip under the total load, as well as by the point and skin of the pile.
The fundamental part of these piles consisted of a tip made of plexiglass, acting
as an extensometric dynamometer. A W heatstone bridge served to record the
point resistance as the result of its deformation.
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Fig. 3

Piles of the second type were made as bipartite ones, to carry out meas-
urements of the point resistance without the influence of the skin friction.
The tip of these piles (made of plexiglass) was loaded independent from the
pile skin by means of a shank inside it. Both models | and Il were 100 cm
long and has a cross section of 5 X 5c¢cm and 3,5 «3,5 cm.

Fig. 2. shows the pile models applied in the tests. The model tests were
carried out in medium-dense dry sand (Dr= 0,501, characterized by average
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pile modéi 3,0x35cm pile model 5x5cm

Fig. 4

dry unit weight, yo= 1,59 C/cm3 (or the state during tests) and angle of
internal friction, & = 35°. Sand was placed in layers and vibrated within a
concrete cylindrical container (150 cm high, 100 cm dia) for each test. The pile
models were pressed into the soil by a screw device and the total load was
measured by means of a dynamometer ring (Fig. 3).

The first experiments were performed with models of type I, later with
models of type II.

The testing procedure was the following. The piles of type | were loaded
at their penetration depth of 50, 75 and 100 cm, until their ultimate bearing
capacity. In this way the actual point resistance, together with the influence
of skin friction was obtained.

The piles of type Il were loaded at the same depths, but after the pile
load test only their tip was loaded, also until the ultimate bearing capacity.
The point load test was carried out after a time interval. Based on these tests,
the distribution of the pile load into the point resistance and skin friction,
without the influence of the friction forces, was obtained.

By comparing the ratio of the point resistance to the total pile load for
both pile types, one can define the effect of the friction forces acting along
the pile skin, on the point resistance.

3. Test results

A comparison of percentage ratios of the point resistance to the total
pile load for both pile models, |1 and Il, was made for the most characteristic
load — ultimate pile bearing capacity.
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One can determine exactly

as an example, the typical load test diagrams of piles type | and
Table

Depth
li(cm)

50

75

100

239

the failure load because the load-displace-
ment curve gave a definite failure point in each test. In Fig 4 are shown,

I contains all test results.

Test
no

AW N R D WN R, DN WN P

kg

293
237
297
233
337
463
421
330
421
474
503
494

133
152
147

165
211
256

215
240
256

Table 1
Pile of type |
o & T
%

Pile model —5 X 5 cm.
6,46 256 87 1
7,63 200 85 1
8,80 255 86 11
6,25 196 84 v
7,71 275 82 |
7,29 380 82 11
7,30 346 82 11
6,25 268 81 v
7,54 334 79 |
7,82 382 80 1
5,28 396 79 11
6,25 394 80 v

Pile model — 3,5 X 3,5 cm
5.10 92 69 \%
6,25 113 74 Vi
5.10 106 72 VIl

Vil
5,12 103 63 \%
5,03 135 64 Vi
6,90 177 69 VIl

A\VARE
5,50 131 61 \%
5,22 150 61 Vi
7,00 164 64 VIl

Vil

Pile of type 11
T
364 5,10
309 5,00
314 4,90
318 5,00
438 5,25
439 4,90
450 5,85
454 5,22
530 5,33
444 5,19
565 5,14
509 5,32
133 5,07
154 5,19
182 5,49
220 5,42
177 5,15
233 5,00
196 5,02
290 5,22
217 5,06
300 5,50
300 5,18
310 5,54

<V,
kg

282
232
244
232

308
293
330
320

358

396
326

78
100
114
150

98
133
114
175
120
162
165
161

77
75
77
73

70
67
73
70

68
64
70
64

64
65
65
68

56
57
58
60

55
54
55
52
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In the Table:
Qu — ultimate pile bearing capacity
Qpu —-ultimate pointresistance
S — settlement
h — penetration depth of pile in soil
B — pile diameter.

Note: index refers to results obtained for models of bipartite piles (without the influence
of the skin friction on the point resistance)

The scatter of test results was rather small in all experiments, an analy-
sis of the investigations was made for average values. These are given in Table I1.

Table 11

Pile model 5x5 cm Pile model 35 X 3,5¢cm

Depth
h(cm) QPU -Qu difference u - Qu difference
%o G TR e O
50 85 75 10 72 66 6
75 82 70 12 65 58 7
100 80 67 13 62 54 8

The average ratios of ultimate point resistance to ultimate pile load
(in per cent) for piles of both type are plotted in Fig. 5. From this figure it

can be seen that a notable increase of the point resistance occurred; due to
the friction forces acting on the pile mantle.
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As a result of the skin friction reaction, the point resistance increases
at different depths from 10% to 13% for the pile model of 5 X 5 cm and from
6% to 8% for the pile model of 3,5 X 3,5 cm.

Additionally, the effect of the pile diameter was also obserwed as well.
The increase is proportional to the pile diameter.

In the performed tests the influence of stresses due to the skin friction
and acting on the place of the pile tip on the increment of the point resistance
was somewhat less than it would follow from the calculation. It may be due
partly to the discrepancies between the effective pile behavior and the theo-
retical assumptions, and partly to the tests procedure and model scale. It is
also difficult to extrapolate the test results to field conditions.

However, it is very important, that differences could be detected in the
point resistance depending on whether the mantle was loaded or not.

It is, therefore, necessary, in calculating the pile bearing capacity, to
take the mentioned increase in the point resistance into consideration. This
method will reflect better the actual pile behaviour.
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K Bonpocy BAWAHUA CUN TpPeHus 60KOBOIA NOBEPXHOCTN CBan Ha COMNPOTUB/IEHWE,
OKa3blBaeMoe ero octpuem, no AaHHbIM ucCCnenoBaHUN

A. TelixmaH

BBugy HegocTaTka MOATBEPXAEHWS pe3y/nbTaTaMy MOZENbHbIX WUCMbITaHUI, TeopeTu-
YeCcKne pelleHns (Ha OCHOBE KOTOPbIX Mpegronaraercs, YT0 [06aBOYHblE HaMpPSAXKEHWUS, BbI3-
BaHHble Mepegaveil Harpysku 60KOBOI MOBEPXHOCTbIO CBaW Ha OKPYXAOLWMiA FPYHT, yBeNu4u-
BaeT COMPOTMB/IEHWE OCTPMA) peLUeHO OnpedenuTb B Npeffaraemoil pabote conpoTueie-
HUA, OKa3blBaeMOro GOKOBOI MOBEPXHOCTbIO Ha COMPOTUB/IEHWE OCTPUSA, AMIMPUYECKUM MYTEM.

ViccnegoBaHus Benuch B PbIX/Oi FPYHTOBOV Cpeae NMpy MPUMEHEHUM ABYX CMeLnaNnbHbIX
TUNOB MOfENel ene3obeTOHHbIX CBali M3 COOPHbLIX 3/1EMEHTOB.

ConocTaB/eHne NPOLEHTHbIX COOTHOLLEHWI CONPOTUBEHWA OCTPWA K NOJHOW Harpyske Ans
060MX TUMOB CBali, T. €. C Y4eToM 1 6e3 yyeta BAMAHWA COMPOTWBEHWNS GOKOBO MOBEPXHOCTM
CBa/l Ha COMPOTMB/IEHME €e OCTPUA, MPOWU3BOAMNOCL MPU MPEAENbHOA Harpyske CBau.

B ycnoBusax nponssefeHHbIX UCNbITaHWU 06HapYXeHOo, Y4TO BCeACTBME BANAHMA GOKOBOW
MOBEPXHOCTW COMPOTUB/IEHNE OCTPUSA YBENNYWUIOCH B HECKOMBKUX Pa3/IMYHbIX UCCef0BaHHbIX
cny4yaax OT 6 Ao 13 npoLueHTOoB.
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APPLICATION OF STATIC CONE PENETROMETERS
IN THE DESIGN OF DEEP FOUNDATIONS

S. VISWANATHAN
RESEARCH AND DEVELOPMENT CELL AIMIL, NEW DELHI, INDIA

The author’s firm has recently developed a Static Cone Penetrometer suitable for sub-
soil exploration similar to the Dutch “GOUDA” design. From practical experience author
concludes that the Static Cone Penetrometer is an indispensable tool for the design of deep
foundations and where foundations for heavy columns resting on a sub-soil having complicated
geological history are to be designed, the result of Standard Penetrometer Tests are unreliable
and would result in considerable delay in arriving at a suitable foundation design.

1. Introduction

Tlie Standard Penetration Test and the Dutch Cone Penetration Tests
are the two Standard field tests to estimate the allowable bearing capacity
of soils for the design of deep foundations. Since 1956, many attempts have
been made to correlate these two tests with the object of substituting the
Dutch Cone Penetrometer by the SPT [13]. A perusal of the publications
clearly indicate that no such universal correlation is possible, except, perhaps,
for individual geological terrains because of the inherent differences in the
mechanism of the two methods. The experiences gained in the deep foundation
design of the Foundry Forge Project, Ranchi (Bihar) and the deep sounding
tests carried out recently in Delhi by Aimil and Dutch Static Cone Penetrom-
eters clearly demonstrate this point.

2. Standard penetration tests

The tests were made in two ofthe major shops (03 and 04) of the Foundry
Forge Project, Ranchi (Bihar). The main shop columns were subjected to
vertical loads of the order of 100 tons to 1700 tons and moments of 200 ton
metres to 750 ton-metres. Based on preliminary subsoil exploration it was
decided to go in for deep bored piling work. T4l T42 etc. indicate the bore
holes for test piles of 19” and 26” dia. The results of the pile loading tests
are discussed elsewhere [5] and by means of Fig. 1only the SPT results will
be briefly discussed here.
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The SPT consists of driving a sampling spoon with an outside dia
of 2 in by means of a 140 Ibs drop hammer falling from a height of 30".
The number of blows for 1' penetration (N) is correlated with the relative
density of sandy soils by means of charts and the bearing capacity for differ-
ent footing widths could also be estimated [4]. The test is difficult to perform
below the water table and at this particular site the water table was quite
high, and the fluctuation during the year was also considerable. Secondly,
as the subsoil strata was very complicated, the N-xalue as seen from Fig. 2.
from even two adjacent bore holes were quite different and no uniform design
criteria could be arrived at. The results of the pile loading tests carried out
at the bore holes T4l T42 etc. were the main criteria for the design of pile foun-
dations and the method of bored piling.

No definite correlations are given in standard charts for iV-relative
density correlation and even those that are available are ambiguous and there
is much controversy about the correctness of these charts for overburden
correction.

3. Static cone penetration tests

The author’s firm has recently developed Static Cone Penetrometers,
both of 3 ton (hand operated) capacity and 10 ton (engine driven) capacity.

In this test a truncated 60° cone of 10 sq. cm base area is pushed verti-
callyrinto the ground at a slow and fairly constant rate by static thrustrequired
to cause a bearing capacity failure of the soil immediately surrounding the
point where measurements are required to he made. Such measurements made
at suitable desired intervals provide a continuous bearing capacity profile
and hence, the shear strength profile of the soils at the sounding location.
The cone point is advanced with a 2 — rod system. The outer casing provides
structural strength and protects the inner rod from soil friction and buckling;
the protected inner rod advances the point during the thrust measurement
which is achieved by pressure gauges.

The mantle tube with a uniform diameter of 36 mm enables the deter-
mination of total cumulative skin friction of the soil in addition to the cone
or point resistance, which are of great practical value in predetermining the
length and estimating the load carrying capacity of piles passing through soft
compressible strata and resting upon hard clays, sands or gravels. If cone
resistance is the main requirement and cumulative skin friction is not to be
measured, then the mantle tube of smaller and non-uniform diameter could
be used, increasing the depth to which the cone resistance could be measured.
The cone assembly with friction jacket when used, enables the determination
of local skin friction of different subsoil strata and the friction ratio so obtained
enables the identification of various soil types penetrated byr the cone.
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A perusal of Fig. 2 clearly shows the determination of cone resistance
and skin friction at different depths of the subsoil strata achieved both by
the Dutch and Aimil Static Cone Penetrometers at a site near the Aimil
factory in Delhi.

4. Correlation of SPT and SCP tests

I f, is the cone penetration value in kg/cm2 and N is the number of
SPT values for different types of soils, the following correlations are usually
used: —
g— 2 N (for clays)
g= 4N (for sands)

But the investigations carried out in different parts of the world clearly
demonstrate the futility of such an attempt as the correlation factors vary
widely from 2 to 13. This is because ofthe inherent difference in the mechanism
of the two tests; whereas SCP test is a static test the SPT is a dynamic test.

5. Conclusions

1. No universal correlation could be established between Static Cone
Penetrometer and Standard Penetration Test results for different types of
Soils.

2. Experience with SPT in a large project clearly shows that the Static
Cone Penetrometer tests are mandatory for all projects involving difficult
deep foundation problems.

3. SPT could still be a useful tool for the preliminary subsoil exploration
of ordinary light structures, provided the results are interpreted with caution
;with regard to overburden and subsoil wrater effects on the iV-values.

*

The author is grateful to Doc. Dr. Jaroslav Feda, C.Sc. of U-tam, Prague with whom
the author collaborated when he was acting as a consultant to the Foundry Forge Project,
Ranchi and to the Managing Director and the Works Director of Aimil for the development
of Aimil Static Cone Penetrometer and for carrying out field tests to determine its suita-
bility for subsoil exploration.
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[MpvmeHeHne cBall CO CTaTMYECKUM rpyHTOUCTIbITATE/IbHBIM  KOHYCOM
npn NpoeKTnpoBaHUU FI'Iy6OKVIX OCHOBaHMN

C. BwucBaHaTaH

Ha [Mpegnpusatum aBTopa B Moc/edHee BpPeMsi MPOEKTUPOBAsiOCh KOHYCO06PasHOro
rPYHTOMCNbITATENILHOIO YCTPOACTBA, aHaIorMUHO ronnaHackomy npuéopy GOUDA, ansi ucnbl-
TaHWii rpyHTOB. Ha 0CHOBE CBOEro MPaKTWUYECKOro OMbITa aBToOP CAeMan BblBOf, UTO CTAaTUUECKMIA
rPYHTOUCMLITATE IbHBI KOHYC SIBMAETCSA HEO6X0AMMbIM BCMOMOraTe/lbHbIM MPUCNoCo6/1eHNEM
npu MNpoeKTUPOBAaHUM TFNYBOKUX (PYHAAMEHTOB; B TeX MecTax, e Ha rpyHTbl CO C/0XHOIA
reofiornyeckoii opmaupein Heo6X0AMMO MOABOAMTL (DYHAAMEHT KOMOHH C BbICOKUM Harpy-
KeHMEM; 06bIYHO MCMO/b3yeMble TPYHTOUCMbITATE/IbHbIE CBAV SIBASIKOTCA HEHAAEXHbIMUA U AAI0T
CBefieHNA K MPUMEHEHMIO COOTBETCTBYIOLLEro croco6a Bo3BedeHUs (yHAaMeHTa TO/IbKO Npu
3HAUUTE/LHON MNoTepe BpPEMEHMW.
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MONIBYUECTb kpynHoo6nomouHbix TPYHTOB
N CbIlNMy4nxX MATEPUAJIOB TP KOMIMPECCA

A. XYPEK

In the last 10-f-15 years of the development of soil mechanics a number of research
workers began to pay increasing attention to the problems of slow-rate soil deformation.
Several hundred papers report on experimental results; many dealt with the theoretical prob-
lems of soil rheology, and the first monographies have been published. The majority of the
papers referred to discuss the slow deformation of heavy soils or describe the test results obtain-
ed therewith. On the other hand, the number of papers dealing with the slow-rate deformation
of non-heavy soils is insignificant although these soils, particularly the non-trundled particles,
exhibit a definite slow deformation in case of static force effects. This | paper presents the
results of studies on the slow deformation of detrital soils under compression, and of certain
theoretical summaries.

1. |_|Of|3y‘-I€CTb npn NOCTOAHHOM HaNpsA>XeHnn

MpoBeAeHHble paHee KOMMPECCMOHHble uccnefoBaHma [1J mokasanu, 4To
noj BO34eAcTBMEM 6bICTPO MPUMOXEHHOW MOCTOSAHHOW Harpysku B KpynHoo6no0-
MOUYHbIX TPYHTaxX BO3HWKAT: YCNIOBHO-MTHOBEHHbIe ynpyrue (o6paTumbie) gedop-
Mauuu, yCNOBHO-MTHOBEHHble NnaacTuuyeckue (Heo6paTumble) fgedopmManun U ANu-
TeNbHble feopmMalLMm nonsy4vyecTu. JAna cxembl HarpyXeHus 6Gblna ycTaHOBMAeHaA
cnefylouwas aMnuMpuyeckas 3aBUCUMOCTb, ONKCbIBalOLWas 3TU Aehopmayun:

e= aak+ uaTin (At+ 1), (1)
rge

e — getopmauus; 6 — HanpskeHue; t — BpeMmsi; @, K — 3MMUPUYECKUE MapaMeTpbl
YCNOBHO-MFHOBEHHBIX fiedopmMaLiyii £6pamw|b|x U HeobpaTUMbIX); W, T — 3IMNUPUYECKUe Napa-
MeTpbI %eq)opmau.mf/’l nonsyyecti; A — Ko3aMLMEHT, CAyXaluidi AN nepecyeTa NPUHATOTO
MacluTaba BpeMeHM.

XapaKTepHble KpWBble NOM3Yy4ecTM ANA OAHOFO M3 ONbITOB MNOKasaHbl Ha
puc. 1. B T1a6bn. | gaHbl HeKOoTOpble NapameTpbl NMPOBefEHHbIX 3KCMEPUMEHTOB U
BEIMYNHbI MONYUYEHHbLIX 3MAMPUYECKUX KoshduumeHtos n mn T (npu A= 1
1/MnH).
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30 60120 300 Bpemsa,b muH

puc. 1. XapaKTepHble KpuBble MOA3y4YecTn Ansa LwebHs (1)

Ta6bnuua |
Hauanb- N3yuen-
HbIN HbIn
KO3 . AvanasoH
Bup rpyHTa nopql)/lqc)» Hanps-
TOCTHK XeHNn
Q Kr/cm2
LLLe6eHb 13 NecyaHUKa, KPYNHOCTb
1H-20 MM 0,52 tOH-50
TO Xe 0,52 5H-40
LLle6eHb 13 MecyHaHrKa (gpyras pas-
HOBWAHOCTb), KPYNHOCTb 5H-20 MM 0,87 2H-8
["aneyHnK ¢ necyaHbIM 3arnoHUTeNeM
(20%) 1 MakcMasbHOM Kpyn-
HOCTbt0 200 MM 0,23 20-H50

2. MonsyuyecTb Npu MNepeMeHHOM HaNpsXeHUwU
nonsyyecTtu

MpueBefeHHOe BbllWe 3SMNUPUYECKOE ypaBHeHUe yKa3blBaeT Ha TO

B

Mpogon-
XNTenb-
HOCTb
onbiTa,
CYTOK

340

160

100

CBeTe

1380
JmMnupuyeckume
napameTpbl
nonsyuectu
n T
3,9 «O-5 0,840
O 0,825
2,9 « lO-5 0,935
<5 o 0,523

HEKOTOpPbIX Teopuii

4YTO Kak

geopmMauuyM YCIOBHO-MIHOBEHHbIe, TaK U fgeopmMayuy MNON3Yy4ecTU B KPYMNHO-
06/10MOYHbIX TPYHTaX ABAAKTCA HeNUHERHbIMU (K(D 1, T ® 1). CnegosatensHo,
4NA TaKOro Tuma FPYHTOB HeO6XO0AMMO MPUMEHATb HelWHeliHble TEOPUU NON3Yy-
yecTw W3 psga CywecTBYWLUWMX HeNUHEHHbIX Teopuit M WX pPasHOBUAHOCTEN
Bbl6epeM TpU: TEOPUIO TeYeHUs, TEOPUID CTApeHUs U HeNMHelHY0 Teopuio Hacnepg-
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CTBEHHON MON3y4yecTn, M MNOKaXeM, 4To ypaBHeHue (1) MOXeT 6bITb YaCTHbIM
cnyyaeMm KaxXp[oh W3 HUX.

B TEOpUN TEYEHUA peonormyeckoe ypaBHEHME COCTOSAHWUA 3anucbliBaeTcH
yauie Bcero [2] B cnepywouiem BuUje:

e= -%‘? + omx(t), (2)

1
E
rae
MepBbIii UNeH OMUCHIBAET CKOPOCTbL YNpYroii Aethopmalyu, BTOPoi — CKOpOCTb fedopma-
UMM NOS3YYECTU.

MpUMeHUB 3TO ypaBHeHWe ANS YCA0BUW KOMMNPECCMOHHOro cXaTus u
NPOUHTErpUpoBaB ero npu a = const, NoAy4YuUM

e= —— har | x(t) mt. 3)
E Jo
HeTpyAHO 3aMeTUTb, 4To ypaBHeHUe (3) 6yAeT TOXAECTBEHHO SMNUPUYECKOA
dopmyne (1) B cnyuae, ecnu nuHeiinblii unen a/E samenum HenuHeliHbiM uneHom
aak, a pynkumnio spemenu >() npumem B BUge

*0.-

n

At+1 “)

Torfa ypaBHeHUWe COCTOSSHUS AN KPYNHO06M10OMOYHOro rpyHTa, NOCTPOEHHOE Ha
6ase Teopuu TeueHus, 6yaeT UMeTb BUJ

maT

é = akak ~1-f-
At + 1 (5)

Ons NocTOSAHHOro HanpsXeHWs a& = const 3To ypaBHeHue 6yaeT WMeTb
peweHne B gopme (1). AN nepemMeHHOro HanpsXeHus

a(t) = B-tn (6)
HeTPYLHO NYyTeM WHTEerpupoBaHuUA NOAYYUTb Clefylollee pewleHne

e = afktnk + ulRmf x(t), )
roe
*m
1 dt. (7a)
At + |
B TEOpUN CTapPEeHUA peonormnyeckoe ypaBHeHME COCTOAHMA 3anucbiBaeTcA
Yyauie Bcero [2] B cnepytouw,em Bupge:

e(t) = -t oTQ(t), (8)

rge nepBblii YfieH onucbiBaeT NIMHeliHble ynpyrue gepopmMayuu, BTOpoi — Henu-
HeliHble fedopMaLyuu NoN3yyecTu.
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CpaBHMBas 3To ypaBHeHMWe C (1) BUAMM, 4TO OHM GBYAYT TOXKAECTBEHHbI,
ecnu AuHeliHbii unen a/E 3ameHMM HenuHeliHbiM @ @K, a (GyHKYWIO BpemeHM
QM npumewm B Buge

Q(i) = In (At - 1). ©)

Takyum o06pa3omM peonornyeckoe ypaBHeHMEe COCTOAHMA [ANA KpynHoo6no0-
MOYHOrO rpyHTa, NOCTPOEHHOEe Ha 6a3e Teopumn cTapeHns, 6yaeT B TOYHOCTU UMETH
BUA ypaBHeHuna (1), cnpaBeiMBOro, COrnacHo aTon Teopun, Kak AN NOCTOAHHOrO
Tak U nwoboro nepeMeHHoOro Hanps>xeHusa. CnefosBaTeNlbHO, COrfacHo Teopuu
cTapeHus BennyumHa pfedpopMmaymm MoN3yvyecTuU He 3aBUCUT OT UCTOPUU Harpy-
XXeHWA Wn onpejenseTcs NUWb BeNWYWHON [eACTBYHOLWEro B JAaHHbIA MOMEHT
Hanps>XeHuns.

Ona nepeMeHHOro HanpsaXeHus a = B tn byfem umeTb

e = allktnk -f- uBmf 2(t), (10)
rne
f2(t) = tnmin (At+1). (10a)
B HENMHEWHON TeopuyM HacnefCTBEHHON MOM3y4yecTU Pa6oTHoBa— P030B-
ckoro [2] mMoXeT 6bITb 3aNMcaHO B BuUAe CAeAYHLWEro MHTErpanbHOro COOTHO-
weHnAa:

e(ty = fo )] + Fg(t- V)oK ] vdy, (11)
rae
fa [°()] — MrHOBeHHas AEhOPMALIA, BbIPAKEHHAA Kak HennHeliHas dyHKUMA HanpskeHus

/ 1009] —HenvHeliHaa (yHKLWA, cBA3biBaloWwas e u a npu t> 0 ;
Q (I —v) —A4p0o Non3y4vecTu.

Ona a = const ypaBHeHue (11) mmeeT cnepytouiee pelweHue:

e(t)=f0(o)+f(0)C Q(t)-dt. (12)
Jo

CpaBHuBas (12) ¢ (1) BuagUM, 4YTO eCNU HeNUHeliHble QYHKLUUMN HanpsaXeHUs
N AAPO MON3y4yecTW MPUMEM B CneaylolLem Bupie

loN = ayk; /N = wnaT; Q) = A 1 ’ (]3

t+ 1

TO ypaBHeHWs 3TU 6YAYT TOXAECTBEHHbI. MpPU 3TUX KOHKPETHbIX 3HAUEHUNX
NPOM3BONbHbLIX (YHKLUWIA peonormyeckoe ypaBHEHWE COCTOSSHUS AN KPYNHO-
06/10MOYHOIO rpyHTa, NOCTPOEHHOE Ha 6as3e HeNMHeNHO Teopnuu HacNeACTBEHHOM
non3yyectu NpumeT Buj

et) = aa()k + F oo dv . (%)

Jo At + 1- Av
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PeweHMe 3TOr0 ypaBHeHWs AN NepeMeHHOro Hanpsxenus a = B tn 6ygeT
nMeTb BUQA
e(t) — aBktnk -f- uldn,f 3(t) , (15)

roe
ri vnm

Mt) = = e _dq
) Jo At+ 1 Av

r. (15a)

MoABOAS MTOr BCEMY MPOAENAHHOMY aHann3y MOXHO CAenaTb BblBOA, YTO
npu nepemeHHOM HanpskeHuu a = B tn BenuunHa geopmaynum HesaBUCUMO OT
NMPUHATON Teopum monsydectu (B pamMKax Tpex PaccMOTpeHHbIX) 6yaeT onpege-
NATLCSA OAHUM U TeM Xe ypaBHeHMeM

e(t) = aBktnk + uRmmi(t), (16)

roe TonbkKo yHKUMA BpemeHu /(/) bypeT pasHON ANA Kaxpaolh u3 Teopuih (cm.
hopmynbl 7a, 10a 15a).

3. BO3MOXHOCTb NpoBEPKN NPUMEHUMOCTU OTAE/IbHbIX Teop|/||7| non3yyectn K
onpeaesieHno  COKMMaeEMOCTM  CbiNydynx MaTepurasioB TMpu TMeEPEMEHHbIX Hamnpa-
XXEHNAX

Ecnn npoBeaem 4 KOMNPECCUMOHHbIX ONbITa, U3 KOTOpbIX 3 6YyAyT NpejcTaB-
NATb co60i 06bIYHOE MCMbITAHWE Ha MONA3Yy4YecTb MPW MOCTOAHHOM HaNpPAXeHWUWU,
a nocnefjHUin — ncnNbliTaHWe NPU NepeMeHHOM HanpsaXxeHuun (npu M = 1), To npea-
CTaBNsAeTCsA BO3MOXHbIM NPOBEPUTb, Kakas W3 Teopuil nonsydyectun (B pamkKax
Tpex pacCMOTPEHHbIX) MPUMEHUMA K MCNbITyeMbiM FpyHTam. CaTol Uenbio Hajo
no nepBbIM TpemM oOMNbiTaMm ONpeAennTb MNapaMeTpbl Cxumaemoctn a, K, U, T,
a 3aTeM No pe3ynbTaTamM 4YeTBEpPTOro OoNbiTa onpefenuTb BUA GyHkuun /(/), nonb-
3ysicb 3aBuUcCMMOCTblo (16). CpaBHuMBasa yHkuuiw /(/), onpefeneHHy B aKcnepu-
MeHTe ¢ yHKumamu /(/), nogcynTaHHbIMKU Ha ocHoBe opmyn (7a), (KOa) n (15a),
MOXEM OLEHUTb MPUMEHUMOCTb TOW UAN MHON HENWHEWHON TEOPUU K UCNbITAHHbBIM
rpyHtam. lMonbiTKa NPOBeCTM TaKyl OLeHKY 6blfla HaMW nNpoBeAeHa, 04HAKO He
npusena K MOMOXWTeNbHbIM pe3ynbTaTaM Mn3-3a 60nbWOro pasbpoca akcnepu-
MeHTaNbHbIX faHHbIX (ONbITbl NPOBOAWANCH TONbKO MPM 5 MOBTOPHOCTAX).

4. CpaBHeHWEe pas/IMYHbIX TEOpWUiA MON3y4yecTU ANS  JIMHENHO-AeOPMUPYEMOro
maTepuana

Kak BugHO u3 popmynbl (16), BennunHa gedopmanmm nona3yyectu nponop-
umoHanbHa (yHkuuu f(t), uTo nossonsaeT npoBecTW cpaBHeHWE PaCCMOTPEHHbIX
Teopuii He NO BeNMYUHe fedopmayunm, a N0 BenAMUYUHe 3TOW GyHKUMK. [na ynpo-
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Puc. 2. CxemMa onblTa 4151 CPaBHEHUS PasUYHbIX TEOPI/IVI non3y4vyecTun

0 2 4 6 8 10 12 14 16 18 20
tMHH -

Puc. 3 CpaBHeHMe (hyHKUWIA BpemeHU /(«)

WeHWs npoBejemM TaKoe cpaBHeHWe [N NUHeWHO-gedopMUpPyeMOro mMaTepuana
(T: 1) U AN NUHeHO HapacTakwLWero HanpsXeHus (I'I: 1). CornacHo (7a),
(10a) mn (15a) bygem umeTb

T = ~ mn(At+ 1); T = tin(At+ 1);

E Yx

(7

Ha puc. 3 nokasaHbl rpa@uku aTux GyHKUMI, noacumTanHuble npu A = 1
1/MUH. gnAa guanasoHa BpeMeHM 0 < /< 20 MMH. KaK BblTeKaeT M3 NOACYETOB,
pacxoxpgeHune mexngy /x(/) n octanbHbiMu GyHkumnamu /2/) n /3(/) pacTeT co Bpe-
MeHeM, OTHOCUTeNnbHasa >Xe pasHuuya mexagy /2(/) n /3(/) ymeHbwaetTcsa co Bpe-
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MeHeM. PasHula 3Ta MOXeT 6biTh onpejeneHa ciejyouwum o6pasom (npu A = 1
1/MunH.):
M i+ i) I

HeTpyaHo nogcuuTtaTh, uTo npu t = 0,5 wmecaua pasnuua Af pgocturner
0,10 (KO%), a npu / = 860 ner — 0,05 (5%). YuutbiBasa, uto /,(/) nponopumno-
HanbHa BeNU4YMHe fedhopmMauunii NON3y4vyecTu, NOACUYUTAHHBIX MO TEOPUU CTapeHus,
KOTOpasa He y4yuTbiBaeT UCTOPUM HarpyxeHusa, a /.,(/) nponopynoHanbHasa Benu-
YnHe fedopmauuini MON3yyecTU, MOACYUTAHHbLIX NO HENIMHENHON Teopuum Hacneg-
CTBEHHOW MON3y4yecTu, KOTOpas MUCTOPUID HATPyXeHWS y4yuTbiBaeT Mpu NoMoLun
WHTerpanbHbIX COOTHOWeHMI Tuna (11), MOXHO cAenaTb BbIBOA, YTO ANA KPYMHO-
06/10MOYHbIX FTPYHTOB W CbINYy4YUX MaTepuanoB B HEKOTOPbIX MPaKTMYeCKUX 3aja-
yax y4yeT WCTOPUM HarpyXeHuWs no TeopuW HacNeACTBEHHOW MON3yyecTu He
AaBnsaeTca o6s3aTebHbIM, €CAN NPOAO/KUTENbHOCTb pocTa Harpysku MpPeBbICUT
HeKoTopoe BpemMsa. B aTom cnyyae MOXHO MOMb30BaTbCA TeOpuel cTapeHns BMeCTO
Teopun HacnefCTBEHHOM nonsy4yecTu. ITOT BbIBOA YTOUHSAET pacnpocTpaHeHHoOe
MHeHue [2], YTO NMpW MepeMeHHbIX HaNpPsXeHWAX HeNb3A NO0Mb30BaTbCA Teopuel
cTapeHWs, HO Lenecoobpa3Ho MCMNONb30BaTb MaTeMaTMyecKMin anmapaTt Teopuwu
HacnefCcTBEHHONW MOM3yyecTn.

B cBeTe BCero ckasaHHOro ocTaeTcs, O4HAaKO, OTKPbITbIM BOMPOC, MOXET K
TEOpMA HacNefCTBEHHON MNON3yyecTU 6biTb NpUMeHeHa ANA KPYMHOO6/10MOYHBIX
rPYHTOB, TaK KakK pasHuua MexXAay BenmymHamu pgedopmaumini nonsyyectu npu
nepeMeHHbIX HanpsAXeHWAX, MNOACYMTAHHbLIMW NO 3TOW TEOPUM W BeNUYUHAMMWU,
noACYNTAHHLIMW NO APYFMM TeopusM (HN. NO TeOPWUU TeyeHUA), BeCbMa 6oNblias.
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Pestome

B TeueHve nocnegHux 10 15 neT pasBUTUSE MEXAHVMKU TPYHTOB MHOFME uccnefoBaTesun
yaenstoT Bce 6orbllee BHVMMaHVe BOMPOCaM MOM3y4ecTW TFPyHTOB. [OSIBUNNCL COTHU CTaTeid,
n3nararLlmx pesynbTaTbl 3KCNEPUMEHTAIbHBIX UCC/eA0BaHNIA, MHOTWE [ECATKM cTaTeld, nocBs-
LLIEHHbIX TEOPETUYECKMM BOMPOCaM PeosIory FPYHTOB, BbILLIA U3 MeYaTy NepBble MOHOrpahuu.
MogaBnstoLlee 6OMLLUMHCTBO 3TUX Pab0T MOCBSILLEHO MOM3YYECTU CBA3HBIX FPYHTOB MM 6asu-
pyeTcs Ha pe3ynibTaTax 9KCNepUMEHTOB CO CBSA3HbIMW FpyHTaMu. PaboTbl, NOCBALLEHHbIE MON3Y-
YeCcTN HECBSI3HbIX FPYHTOB BeCbMa HEMHOrOYMC/EHHbI. TeM BpeMeHeM TaKue FPYHTbl, 0CO6EHHO
COCTOSILLME M3 HeOKATaHHbIX YacTuL, OT/IMYAKOTCS SAPKO BbIPaKEHHbIMU fedpopMaLsiMy Non3y-
YecTW NpY BO3AEMCTBUM HA HUX CTaTUYecKMX ycunuii. B pa6oTe npuBefeHbl pe3yibTaThbl U3yHeHUs
MoNI3y4YeCcTU KPYMNHOOG/IOMOYHbLIX TPYHTOB B YC/I0BUSIX KOMIMPECCUMM, a TaKXe pe3ynbTaTbl
HEKOTOPbIX TEOPeTUYECKUX 0606LLEHNIA.
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Acta Techn. Hung. 64 (1969), 3—12
Molnak, L.: Open Pumping in Sheeted Trenches

The determination of low conditions prevailing during the drainage of a
sheeted partially penetrating trench by exact mathematical methods in-
volves great difficulties. By means of the electric model providing results
the accuracy of which is close to the theoretical solution the effect of the
variation of the parameters of the boundary conditions exerted on the
amount of water etc., can be determined. It can be proved that the thick-
ness of the permeable layer "under the bottom of the trench influences
the discharge considerably only as long as its thickness is not greater than
three times the width of the trench. On the other hand, the increase of the
length of the sheet wall has a great effect on the maximum outlet gradient.
The length of the sheet wall greatly influences also the distribution of the
amount of water entering at the bottom of the trench.

Acta Techn. Hung. 64 (1969), 13—19

Szabé, Gy.: Observations and Experiences During the Dewatering of a
Foundation Pit

During the dewatering of a large foundation pit an initial discharge of
200 litres/miu was observed at each pumping station, which, however,
dropped to 20 litres/min after 5 months. Visual and instrumental observa-
tions made in the course of the dewatering operations in the fine-sand
revealed that the drawdown range did not increase beyond 875 m and
no additional lowering of the groundwater table towards the row of pum-
ping wells was 1%. The permeability of the soil was k = 3,84 m/day.

Acta Techn. Hung. 64 (1969), 21—30
Timab, A.: The Effect of Berms on the Stability of Slopes

A method is developed for estimating the stability of slopes constructed
with a berm. Investigations have been extended to nine fundamental
cases (three different slope inclinations and three different berm heights.)
The stability coefficient was plotted graphically in terms of the angle
of internal friction of the soil or the ratio berm width to slope height.
Directives are given for the selection of the most economical locatiou,
design and dimensions of the berm. The use of the results obtained is
illustrated by two practical examples.






Acta Tcchn. Hung. 64 (1969), 31—41

Verigin, N. N.—Sarkisjan, V. S.. Calculation Method of Dewatering
the Foundation Pits under Structures

When dewatering the foundation pits it is necessary to determine the
water level drop in their centre as well as in the wells with the given
layouts, dimensions and yields. The present report shows the technique
to determine the hydraulic resistance and stripping coefficient for rectan-
gular- and circular-shaped foundation pits in an unconfined water-
bearing formation. It is assumed that the wells are located along the
contour of the foundation pit with uniform spacing and that they have
the ~ame yields at the same time. The consideration of some alternatives,
differing in the number and yields of wells, resultsin the selection of the
alternative which is the most efficient from the technical and economic
pbint of view.

Acta Techn. Hung. 64 (1969), 43—57

Awad, A.—Petrasovits, G.: Considerations on the Hearing Capacity of
Vertical and Batter Piles Subjected to Forces Acting in Different Directions

The bearing capacity of vertical and batter piles driven into cohe-
sionless soils is studied. During the experimental investigations the follow-
ing cases were studied; the bearing capacity of batter piles subjected
to lateral loads; the bearing capacity of batter piles subjected to ver-
tical loads; the resistance vertical in- and out-batter piles to lateral
loads. The optimum values obtained in individual cases are presented.
Relying on the experimental results and using the coefficient of subgrade
reaction a computation method is described for illustrating the variations
in the magnitude of the coefficient of subgrade reaction as well as of the
trend of these variations.

Acta Techn. Hung. 64 (1969), 59—65

Aptekar, L. D.—Bushkanets, S. S.: Some New Results of Experimental
Investigation of Compaction of Clayey Soil

The paper contains new results of experimental investigation relating to
the process of consolidation of clayey soil at different initial moisture
content and at different rates of loading of samples by vertical pressure
up to 60 kg/cm2 (diameters of samples are 30,45 and 90 cm).






Acta Techn. Hung. 64 (1969), 67 —76

Balazsy, B.: Foundation of the Trade Union Center (SZOT) Hotel in
Budapest

An alternative of deep spread foundations realized under difficult terrain
and geological conditions, is described. Special care was indicated in the
foundation design. A deep spread foundation was accepted to meet
various requirements, involving no more than 6 construction pits and
foundations. Each of these supports 9 columns, the load of which is trans-
mitted hy a cantilevered reinforces concrete structure. The high load
bearing capacity of the hard marl could be used to the full in this manner,
up to an effective bearing pressure of 20 kp/cm2, without transferring
loads to the unreliable upper clay layers. The completed structure verified
the data of preliminary explorations and tests, and justified the correct-
ness of the foundation design adopted by the designer.

Acta Techn. Hung. 64 (1969), 77 —87

Cserny, Gy.—Regele.Z.—Mrs. Schwoy:A Netv Methodfor Soil Stabiliza-
tion—Supersilic

The problems associated with the stabilization of soils with a high water-
content and low cohesion is dealt with. A brief review of soil stabilization
method: used so far is presented together with their relative merits and
drawbacks. Difficulties in grouting can be overcome by the so-called
gasecus processus, where a gas, rather than a fluid is used as the reagent
substance. In the Supersilic method the soil is saturated with sodium
silicate and then treated with a fluoride gas compound. An actual appli-
cation of the method is described where a loess soil was stabilized by the
new method. The Supersilic method is expected to play an important
role in future soil stabilization operations.

Acta Techn. Hung. 64 (1969), 89 —96

Dethe, Gy.—R6zsa, L.: Approximate Determination of the Ultimate
Load of Reinforced Concrete. Piles in Sands

Based on test loadings, the present paper points out, primarily, the
influence of the original density and compaction hy ramming on the load
bearing capacity of driven piles and on the internal friction angle of the
sand, in the case for fine and medium fine sandy soils. An empirical
relation is given serving to determine the ultimate load on piles. The
natural soil density (number of blows of the sounding device) and the
compactibility (uniformity coefficient) of the soil were considered.






Acta Techn. Huw,. 64 (1969), 97—104

Dvobak, A.: Dynamic Tests of Piles and the Verification of Results by
Static Loading Tests

At a dynamic test a pile is set into vibration by a blow on its upper end.
The continuity of the pile and the quality of its embedment into the soil
can be judged by the character of the forced vibrations. The dynamic
method enables a quick examination of the quality of piles and gives
a reliable indication of any rough defects. Therefore, it is particularly
suitable for the investigation of a great number of piles for which no
other data are available, as is the case with cast-in-place concrete piles.
Dynamic tests give relative data and, as a rule, static loading tests give
a basis for the reliable evaluation of results.

Acta Techn. Hung. 64 (1969), 105—112
Giroud, J.-P.: Effect of the External Load on Vertical Surfaces

Experimental measurements warrant the use of elasticity theory for
the calculation of the stresses applied on vertical surface. A method is
proposed for the quick determination of these stresses in the case of a
load of great length parallel to the wall.

Acta Techn. Hung. 64 (1969), 113—122

Grigorjan, A. A.—Mamonov, V. M.: Determination of the Load Bearing
Capacity of Friction Piles Driven in Soils of First Type of Slump

This paper presents a method how to estimate the bearing capacity
of a driven, friction, short (till 7 m length) pile, that doesn’t penetrate all
the layers of loess soil of first type, using the laboratory characteristics
of loess soil. The bearing capacity of a pile is estimating as sum of point
resistance and skin friction. The point resistance is estimating with
using as well nature dry density, as incipient deformation pressure of
saturated loess soil. The skin friction is estimating with using shear char-
acteristics, when the friction between the compactioned loess soil and
the material of a pile takes place, and the coefficient of lateral pressure
of loess soil. The theoretical schemes are assumed according to an experi-
mental data of tests with piles in situ, that were carried out in Dushanbe
an Kcherson.






Acta Techn. Hung. 64 (1969), 123—126

Hakimov, H. R.: Some Issues of the Analysis of the Results of Static
Loading Tests of Piles

The results of a large number of a loading test on concrete single piles
carried out by the scientific and design institutes of the U.S.S.R. have
been collected and investigated by statistical methods. The results of
this investigation are presented in present paper. The data given here
in some cases allow to determine the settlement of piles without loading
tests.

Acta Techn. Hung. 64 (1969), 127 —134

Jain, G. S.—Gupta, S. P.. A Comparative Study of Multi-Underreamed
Pile with Large Diameter Pile in Sandy Soil

This paper presents the results of a pair of load tests on piles of uniform
large diameter and multi-underreamed cast in sandy soil. The latter was
found to develop much higher resistance with less material consumption
as compared to the uniform large diameter pile. Guiding principles for
the design of such piles based on soil characteristics are also given.

Acta Techn. Hung. 64 (1969), 135—145
Kiein, K.: Loading Tests on Piles for Air Lines

Results of loading test of in situ made piles as well as of precast piles
with a smooth and rough surface. The piles were constructed in saturated
sands and stressed by vertical pulling as well as by oblique compressive
and pulling force. Evaluation of tensometric measurements for ascertain-
ment of shear stress in vertical direction is given.






Acta Techn. Ihmg. 64 (1969), 147—152

Mazubkiewtcz, B.: Combined Figure of Destruction of Coffer-Dams
with Two-sheet Pile IVails

The paper presents the analysis of combined rupture figure for a coffer-
dam with two parallel driven sheet pile walls with an anchoring on the
top of the walls in the state of equilibrium is given. The geometrical
parameters are considered for the solution of the stability of cofferdam
based on Brinch Hansen’s earth pressure theory.

Acta Techn. Hung. 64 (1969), 153—171
Mistéeth, E.: Forces in Piles Supporting Piers

The study deals with the calculation of internal forces and moments in
a piled foundation with two symmetry axes, caused by an arbitrary
three-dimensional load system. The subgrade modulus is assumed to in-
crease in proportion to the depth; the foundation as infinitely rigid. After
having established the four deformation values of the pile in the ground
the internal forces of the pile foundation as of an indeterminate structure
can be determined in the direction of the symmetry axis.

Acta Techn. Hung. 64 (1969), 173—181

Mubthy, V. N. S.—Kapub, R.: Lateral Stability Analysis of Caisson
Foundations

A simple method for checking: the lateral stability of caisson foundations
in sandy soils is presented. The solution is based on classical theoretical
assumption. In order to simplify the analysis approximations were used.
Caisson foundations calculated by the proposed method are suitable
tor practice, the results are on the safe side. A comparison of grip lengths
computed by the author’s method with those actually provided for some
of the major brides in India is included.






Acta Techn. Hung. 64 (1969), 183—192

Mystivec, A.—Kyseta, Z.: Effect of Adjacent Foundations on Bearing
Capacity

Hearing capacity of adjacent foundations is measured experimentally
with the aid of models. Two different kinds of sands and test pieces with
uniform size are used. The influence of the spacing and depth of the test
piece is studied. The results have shown that these parameters influence
the bearing capacity up to about 20 per cent either in a negative or in
a positive sense. This fact can be explained by the slip zones in the sand.

Acta Techn. Hung. 64 (1969), 193—204

PAunescu, M.: On Sinking and Tearing out of Different Members by
Means of Vibration

The paper presents several aspects of vibration used for sinking and tear-
ing out different members of the soil. For this purpose a series of vibra-
tory or vibro-percussion devices were designed, made and experimented;
they were used to sink and tear out piles, sheet-piles and pipes, as well
as to sink reinforced concrete columns. The experimental work was car-
ried out in different soils (sand and clay) as well as for various parameters
of vibratory devices. On the basis of the experimental work carried out,
a series of values were established both as regards the soil resistance
encountered by the members while penetrating into the soil and the
parameters of the vibratory devices. The conclusions which had been
reached permitted the method to be applied on a series of building sites
leading thus to some final conclusions useful in engineering practice.

Acta Techn. Hung. 64 (1969), 205—215
Regetle, Z: Problems in the Dimensioning of Screen-Wall Foundations

Two of the dimensioning problems associated with screen-wall foun-
dations are discussed, namely, the stability analysis of the open slot and
the estimation of the load bearing capacity of screen-wall foundations
for vertical loads. The wall of the open slot is subjected to active earth
pressure, hut as a result of arching effect the ensuing stresses do not
increase in a linear proportion with depth, they rather show a decreas-
ing trend towards the bottom of the slot. Methods are given for esti-
mating the magnitude of earth pressure for slots of rectangular and
circular section and of finite length.






Acta Tcchn. Hung. 64 (1969), 217—223
Sovmec, I.: Driving Stresses in Open-End Steel Pipe Piles

In this paper results of laboratory tests on steel pipe piles are discussed.
The values of friction obtained from these tests are compared with the
results on full-scale test piles, and, finally, theoretically determined
stresses in piles are compared with the stresses measured in piles during
driving.

Acta Techn. Hung. 64 (1969), 225—234

Schaffner, H. J.: Load Bearing Capacity of Bored Piles — A Contri-
bution to Standardisation

The paper presents test load results on bored piles, obtained between
1965 —67. The loading diagrams were evaluated on the basis of the same
method making use of rheological principles, in order to determine the
parts of the load due to point resistance and mantle friction as well,
regarding also their interaction which is a function of the pile settlement.
It could he stated, that the part carried by mantle friction, is, in granular
soils, essentially greater than assumed so far. The paper discusses partic-
ularly the effects of the new findings on standards regarding pile bearing
capacity.

Acta Techn. Hung. 64 (1969), 235—241

Tejchman, A.: Model Tests of the Influence of the Skin Friction on the
Point Resistance of Foundation Piles

Based on model tests the paper discusses the effect of the skin friction
on the point resistance of foundation piles. Tests were performed using
cohesionless soil media and applying two specialtype pile models. It
was found the point resistance being increased on the average by about
10 per cent — as a result of the skin friction reaction.






Ada Techn. Hung. 64 (1969), 213—248

Viswanathan, S.: Application of Static Cone Penetrometers in the
Design of Deep Foundations

The author’s firm has recently developed a Static Cone Penetrometer
suitable for subsoil exploration similar to the Dutch ,,GOUDA?” design.
From practical experience author concludes that the Static Cone Penetro-
meter is an indispensable tool for the design of deep foundations and
where foundations for heavy columns resting on a sub-soil having compli-
cated geological history are to be designed, the result of Standard Penetro-
meter Tests are unreliable and would result in considerable delay in arriv-
ing at a suitable foundation design.

Acta Techn. Hung. 64 (1969), 249-255

Zsurek, J.: Slow Deformation of Gravel Soils und Granular Materials
under Compression

In the last 104-15 yares of the development of soil mechanics a number
of research workers began to pay increasing attention to the problems
of slow-rate soil deformation. Several hundred papers report on experi-
mental results; many dealt with the theoretical problems of soil rheology,
and the first monographies have been published. The majority of the
papers referred to discuss the slow deformation of heavy soils or describe
the test results obtained therewith. On the other hand, the number of
papers dealing with the slow-rate deformation of non-heavy soils is
insignificant although these soils, particularly the non-trundled particles,
exhibit a definite slow deformation in case of static force effects. This
paper presents the results of studies on the slow deformation of detrital
soils under compression, and of certain theoretical summaries.
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ENDRE REUSS

1900—1968

Die ungarische technische Wissenschaft wurde von einem schweren
Verlust betroffen: Endre Reuss, Universitatsprofessor, der weltweit bekannte,
hervorragende Pfleger des Gebietesder Plastizitdtstheorie, verschied unerwartet
am 10. Mai vergangenen Jahres.

Endre Retuss wurde in Rudapest, den 1. Juli 1900 geboren. Das Diplom
eines Maschineningenieurs erwarb er mit Auszeichnung im Jahr 1922 an der
Technischen Hochschule in Budapest. An derselben Hochschule promovierte
er i. J. 1932, und wurde Privatdozent in 1942.

In 1953 bekam er die Berufung als Professor an die Technische Uni-
versitdt in Budapest. Neben seiner Tatigkeit als Professor versah er in den
Unterrichtsjahren 1955/56 tind 1956/57 auch das Amt des Dekans der Fakul-
tdt fir Maschinenbau.

Seine Vorliebe fiir wissenschaftliche Fragen und seine besondere mathe-
matische Begabung fiel bereits wahrend seiner Schulzeit in der Mittelschule
auf. Seine erste Arbeit aus dem Gebiet der Mechanik verdffentlichte er mit
25 Jahren.

Den bedeutendsten Teil seines Schaffens bildete die Reihe von Ver-
6ffentlichungen, die in der ZAMM, in den Jahren 1929—38 erschien.

Gleichzeitig mit Mises wies er 1929 nach, daB die Arbeit der elasti-
schen Formé&nderung auch von Kristallen in die Summe aus zwei Teilen zer-
legt werden kann, von denen der eine Teil lediglich von der Volumenénderung,
der andere von der reinen Formé&nderung abhéngig ist. Ferner bewies er, daR
man bei der Berechnung des Elastizititsmoduls von elastischen kristallini-
schen Stoffen hinsichtlich der Elastizitdtskonstanten der einzelnen Kristalle
von zwei extremen Annahmen ausgehen kann, d. h. dal entweder die Form-
&nderung oder die Spannung in allen Kristallen die gleiche ist.

Im Jahr 1930 erkannte er, dalR die Plastizitatstheorien von Haar —
Karman und von Hencky nicht haltbar sind; ausgehend von der Misesschen
Elastizitatstheorie, entwickelt fir groBe Formdédnderungen, hat er flr den
elastisch-plastischen Kdorper die einfachste Materialgleichung aufgestellt. In
1932 hat Re@S3 seine Theorie fur plastische Bedingungen, die von den
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Huber—Misesschen Bedingungen abweichen, verallgemeinert, u.a. auch fur
die Mohrschen Voraussetzungen. In 1933 driickte er die sich aus der Tresca—
M ohr—Guestschen Gleittheorie ergebenden plastischen Bedingungen durch
Invarianten des Spannungstensors aus. In 1936 stellte er eine Theorie fur die
Entstehung der Tschernow-, bzw. Liders—Hartmannschen Linien auf.

Mit der angeflihrten Serie dieser bedeutenden Untersuchungen endete
die erste, aulerordentlich produktive Periode der wissenschaftlichen Tatigkeit
von Endre Reuss. Seine Tdtigkeit stieR seinerzeit in den einheimischen wissen-
schaftlichen Kreisen auf Unverstandnis; dieser Umstand, ferner die durch den
Krieg verursachten Aufregungen, sein dienstliches Arbeitsfeld, das immer
grofere Verantwortung mit sich brachte, die Sorgen um das tégliche Leben
haben die Kette seiner gldanzenden wissenschaftlichen Arbeiten fir lange Zeit
unterbrochen.

N ur nach einer Pause von anderthalb Jahrzehnten, im Jahr 1953, kehrte
er zum urspringlichen Gebiet seiner Tatigkeit, zur Festigkeitslehre zurick.
In der einen oder anderen Arbeit schimmerte noch seine hervorragende mathe-
matische Begabung und seine Genialitdt auf, aber die schweren Umsténde,
das immer schwerer werdende Leiden seiner Frau, und zuletzt ihr eingetretener
Tod haben seine Nerven vdéllig zerriuttet und seine Arbeitskraft lahmgelegt.
Auch er wurde durch ein heimtickisches Leiden befallen, und es zwang ihn
zum Aufgeben der schaffenden, produktiven Arbeit. Es gelang ihm zwar, den
ersten Angriff der Krankheit zu Uberwinden, aber in diesem erbitterten Kampf
erwies sich die Krankheit als starker, und entfernte aus unserem Kreise
fir immer Dr. Endre Reuss, den hervorragenden W issenschaftler und den
warmherzigen Kollegen.

Die Erinnerung an seine liebenswirdige Persdnlichkeit wird im Kreise
seiner Freunde und Schuler ungeschwdacht weiterleben, die Erinnerung an
seine wissenschaftliche Tatigkeit bewahren dagegen unvermindert seine glan-
zenden Verdffentlichungen, die als anspornendes Beispiel dienen werden.

Die Redaktion
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The moving velocity of the tool in high-speed impact ranges between 14 4- 70 m/s.
As compared to machines of the older type, high-speed impacts can be built as types of smaller
weight. For the designer the main problem is to find the adequate speed. With a view to prac-
ticability, the upper limit equals abt. 30 m/s. For drop forging of die-formed parts of steel
the velocity limits are practically between 14 and 25 m/s. Again, when parts of aluminium and
aluminium alloys are formed by cold working, and for the purposes of powder-metallurgy,
the recommended speed is 30 4- 40 m/s. By means of high-speed impacts it is possible to produce
parts having more intricate shape by one single blow. In making bars and tubes, lower speeds
are recommended. By means of Pulvermetallurgie technology, larger parts of a greater density
can be manufactured then the parts made by the method of static pressing operation.

I. A brief review of the development of high-speed forming

In technology of plastic deformation and cutting, the velocity of tool
movement varies within a wide range. Ever since the beginning of this century,
cutting technology has followed the trend of increasing speed. Apart from the
slow-rate operation press and extrusion units, the velocity of forging tool
movement amounted — in the field of plastic deformation — to about 1— 10
m/sec, with the majority of the various equipment types operating at a rate
of 3 to 4 m/sec. The kinetic energy of a hammer is

(1)

where m is the moving mass, and u the speed at the beginning of the impact.
Obviously, a rate increase would be associated with a reduction of the moving
mass, under otherwise identical conditions.

Publications on the first high-speed equipment types were issued around
the end of the ’fifties. Since this time, the development of high-speed impact
machines assumed a rapid rate, and now an extensive literature is dealing with
both the description of the individual machine types, and the technological
processes feasible by using high-speed impact machines.

The very first high-speed machine was developed by the General Dynamic
Corporation under the trade name “Dynapac”. Afterwards, partly with an
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American licence, but partly on the basis of independent construction, the
development of high-speed forming machines was begun in the United Kingdom,
the German Federal Republic, the Soviet Union, Japan and, recently, in Italy.

High-speed forming machines operate, in general, on a pneumatic prin-
ciple. Such pneumatic forging installations are described by a number of
British, German, French, and Russian publications [1—13]. Thus there have
been about 300 pneumatic impact machines produced, up till nony, all over the
nyorM . In the development of high-speed impact machines, a new idea is re-
presented by S. A. Tobias’ design [14] which intends to carry out high-speed
impact by the combustion of a liquid fuel. Thus experiments to apply liquid
nitrogen as a fuel have also been conducted [15]. Such installations are, however,
only in the stage of laboratory experiments, as yet. Although the pneumatic
machine was deyreloped originally for the purpose of forging, attempts have
been made to use hiidi-speed pneumatic installations for extrusion as well
[16-20].

The speed of high-speed pneumatic impact machines, in the moment
of impact, is generally within the range of 14 to 30 m/sec nowadays, although
machines operating in the 50 to 100 m/sec speed range have also been construct-
ed already [21, 22]. Recently Bronin G. K. [23] published a revieyv on
the development of high-speed impact machines. Taking the types con-
structed so far into consideration, Bronin attempted to find empirical relations
between the output and other engineering parameters ofthe machine. Naturally
these formulae express only a more or less close correlation between the
various characteristic machine indices, respectively. The machine parameters:
output, speed, stroke length, dead weight, engine performance, and cycle
period greatly depend on what a technological process the impact machine
is supposed to carry out.

The objective of the present paper is to describe the calculation methods
of these machines, with the remark that the formulae and derivations pub-
lished here represent a significant simplification of the problem. Investiga-
tions on actual conditions would lead to an extremely complex equation
system, the solution of which could only be feasible by using a computer.
For this reason, every derivation and formula of this paper are only of an
approximative character intended, above all, to facilitate the selection of the
machine type required for the given technological process, by making use of
the considerations explained. It will be noted in advance that it is impossible
to design a universal machine suitable for all possible purposes, and funda-
mentally different high-speed impact machines are required for die forging, or,
for example, extrusion.
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Il. Fundamental principles in designing high-speed pneumatic impact machines

The operational principle of one of the most commonly known high-
speed impact machine types is illustrated in Fig. 1. The working cylinder of
the machine is divided in two where one part contains a p0, the other a p,
pressure gas, the former being much higher than the latter. In the starting
position (Fig. la), the high-pressure (p0) gas acts upon the surface of the

Fig. 1. Schematic diagram of the operation of a twin-chamber high-speed impact machine

piston through bore A Q. In this position where low-pressure gas p 2 acts upon
surface Av the piston is pressed by compression force —Q to sealing ring S
where

Q—AOpa A.,p2. (2)

In this equation A.zis the piston surface minus the surface of the piston rod.
If, due to a pneumatic or mechanical force effect, the piston leaves its home
position, then pressure p uwill affect the entire A 1surface of the piston. With
the flow losses neglected, and taking into consideration that the p () pressure
gas expands whereas p 2 is compressed adiabatically, force F acting upon
the piston will be

PnA A2p2 3
CAaw X Ao (3)
AL R =

K Vv,
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In the above equation x means the piston displacement, V1the volume of
the high-pressure chamber, and V2that of the low-pressure one. The equation
reveals that, after a certain xO0travel, this force will be zero. Since

E ="F(x),dx 4
the energy will be maximum, if

BE _ F(x) = 0. (5)
ax

If there were no flow losses existing, Equ. (3) could be integrated in a simple
manner, and the impact energy of the machine would be

mu- pOVx 2 1
b l x - | p x -1 1 (6)
2 ~ x-1 =1 A
I K K

Equation (6) is only of a symbolic significance as actually no pure adiabatic
expansion will he produced but, behind the piston, instead of the values
calculated from the adiabatic expansion of the originally pO pressure gas
only a p xpressure always less than p Owill originate. The actual output (E) of
the machine, therefore, is less than the one calculated from ideal adiabatic
expansion. The actual output which can be calculated from pressure is
described by an equation system consisting of 6 differential equations that
cannot be integrated in an enclosed form. The problem can only be solved by
using a computer, with the initial condition that the gas flow through bore
1o will become supersonic at the beginning of the piston displacement. The
calculation method thus developed is extremely accurate, and the measure-
ments made with actual machines revealed that the difference between the
calculated and actually measured energy and speed figures did not exceed
1 per cent.

Salov and Botcherov [24] suggested to select factor x in the adiabatic
expansion and compression equations as a value other than 1,41 but this
calculation method would seem suitable only for machines of similar dimension
and less adaptable for the actual description of the phenomena in question,
if compared to the computer technique outlined above.

Instead of selecting factor x in the equations as a value other than 1,41,
rather the introduction of the definition of pneumatic efficiency appears
reasonable. Pneumatic efficiency is

VP = ?)
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where E is the actual operational capacity of the machine, and Ej means the
work calculated on the basis of the ideal adiabatic expansion given by Equ. (6).
Pneumatic efficiency depends to a great extent on impact speed. According
to Equ. (6), if the adiabatic expansion or compression in the right-hand side
of the equation is constant, that is, pressures pnand p2are always identical
when starting, then the speed of the machine will depend only on the magni-
tude of the moving masses. The larger the moving mass m, the lower the speed
of the machine. Decreasing speed has, in turn, decreasing adherent flow losses.
Accordingly, in case of given piston surfaces and cylinder volumes, the pneu-
matic efficiency will increase with a decreasing speed. This phenomenon is
illustrated in Fig. 2. Although the data of this Figure are those of an actual

Fig. 2. Variation of the pneumatic efficiency in function of speed

machine type to be described later (PUF-8), the character of the curve is
more or less similar to other machine types as well. As can be seen in this
Figure, the pneumatic efficiency approximates the tmit value at about 30
m/sec. With higher output machines, this limit is also somewhat higher. While
emphasizing that the correlation between pneumatic efficiency and speed
depends somewhat on the machine output as well, it may be stated as a general
rule that, by the application of less than 25 to 30 m/sec velocities, the output
reduction due to flow losses can be made negligible. These considerations justify
the recent construction of high-speed impact machines within the range of
14 to 30 m/sec, all over the world.

The output of the double-chamber machines presented in Fig. 1 can be
further increased somewhat by supplementing the p2 low-pressure cylinder
area with auxiliary containers, through pipes of a suitable dimension. In this
case, the compression work of the gas xvill decrease, while speed increases to
a slight extent. Variation of the pressure conditions of high-speed machine
PUF-8, and the variation of speed in function of stroke length is illustrated
in Fig. 3. Here pumeans the curve corresponding to the adiabatic expansion
of the high-pressure gas area, and p1the pressure actually produced in front
of the piston. The area included by curves p,, and pXxis proportional to the flow
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losses encountered. Pressure p.2 will increase from the initial 24 atm only to
32 atm, because ofthe auxiliary volumes connected with the low-pressure cham-
ber. The actual power output of the machine is proportional to the area in-
cluded by curvespland p 2 As revealed by Fig. 3, the travelling speed of both
piston and tool will rapidly increase within the first two-third of the stroke,
whereas the variation of the speed in the third one-third is insignificant. The
kinetic energy is proportional to the square of speed u [Equ. (6)], and it follows
that, in the second part of the stroke length, kinetic energy will not vary to

popt Pa

Fig. 3. Movement rate of the PUF-8 high-speed impact machine tool and the variation of
pressures in function of stroke length

a considerable degree, either. Thus the stroke length need not he increased
excessively in order to increase output. Stroke length is governed, above all,
by the height of the work to be formed.

At the low-pressure side, inclusion of auxiliary gas spaces does not only
increase machine output but it also offers the advantage of preventing the
production of detrimental oscillations after the impact; were these auxiliary
containers omitted then, as it would follow from the x = f(t) solution of
Equ. (6), the moving mass could perform a vibration after impact, leading
in the impact rod to a tensile stress in addition to the compression stress pro-
duced in the moment of impact which might lead, in turn, to the fatigue frac-
ture of the rod proper.

In addition to the twin-chamber system described above, high-speed
machines may have a number of other versions, such as the solution illustrated
by Fig. 4 which differs from the type shown in Fig. 1 in that bores A0 are
here in the piston itself. The machine has, therefore, only a single p O-pressure
gas space. In the initial position, pressure p0 acts upon surface A2 If the
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piston surface minus bore AQOis Av then A2= Al — Adwhere Ad is the cross
section of the rod. In the initial position, pressure p0 acts upon surface A2
against which another pt pressure, that affecting the piston surface outside
of ring S will similarly act. With the piston displaced from its firing position,
pressure pnwill act upon the entire Axsurface of the piston which, in turn,

Fig. 4. Schematic diagram of the single-chamber high-speed impact machine

will be accelerated by force F, where

d1X P, VIAd

— (8)
dt'1 (VO+ Adxr

Neglecting again the flow losses, Equ. (8) can be integrated in a simple manner,
thus the energy of the machine will be

mu* o PnK il L 9
£'="T = * o
If the full stroke of the machine is indicated by s then, taking into considera-
tion that Ad= At— A2 and Vn= (A2— An)s, the energy at the end of
the stroke is expressed thus:

I-x

mu2 p.,Vn AV+ A

(10
2 x — Ao f- A

It is easy to realize that, if the value of stroke s is fixed, the kinetic energy
will depend on the ratio of surfaces Aland A2 With Equ. (10) differentiated
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according to A2 the machine output will have a maximum in function of
surface A 2 if ‘
8Ej POVO |y A2+ AO x-1
dA2 X —1 [At-f AO; ()
and therefrom,
r x-1
1
iA2+ AO (12)
1A1-}-A0 K
Since the value of x is 1,41, with a given stroke and piston diameter the ma-
chine will render a maximum output when

A2--A0— +tA)
2.3

Resubstituting this into Equ. (11), the optimum output will be
Eiopt 0,309 «p0Vh (13)

where Vh= (Al-)- Au)s, that is, the cylinder volume.

Gas pressure p Ois usually selected between 100 and 150 atm, for sealing
reasons. Thus, with a predetermined gas pressure, machine output will depend
only on the cylinder volume. The NEK-8 type machine which will be described
in detail later is of the single-chamber arrangement corresponding to Fig. 4.
W ith the given machine, output control is by the adjustment of pressure p0,
and by means of the moving masses. The weight of the moving masses varies
within a range depending on the construction of the machine. The moving
mass (m) consists of three parts:

m = ml-)- m2-f- m3 (14)

where mlis the mass of the piston, m2is that of the piston rod, and m3 cor-
responds to the mass of the tool mounted to the rod. Here m1land m2 are
masses determined by strength conditions, and only the m3 mass of the tool
can be varied. Its minimum value is offered by a simple upsetting tool, whereas
its maximum is determined by the machine dimensions. In case of a NEK-8
machine, the minimum total weight of the moving masses amounts to 150,
their maximum to 265 Kkg.

Fig. 5 illustrates the output and speed variation in function of pressure
p a. This Figure reveals that the greater the moving weight, the lower the speed.
In this Figure, furthermore, the energy of the machine is given for a maximum
tool weight. The Figure also shows that, with a gas pressure ofpa= 150 atm,
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the maximum machine output is 8700 mkp. Since the weight variation of the
tool affects the machine output, the average output of the machine may be
estimated, at full charge, to 8000 mkp. By the variation of pressure p 0, machine
output and speed can also be varied within a wide range. With the minimum
weight tool used, the maximum speed of the machine is about 32 m/sec, whereas
under normal operational conditions and with a full charge it would be 25
m/sec. And since the speed is about 25 to 30 m/sec even in extreme cases,
the pneumatic efficiency of the machine is about 0,99 or so.

Fig. 5. Movement rate of the NEK-8 impact machine tool, and the output of the same
machine, in function of gas pressure

Il1. The effect of forming speed on the flow stress

In case of cold formed materials, flow stress (k/) depends on specific de-
formation (e) and specific strain rate (e) where the logarithmic strain is

e=1n-%- (15)
A>

where, again, AQis the initial cross-section of the work formed, and A indicates
the post-deformation cross-section.

To design high-speed impact machines, it is fundamentally important
to know the formation strength of the individual materials, in function of
temperature, deformation, and deformation rate. Although a wide-spread
literature is dealing with the determination of this function, the problem has
not been as yet solved unequivocally. Formulae by Prandtl [25], then Alder
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and Phillips [26] have been most widely accepted. According to Prandtl,

£
kf = kjO-f-aln ---- (16)
éu

where k/Ois flow stress measured by means of an é0 deformation rate, while
kf is that measured by deformation rate e. Prandtl derived this formula
from atomic structure considerations whereby it might be regarded as more or
less theoretically well-established.

The formula suggested by Alder and Phillips

- (17)

is entirely empirical while showing, nevertheless, somewhat more accurate
agreement with the experimental results than the Prandtl formula. The con-
stant a in the Prandtl formula, and the constant n in Equ. (17) are materia]
dependent factors. Measurements revealed, however, that both aand n depend
on temperature and on the extent of true strain (e) as well. The numerical
difference between the values calculated by using the two different formulae
is not significant. Neither describes the actual situation accurately but in
engineering calculations both can be used for approximation within a wide
range. For calculating technical convenience, the value of constant a is fre-
quently given in such a manner as if Equ. (16) would involve a common
logarithm. Thus, for example, according to Nadai and Manjoine [27] as well
as according to our own measurements [28], the constant a of 99,5 per cent
purity metal aluminum is between 0,8 and 1 kp/mm2. Generally, constant a
(just as n) varies considerably in function of the temperature. Fig. 6 illustrates
the a-constant variation of an aluminum alloy in function of temperature
and specific elongation, according to the measurements by Heinemann [29].

The constants in the equation describing the speed effect initially in-
crease, in general, with an increasing temperature, but later on decrease again.
It follows that high-speed forming technology cannot always consider those
temperature ranges as most advantageous which have been developed for the
technologies operating with lower rates. Former [27] and recent [30] measure-
ments show that, in general, flow stress will increase with an increasing
speed. There are a few exceptions, however, as far as this rule is concerned.
Thus some earlier measurements by NAdai and Manjoine [27] reveal that
the value of constant a may be negative between 200 and 500 °C. Thus some
materials exhibit such a temperature range where the flow stress measured
with a high speed is lower than the static value proper. This is confirmed
by the latest measurements as well.
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In solving the different technological problems, it must he taken into
consideration that, during deformation, a greater part of the mechanical
work invested will be transformed to heat. On the effect of this heat, the tem-
perature of the work formed is usually increasing which, in turn, is associated
again with the reduction of the forming strength. This phenomenon is of
particular importance when excessive deformations must be produced.

Fig. 6. Rate constant of an aluminum magnesium copper alloy in function of temperature

The specific mechanical work (IF) spent on deformation consists of two
parts:
IF= Q+ AE (18)

where Q is the work equivalent of the heat quantity produced, and AE is the
internal energy variation of the metal. In case of minor deformations when,
for example, e= 1 to 5 per cent, the internal energy variation amounts
to about 50 to 90 per cent of the total work invested. Inversely, if the deforma-
tion is excessive, then the internal energy variation as compared to the total
external work is only about 1to 5 per cent [32], and about 95 to 99 per cent
of the work exerted by external forces will be converted to heat. In case of
an excessive deformation, therefore, the work required by deformation will
not increase, due to the temperature rise of the work piece, to such an extent
as is expected from the increase of the flow stress [Equs (16) and (17)]. Mac-
Gregor and Fischer [33] as well as others suggested the adoption of equations
taking into consideration the variations of the flow stress in function of both
temperature and speed.

The present paper does not intend to study the speed effect thoroughly;
our intention was to emphasize the factors exerting an influence on the se-
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lection of the speed range when designing such a machine. Thus experiments
were conducted with aluminum by compressing cylindrical pieces of 40 mm
height with a single impact to the predetermined deformation. With the
total work input (Ed) measured, aluminum cylinders of the same diameter
and height were then compressed statically. The ratio of dynamically required
work gquantity to that needed statically was studied. According to our measure-
ments, the ratio Ed/Es increased around 20 m/sec to 1,6 then, at about 32
m/sec, decreased to 1,2 again. It follows that in course of large deformation
of certain structural materials, although the flow stress will increase continu-
ously, the work required by deformation will not necessarily vary according
to identical regularities, if compared to the flow stress. The work required
by deformation can be characterized only by a complex function taking flow-
stress variations in function of deformation proper and temperature into
account, as well as the effect of the mechanical work converted to heat during
deformation. Accordingly, it seems that in hot forming operations the ex-
cessive speed increase is, generally, not quite reasonable, whereas in the cold
forming of certain metals such as aluminum, machine speed should be selected
to represent a relatively high value.

W ith respect to the machine design considerations described above, a
speed exceeding 30 m/sec is generally not desirable from the aspects of pneu-
matic efficiency. For machines designed specially to form aluminum, how-
ever, the impact speed of the machine should be selected preferably around
34 m/sec, according to the features enumerated.

IV. The effect of speed on forinability

W hen selecting the impact speed of high-speed forming machines, the
effect of the speed exerted on the material must also be taken into considera-
tion. As early as in connection with explosion type formation, several authors
observed that the strength and plasticity properties pertaining to the same
deformation will often be much more favourable in case of high-speed forma-
tion processes. In order to explain this phenomenon, wire drawing experi-
ments were carried out with aluminum, copper, mild steel, and sorbitic steels.
Drawing rate varied in the two different test sequences according to a 1 : 7000
ratio. These experiments were conducted under such cooling conditions as
to prevent recovery or annealing due to temperature rise in the course of the
deformation [34]. Variations of the yield point exhibited by copper, in function
of the extent of deformation and drawing speed are presented in Fig. 7.

Similar results were obtained by Y oshida and Nagata [30] during
aluminum deformation. An example oftheir experiments is illustrated in Fig. 8.
In the course of their measurements, these authors continued the deformation
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of a material, compressed dynamically to a certain limit, in a static manner.
As illustrated by Fig. 8, the yield point of a material formed in advance dy-
namically will be higher after an identical deformation than that of the mate-

fig. 7. Variation of the yield point of an electrolyte copper in function of the extent of forming
and formation speed

Fig. 8. Variation of the yield point of aluminum after static and dynamic formation, respec-
tively

rial preformed in a purely static way. This phenomenon confirms that, in case
of certain materials such as aluminum and aluminum alloys, the application
of a high speed exerts a favourable effect on the characteristics of the finished
product. Experiments conducted so far reveal, in general, that the fracture
strain will increase to a certain limit with an increasing speed [34]. Investiga-
tions on this topic were published by Sogrisnhin et al., partly while cold
forming aluminum, and partly while hot forging tool steels [22].
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The effect of speed is very interesting in powder metal compaction.
On the basis of iron and iron-copper experiments, the favourable effect of
speed can be established almost unequivocally [35]. If yOindicates the specific
gravity of the metal, and y represents that of a body compressed from powder,
then the yjy ratio obviously will always exceed 1. The experiments showed
that, in case of identical specific energy consumption, the yjy ratio would
decrease with an increasing speed (Fig. 9). It follows from this Figure that,

Fig. 9. Variation of the specific gravity of a compressed body made of iron powder, as com-
pared to that of a solid body, in function of the specific impact energy and rate

when compacting powder bodies, the minimum specific work requirement
is within the speed range of 30 to 40 m/sec, depending on powder size and
material. In iron powder compaction, a 10 mkp/g work input at this speed
range has led to about 95 to 96 per cent of the specific gravity of the solid
metal.

V. The influence of technology on machine design

The various technological processes govern the principal characteristics
of high-speed impact machines to a great extent. The equations and simplified
considerations described here serve nothing but illustration purposes, and
render correct values only as far as order of magnitude is concerned. They
are definitely suitable, however, to offer an adequate basis for conclusions
to some fundamental design principles. As evidenced above, speed increase
in hot forming steels will lead only to an increased formation strength, and
neither from machine efficiency nor other aspects might it be considered as
reasonable to adopt a rate over 30 m/sec. According to the experiences gathered
so far, the most suitable speed range for hot forming steels is from 14 to 25
m/sec. The only advantage speed increase offers is to have the material flow
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in the die with an extremely high speed whereby the friction coefficient would
decrease. Here, however, strength considerations represent certain limitations
as illustrated by the simple example as follows:
The mass in Equ. (1) consists, according to Equ. (14), of three parts.
In case of a machine of a predetermined stroke, the mass of piston rod m2
is directly proportional to the Pmvalue of the maximum force permissible for
the rod. Thus
Pm= cm2 (19)

Substituting this relation and Equ. (14) into Equ. (1), and putting it to a stan-
dard form gives

2E
u = (20)

mi+ P

C
This equation points out that, in case of a machine of given output and stroke,
a speed increase would mean a lower value of the force permissible for the
piston rod. It is easy to realize that if the force* required for work of deforma-
tion is P = P(x), then the force permissible for the piston rod, and the force
due to forming resistance will have the following relation there between, since

d2X

X
P = (mL+ -f-m.,)---—-- and Pm— (ml+ m2— - (21a)
dt2 dt2

thus

Pn=R . (21b)

ml -)-m, -f- mj
It follows from Equ. (21b) that the mass m3of the tool should be preferably
selected to be sufficiently large as compared to mass m2of the rod, and mass mt
of the piston. It is, therefore, generally advisable to produce a hollow piston rod.

As evidenced by the considerations outlined above, there is a close cor-
relation existing between the impact speed and the maximum force per-
missible for the piston rod.

Simple upsetting is illustrated by Fig. 10. If the tool impacts the work
to be upset after covering an xudistance, then the equation of motion for the
X is less than x0, distance is represented by Equs (3) and (8), respectively. Let us
assume that hence F = F(x) is the force exerted by gas pressure on the piston
rod, and P = P(x) the force required for deformation. Then, after the impact,
the equation of motion for the tool may be written as

m - F(x) - P{x). (22)
dt2

* Note: The forces due to gas pressure are neglected for simplification's sake.
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W hen upsetting or die forging, P — P(x) will increase monotonously. Since
the relation of P = P(x) to the force permissible along the piston rod is accord-
ing to Equ. (21b), the solution of this equation will reveal that, in function
of the path of deformation, forces amounting to or exceeding the Pm value

Fig. 10. Schematic diagram of upsetting

Fig. 11. An AI-Mg-Si alloy under hot upsetting: variation of the force produced in the piston
rod, in function of the height of the work to be formed

may also occur in the rod. Fig. 11 illustrates the conditions existing in upsetting
an aluminum-magnesium-silicon alloy. If the volume of the material to be
formed is always 500 cm3, and only its height varies, then the Figure reveals
that, with the reduction of the height of the body to be formed, the force pro-
duced along the piston rod will increase in a rapid rate and, in the given case
of forming an about 1,8 cm height of work piece, this force will reach the 420 t
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value permissible for the rod. The Figure illustrates, furthermore, the logarith-
mic deformation available by forming the 500 cm3 volume aluminunv-
magnesium-silicon alloy with an energy of 7500 mkp. Both the Figure and the
theoretical equations lead to the general rule that, at low height but large
surface bodies, minor deformations are realized by great forces produced
along the piston rod and, consequently, low-speed machines are required in
correspondence with Equ. (20). High-speed machines, on the other hand,
can be advantageously used for an increased formation of excessive height
but smaller cross-section work pieces.

Thus an increased speed represents two disadvantages in die forging.
If the machine output E is constant then, for the formation of flat pieces,
a low-speed machine is required, the piston rod and other components stressed
from strength aspects which permit the application of great forces. Here speed
increase leads to an increased flow stress.

Speed increase, on the other hand, has two advantages as well. At a high
speed, the greater part of the mechanical work will be converted to heat, the
die forged work will thus be heated and, owing to the extremely short period
of forming, it is not necessary to reckon with the possibility of having the
work cool off during formation. The other significant advantage is the fact
that the friction coefficient will decrease with an increasing speed. These two
advantages together permit a good die fill-up and, consequently, high-speed
machines are capable of producing pieces impossible to form by means of older
type machines.

These considerations and the course of formation determine, at the same
time, the length of stroke. With the precise calculations omitted, it may be
accepted as a general rule that work pieces of a small dimension in the direction
of deformation can be advantageously formed, in general, with a low speed of
— say — 14 to 18 m/sec, whereas samples requiring an extended formation
travel or extremely thin ribs can be formed advantageously by means of a
higher forming rate.

Extrusion technology exerts a similarly great influence on speed selection
during machine design. In addition to the aspects referred to above, it must be
taken into account here that, during extrusion, speed will greatly vary from
the very beginning of the operation up to its completion and, due to the re-
peated slow-down, the rod moving with a high speed will be affected by ex-
cessive mass forces.

Let us assume according to Fig. 12 that h indicates at an optional moment
the length of the rod leaving the die, and a represents the stress due to the
mass force in the cross-section of the rod immediately after the die; then

W na — U, nhQ (23)
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where gis the density of the material compressed. A precondition of continuity
as expressed by using the symbols of Fig. 12:

W n(x —md) = LU 7ih (24)

Fig. 12. Schematic diagram of dynamic extrusion

which double differentiating gives

<ph
- . 25
W Mo (23)

Combining Equs (23), (25) and (22):

o Ro PO - P(X) (26)
Cou

F(x) in Equ. (26) is, according to Equ. (8), the function of course x of the
piston. Force P(x) required for the formation may be regarded as constant,
apart from the friction produced on the wall of the recipient. Even with the
numerical solution of the equation omitted, it can be realized that different
stress peaks may occur along the length of the extruded bar. The value of
stress calculated from Equ. (26) this can obviously not exceed the yield point
of the material. Equ. (26) reveals, furthermore, that if compression force
F(x) is equal to the force brought about by the resistance of formation, which
would correspond to static extrusion, then the stress in the extruded bar
should amount to zero. The longer the bar to be extruded, and the greater
the reduction, the higher stress would exist if the difference F(x) — P(x) was
other than zero. The stress taking place is inversely proportional to the moving
masses (m) of the machine, wherefrom it follows that extrusion should have
large moving masses applied which, at the given energy of the machine, would
lead in turn to decreasing velocities* according to Equ. (1).

* Note: The technology of extrusion will be discussed in a separate paper.
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Although, for simplification purposes, our derivation has neglected
a number of factors such as the forces required for the acceleration of the
material to be pressed, Equ. (26) is nevertheless suitable to make the con-
ditions existing on extrusion appreciated. It can thus be ascertained from this
equation that, for the pressing of long bars, large moving masses and increased
stroke length machines are needed. For this reason, the machine type most
suitable for extrusion differs fundamentally from that used in forging, and
the two technologies can be realized by using the same machine only in case
of a moderate length required for the extruded bar.

VI. Machine design

On basis of the considerations referred to above, and of the experi-
ments partly described herein, three different machine types have been con-
structed specially for laboratory test purposes. Of the three machine types,
EXP 1/2 produced as the very first one was a low-output unit suitable only for
expressively laboratory scale experiments. This machine was constructed on
the principles explained by Fig. 1. Its output is about 600 mkp and, with
respect to its relatively small output, returning the machine to its original
position after impact is performed by discharging the air from the high-pressure
chamber. If, according to Fig. 1, the high-pressure chamber is connected to
the ambient air by means of a valve, the compressed air in the low-pressure
chamber will return the piston to its original position. Maximum pressure
in the high-pressure area is p0O= 20 atm, which can be readily achieved by
using compressed air containers. For this reason, the machine is not equipped
with a compressor system. Discharging the gas from the high-pressure chamber,
however, is associated with a considerable efficiency impairment. This prin-
ciple should be employed, therefore, only for low-output machines in order
to reduce investment costs.

The other two machine types feature industrial dimensions although
design took into account, above all, laboratory research requirements. The
readjustment of both machines is by an oil hydraulic equipment outlined in
Fig. 13. As explained in the foregoing statements, the piston rod is best pro-
duced, from the aspects of strength, in a hollow form. This permits the location
of pull bar marked Rj within piston rod R*. After impact, the moving masses
can be returned to their original position by means of the piston operating
within the oil pressure cylinder located above the pneumatic cylinder. The
period required between two successive impacts is governed by the delivery
output of the oil pump. Since laboratory measurements did not require a high-

* Hungarian patent.
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speed machine, the two further large-size equipment types were completed
with a relatively low-output oil pump. The average output of the two industrial
size machines is about 8 tm, with a built-in engine output of 20 kW . Thereby
the period between the two impacts, that is, the return of the moving masses
to their initial position roughly takes 35 seconds.

Fig. 13. Schematic diagram of an oil hydraulic return device

As a comparison, it will here be noted that, in industrial installations
of a similar output, an increase ofthe pump performance has led to the achieve-
ment of much shorter cycle times as well. Increasing the impact number
per min, however, is economic only to a certain limit and, particularly, if feeding
and work removal are automated. For machines where extremely short cycles
are to be realized, sometimes oil hydraulics are replaced by a flywheel solution
[36]. Recently, a machine type was constructed, which could be used as either
a high-speed forming unit or an equipment suitable for the earlier low-speed
technique [37]. With these machine types, forming-process is not necessarily
by a single impact. Our constructions are, however, designed exclusively for
a single-impact forming.

In conformity with the considerations discussed above, the PUF-8
machine operated by the Research Institute for Non-ferrous Metal was designed
mainly for aluminum and aluminum alloy forging and extrusion. The schematic
diagram of this machine is presented in Fig. 14; this machines operates accord-
ing to Fig. 1. In the actual construction, however, the high-pressure area
(p 0) surrounds the low-pressure chamber (p2) in order to reduce structural
height. The weight of the machine frame is excessive as compared to that of
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the moving masses; a slight displacement of the frame can be, therefore, com-
pensated for by glycerine brakes Gj and G2. Since, when die forging aluminum
or performing powder metallurgy operations, the range of 30 to 35 m/sec seemed
to represent the most favourable speed range, the speed of the machine at full
charge (p0O= 100 atm) was selected to equal 38,4 m/sec. By using very light

Fig. 14. Schematic diagram of the layout of a PUF-8 machine

dies, machine speed may be increased to 47,5 m/sec. This speed is higher than
the critical propagation velocity of the plastic deformation wave in aluminum.
Realization of the latter was of some importance and interest rather from theo-
retical research aspects only.

The machine is suitable for extrusion as well but, because of the reasons
explained above, not longer than about 2 m bars and pipes can be extruded
therewith. The machine is mounted onto a concrete foundation. Below work-
shop level, there is a concrete chamber located of about 2 m depth. The anvil
(A) has a bore which receives the extrusion tool. The bar extruded is delivered
to the concrete chamber. The PUF-8 machine was designed expressively for
the purpose of conducting experiments, in a wide speed range, on the cold
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and hot forming of aluminum alloys as well as on bar and pipe extrusion, or
powder metallurgy. Fig. 15 is the photograph of the PUF-8 machine, whereas
Fig. 16 shows the layout of the switchboard and pump.

The NEK-8 type machine designed for the Institute of Mechanical Tech-
nology, Technical University Budapest, is a single-purpose machine of expres-
sively industrial use, equipped only for die forging. And since this machine

Fig. 15. Photograph of the PUF-8 machine

was designed exclusively for steel die forging, its operational speed at full
charge (p 0 — 120 atm) is 25 m/sec which, as was explained above, may be con-
sidered as a favourable steel forming upper speed limit. The schematic diagram
of this equipment is shown in Fig. 17. Return, as illustrated by this Figure,
is with an oil hydraulic arrangement identical to that of the PUF-8 machine
type. Frame movement is absorbed by rubber springs built into the machine.
The operation of the machine may be regarded as being noiseless, and there
is no foundation necessary for this equipment. Although NEK-8 is an industrial
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machine type from every aspect, it still serves laboratory purposes and, there-
fore, has a relatively small-size pump built into it. Another essential difference
as compared to the industrial prototype is that, due to the experimental char-
acter of the machine, it was equipped with a manual control instead of the
automatic control system required for production. The photograph of the
NEK-8 machine type is presented in Fig. 18.

Fig. 16. Switchboard and oil pump of the PUF-8 machine

The principal data of the Hungarian machine types are summarized
and illustrated in Table I. As revealed by this Table, quotient R is satisfactory
in case of each of the tested machines, and it is particularly favourable with
the NEK-8 type. PU F-8 has a relatively low E/G ratio which can be explained
by its serving several different purposes, and, consequently, its rather complex
build-up, unlike that required for an industrial type. The A-ratio of the machine
NEK-8 is one of the most favourable data ever observed in the machine types
constructed so far. The Table illustrates, by the way, that the force permissible
along the piston rod of high-speed machines such as PUF-8 is, according to
Equs (20) and (21), much less than in the NEK-8 machine operating with a
lower speed.

On grounds of the machine design experiences and the experiments
conducted so far, the fundamental principles of machine design may be sum-
marized as follows:
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Fig. 17. Schematic diagram of the layout of a NEK-8 machine

a) One of the most important advantages of high-speed forming ma-
chines is the extremely favourable ratio of output to machine weight reducing,
partly, investment costs and permitting, on the other hand, the design of high
output equipment types;

b) high-speed impact machines require, generally, small-size founda-
tions, and the smaller size units can be used without any foundation at all;

Table 1

Principal engineering data of the machine types employed in Hungarian research institutes

We»ight of mov- Die speed, u Energy, E Weighl of Max. perm,

EXP-1/2 min. 25 32 570 600 1 200
max. 40 20 600

PUF-8 min. 65 47,5 7 500 12 000 0,75 410
max. 120 38,4 9 000

NEK-8 min. 150 34 8 700 6 000 1,45 1200
max. 265 25 8 700
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Fig. 18. Photograph of the NEK-8 type machine

¢) work forming is, in most cases, by a single impact;

d) the production of complex shape and variable cross-section work
pieces can also be realized;

e) in addition to die forging, the application of high-speed machines
seems particularly advantageous in the field of powder metallurgy.

As against the advantages listed above, the disadvantages of these ma-
chines ought to be pointed out as well:

Tools must be dimensioned most accurately or else frequent tool fractures
may be encountered;

in addition to die design, the energy required for the formation of the
work must also be determined with the utmost accuracy;

the problem of tool life is not yet quite clarified at present. Publications
in this field are rather contradictory which may be attributed to the fact that,
in case of properly selected tool material, and proper tool dimensioning, tool
life will also be satisfactory, whereas in an opposite case tool life may be very
short, due to fracture or wear.
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Finally, as a summary it may be stated that high-speed machines offer
a number of new possibilities for powder metallurgy, forging, extrusion, and
cold forming, although they cannot make the employment of several old type
units superfluous for many technological processes. Thus, for example, the ideas
published show that the operational costs of simple upsetting are much higher
than with the slower operating old type machines.
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Konstruktion von Schlagwerken groRer Geschwindigkeit. Die Grenzen dieser Werk-
zeuggeschwindigkeiten sind 14 bis 70 m/s. Gegenliber Maschinen alterer Bauart kdnnen die
fur solche Geschwindigkeiten gebauten Schlagwerke in bedeutend leichterer Ausfihrung
errichtet werden. Das Hauptproblem ist die richtige Wahl der Geschwindigkeit. Aus Grin-
den der leichteren Durchfuhrbarkeit ist die obere Grenze 30 m/s. Fiur stdhlerne Gesenkschmie-
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desticke wird der Bereich zu 14 bis 25 m/s empfohlen. Die Kaltverformung von Aluminium
und dessen Legierungen, weiter die Arbeiten der Pulvermetallurgie erreichen Geschwindig-
keiten von 30 bis 40 m/s. Durch Anwendung der groBeren Geschwindigkeiten beim Gesenk-
schmieden kann man mittels derartiger Schlagwerke mit nur einem Schlag die kompliziertesten
Formen erzeugen. Beim Pressen von Stangen und Rohren mufl man sich mit den niedrigeren
Geschwindigkeiten begnugen. Im Gebiete der Pulvermetallurgie kann man auf diesem Wege
Stiicke groBeren Umfanges und zu einer héheren Verdichtung herstellen als mit dem stati-
schen PreBverfahren.

KOHCTpYMpOBaHMe BbICOKOCKOPOCTHBIX YAapHbIX MeXaHu3MoB (/1. YXunsmo, V. Mopsan
n N. XXvnbmo mn.). CKOpoCTb ABMXKEHUS WHCTPYMEHTA BbICOKOCKOPOCTHbLIX YAapHbIX Mexa-
HU3MOB M3MeHsIeTcA B npegenax 14-770 m/cek. Takas BbICOKast CKOPOCTb MO3BOMSET 3HAYM-
TeNbHO CHU3UTb BEC YAaPHbIX MEXaHW3MOB MO CPaBHEHWIO C MX BECOM Y MalUWH CTapol KOHCT-
pyKumn. OCHOBHOIM Mpo6neMoli KOHCTPYMPOBaHWA MallMH SIBNSETCA MpaBW/bHbIA BblGOp CKO-
pocT. C TOYKM 3peHUS KOHCTPYMPOBAHMA MallMH BEPXHMM MNPeAesioM MOXHO CYMTaTb CKO-
pocTb OK. 30 M/cek, KoTopas gocumTaeTcs 6e3 3HauMTeSlbHbIX 3aTPyAHEeHUA. B cnyyae KoBkuM
CTaneli B wWTamnax LenecoobpasHble Mpedenbl CKOPOCTel HaxogaTcs Mexnay 14-F25 m/cek,
B TO XX€ Bpems N5 XOM04HON 06paboTKM aNtOMMHUA W ero CnaaBoB, a TakXe ANA uenen
NOPOLUKOBOM MeTasinyprun LenecoobpasHoii Kaxetcs ckopocTb B 304-40 m/cek. B ob6nactu
KOBKW B LUTaMnax, BbICOKOCKOPOCTHbIE YAapHble MeXaHW3Mbl MO3BOMAIOT U3rOTOBAATb B OAMH
npvem M3genust CNoXKHom opmbl. B 06nacTn npeccoBaHUSA CTepXXHel 1 Ty6 LenecoobpasHo
NPUMEHATb CKOPOCTU HUWXE YNOMSAHYTbIX. B 06/1aCTX NOPOLLKOBOV METa/lyprum MOXHO WU3ro-
TOBNATb Tefna CO 3HAUYMTeNbHO 60MbLIMMK pa3mepamyt U 6osiee MAOTHblE, YeM MPX MOMOLLY
CTaTMYeCKOro MpeccoBaHus.
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The authors present some simple considerations, the application of which may help
to reduce the uncertainty in the values of the Fourier-transforms providing the fundamental
informations in Warren—Averbach’s method of line-profile analysis. The treated problems
are as follows: the exact delineation of the axis of the transformation; the determination
of the background level; and the direct calculation of the transform of the a, distribution
from the intensity distribution of the observed doublet.

I. Introduction

In technical practice there appears an ever increasing demand to deter-
mine as fully and precisely as possible the so-called real structure of metals
and alloys. Among the metal physical investigations performed the X-ray
diffraction measurements have great significance.

The radiations provided by the X-ray sources are not strictly monochro-
matic, but their energy is spread over a range of wavelengths, forming several
maxima. The investigations are carried out by using the very part of the radia-
tion designated Koc, which is of relatively high intensity and can be looked
upon as being the superposition of two wavelength distributions: Aai and
Aaj. This is referred to as the Aa doublet.

The wavelengths corresponding to the centers of gravity of the individual
distributions are designated as Aai, and Aa, respectively.

The intensity reflected from the specimen attains important values only
at restricted angular intervals. The 1(0) intensity distribution is detected in a
(0@ Qz)angular interval of the reflexion characterized by the hkl Miller indices.
The abbreviated name for 1(0) distributions of this sort is usually: line-profile.
The angular location of the line-profile may be set up by the 0 hkl abscissa of
its centre of gravity (of its centroid).

The 0 IMcentroid of the 1(0) intensity distribution and the Aa centroid
of the Aawavelength distribution, as well as the mean lattice spacings are
related by the well known Bragg-equation. This gives exclusive information
concerning the location of the distribution function. In what follows we propose
to utilize the informations involved in the shape of the line.
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Each reflexion is thus characterized by an observable 1(0) intensity
distribution (line-profile), (Fig. 1). For the purposes of calculation the line
profile will be presented in the form of a point-range: the origin x = 0 is placed
at the O hkicentre of gravity and the respective 1(0) values are indicated cor-

Fig. 1. The model of an observed line-profile; the unlabelled dot-dash line represents the

common central line, while the central lines of each component are labelled by /?(-v) and

Ix2(x) symbols, referring to the particular intensity distribution to which they belong (v—y

represents the axis of the transform of the  distribution, for the meaning of the other symbols
see the text)

responding to the appropriately chosen A0 angular steps. Each step is labelled
by an x serial number, so that 1(0) may also be referred to as I(x) = 1(0).

Several factors influence the shape of the line. These can be classified into
two groups:

a) Factors depending on the conditions of measurement;

b) those depending on the properties of the reflecting crystals.

As a first step in elucidating the real structure it is necessary to remove
the effects belonging to group a), and only after this can we turn towards our
proper object ofanalysing the features determined by the nature ofthe crystals.
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Regarding the complexity of the task, one can understand the fact that
numerous methods were published for the revealing of particular properties
of the investigated polycrystalline materials by means of one particular char-
acteristic of the distribution function of the diffracted X-ray intensity
(observed line-profile). One of the widely used procedures is the method of
Warren and Averbach [1] developed about 15 years ago. This gives the pos-
sibility of determining the size of the coherently diffracting domains and the
lattice deformations corresponding to these lengths of coherency, by means of
the Fourier-transform of the intensity function. It can be seen that for the
determination of the physical parameters the calculation of the Fourier-trans-
form is a prerequisite. This makes it imperative to pay due attention to con-
siderations pointing to possible simplifications or augmentations of precision,
even when applying computers.

Below' we would like to present some considerations of this kind, which
were used in practical applications of Warren and Averbach’s method and
were found to he suitable:

The delineation of the reference axis of the Fourier transformation within
the (Ba, &z) angular range of the profile;

the choice of the background level of the intensity distribution (see Fig. 1);

the calculation of the transform corresponding to the Aai distribution from
the transform of Aa which is composed by superposition of the A” and Aa,
distributions.

The former ones out of the above listed factors are practically independent
of the latter ones, hence it is advantageous to stick to the given sequence in the
course of the discussion.

Il. Delineation of the axis of transformation

The centre line of the xx distribution was chosen as the axis of transfor-
mation. The location of this can be determined very precisely when the 0 LU
centroid of the line-doublet is already known, one should hardly allow for the
ratio of integral intensities of the x1and x2 distributions, respectively. Pike
and Wilson [2] reported that the determination of the centroid of the xx
distribution can be rendered independent from the choice of background level
in great extent, and to a certain degree from the inevitable truncations of the
0,, 0-)and (—xm, xm) intervals, respectively.

The centroid’s coordinates in the (I, x) coordinate system are according
to Szanto [3] (see Fig. 1):

lF §;_rx[L|,x)-M x- B 0]dx

1
EE[/(*)-M x- Bnldx
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by adequate approximations this becomes

\Mr r "MT M(2m+ 1)2m @
\T T 1- r [Tr 12 B,
where
+X,,
MT= jy 1(x)-x; (-a)
X=—Xm
Kl
TT= vy I(x); (2b>
X——Xym»
L+ - + [H—2T - (2)
re — (2m-f- 1) BO; (2d)
(2e)
M the slope of the background level in the coordinate system (/, 1), the linear
variation of the background being assumed;
AG the width of the steps;
(x) the observed intensity at point x;
(2m -f- 1) number of points of measurement.
The value of | is sufficiently precise if the condition
| Ao 3
<
v (9)

is fulfilled [3]. This can be warranted by making use of coordinate transforma-
tion.

In order to be able to evaluate the figure | indicated in relation (2), the
slope M must be known, which in turn can easily be calculated with the aid
of relation

o _ I(xm) t( xm)
2m

provided that the distribution in question does not interfere in the investigated
point with another reflection.

xmbeing sufficiently high (see Fig. 1), it can be assumed that the differ-
ences of the small deviations from the background level can be neglected. It is
from the nature of the background distribution that in many cases M — 0.

In case of interfering distributions — e.g. lines too close to each other
merely an estimate can be obtained for M based on relation (4). As a conse-
quence the value of M must be checked with the help ofthe method of outlining
the backgyound level to be described in the next section. As a result of this
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the centroid must then be corrected. This iteration, however, implies surplus
labour. The centroid’s coordinate may thus be regarded as being generally
independent of the background level and beyond a certain limit: |#] I*jl,
also independent of the variation of the length of the symmetric interval.

The distance a between the centroids of the /a azd IX distributions is
given by the derivation of the Bragg-equation

a"AX tan?m ©)
K
where
AA = Xx| — Jaar, (5a)

and the used symbols are defined in the Introduction. Using the value a in
connection with the equation of moments, one can also determine the axdis-
tance found between the centers of gravity of I X and the resultant Ix distribu-
tions, respectively (see Fig. 1)

where the quotient

dx
(v
IN,, *d(*)dx

is known. Practically, ¢ = 0,5 so that
(6a)

AN (=) and iX(x) are defined as the intensity distributions free from background
scattering of the reflections corresponding to the Aa[ and A2 wavelength distri-
butions.

The measured range of I,,(x) values must be displaced by

ar—V (8)

in order to accomplish the Fourier transformation in respect to the central
axis of the IH distribution (see Fig. 1). If the origin of the coordinate system
is located so as to coincide with the centroid of the doublet within the error

then according to the displacement theorem there appears a value equal
to exp (j @/")-times the correct transform, which first of all means a phase
distortion.
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Ill. Determination of the background level

It is usual to consider the measured I(x) intensity as composed from the
ib{x) background and the i(x) background-free profile. If x becomes large on
either side of the peak I(x) approaches infinitely to the ib(x) background level.
Thus

lim /(nc) = HT ib(x) , 9)
Ix1__ |x|~~
i.e. ib(x) is the asymptote of I(x).
Since the background intensity can be well approached by the equation

ib(x) = Mx-f B, (10)

supposedly I(x) may be approximated effectively by rational improper frac-
tion functions, where i(x) would be the proper fraction function, and the asymp-
tote would form the power function. The latter is in the present case the equa-
tion of a straight line. It occurs very frequently that in the vicinity of the back-
ground, or more exactly in the case of | \x4\, the i(x) distribution has the
form AJx2outside the (—xX, -f- aq) interval, as stated in the papers of witkens
and Hartman [5], and Langford and wirtson [4]. Hence here

I(x) =aL + Mx+ B. (11)
X-

From the three values of the given I(x) function the A, M and B values
can be obtained as the solutions of simultaneous linear equations. The scatter-
ing of the measured intensities, however, calls for more exact calculations.

In order to determine A, B and M, first the squares of the differences
between the values If (measured in discrete Xf points) and those of the inten-
sities approximated analytically, have to be minimized, next the derivatives
accordingto”, B, and M made equaltozero.This procedure yields A, B and M
since equation (11) is valid for all Xf points, the number of which is t:

t 12
Mxj -f B min. (12

Let M be given from relation (4), then A and B can be calculated more simply
based on the remaining two equations of the simidtaneous linear equations.
In this way the value of B will become

f t ¢ 11|
on T My X faoa M e
B = 1=1 1=1 ~ X |2 X ?Ti (13)

e H
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The abscissa of the t pairs of data taken in the vicinity of the background must,
of course, satisfy the condition |g[ I1*]]. Fig. 2 shows the final results of a
calculation of this kind.

The third order approximation, as accomplished according to condition
(12) does not lead in some cases to satisfactory results (Mitra [6]). In place
of relation (11) it is then necessary to utilize higher order approximations

T T T T O O TN LI T T O O B O I -

~67 -61 -55 -49 -43 -37 -3 0 3 37 43 49 55 61 67
Fig. 2. Approximation of the tails of observed (211) tungsten reflection, which decays tow ards
the background. The open circles indicate measured values, while the full line shows the
approximation used; the maximal intensity of the profile was 730 divisions on the utilized

scale (the slope of the background was found to be M = 0, the average background level
B — 20,5 divisions)

which are in agreement with the distribution function. However, the solution
of the higher order simultaneous equations depending on more variables,
seems to be more complicated.

IV. Calculation of the transform of the x1 distribution

Let the F(co) Fourier transform of the i(x) intensity distribution be

F(co) = J i(x) exp (j<ax) dx = . (14)
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Fingerland pointed out [7] that the i(x) intensity, given as the sum of
iai and distributions, can be calculated by means of the following convolu-
tion:

F(*)=8(F) ¢ *« (). (15)
where iai(x) is the intensity distribution belonging to the Xa wavelength.

Making use of the 6(x) Dirac delta function, the g(a:) shape-function will
be given as

9 = — 1 &) F—=0(x-a) (15a)

where the symbols c and a bear the same significance as in Section 11I.
The coefficients in equation (15a) serve to assure the fulfilment of the
normalization condition:

= 1m (16)
The Fourier-transform of equation (15) can be expressed as:

UMA} =4 4 )}y *)}, ()

which permits the calculation of the transform of iai(#) in a straightforward
manner:

m44)} (18)
4 4)}

The Fourier-transform of g(a;) is given by:

1+ cejaa

4 4 = (19)
)} c+1
F (oj) IS, in general, a complex number:
44)} =FM —/(co) f-jB(e), (20)

which must he divided according to equation (18) by the complex number
indicated in equation (19), so that we should obtain the formula:

4 4)y TRy Zam Fivim 2)
where

KK(_?)) B [1 + “(:‘!“[_M_ET_)-(l + €0Scoo) + CB(w)-(sin coa)]

r
1 -f-crf- 2 ccos coa
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ami
[1 + c] [B(co) (1 -f ccos coa) + cA(co) (sin coa)]

BiH (21b)
1-f-c2+ 2ccoscoa

V. Application

The application of the above outlined ideas is demonstrated on the
example of the (111) reflection of a Ge single crystal characterized by low
concentration of lattice defects. In Fig. 3 is shown the intensity distribution of

Fig. 3. (I111) reflection of a Ge single crystal; experimental conditions: CuKa radiation (Ni
filter, 46 kV, 2 mA, Hilger microfocus X-ray unit and diffractometer); scanning speed: 1/32
20°/min, time constant: 16 sec

a doublet line detected by means of a Hilger diffractometer equipped with

monitor counter. Due to the low angle of reflection the 14 and distributions
overlap, however, the calculation is not disturbed by this fact.
Following the treatment of Section Il, the position of the doublet’s cen-

troid is given as:

6>m = 13,61°,
and that of the lai line:

B 1110t 13,60°.

As indicated by relations (4) and (6a)

M= - 0,1
and
at= 0,01°.
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From relation (13) it follows that
B = 125.
After substitution equation (10) gives
ib= —0,1 X-j- 12,5.

First i(x) had been produced at each point, then the A(co) real part and the
B(co) imaginary part of the doublet’s transform was calculated by means of
an electronic computer [see equation (20)]. A(co) and B (co) are plotted in Fig. 4.

Fig. 4. The transform of the peak profile shown in Fig. 3; A(co) designates the real part
and B(co) the imaginary part of the transform of the doublet, A”co) represents the real part
and Bj(co) the imaginary part of the transform of the ax distribution

Ar(co) and Bdgo) deduced according to equations (21a) and (21b), re-
spectively, are illustrated as well in Fig. 4. It is apparent that Bxd 0. When
the intensity distribution is even, the B¢go) = 0 condition must be satisfied
for all values of co

The complex character of Fj(co) cannot be explained based on crystal-
lographic reasoning, but it arises from the special features of the correction func-
tions. In this manner it is possible to evaluate the final corrections too. This
method was, in general, proposed by Szanto [8].
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Betrachtungen zur Anwendung der Warren— Averbach-Analyse. Die Verfasser publizie-
ren einige einfache MaBnahmen, die es ermdglichen, die Unsicherheit des Wertes der Fou-
rier-Transformierten, welche die Grundlage der Warren—Averbach Analyse der Diff-
raktions-Linienprofile ist, zu verringern. Diese sind: Die genaue Festlegung der Transforma-
tionsachse, die Bestimmung der Hintergrundintensitdt und die direkte Berechnung der
Transformierten der Verteilung a: aus der Intensitatsverteilung des gemessenen Linienpaars.

Coob6paxeHUs OTHOCUTENbHO NpPUMeHeHWAa aHanus3a BappeHa u ABepb6axa (L. Heii-
6aysp /1. Bapra). ABTOpPbI JEMOHCTPUPYIOT HECKO/IbKO MPOCTbIX COO6paXKeHW!, NpUMeHeHeM
KOTOPbIX MOXHO YMEHbLUUTb HeobpeleneHHOCTb 3HayeHMa TpaHchopmaHT dypbe, npes-
CTaBNSALWMX CO60K0 OCHOBY aHanm3a no BappeHy n Aepbaxy AW((PaKUMOHHBIX NNHERHbIX
npogunein. ATUMM CO0BPaXKEHMAMU SABMAIOTCA: TOYHOW BbIGOP OCU MpeobpasoBaHus; onpe-
[eneHne MHTEHCMBHOCTM (DOHA M HEeMoCPeACTBEHHOE BblUMCMEHME TpaHC(OpMaHTbl pacnpepe-
NIEHNs a, Ha OCHOBe pacrpefeneHns UHTEHCUBHOCTU W3MEPEHHONM Mapbl JINHWIA.
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BESTIMMUNG DER VERFORMUNGSKRAFT UND DER
FORMANDERUNGSARBEIT BEIM GESENKSCHMIEDEN

L. TOTH
TECHNISCHE UNIVERSITAT FUR SCHWERINDUSTRIE, MISKOLC (UNGARN)

[Eingegangen am 15. Juni 1967]

Es wird die Bestimmung der beim Gesenkschmieden aultretenden Verformungskraft
und der geleisteten Verformungsarbeit behandelt. Die Gleichungen zur Berechnung der
Spannungen sind von einer friheren Abhandlung tUbernommen worden. Hierzu wird das
Stauchen des Werkstoffs in den Gratspalt bzw. in den Gesenkraum in nur einer Richtung vor-
ausgesetzt, unabhangig davon, ob die Gesenke voll oder nur teilweise ausgefullt werden. Auf
diese Weise lassen sich der Mittelwert der Verformungsfestigkeit, die Verformungskraft und
Verformungsarbeit anndherungsweise berechnen.

I. Einleitung

Diese Abhandlung schlieBt sich an die frihere Arbeit des Verfassers:
»Bestimmung der beim Gesenkschmieden auftretenden Hdchstkraft« [1]. Dort
wird die in dem Werkstoff, der die Gesenke mit Gratspalt voll ausfullt, ent-
stehende plastische Zone untersucht. Fur Zwecke einer ann&dhernden Berech-
nung erwies sich das Bruchliniensystem — laut Bild 1 — als geeignet. Die nume-
rischen Werte der Spannungen konnte man mit Hilfe einer elementaren
Arithmetik unter Voraussetzung eines anndhernd zweidimensionalen Span-
nungszustandes bestimmen, bei gleichzeitiger Aufstellung der Bedingung des
Hochstwertminimums der ersten Hauptspannung, die in der vorangegangenen
Arbeit [1] irrtumlicherweise als das Prinzip der minimalen Arbeit bezeichnet
worden war.

Die folgende Formel des mittleren Verformungswiderstandes ldRt sich
unter Voraussetzung eines zweidimensionalen Spannungszustandes aus dem
Spannungsdiagramm laut Bild 1 ableiten:

R m —h5'2

i 2 m In
—kik 1+ 2 mR *+ 23 2R 21 h, (1)

und die Héhe m:

(2
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Durch Einsetzen der Gleichung (2) in die Gleichung (1) unter Voraussetzung
eines voll ausgefullten Gesenkes fiur den Fall h > m, erhédlt man:

kks
T G
Kk | (3
+ 23 s (h -1+ "1+ — In 1 + R
.4 (2K 2R 4 2 hs

Der Verformungswiderstand in einem axial-symmetrischen Gesenk kann
anndherungsweise folgendermaBen bestimmt werden:

. 2
kkh~ kjk + g (kkn = kfit) m 4y

Die Gleichungen (1), (2), (3)und(4) gelten als Zusammenfassung der in der
Abhandlung [1] abgeleiteten Zusammenh&dnge. — Dort galt es, aus diesen
Gleichungen die zur anndherungsweisen Berechnung der Verformungskraft
und der Forménderungsarbeit geeigneten Gleichungen abzuleiten.
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Il. Die Verformungsfestigkeit

Vom Standpunkte der Plastizitdtstheorie gesehen, ist der Verformungs-
widerstand die wichtigste Kennzahl des Materials. Im Falle von groRen plasti-
schen Deformationen nimmt die Verformungsfestigkeit verschiedene Werte
zwischen weiten Grenzen an. Gerade deshalb ist es wichtig, zum Zwecke der
Bestimmung der Formdédnderungsarbeit die Verformungsfestigkeit genau zu
erfassen.

Die Verformungsfestigkeit hdngt noch von einer Reihe von Einfluf3-
grolen ab. Diese EinfluBgroBen, die wé&hrend des Schmiedens sich &ndern,
sind die Temperatur des Materials (t), die Gr6Be der Formanderung (e), und
der Verlauf der Verformung wéahrend der Zeit. Nach Versuchen des Autors
kann man diesen letzteren Parameter mit dem Mittelwert (ék) der Forméande-
rungsgeschwindigkeit ersetzen [2]. Dazu ist es notwendig, die folgende, fur das
M aterial charakteristische Gleichung zu kennen:

kf — Kj(t;s;ek). ()

Dieser Zusammenhang (5) kann experimentell festgestellt werden. In
Kenntnis der Temperatur, der Verformung und der mittleren Forméanderungs-
geschwindigkeit 148t sich die Verformungsfestigkeit errechnen.

Infolge der ungleichmdRigen Abkihlung und der ungleichmdaRigen
Forméanderung des Schmiedestiickes nehmen die GroRen t, e und ék in jedem
Punkte andere Werte an und hierdurch ergibt sich in jedem Punkte ein anderer
Wert der Verformungsfestigkeit. In den Gleichungen (1), (2), (3) und (4) wird
die Berechnung durch Annahme einer mittleren Verformungsfestigkeit erleich-
tert. Zur Bestimmung der mittleren Verformungsfestigkeit kann man die
Methode als annehmbar erachten, daB man in der Gleichung (5) Mittelwerte
der GroRen t, e und €k einsetzt und das erhaltene Resultat als den wahrschein-
lichen Mittelwert der Verformungsfestigkeit akzeptiert. Die Genauigkeit dieses
Resultates hdangt natirlicherweise davon ab, in welcher Weise die Mittelwerte
t, eund é&/(angenommen wurden. Zur weiteren Vereinfachung der Berechnung
werden zweierlei Bestimmungen vorgenommen: fir den Werkstoff zum Aus-
fullen des Gesenkraumes und fur den W erkstoff in dem Gratspalt. Fir beide
Falle bestehen je zwei Mittelwerte der Verformungsfestigkeit: der mittlere
und der Mittelwert fur den vollen Arbeitszyklus (den Hammerschlag). Um
aber den Schwierigkeiten auszuweichen, die daraus entstehen, dal der Ab-
lauf des Materialflusses im Gesenk unbekannt ist, nehmen wir bei der Be-
rechnung an, dal der WerkstoffluB immer nur in einer Richtung, entweder
in der Richtung des Gesenkraumes oder in der des Gratspaltes vor sich geht.

Zur Bestimmung der momentanen mittleren Forménderung (ein) des
in dem Gesenkraum befindlichen Materials sollen die Verhéltnisse untersucht
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werden, die zwischen zwei parallelen Ebenen entstehen. Hierzu wenden wir
die Bezeichnungen auf Bild 2 an. DefinitionsgemdR ist die spezifische Form-
anderung gleich Ah/h™ Im Gesenk ist h bekannt, und hxsoll als (m -f- Ah)
angenommen werden. Es gilt also

Ah
m -)- Ah ®
Die mittlere Forméanderung fir die gesamte Verformungsperiode (Ham-
merschlag) ist:
Ah
2

m 4-

Die mittlere momentane Formé&nderung des in dem Gratspalt befindli-
chen Materials kann mit der Annahme bestimmt werden, da das Eindringen
in den Gratspalt des Materials das bereits eine Forméanderung ein erfahren hat,
nur durch Auftreten einer weiteren Formanderung e — m-hs/m ermdglicht
wird. Wie bekannt, gilt die Gleichung

Ee= 1- (1 — fii) » (1 — £r)

Als Ausdruck der resultierenden Formé&nderung im gegebenen Fall gilt
es= | —— s(1-e 0. (8)
m

Wenn wirin die Gleichung (8) an Stelle von siidie GroRe eliic(7) einsetzen,
so ergibt sich die mittlere Formé&nderung des in dem Gratspalt befindlichen
M aterials wéahrend eines Hammerschlages.

Die mittlere Formé&nderungsgeschwindigkeit ist

9)

wobei e die Formanderung und i die vom Beginn der Forméanderung bis zum
untersuchten Zeitpunkt abgelaufene Zeitdauer bedeuten. Beim Feststellen der
W erte der Formé&nderungsgeschwindigkeit an den einzelnen konkreten Stellen
gelten die Forméanderungswerte, die aus den Gleichungen (6), (7) und (8)
errechnet werden.
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Aus der mittleren Geschwindigkeit erhdlt man die Schmiedezeit:
i — — (10

wo vkjii den Mittelwert der wahrend der Héhenabnahme Ah auftretenden Ver-
formungsgeschwindigkeiten bedeutet.

Aus der durch Gleichung (10) berechneten Verformungszeit kann man
die momentan geltende mittlere Formé&nderungsgeschwindigkeit bestimmen.
Um die fiir die gesamte Verformungsperiode geltende mittlere Forméanderungs-
geschwindigkeit zu erhalten, soll aus den bis zur halben Hdhenabnahme
ZIA2 auftretenden Geschwindigkeiten die sich ergebende Mittelgeschwindigkeit
bestimmt werden:

Ah

2

v k,Ahl2

)

Aus Gleichung (9) kann man mit Hilfe der Gleichungen (6), (7), (8),
(10), und (11) fur den vollen Gesenk und fir den Gratspalt sowohl die momen-
tanen wie auch die fur die volle Verformungsperiode geltenden Werte der
mittleren Formé&nderungsgeschwindigkeit berechnen.

Die Untersuchung der Temperaturverhéltnisse des im Gesenkraum befind-
lichen Schmiedestickes ist eine &ulRerst komplizierte Aufgabe. Die Gestaltung
des in Zeit und Raum verdnderlichen Temperaturfeldes h&ngt von vielen
Parametern ab, so z. B. von der Anfangstemperatur des Gesenkraums, dem
W armeaustausch zwischen W erkstick und Gesenk, der durch Reibung an den
Beruhrungsflachen erzeugten Wéarme, ferner von den durch plastische Verfor-
mung aus der Verformungsleistung entstehenden Wéarmemengen.

Wenn wir uns nur auf eine anndhernde Analyse der Temperaturverhdlt-
nisse beschranken, so setzen wir einen Materialflufl in einer Richtung, ndmlich
das Eindringen des Materials in den Gratspalt voraus. Die anndherung besteht
darin, daR wir die interne Wéarmestrémung aufBer acht lassen und nur zwei
Faktoren in Rechnung ziehen: dies sind die Wdrmeabfuhr durch das Werk-
zeug und das Warmedquivalent der Verformungswérme.

Zur Aufstellung der Gleichung sollen folgende Bezeichnungen verwendet
werden: Gewicht des Werkstiickes Gd; spezifische Warme des Werkstlickes cd;
Temperatur des Werkstickes Temperatur des Werkzeuges tj; mittlere
Beruhrungsflache zwischen Werkstick und Werkzeug Fc; Zeitdauer dieser
Berlhrung i; Warmeaustauschkoeffizient an der Bertuhrungsflaiche ad Die
durch das Werkzeug abgefuhrte Warmemenge und die vom W erkstick abge-
gebene Wéarmemenge sind einander gleich:

ad' K |-dl ~~~d — t/j i = cdmGdm(tdl — td). (12)
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Aus obiger Gleichung kann auch die mittlere Temperatur des W erkstickes
berechnet werden:

Idi

d Gd tdl ~~ xdJ _t1
td - (13)
cd &

Nach Bild 2, wird in der Raumeinheit die Verformungsarbeit kje® in
die Wéarmemenge k/elft427 umgewandelt. Dadurch |&4Rt sich die Temperatur
des Materials um die Temperaturdifferenz k/EiW(f427 «cd *yd erhéhen (wo yd
das spezifische Gewicht des Materials bezeichnet). Es ist also die mittlere
Temperatur des im Gesenkraum zur Verformung herangezogenen Materials

Id,

cd Gi %d F e _tf

kf 2k

(14)
427 cdyd

cd Gd

Wenn wir nun nach der mittleren Temperatur des Materials, das sich in dem
Grat.snalt befindet, fragen, mufRR die Wirkung der an den Gesenkwdéanden durch
Reibung entstehenden Wé&rmemenge mit in Betracht gezogen werden. Entlang
des Gratspaltes (am Werkzeug) erfolgt eine Reibungsleistung (p ¢p evr), die
in die Warmeleistung gs = (p *p ¢ ty/427) umgewandelt wird. Hiervon wird
der Teil t;-qsvon dem Werkzeug, und der Rest zu (1 —f)egsvom Grat auf-
genommen. Durch diese frei werdenden Wdarmemengen werden wdahrend des
Schmiedens dinne Oherflachenschichten am Werkzeug und am Grat erwédrmt,
wie dies aus Bild 3 ersichtlich ist. Die Erh6hung der Gratbricke im Werk-
zeug bis in eine Tiefe fsz wahrend einer Zeitperiode i, hervorgerufen durch
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die mittlere Wéarmeleistung (£+q§ ist

i= CszVsz fSZZ>K $ (15)

Am Anfang der Erwdrmungsperiode ist der Temperaturgradient Null,
am Ende derselben Periode ist dieser Gradient gleich AtAfsz.

Daraus 4Rt sich der mittlere Gradient wahrend der gesamten Erwér-
mungsperiode als ZIt§/2/§ anschreiben. Laut des Newtonschen Gesetzes be-
steht die Gleichung:

(16)
*7sz
in welcher die Warmeleitungszahl des Werkzeuges bezeichnet. Aus Glei-
chungen (15) und (16) kénnen wir Atsz errechnen, und somit haben wir den
Ausdruck fir die an der Oberflache des Gratspaltes (am Werkzeug) entstan-
dene Temperatur:

hnax Lj+ 21igs ! . (17)
sz csz Vsz

Mit Hilfe einer der obigen Ableitung &hnlich durchgefihrten Rechnung erhal-
ten wir die von der Warmemenge (1 —f) ¢qgsan der Oberflache des Grates er-
zeugte Temperatur:

Giax L +e2(1 £)4s (18)

Avis der Annahme, dal die maximale Temperatur <max an beiden Flachen
(ndmlich an den einander berihrenden Fldchen des Werkzeuges und des
W erkstiickes) gleich ist, 148t sich aus (17) und (18) der Koeffizient berechnen:

1+ ts hz
2 4s

1+ j AsCsVs
Asz csz Ysz

Wie dies aus Bild 3 ersichtlich ist, liegt die Temperatur der Gratbricke
hoher als die Temperatur des Werkzeuges und als jene des Werkstoffes im
Grat. Also kann aus dem Werkstoff im Grat Wdrme in das Werkzeug durch
W é&rmeleitung nicht mehr Ubertragen werden. Die mittlere Temperatur im
Grat ist nun anndhernd dieselbe wie die mittlere Temperatur des Werkstoffes
im Gesenkraum (ts = t(). Dieser Zustand tritt nur dann ein, wenn sich die, W ar-
meleistung der Reibung zwischen Werkzeug und W erkstick teilen 14Rt, d. h.
falls 0 < £ <[ 1. Ist £ 1, so geht die gesamte Reibungswdarme in das kuhlere
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W erkzeug uber, da eine gemeinsame Hdchsttemperatur tmax an der Beriuh-
rungsfldche sich nicht bilden kann. Also, aus der Bedingung f < 1 ausgehend,
1aRt sich aus GI. (19) folgende Formel ableiten:

h — tsz< 2 g5 (20)
NSZ CS2Y Sz

Die Erfillung der Ungleichung (20) ist die Vorbedingung des Zustandes,
bei dem entlang der Beriithrungsflache keine Wéarme aus dem W erkstoff durch
Leitung in das Werkzeug uberfuhrt werden kann. Wie bereits angedeutet,

sind nun die mittleren Temperaturen der Werkstoffteile im Grat und im Ge-
senkraum einander gleich.

W ird aber die Ungleichung nicht erfillt, so wird durch Leitung durch
die Gratbahn von dem im Grat befindlichen W erkstoff Wa&rme in das Werkzeug
Uberfihrt, und es sinkt die Temperatur des Werkstoffes im Grat. Nach den
Bezeichnungen im Bild 2 soll die Temperatur im Punkte B, d. h. in der Mitte
der Gratbricke, als die mittlere Temperatur des Werkstoffes im Grat betrach-
tet werden. Wéhrend der Werkstoff vom Punkte A durch Stauchen in den
Punkt B ankommt, sinkt die Stofftemperaturinfolge des angedeuteten Warme-
abganges von td auf ts.

W dhrend eines Abkuhlungsvorganges in einer Zeitperiode i wird aus
dem Stoff von der raumlichen Ausdehnung hr « 2 R mb/2 bei einem Warme-
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Ubertragungskoeffizienten a5 durch die Ringflaiche 2-2 R n- 6/4 die folgende
Waéarmemenge an das Werkzeug abgegeben:

«sbRn(ts —tsz) i = cshrbRn(td —ts) ys. (21)

Unter der Annahme, dall sich der Stoff nur vom Hohlraum in die Grat-

rille stauchen laRt, kann man die Zeitspanne i — laut Bezeichnungen des Bil-
des 2 — nach dem Prinzip der konstanten Stoffmasse in folgender Weise
bestimmen:
hr-é2 Rn
R 27tvk (22

wo wir mit vk die mittlere Geschwindigkeit des Schmiedevorganges wahrend
der Zeitspanneibezeichnen. Nun kann man mit Hilfe der Gleichungen (21) und
(22) die mittlere Temperatur ts des Stoffes im Grat bestimmen:

Asbtsz -|- 2 Rvkcsystd

(23)
*sb+ 2Rvkecsy,
In &hnlicher Weise wie in GI. (14) kann man die Temperaturerhéhung,
die von der durch die Verformungsarbeit erzeugten Wé&rmemenge hervorge-
rufen wird, berechnen:

i __As ARvkesVsG . _ hfesk (24)
xsb+ 2Rvkec,ys 427 csys

Mit Hilfe der durch die oben abgeleiteten Gleichungen bestimmten Werte
von e, ek und t kann man im Sinne der Formel (5) die mittlere Verformungs-
festigkeit des Werkstoffes bestimmen.

I1l. Der Reibungskoeffizient

Die beim Gesenkschmieden, insbesondere bei einer Warmverformung
entstehenden Spannungen lassen sich in verhdltnismé&Rig leichter Weise ana-
lysieren. Dies folgt nd&mlich aus der Tatsache, dal die Spannungen — wenn,
wie hier der Fall ist, der Reibungskoeffizient den Wert 0,25 Ubertrifft — von
der Reibung beinahe unabh&ngig sind [3]. Ein treffendes Beispiel finden wir,
wenn wir die Spannung albetrachten, die in einer, von parallelen Ebenen ein-
geschlossenen, zusammengedrickten Stoffschicht entsteht; sie ist, wenn
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fi )> 0,25:

°j (25)

Laut GI. (25) ist also die Spannung ar vom Reibungskoeffizienten unab-
hdngig. Ist aber der Reibungskoeffizient fi < 0,25, so Ubt er bereits einen
EinfluR auf die Spannungsverhaltnisse aus. Unter der Annahme, daB xjh 4,
und fi <C0,25 ist, gilt die Annaherungsformel:

oj — foft 1-j- (1,7 fi -f- 8 fi-) T . (26)

Die GI. (26) beschreibt also die Abh&ngigkeit der Spannung Uj vom Rei
bungskoeffizienten, wenn ft 0,25 ist.

IV. Die Verformungskraft

Infolge der komplizierten Spannungsverhdéltnisse bei einer dreidimensio-
nalen Forménderung stoBt man auf kaum l6sbare Schwierigkeiten, wenn man
die Verformungskraft auf Grund des Bruchliniensystems genau bestimmen will.
Zum Zwecke einer guten Anndherung soll angenommen werden, dall der Werk-
stoffluBR durch Stauchen immer nur in einer einzigen Richtung: gegen den
Gesenkraum bzw. gegen den Gratraum stattfindet. Dies entspricht dem Prin-
zip der rationalen Vereinfachung und der héheren Rechnungssicherheit.

Mit den im Bild 4 verwendeten Bezeichnungen 148t sich die beim Gesenk-
schmieden wirkende Verformungskraft wie folgt berechnen: [1]

P — (Fs+ Fi)kjs-f Ki. F oskis + Fiikri, (27)
2 + u

Hier ist |sder Spannungskoeffizient fir den Gratspalt und |,, der Span-
nungskoeffizient fir den Gesenkraum; kjsund kjlibezeichnen die Verformungs-
festigkeit des Werkstoffes im Grat bzw. im Gesenkraum.

Der Koeffizient | nsoll auf Grund der Bezeichnungen des Bildes 5 berech-
net werden. Die bildsame Zone im Gesenk ist von der GroRe hsabhéangig. Das
HohenmalR m der bildsamen Zone ist durch Gleichung (2) bestimmt. Wenn
vorspringende Teile des Gesenkes in die durch das HohenmaR m gekennzeich-
nete bildsame Zone eindringen — eine ziemlich oft vorkommende Erschei-
nung — so wollen wir fiir unsere Berechnungen eine mittlere Hdohe der bild-
samen Zone annehmen (Bild 5b). In einem solchen Falle kann also das in dieser
Abbildung mit strichpunktierten Linien bezeichnete Bruchliniensystem als
gultig angesehen werden. Zuriickkommend auf GI. (1), laut welcher
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ist, gilt hierfir mit den im Bild 5b verwendeten Bezeichnungen die Formel:

m,.
1-
2R
Wis + 2,3 (1 + i In-~1 (28)
2-N- t K
R

Die durch GIl. (28) beschriebenen Zusammenhénge sind im Bild 6 darge-
stellt. Die Kurven zeigen den Wert des Koeffizienten fis als Funktion der
unabhangigen veranderlichen R/hs und des Parameters K/Tp.

Wir kennen noch die folgende Anndherungsformel:

Elis A +25 fit_ (29)

Die dieser Formel entsprechende Kurve ist als dinn gezogene Linie einge-
zeichnet.

Wie dies aus Bild 6 gefolgert werden kann, ist der Koeffizient — bei dem
meistens Ublichen MaRverhaltnis Rjniu 7,5 — praktisch von diesem Ver-
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h&ltnis unabhé&ngig. Mit anderen Worten ist auch die Schmiedekraft im Berei-
che R/mh <C 7,5 nur von der Verhaltniszahl Rjhs, nicht aber von der inneren
Ausbildung des Gesenkraumes abhé&ngig.

Ferner kann der Verlauf von £0s im anderen Bereiche (ia/tn- > 7,5)
annahernd mit je einer Geraden dargestellt werden. Diese Gerade, durch

die Gleichung

+ 0,4 (30)

beschrieben, 148t sich von dem entsprechenden Punkt der Hauptgeraden
fas = 0,5 R/hs ausgehend, als eine abzweigende Gerade mit der Richtungs-
tangente 0,4 einzeichnen.

Der flr die Spannungen in der Gratrille maBgebliche Koeffizient £s
148t sich mit den Bezeichnungen im Bild 4 auf Grund der Gleichungen (25)
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und (26) folgenderweise bestimmen:

f, = (7 /r 8fid; (31)

ist aber
y > 0,25,

so gilt

1,7y + 8/r2= 1.

Also 1aRt sich die beim Schmieden in plansymmetrischen, mit Gratspalt
ausgebildeten Gesenken geleistete Arbeit mittels der Gleichung (27) bestimmen.
Der EinfluR des Grates wird durch GI. (28), der EinfluR der Gesenkform —
wenn Rirriit < 7,5 — durch GI. (29), und bei RImk >> 7,5 durch GI. (30) bestimm t.
Im Falle eines axialsymmetrischen Schmiedestiickes wird mit GI. (4) gerechnet®

Y. Die Verformungsarbeit

Fur die Verformungsarbeit gilt die Funktion: P(hs) dh

(32'

Dazu werden die Ausdricke laut (29), (30), und (31) in GIl. (27) eingesetzt.
An Stelle der GroRen kfSund kja, welche wahrend des Schmiedens verdnder-
lich sind, werden die Mittelwerte kjks und kp( in Rechnung gezogen, und so
erhalten wir nach erfolgtem Integrieren (im Intervall von h& bis hg), aus Gl.
(32):

wofir die betreffenden Koeffizienten die folgenden sind:
bei fj, > 0,25, ist

4, = b(l,7f* + 8aIn -ﬁJM

wenn aber It 0,25,
S0 ist

1,7/i+ 8A* = 1.
Ferner, falls
R

so ist
rlss= 2,SYR(YhSI- YhSt)
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und wenn

R
=175,
mk

so ist

ijis= 0,1RINSi. 4-04R In—
K ™<2
Die Formel (33) gilt fir ein plansymmetrisches Werkstick. Im Falle
eines axialsymmetrischen Werkstickes ist Gleichung (4) maRgebend.

V1. Angenéherte Bestimmung der Verformungskraft und der Formanderungs-
arbeit

In der Praxis ist die Ungleichung A/m/c <[ 7,5 ausnahmslos giiltig. Dies
geht aus den die minimalen Wandstidrken betreffenden Bestimmungen der
ungarischen Norm-Vorschrift MSZ 5745 hervor.

W ir kénnen den Rechnungsgang vereinfachen, falls wir die Gleichungen
fir plansymmetrische und fir axialsymmetrische Sticke kombinieren. Zu
diesem Zweck ist die Gleichung (4) der richtige Ausgangspunkt.

W ir verwenden namlich hierzu Koeffizienten an, indem wir das Verhalt-
nis in Betracht ziehen, in welchem die diagrammatischen Flachen der plan-
symmetrischen und jene der axialsymmetrischen Teile zueinander stehen:
Formel der Kraft:

P ad (Fs+ Fi)kfS+ (1,7 U+ 8 fiDkjs -
-t +F"
(34)
1,25 Fis -)- 0,835 Fih ‘t‘]” k/ii.
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Wenn namlich [i >0,25, so ist 1,7/t -f- 8 /t2= 1. Die Formel der Arbeit ist:

A ex (Fs+ Fu) (hSl- hSl)ktks + |-y- + Fa b (1,7 + 8/mdb -i- kfks +
As2 (35)
+ (2,56 FsYRS+ 1,67 Fik]IR,){YhS - YhJ km

Auch hier gilt 1,7/n+ 8/r == 1? falls /Ir > 0,25 ist.

In den Gleichungen (34) und (35) gelten die folgenden Bezeichnungen laut Bild 5
und Bild 7:

Rs mittlere Werkstickbreite, plansymmetrisch;

R/j mittlere Werkstlickbreite, axialsymmetrisch;

hsl Gratdicke bei Vorgangsbeginn;

hs2 Gratdicke bei Vorgangsende;

b Gratbreite;

Fs Flache des Grates;

Fils  Flache eines plansymmetrischen Werkstickteiles;

F Flache eines zylindersymmetrischen Werkstuckteiles;
kfb  Verformungsfestigkeit des Werkstoffes iin Grat;

kfU  Verformungsfestigkeit des Werkstoffes im Gesenkraum;
kjks  mittlere Verformungsfestigkeit des Werkstoffes im Grat;
kjh mittlere Verformungsfestigkeit des Werkstoffes im Gesenkraum.

Aus den Gleichungen erhélt man die Werte der Kraft und der Arbeit,
die nur als eine grobe Ann&herung zu betrachten sind: dies gentigt aber vollauf
zur Ausarbeitung des schmiedetechnischen Arbeitsprogramms.
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OnpegeneHve ycunus fedopmaumn v paboTbl JedopMauyv MpY KOBKe B LUTaMMax
(N. ToT). ABTOp B CBOeli CTaTbe 3aHMMaeTCsl OnpefeneHnemM ycunus n pabotbl gedopmanmu,
BO3HMKAKOLWMX MpY KOBKE B LUTAMMax C 3ayceHLamun. YpaBHEHWs, NpeiCcTaB/silolLMe OCHOBY
pacueTa HanpsHKeHWI, B3sTbl U3 ONy6NMKOBaHHOW paHee paboTbl aBTopa. ABTOpP Mpu Aedop-
MauuM Kak B He3anosIHeHHOM, TaK WM B 3aro/fIHEHHOM LUTaMMe WUCXOAMT U3 MpPeAnosioXxeHUs
JecopMauuy B OfHOM HanpaBfieHUMu, T. e. B MecTax 06pa3oBaHus 3ayCeHLEB, WM B KaKoii-
nMbo nosoli Yactu nonocTu. Takum 06pasoM, MOXHO NPUGAVKEHHO ONpeaennTb CpejHee
COMPOTUB/EHNE AehopMaumm, a Takxke ycunue pedopmauuu v paboTy fecopmMaunu.
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ERMITTLUNG DES ROLLWIDERSTANDES FUR DIE
DYNAMISCHE UNTERSUCHUNG DES ABLAUFBERGES

J. GAJARI und M. EL-HAWARY
BUDAPEST - EL-QUAHIRA (KAIRO)

[Eingegangen am 4. Juli 1967]

Die Verfasser geben zuerst eine kurze Ubersicht Gber die vorherigen Untersuchungen,
die zur Bestimmung der Rollwiderstdnde von Eisenbahngiterwagen durchgefihrt worden
sind. Sie beweisen, dalR die von diesen Messungen gegebenen Widerstandswerte fiir den heuti-
gen Wagenpark nicht mehr verwendbar sind. Aus diesem Grunde war es notwendig, die Roll-
widerstdnde und deren H&aufigkeitsverteilung von Wagen zu messen, die von den Ablauf-
bergen in Ungarn abrollen. Der Aufsatz macht die Durchfihrung und die Auswertung der
Messungen bekannt, zeigt einige Lucken der bisherigen Verfahren an, die bei der Auswahl der
fir die Untersuchung des Ablaufberges maRRgebenden Widerstande verkommen und gibt fur
diese Auswahl ein ganz neues Verfahren an, das von der Wichtigkeit der Rangierbahnhdofe
beziehungsweise von der bei diesen noch ertréglichen Stérungen ausgeht, und unter Verwen-
dung der Wahrscheinlichkeitsrechnung entwickelt worden ist.

Bezeichnungen

1 [m] Léange;

h [m] Hohe;

F me] Stirnflache eines Wagenkastens;

G Mp] Gewicht eines Wagens;

nt [ts2m] Masse;

s} Massenfaktor zur Bericksichtigung der Rotationsenergie von Radsétzen;
@ [kp] Radlast;

20 [kp] Achslast;

1 fs] Zeit;

v [m/s] Geschwindigkeit;

g [m/s2] Fallbeschleunigung;

0 [m/s2] reduzierte Fallbeschleunigung zur Berucksichtigung der Rotationsenergie

von Radséatzen;
« [kp/Mp] Rollwiderstand;
«u [kp/Mp]  Achslagerreibungswiderstand ;
«, [kp/Mp1 Laufwiderstand;

v, [kp/Mp] Luftwiderstand;

s %] Neigung (+ Geféalle, — Steigung) maximaler wahrscheinlicher Fehler;
b [[m/SZ] Beschleunigung (-3-) bzw. Verzdgerung (—);

D [mm] Durchmesser:

Reibungskoeffizient.

I. Einfuhrung

Unter Rollwiderstand werden die Widerstande verstanden, die beim
Rollen eines Wagens zwischen dem Rad und der Schiene sowie in Achsbuchsen
zwischen dem Achsschenkel und dem Achszapfen entstehen.
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Die erste Gruppe der Widerstdnde zwischen Rad und Schiene ist haupt-
sédchlich von der Form der Rad- bzw. Schienenoberflache abhé&ngig. Die Haft-
reibung, durch die das Rollen des Rades auf der Schiene ermdglicht wird, macht
den bedeutendsten Teil dieser Gruppe aus [1]. Diese Haftreibung wird durch
von Schienen- und Radfldche abhédngige Pressung der Beriuhrungsflachen
verursacht. Das Rollen des Radsatzes ist manchmal von einer Gleitbewegung
begleitet, da der Laufkreisumfang nicht immer fur beide R&ader einer Achse
derselbe ist. Auch die Widerstdnde infolge von Bauform und Verhalten des
Gleises wéahrend der Fahrt geh6ren zur ersten Gruppe; z. B. die Widerstadnde

Q

Bild 1. Zusammenhang zwischen wa und = ft[ « Dz/Di)

durch elastische Schienenbiegung, die von Schienenform, Schwellenabstand.
Schotterbettdicke und Unterbettung des Gleises abhéngig sind. SchienenstiRe
und Unebenheiten der Fahrbahn, Wagenfedern- und Wagenkastenschwingun-
gen verursachen ebenfalls Widerstdnde, die zur ersten Gruppe gehdren.

Die Widerstdnde der zweiten Gruppe, u. zw. jene, die in Achsbuchsen ent-
stehen, sind vom Reibungskoeffizienten zwischen Achszapfen und Achsschen-
kel abhéngig (Bild 1). Werden der Haftreibungswiderstand am Achszapfen mit
wa [kp/Mp], der Lagerdruck mit Q" [kp], der Achszapfendurchmesser mit
6j[cm], der Laufkreisdurchmesser mit Di [cm] bezeichnet, so gelten:

Dz

wa= —_ Noe
Di
Der Lagerreibungskoeffizient ist von zahlreichen Faktoren abhé&ngig:
von der Bauart des Achslagers, dem zurickgelegten Weg und der Dauer des
vorhergehenden Stillstandes, von der AuBentemperatur, der Art der Schmie-
rung, der Zapfenumfangsgeschwindigkeit und dem Raddruck. Gottschaltk
[2] nimmt 1936 an (Bild 2), daB der Rollwiderstand wr mit dem Laufweg in
solchem Male féllt, dal er sowohl bei normalen als auch bei tiefen Temperatu-
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ren nach 4000 m Laufweg auf etwa 2 kp/Mp sinkt und damit den Beharrungs-
zustand erreicht.

Zur selben Zeit wurden von Marrer [3] Versuche zur Bestimmung des
Rollwiderstandanteils wa durchgefihrt, u. zw. fiir Gleitachslager mit Regel-
polsterschmierung, bei geringen Geschwindigkeiten in Abh&ngigkeit vom
Lagerdruck (J', dem Weg / und der Geschwindigkeit v. Die Ergebnisse seiner
Versuche sind in Bild 3 angegeben. Auf Grund der Ergebnisse der Laborato-
riumversuche 1aBt sich folgendes feststellen:

Bild 2. Abnahme des Rollwiderstandes mit dem zuriickgelegten V eg
(Annahme von Gottschalk)

Die Achslagerhaftreibung der mit Gleitachslager ausgerlisteten Wagen
nimmt nach kurzer Stehzeit der Wagen stark zu, weil der Olfilm in den Lagern
reift, und ein Zustand der trockenen Reibung eintritt (nach diesen Versuchen
betragen die Lagerreibungswiderstdnde 13 bis 24 kp/Mp, der hohe W iderstands-
wert hélt jedoch nur auf einem kurzen Weg an, fallt dann pldtzlich ab und geht
nach Zuricklegen eines Weges von ungefdhr 10 m langsam in die bekannten
W erte fiir den Reibungswiderstand uber);

der Widerstand andert sich mit dem Raddruck;

fir kleinere Geschwindigkeiten dndert sich der Lagerreibungswiderstand
stark mit der Geschwindigkeit.
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Zur Bestimmung des Lagerreibungskoeffizienten fitin Abhangigkeit von
Fahrgeschwindigkeit und Lagerbauart wurden von Garbers [4] Versuche
durchgefiuhrt. Die Ergebnisse dieser Versuche sind in Bild 4 dargestellt.

Daraus lassen sich folgende Feststellungen machen:

der Lagerreibungswiderstand ist von der Lagerbauart stark abhé&ngig;

der Lagerreibungswiderstand nimmt mit zunehmender Wagengeschwin-
digkeit ab;

Bild 3. Ergebnisse der Millerschen Versuche zur Bestimmung des Anteiles des Rollwider-
standes Wa, bei 2,5 Mp (@), 5 Mp (b) und 7,5 Mp (C) Raddruck; Lagerreibungswiderstande (d)

bei héheren Geschwindigkeiten &ndert sich der Lagerreibungswiderstand
in geringerem MaRe mit der Geschwindigkeit.

Die Versuche von Mar1er und Garbers zeigen, wie der Lagerreibungs-
widerstand, der einen bedeutenden Teil des Rollwiderstandes ausmacht, durch
die verschiedenen Faktoren beeinflult wird, geben jedoch keinen AufschluR
Uber den Rollwiderstand wr fir dynamische Untersuchungen von Ablaufber-
gen. Im Anhang zum Bericht des Sonderausschusses der deutschen Studien-
gesellschaft fur Rangiertechnik sind brauchbare Rollwiderstandswerte ange-
geben [5], dieaufGrund von Messungen des Reichsbahnzentralamtes Berlin in den
Jahren 1928 und 1929 sowie unter Bertcksichtigung fruherer amtlicher W erte
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ausgewertet wurden. Diese Werte entsprechen dem deutschen Wagenpark
zu dieser Zeit und sind in Bild 5 angegeben.

Gottschalk [2] hat diese Werte in einem Aufsatz anhand von neuen
Messungen bestétigt. Er stellte jedoch fest, dafl die tatsdchlichen W erte sowohl
nach oben als auch nach unten erheblich schwanken. Er wies auch nach, daB

M
Qo10. 4 NplLager
QO05
0 20 40 70 90 120V [km/St]
M
7WNpl/Lager
Q005
0 20 40 70 90 12017/km/St]
M
Qo 10 p/Lager
5
e - — 1 A~
1 1 1 1 e e
20 40 70 90 120 [km /St]

Bild 4. Lagerreibungskoeffizienten in Abhéangigkeit von der Geschwindigkeit nach Ver-
suchen von Garbers (tea - DZD(' ()
Bezeichnungen: --—--------- Glcitachelager mit Regelpolster-Schmierung, — — — Gleitachslager mit mechanischer Schmier-

vorrichtung ; — e« — Sondergleitachslager mit mechanischer Schmierélférderung; Zylinderwellenlager mit
Fettschmierung

das von ihm bei den Messungen benutzte Elsner MelRRgerat nicht ganz frei von
MeRfehlern war. Eine eingehende Prifung ergab, dal mit Ungenauigkeiten
bis zu 10% gerechnet werden mufR.

Im Winter 1936/1937 wurden im Sowjetischen Wissenschaftlichen For-
schungsinstitut fir Eisenbahnverkehr [6] Versuche durchgefiuhrt, nach denen
der Wagenpark der Sowjetunion aus Wagen mit Widerstdinden gemé&R Bild
6 besteht. Diese W iderstandswerte wurden bei Temperaturen Uber Null
festgelegt.

Anhand dieser Messungen wurde auch festgestellt, dal fiir Wagen der-
selben Bauart der Rollwiderstand um so geringer ist, je groRer das Wagen-
bruttogewicht. Hierbei sind die Schwankungen bei Temperaturen unter
Null gréRer als bei solchen tber Null, wie es aus Bild 7 ersichtlich ist.
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Man h&lt heute diese W erte der Widerstdnde fur ablaufdynamische Unter-
suchungen und fiir Dimensionierung der Ablaufberge nicht mehr verwendbar.
Die oben erwédhnten Versuche wurden nur mit Gleitachslagerwagen durchge-
fahrt, und heute stellen die Eisenbahnen immer mehr Rollachslagerwagen

Bild 5. Rollwiderstande in der Ablaufzone nach fruheren deutschen Messungen

05..? 2.4 4.6 Uberbkp/Mp

Zweiachsige Wagen
05.? 2.4 4..S tber 6 kp/Vip
7? T

6,9 ‘33,2
. I ! nun
Vierachsige Wagen

Bild 6. Zusammensetzung der Rollwiderstande des sowjetischen Wagenparks bei Tempe-
raturen Uber 0 °C

in Dienst. So verédndern sich die Zusammensetzung des Wagenparks, und damit
die Grenzwerte sowie die H&ufigkeitsverteilung der Widerstdnde.

Einige Erfahrungen haben diese Betrachtungen unterstitzt. Grassmann
[7] schrieb, daB im W inter 1956 bei einerTemperatur von —20 °C nur 0,2% der
ablaufenden Wagen frih stehen geblieben waren. Ein gutes Beispiel zeigt
dafur auch der Westberg des Rangierbahnhofs Budapest-Ferencvaros, welcher
bereits in der Bauphase um 0,8 m niedriger aufgebaut wurde, als gerechnet und
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geplant war. Der provisorische Berg hat sich aber so gut bewdhrt, dal er end-
gultig beibehalten wurde.

Die neuere Versuche haben bewiesen, dall die Grenzwerte der Wider-
stdnde heute wirklich niedriger sind. Strakovsky [8] hat im Winter 1950
4598 Wagenlaufe in einem Temperaturbereich von —7 bis —38 °C beobachtet.
Die Auswertung dieser Versuche wurde in 2 Temperaturbereichen durchge-
fuhrt. Der erste erstreckte sich von —8 bis —25 °C, der zweite von —25 bis

6 8 10 12 74 16 18 20 22 24 26 2830 32 34 36 38 40

Bild7. Abhangigkeit zwischen Rollwiderstand und Wagengewicht nach sowjetischen Messungen

—38 °C. Die zwei- und vierachsigen Wagen wurden abgetrennt ausgewertet.
Die Ergebnisse haben gezeigt, dall die Widerstandswerte der vierachsigen

Wagen immer grofer sind als die der zweiachsigen. In Tafel | sind die
Tafel |
Vieradhtige Wagen Zweiachsige Wagen
Gewicht-Kategorie Zahl der Be- Rollwiderstand Zahl der Be- Rollwiderstand
obachtungen [kp/Mp] obachtungen [kp/M p]

Normale Wintertemperatur (—7 bis —25 °C)

Leer 263 8,11 138 5,75
Nicht vollbeladen 253 6,22 427 5,11
Beladen 453 4,83 1245 4,50

1

Niedrige \Cintertemperatur (—25 bis —38 °C)

Leer 206 10,8 96 7,54
Nicht vollbeladen 204 8,05 253 6,04
Beladen 276 6,30 774 5,12

Durchschnittsergebnisse der Messungen gezeigt. Daraus ist ersichtlich, daf
die Rollwiderstdnde der zweiachsigen leeren Wagen in dem Temperaturbereich
von —25 bis —38 °Cnureinen Durchschnittswertvon 7,54 kp/Mp, und auch die
Teilwerte nur bei —34 °C 7,7 kp/Mp, den maRBgebenden Wert der Stugera er-
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reicht haben. So niedrige Temperaturen kommen aber in Mitteleuropa und
besonders in Ungarn gar nicht vor.

Aus diesen Griinden wies G rassmann [7]im Jahre 1956 anldBlich der neuen
Bearbeitung der deutschen Richtlinien fir die bauliche Ausbildung der Ran-
gierbahnhdéfe auf die Notwendigkeit von neuen Messungen der Rollwiderstdnde
hin und schuf die Grundlagen fiir genauere Messungen, durchgefihrt mittels
elektronischer ZeitmeRgerdte. Die Messungen wurden im Zentralamt Minden

Bild 8. Rollwiderstande nach neuen deutschen Messungen: ivrgetrennt fir Gleit- und Roll-
achslager (@), und fur gemischten Wagenpark mit Gleit- und Rollachslager (b) der DB

von Delvendahl [9] ausgefiihrt und ausgewertet. Die MeRergebnisse sind
aus Bild 8 ersichtlich.

Delvendahl wandte dem Vorschlag Gottschalks [2] gemd&BR den
Begriff des Rollwiderstandes eines Gut- bzw. eines Schlechtldufers fiir die Aus-
wertung der MeRergebnisse an. Gottschalk hatte vorgeschlagen, die Wider-
stdnde in finf Gruppen zu unterteilen, u. zw. mit folgenden Prozentanteilen
und Gutebezeichnungen:

1 10% sehr gut laufende Wagen,

2 20% gut laufende Wagen,

3 40% mittelmaBig laufende Wagen,
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4 20% schlecht laufende Wagen,

5 10% sehr schlecht laufende Wagen.

Um zur Durchfihrung von ablaufdynamischen Untersuchungen die bei-
den Grenzwerte des Rollwiderstandes zu erhalten, empfiehlt Gottschalk den
Rollwiderstandswert am Schwerpunkt der Gruppe der gutlaufenden Wagen,
bei der Rollwiderstandssummenlinie als »W iderstand des Gutlaufers« bzw.
den Rollwiderstand am Schwerpunkt der Gruppe der schlecht laufenden Wagen
als den »Widerstand des Schlechtldufers« zu bezeichnen.

Strahl zu den

Durch frihere Forschungen wurde bereits festgestellt, dal der Roll-
widerstand fir ablaufdynamische Untersuchungen von zahlreichen Faktoren
abhéngig ist, z. B. von Bauart der Achslager, Wagenparkzusammensetzung,
Unterhaltungs- und Erneuerungsbestimmungen fir Wagen und Gleis, von kli-
matischen Verhéltnissen, Achslasten und Ausnutzungsgrad der laufenden
Wagen. Diese Faktoren sind bei den verschiedenen Eisenbahnen meistens
unterschiedlich.

Daher faBte der Lehrstuhl fur Eisenbahnbau an der Technischen Univer-
sitdat in Budapest den Entschluf, mit Unterstitzung der Ungarischen
Akademie der Wissenschaften Messungen zur Bestimmung des Rollwiderstandes
durchzufuhren. Die Messungen wurden in enger Zusammenarbeit mit den
Ungarischen Staatseisenbahnen durchgefihrt. Im folgenden soll Gber diese
berichtet werden.

Il. Grundlagen der Ermittlung des Rollwiderstandes

Der Rollwiderstand wird nach Vorschlag von Grassmann [7] auf einer
kurzen Strecke anhand von Zeit-, Ldngen-, Windrichtungs-, Windgeschwindig-
keits-, trockene und feuchte Lufttemperatur-, Barometerdruck- und Wagen-
gewichtsmessungen ermittelt. Die Lage der MeRstrecke wird am FuRe des
Ablaufberges ungefdhr 100 m hinter der letzten Verteilungsweiche gewadhlt,
damit die Geschwindigkeit in der Mitte der MeRstrecke der durchschnittlichen
W agengeschwindigkeit beim Abrollen vom Ablaufberg entspricht. Die MeR-
strecke hat ein Gefédlle von ungefdhr 3%0, damit die ermittelten Laufwider-
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stande durch Zeitmessungsfehler womdglich wenig beeintrachtigt werden.
Beim Durchfahren der MeRstrecke werden die Zeiten tv t2und i12 in denen der
Wagen die Wege /,, /2bzw. Z12 zuriickgelegt hat, gemessen (Bild 9). Die Zeiten
werden mittels elektronischer ZeitmeRgerdte ermittelt, die einen elektrischen
Impuls erhalten, wenn der Lichtstrahl aus einer Lampe zu den Fotozellen in
den Punkten a, b, c und d unterbrochen wird. Die kleinsten Unterteilungen
der Zeitmessungen werden fur trund 12 zu 4 Stellen, fir i12 zu 3 Stellen hinter
dem Komma abgelesen.

W ird eine lineare Zu- bzw. Abnahme der Geschwindigkeit vorausgesetzt,
so betrédgt die Beschleunigung bzw. Verzégerung des Wagens

b= he—- «L_. (1)

W ird der Héhenunterschied h zwischen den beiden Enden aund d gemes-
sen, so ergibt sich das Geféalle der Strecke zu

h
S = m1000. (2)
In

Der Laufwiderstand wird dann

WN = § =m—mmmmmmee (3)
Hier ist g* die reduzierte Erdbeschleunigung:

- 4)
Q

wobei 0 den Massenfaktor zur Beriicksichtigung der kinetischen Rotationsener-
gie der Radsatze bedeutet. Die Erdbeschleunigung betrdgt nach der Formel

g = 9780490(1 -f 0,0052884 sin28 - 0,000059 sin220). (5)

wobei 0 den Breitewinkel der Mel3stelle bedeutet.

In Budapest, wo die Messungen am Rangierbahnhof Ferencvaros durchge-
fahrt wurden, ist der Breitenwinkel 47° 31'. Der Massenfaktor gwird aus dem
Trédgheitsmoment des Rades | genau ermittelt:

| = rETmaxiz dm
1o 2
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Bild 10. Die wesentliche.! Radsatz-Abmessungen

und
dfeD ny,

g

dm —

folglich ist

Hier bedeuten laut Bild 10:

Dmax Durchmesser, gemessen zwischen den &ufBersten Punkten des Spurkranzes;
f Teilflache des Radscheibenkdrpers oder des Radreifens;

1) Durchmesser der Ringmasse mit infinitesimaler Ringteilflache df\

ys spezifisches Gewicht des Stahls.

Wenn nun E die Gesamtenergie, Evdie lineare Energie und E,, die Rota-
tionsenergie eines rollenden Rades bedeuten, so gelten:

E = Ey-fE.,
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| |
(D /2)\ LY o) m (D/2)2

Hier bedeuten:

die Drehgeschwindigkeit des Rades, co= v/(D[/2);

:8 den Laufkreisdurchmesser;
v die Radlast [kp].
W ird der Begriff des Massenfaktors eingefihrt, dann ist
E - Q
¢ 2 ¢
41
= 1+
Q mD2
Es ist also
%n Vs
Q:
QD2
aber

Da fur a/2 = 0 der Wert des Integrals verschwinden muR, ist die Integrations
konstante C — 0:

(D/2 + al2)4 (D/2 - al2)4

Ax =
= — [D3a+ Da3] = — AfD (D24-a2;
8 8
Nrex/2
p—1+ "5 2 T 4f5(D2+ a2,
Qhr o

max/2
Q—1+ J—[llf:‘)';) AfD (D24-a2) £>=1+—-K;

Q 0 v
7TT/  “max/2

K=~~ 2 i/ flQ)! + «2).
o2 IO @
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Bild 11. Abhéangigkeit zwischen den K-Werten und der Laufkreisumfangdicke, d:
Q = 1 --K/Q, wo Q [kp] die Radlast bedeutet

Die Hauptdimensionen der verschiedenen Radsédtze von Glterwagen bei
den Ungarischen Eisenbahnen kénnen in drei Gruppen geordnet werden. Die
Dimensionen fir diese drei Gruppen sind aus Tafel Il ersichtlich.

Tafel 11

Hauptdimensionen der verschiedenen Radsétze der Glterwagen bei den Ungarischen Eisenbahnen

Laufkreisdurchmesser, B2 neuer Radsdtze [mm] 1020 1000 920
Scheibenradkdrperdurchmesser, Ds [mm] 878 850 778
Radreifendicke (neue), D = (Da—D34d)j2 71 75 74
Radbreite, e [mm] 135 135 132

Die Abnitzung der Scheibenradkdrper durch Verrostung ist so unbedeu-
tend, dal angenommen werden kann, daB ihr Trdgheitsmoment mit der Zeit
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nicht abnimmt. Der Laufkreisdurchmesser D2ist von der Abnutzung der Rad-
reifendicke d abhéangig. Der Wert K ist also lediglich die Funktion der Rad-
reifendicke d. Der Wert K wurde fir die drei vorgenannten Rader und ver-
schiedene d-Werte berechnet und ist in Bild 11 dargestellt. Dabei ist das Trég-
heitsmoment von halben Achszapfen mitberlicksichtigt.

Fur die Bestimmung von g werden der Zapfenumfang u und die vier
Dimensionen b, ¢, d und e gemessen.

Bild 12. Rechnerische Ermittlung von rf[m/s] und a

Die Kimme, auf die sich der Radscheibenkdrper stitzt, hat in fast
samtlichen Fallen eine Tiefe von 10 mm. Die Radreifendicke betrdgt dann

In Kenntnis von DslaRt sich der Laufkreisdurchmesser des neuen Rad-
satzes aus Tafel Il bestimmen. Aus Bild 11 wird fiir den entsprechenden neuen
Radsatzdurchmesser und die Radreifendicke d der Wert K abgelesen.

Der Laufwiderstand enthdlt den Roll- und den Luftwiderstand. Der
Luftwiderstand wird nach der Formel von Pirath berechnet:

Yivr
2 cG
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wdi
F
yi
G
vr
C

bedeuten.

Bei jedem Wagen wird die Wagenkasten-Stirnflaiche gemessen.

Bezeichnungen: ------------
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den spezifischen Luftwiderstand [kp/Mp],
die Stirnflache des Wagenkastens [m2],
das spezifische Luftgewicht [kp/m3],

das Wagengewicht [Mp],
die relative Windgeschwindigkeit zwischen Luft und Wagen [m/s],

den Luftwiderstandbeiwert

Bild 13. Abhé&ngigkeit zwischen den C-Werten und dem Winkel <«

ein offener beladener W agen;----------—---ein offener leerer Wagen;
— .. — .. — ein gedeckter Wagen

spezifische Luftgewicht ylwird aus dem Barometerdruck, dem relativen Feuch-
tigkeitsgrad, und den trockenen und feuchten Lufttemperaturen berechnet [7].

Das Wagengewicht wird von den Beschreibungen

am W agenkasten und

W agenzettel abgelesen.
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A Wo

a;
Bild 14. Zusammenhang zwischen w0 und I<;/ fir WagenVerzégerung, wenn Q < L2 >- 112,

Ab (—), Aw,, (+) und Aw0= +100Zi6 (Fall a); Ct ml/2 < 112, zlb (+), ,dw0 (—)
und Aw0= —100 zlb (Fall b)

Die relative Windgeschwindigkeit wird aus der gemessenen Windge-
schwindigkeit vs [m/s] und dem Winkel B zwischen der Windrichtung und der
Laufrichtung errechnet, wie es in Bild 12 dargestellt ist. Der Winkel 8 wird von
0 bis 360° im Uhrzeigersinn gemessen:

vr= K(—»m + »5c0s Bf + ivssinR)2a

Der Luftwiderstandsheiwert ¢ wird nach Pirath in Abh&ngigkeit vom
relativen Winkel x zwischen vrund der Wagenlaufrichtung fur drei verschiedene

Félle angenommen (s. Bild 13):
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Offener beladener Wagen,

offener leerer Wagen,

gedeckter Wagen.

Der relative Winkel a wird nach der Gleichung

r,sin B
«= arc tan
(—vm+ vscos B)

berechnet und ist von 0° bis 360° angegeben (Bild 14). Eine segelrelative Wind-
geschwindigkeit kommt vor, wenn der Wert von a zwischen 0° und 90° bzw.
zwischen 270° und 360° liegt. Eine gegenrelative Windgeschwindigkeit ist vor-
handen, wenn die GrofRe von a zwischen 90° und 270° ist. Der Luftwiderstand
wird bei Segelwind mit -j-, bei Gegenwind mit — bezeichnet. Danach ist der

Rollwiderstand:
wr= W— V.

I1l. Maximaler wahrscheinlicher Fehler
bei den berechneten Laufwiderstianden

Der Laufwiderstand wird nicht direkt gemessen, sondern Uber andere
MeRgroBen nach Gleichungen (1)—(5) berechnet. Soll der maximale wahr-
scheinliche Fehler fur den Laufwiderstand AwO berechnet werden, so wird
die Grundgleichung [3]:

awo= I (6)

angewandt, wobei
8m0 5

9e - (v
Owo 1000 g
96 ®)
g
aw, 1000 b
)
9e g

Die Neigung s ist jedoch wieder eine Funktion des Hdéhenunterschiedes
der beiden Enden der MeRstrecke h und der Lange Z12:

s= — 1000,
»12
9
nw= 13- Ah2 + S API2; 10y
dh /15 .
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wobei
G 1
dh 112 M
¥ —am. ®
*12

Fur die Messung des Hohenunterschiedes h werden Nivellier-MeRgerate
mit einer Genauigkeit von 1 mm benutzt. Das Gleis bewegt sich aber unter
dem rollenden Rad. Aus diesem Grund wird beim Hdhenunterschied ein maxi-
maler wahrscheinlicher Fehler Ah von 5 mm angenommen. Die Langen /,,
bzw. I2werden mit einem kalibriertertitahlband mit kleinsten Unterteilungen
von 1 mm gemessen. Das Stahlband wird auf die gerade Schiene aufgelegt.
Der maximale wahrscheinliche Fehler von Ixbzw. wird mit 0,002 angesetzt,
ein Wert, der den Fehler bei der Projektion des ersten und des letzten Licht-
strahls zu den Fotozellen auf der Schiene sowie den Fehler bei langen Messun-
gen bericksichtigt.

Die Beschleunigung bzw. Verzégerung wird nach Gleichung (1) berechnet.
Der wahrscheinliche Fehler ist dann

- 9b
Ab-= = Al-+ % ath + 2 2. At~, (13>
di 99, 8*i .
wobei
G _ (1t - (Ii) Al=  0,002m; (14>
dl tR—(" (- 122 | |
3b _ /2 - (W) , /lt2= + 0.001 s; (15>
3%12 (*12 (M g)/2 )
1
9b
. , Atx= % 0,0002s;  (16).
34 *D (*i 92)/2 (*_[2 (*|+ 92)/2)
o i- 2 U@ i3 — 12t
, N (2§ — 12X , At2= + 0,0002s. (17)
dt, D (4 + )/2 (*i2 —( +*2)/2)2

Der Koeffizient zur Berlcksichtigung der Rotationsenergie des Rad-
satzes g wird nach Gleichung (5) berechnet. Der Maximale wahrscheinliche
Fehler Aq ist dann:

9
AK-+ 29 aq (18),

g™ [3")
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aQ
- 19
akK 0 ( )
9 K
g (20)
9Q 2 Q2

Der Wert AK wird von Bild 11 fiir die entsprechenden K -W erte abgelesen,
u. zw. fir Ad= +2,5 mm. Der maximale wahrscheinliche Fehler AQ wird mit
5% der Radlast angenommen.

Der wahrscheinliche Fehler Awr ist also nicht nur von den wahrschein-
lichen Fehlern der MelRwerte abhdngig, sondern auch von ihrer GréRe, die
bei jeder MeRfahrt verschieden ist. Um sich vorstellen zu kénnen, wie grol3 der
wahrscheinliche Fehler Awr ist, und wie die Genauigkeit des Laufwiderstandes
durch die GroBe der MeBwerte und ihre wahrscheinlichen Fehler beeinfluflt
wird, werden die Berechnungen fiir 8 verschiedene ausgewdhlte MeRfahrten
durchgefihrt. Von den 8 MeRfahrten wurden 4 im Winter und 4 im Sommer
unternommen, u. zw. in beiden Féllen je zwei mit offenen und zwei mit ge-
deckten Wagen, wobei von den zwei Wagen der eine immer leer, der andere
beladen war.

In Tafel 111 Spalten 3,4, 5 und 6 sind die MeRwerte zur Berechnung von b
angegeben. Die vier Glieder von Ab nach Gleichungen (14)—(18) wurden be-
rechnet und sind in die Spalten 7, 8, 9 und 10 eingetragen. Aus Spalte 11 ist

Ib2 ersichtlich. Man beachte, daB Atl und At2 den gréBten EinfluB auf die
Genauigkeit der Beschleunigung bzw. Verzégerung haben.

In Tafel IV Spalten 3,4,5 und 6 sind die MeRgroBen zur Bestimmung
von gangegeben. Die zwei Glieder von Ag2sind nach Gleichungen (19) und (20)
errechnet und in die Spalten 7 und 8 eingezeichnet. Aus Spalte 9 sind die
Ag2-Werte ersichtlich. Werden Spalte 12 in Tafel 1V und Spalte 14 in Tafel 111
verglichen, so geht hervor, dal die Genauigkeit der p-Werte weniger als die der
b-Werte ist.

In Tafel V Spalte 3 sind die Achslagerarten, Spalte 4 die Temperaturen,
Spalte 5 die Gefalle, Spalte 6 die Langen der MeRstrecken bei den ver-
schiedenen MefRfahrten angegeben. Der Laufwiderstand wurde nach Gleichun-
gen (1)—(4) berechnet und ist in Spalte 7 eingetragen. Die nach Gleichungen
(7)—(9) berechneten verschiedenen Glieder von Awl sind in den Spalten 8, 9
und 10 angegeben. Wie aus Spalte 12 ersichtlich ist, schwankt der maximale
wahrscheinliche Fehler AwO fir die 8 MeRfahrten zwischen +0,11 und +0,13
kp/Mp, obwohl sich die GroBen der Laufwiderstdnde zwischen 0,6 und 4,3
bewegen. Mit anderen Worten: der wahrscheinliche Fehler Aw0 ist anndhernd
konstant. Wird der wahrscheinliche Fehler Awn in Prozenten des Laufwider-
standes ausgedriickt, so ergibt sich — natiurlich je nach der GréRe des Lauf-
widerstandes — ein bedeutender Unterschied, wie aus Spalte 13 zu ent-
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MeR-
fahrt
Nr.

a A w N

o

Wagengattung
2
Izkn 335 428
1 320 630
Gr 150 919
Gzh 157 344
Kz 203 386
Sun 473 105
Gr 162 697
M 117 649

<n

14,111
10,850
13,207
13,578
10,185
10,773

9,242

9,658

[

0,4768
0,3824
0,4718
0,4356
0,3633
0,3828
0,3245
0,3401

M

0,4416
0,3664
0,4425
0,4457
0,3388
0,3632
0,3120
0,3258

Tafel 111

Maximaler wahrscheinlicher Fehler Ab

[m]

6

14
15
15
1,4
15
15
15
15

Xi0-»

7

600
471
484
63
1640
735
765
762

8

10

(8}

(.£).- I( 3<"71Ti* \d t] »

xl0 -~

xio-J2

9

8 161
38 416
11 198
12 607
53 564
38 833

102 067
77 484

Ggf*:

10

11 038
54 372
14 410
11 521
70 469
47 734
119 094
91 736

Ah*

xio-2

1

19 801
93 261
26 094
24 191
125 683
87 306
221 931
169 987

+ Ab

[m/s2

12

0,00014
0,00031
0,00016
0,00016
0,00036
0,00030
0,00047
0,00041

[m/s2]

13

+0,01715
+ 0,01635
+0,01651
-0,00555
+ 0,03036
+0,02034
+ 0,02075
+0,02076

14

0,8
19
1,0
2,9
1,2
15
2,3
2,0

vee

T
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MeR-
fahr
Nr.

o ~N O oA W N

Wagengattung
2
Izkn 335 428
| 320 630
Gr 150 919
Gzh 157 344
Kz 203 386
Sun 473 105
Gr 162 697
M 117 649

Laufkreis-
durchmesser

[mm]

3

1020
1020
1000
1000
1020
1020
1000
1020

Lauf-
kreis-
dicke

[mm]

50
60
60
60
60
60
60
45

K

432
476
457
458
458
476
458
407

Tafel 1V

Maximaler wahrscheinlicher Fehler AQ

2Q

17 605
3675
12 065
6 500
15 050
4 075
12 115
3675

Xi0-»»

7

3 730 000
85 595 000
3 730 000
30 674 000
5 104 000
69 616 000
8 829 000
58 050 000

($)m=*-
X10-1*

8 677 152
830

100 871 624
25 004
1999 396
1632

1026 912
67 712

12 407 000
85 596 000
104 602 000
30 699 000
7 103 000
69 618 000
9 856 000
58 118 000

Aq

10

0,0035
0,0092
0,0102
0,0056
0,0027
0,0084
0,0030
0,0076

Q
4

11

1,0491
1,2590
1,0758
1,1409
1,0609
1,2336
1,0757
1,2215

Ai
(e-i)
4

12

7.1
36
13,4
4,0
4,4
3,6
4,0
3,4
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nehmen ist. Es kann auch festgestellt werden, dall die Genauigkeit des Lauf-
widerstandes am stdrksten durch den zls-Wert beeinfluft wird. Um genauere
W erte fir w0 zu errechnen, soll die MeRstrecke wahrend der MeRfahrt stabil
sein, also immer gestopft werden; die Neigung ist so am genauesten zu messen.

IV. Bericksichtigung der Unregelmé&Rigkeiten beim Wagenlauf

Werden bei der Berechnung von | nur die MeRgréBRen tv t2; & l2und f10
bertcksichtigt, und wird angenommen, daR | konstant ist, dann ergibt sich der
zurickgelegte Weg zu:

vi+ v2 _ (hlh) + (hlk)

fir sdmtliche Messungen gelten jedoch

— 4+ —
h h,
Der errechnete zurickgelegte Weg ist:

YlZ - FlZ

Stimmt dieser Wert mit der MeRgroRe 112 nicht Uberein, dann bedeutet das,
dall die Bedingung, die als Ergebnis der Annahme eines linearen konstanten
b-W ertes zu

” (any Fany 2

119

also zu

2A1V2=hd(4h) + (4h)]

fihren sollte, nicht erfullt ist. Werden die Bezeichnungen

r 222
- 7

Q = =12[(4h) + (4h)\
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MeR-
fahrt
Nr.

0 ~N O g b~ W N

Wagengattung
2
Izkn 335 428
| 320 630
Gr 150 919
Gzh 157 344
Kz 203 386
Sun 473 105
Gr 162 697
M 117 649

lagerart

w

Tempe-

ratur

ra

— 2
— 2
— 3
+30
+ 30
+ 30
+ 27

Pl

3,64
3,51
3,51
3,64
3,92
3,92
3,92
3,92

Tafel V

Maximaler wahrscheinlicher Fehler Nnwi

43,28
43,40
43,40
43,28
43,50
43,50
43,50
43,50

[kp/Mp]

7

1,804
1,411
1,699
4,282
0,636
1,363
1,644
1,335

\ o~/
Xi0-»

8

1322 500
1322 500
1322 500
1322 500
1320 200
1320 200
1320 200
1320 200

Ve
X10-*
9

22 648
153 638
31 386
32 726
147 037
138 083
266 872
263 616

\ @/
X10”»
10

3792
251 580
23 787
983

6 806
29 926
4412
26 032

AV
X 10-»

n

1348 940
1499 925
1383 518
1356 209
1474 043
1488 209
1591 484
1609 848

+Awt

[Vp/Mp]

12

0,116
0,122
0,117
0,117
0,121
0,122
0,126
0,127

Air,,
»0
[%i
13

6,4
8,6
6,9
2,7
19,0
9,0
1,7
9,5
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Tafel VI

Bemerkungen: Ob offener beladener Wagen; OL offener leerer Wagen; Gb gedeckter

eingeflihrt, so ist in diesem Fall

IbL _ fl2LL + £\ =c,- Ct= AC. (21)
| (fl

Die Ursache dieses Unterschieds zwischen den Werten C; und Q, also
AC, kann in Fehlern liegen. Bei Messungen verschiedener Art kommen zweier-
lei Fehler vor: grobe und unregelméfige Fehler. Werden die groben Fehler, die
schnell zu entdecken sind, von der Diskussion ausgeschlossen, und berechnet
man den maximalen wahrscheinlichen Fehler Anc nach den Gaullschen For-
meln, dann soll AC Ajc sein, wenn
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und des maximalen wahrscheinlichen Fehlers jjc¢

C A e
14 15 16
61,55 +0,28 +1,715
57,98 —0,12 +1,635
57,84 +0,03 +1,651
61,64 +0,19 — 0,555
58,10 — 0,10 +3,036
57,80 +0,20 +2,034
58,10 —0.10 +2,075
58,04 —0,04 +2,076
91,87 —30,04 —3,211

i
[%1

17

+0,42

— 0,19

+0,05

— 0,04

— 0,61

+0,39

— 0,17

— 0,08

+23,54

beladener Wagen; GL gedeckter offener Wagen.

n2

C =

6*

8AC

dt,,

8AC

Mo [
[kp/M p] - .
s

18 19 20 21

1,804 1,811 19 154
1,411 1,409 29 735
1,699 1,700 19 141
4,282 4,281 21 205
0,636 0,633 33 238
1,363 1,368 29 216
1,644 1,640 40 308
1,335 1,334 36 279
7,181 8,872 33 881

N*12 + zItj2+
h fdAC '2A 12

A + ;

8/
1
_____ Atn
h
Ah

AC
§T~ o1l"
ép 1s6 ca{?:lg &b 10
22 23 24 25
209 816 7800 8998 j
261 711 5954 7690
182 711 5954 7007
187 816 7800 9029
315 711 5981 7278
267 711 5981 7204
361 711 5981 7401
331 711 5981 7338
532 816 7800 10062
9zIC .
) i
8i,
= + 0,001s;
= + 0,0002s;
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26

+0,09
+0,09
+0,08
+0,09
ItO,OQ

1+0.10

(22)

(23)

(24)
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dAC 12
At2= + 0,0002s; (25)

3i2 t\
dAC _ 2

) Ah* = +0,02m ; (26)
9/j2 |
dAC 222

d - A, = £ 0,002m. (27)

Die Berechnungen zur Ermittlung von AC fir 9 verschiedene aus-
gewéhlte MeRfahrten werden nach Gleichung (9) durchgefihrt und die Ergeb-
nisse in Spalte 15 der Tafel VI eingetragen.Von den ersten 8 MeRfahrten wurden
4 im Winter und 4 im Sommer mit je zwei offenen und zwei gedeckten Wagen
unternommen. \on den zwei Wagen war der eine immer leer, der andere be-
laden. Die neunte MeRfahrt wurde gewdhlt, weil sie einen groben Fehler auf-
weist. Die funf Glieder des maximalen wahrscheinlichen Fehlers AC werden
nach den Gleichungen (11) bis (15) berechnet und in die Spalten 20 bis 24
eingetragen. Werden die ZIC-Werte mit Ape verglichen, so findet man, dal}
in der Mehrheit der Félle AC Ape ist. Der Grund dafir liegt offenbar nicht
in Fehlern bei den Messungen, sondern in der falschen Annahme einer linearen
konstanten Beschleunigung oder Verzégerung. Mit anderen Worten, der Luft-
widerstand ist auf dem Wege I22nicht konstant. Durch Wagenschwingungen
quer zur Gleisachse, durch verdnderliche relative Luftgeschwindigkeit zwischen
W agen und Luft und auch durch SchienenstéRe werden Anderungen des Lauf-
widerstandes hervorgerufen. Wird angenommen, daRB die Beschleunigung oder
Verzogerung wéahrend der Zeit il2konstant ist, wird aber Z2 in die Berechnun-
gen mit einbezogen, dann erhdlt man einen konstanten Laufwdderstand
Wgq, der den tatsdchlichen mittleren Laufwiderstand besser annédhert als wn.
Man erhalt den verbesserten Laufwiderstand wOdurch folgende Uberlegungen:

Wiird innerhalb der MeRstrecke Z2eine lineare Geschwindigkeitszunahme
oder -abnalime vorausgesetzt, so ergibt sich die Beschleunigung oder \ erzdge-
rung eines Wagens wahrend der Zeit t12 zu

I I | 1 I
b— % 1y t\ tf
L N
2tlt2
Wenn sich C/ um den geringen Wert AC éandert, dndert sich b um
den Wert Ab.
Ab = — zIC.

dC,

Acta Technica Academiae Scientiarum Hungaricae 64, 1969



ERMITTLUNG DES ROLLWIDERSTANDES 341

Da
o /
9b t] tl
~3C7 (tx+ h)2
‘ 2 ttt2
ist, wird
J Z
n t?
Ab = hfa-(C,—Ct)
+
C, <
2 fj t2
und
Ab
100 Ab 100t
— 100 —
wO0 S b s— 100 b 28)
{C,- C)100b |
(L4 (s — 100 b)
2t t2
d. h. Aw0— iw0
oder VO= Wo+ "»0 = ™)(! + ») (29)

Die Vorzeichen der Zahlenwerte b, AC, Ab, AwOund i sind in Tafel VII
zusammengestellt. Im Bild 14 sind die zwei Félle fur Wagenbeschleunigung
graphisch dargestellt.

Tafel VII

Vorzeichen der Zahlenwerte von b, AC, Ab, AwO0 und i

Angaben j Ergebnisse
Fau Nr. b nc Ab Aw0 i
1 N +
2 4- ¥
3 N — + — —
4 + + — + +

Wie spdter dargelegt wird, haben MeRfalirten, die mit elf verschiedenen
Wagen auf verschiedenen MeRstrecken durchgefuhrt worden waren, gezeigt,
daB AC und damit der Wert i mit der Zunahme der Lénge 22 und der Ver-
schlechterung der Laufruhe durch Schienenstéfe und dergleichen zunimmt.
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Die i-Werte fur die neun MeRfahrten wurden nach Gleichung (28) be-
rechnet und sind in Spalte 17 der Tafel VI angegeben. In die Spalten (18) und
(19) der Tafel VI sind die berechneten Laufwiderstdnde nach Gleichung (3)
bzw. die verbesserten Laufwiderstinde nach Gleichung (29) eingetragen.

V. Die Durchfihrung der Messungen

Die Messungen wurden im Rangierbahnhof Budapest-Ferencvaros durch-
gefihrt. Die Lage der MefRstrecke wurde etwa 100 m hinter der letzten Yertei-
lungsweiche gewéhlt. Damit die ermittelten Laufwiderstinde durch MeR-
fehler moglichst wenig beeintrdchtigt werden, wurde fiir die Melstrecke ein
Gefalle von etwa 3% gewdahlt. Um den Wert AC niedrig zu halten, d. h. um einer
konstanten geradlinigen Beschleunigung oder Verzdgerung nahezukommen,
wurde die Ladnge der MeRstrecke ZI2 zu etwa 45 m gewahlt.

Die Zeiten tx, t2wurden mittels elektronischer ZeitmeBgerdate Rochar 770
erm ittelt, die einen elektronischen Impuls erhalten, wenn der Lichtstrahl einer
Lampe zu den Fotozellen in den Punkten a, b, c und d unterbrochen wird
(Bild 9). Die kleinsten Unterteilungen der Zeitmessungen wurden fir i, und t2
auf vier Stellen, fir t22auf drei Stellen hinter dem Komma abgelesen. Die MeR-
fahrten wurden nach den nachstehenden Daten durchgefihrt:

1964
Juli 6, 7, 8, 9, 10;
September 28, 29, 30;
Oktober 9;
December 7, 8, 9, 10.
1965
Februar 1, 2, 3, 15;
Marz 1 2
April 6, 7;
Mai 10, 11, 12, 13;
Juli 5 6, 7, 12, 13, 14;
September 20, 21.

Die Gruppierung der Versuche dient dem Zweck, die Laufwiderstdnde
bei verschiedenen W itterungsverhéltnissen zu beobachten. Es wurden 670
MeRfahrten bei verschiedenen Temperaturen und unter der Bedingung einer
Luftgeschwindigkeit unter 10 m/s durchgefihrt. Es wurden die GroRe der
Rader und Raderteile, die Zeitrdume ix t2 und i12, die Richtung und Ge-
schwindigkeit des Windes, der Druck, die Temperatur und relative Feuchtig-
keit der Luft sowie die Lange und Gefélle der MeRstrecken (Ix, 2, ) gemessen.
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Bild 15. Summenlinien und Zahl der Rollwiderstdnde in Prozenten, ausgewertet nach
Temperaturen und Achslagerart: Gleitachslager (a), Rollachslager (b), Gleit- und Rollachs-
lager (c) (Gleitachslager 0,8311, Rollachslager 0,1689)

Acta Technica Acadcntiae Scientiarum Hungaricae 64, 1969



344 J. GAJAHI und M. EL-HAWARY

Bild 16. Summenlinie und Zahl der Rollwiderstdnde ausgewertet nach Achslasten und Achs-
lagerart: Gleitachslager (a), Rollachslager (b), Gleit-und Rollachslager (c) (Gleitachslager
0,8311, Rollachslager 0,1689)
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VI. Auswertung der MeRergebnisse

Die Berechnung der Rollwiderstande erfolgte iin Rechenzentrum der
Ungarischen Akademie der Wissenschaften. Nur bei 15% der MeRfalirten waren
relative Luftgeschwindigkeiten vriber 6 m/s vorhanden. Von diesen 15% liegt
nur bei 0,02% ein relativer Segelwind vor, bei den Ubrigen 14,98% handelte
essich um einen relativen Gegenwind. Von den 670 MelRfahrten entsprechen 61
nicht der Bedingung von AC </ 6,0, was in Abschnitt IV erwdhntwurde; diese
werden bei der Auswertung nicht bericksichtigt. Von den 609 MefRfahrten
haben 1,5% einen AC-Wert Uber vier, 7,4% einen Wert Uber zwei und 10,5%
einen solchen uber eins. Von den 609 MefRfahrten weisen 11% einen i-Wert
Uber 1% auf. Der hochste errechnete Wert von i betrug 13%.

Die 609 endglltigen errechneten Rollwiderstinde wurden nach zwei
Gesichtspunkten, nach Temperaturen und Achslasten ausgewertet, u. zw.
getrennt fir Gleit- und Rollachslager. Zur Auswertung nach Temperaturen
wurden die erhaltenen Rollwiderstandswerte in drei Gruppen unterteilt,
u. zw. fir Temperaturbereiche von —3 bis 0 °C, von 1 bis 13 °C und von 14
bis 30 °C. In Bild 15a sind die H&ufigkeitslinien der einzelnen Rollwiderstande
fur Gleitachslager, in Bild 15b jene fur Ridlachslager dargestellt. Unter den
Hé&ufigkeitslinien sind jeweils die Summenlinien angegeben.

Die Gesamtzahl der Wagen mit Gleitachslagern betrdgt 507, die der
Wagen mit Rollachslagern 102. Das Verhdltnis von Gleit- zu Rollachslagern
ist also bei den Ungarischen Eisenbahnen 83,11 : 16,89. Die Rollwiderstande
des gemischten Wagenparks mit diesem Verhéltnis fir die verschiedenen
Temperaturbereiche sind in Bild 15c¢ als Haufigkeits- und Summenlinie auf-
gestellt.

In Bild 16 sind dieselben Ausgangswerte nach Achslasten, u. zw. fir
vier Bereiche ausgewertet. Diese Bereiche umfassen Achslasten von 3,5 bis 8 t,
von 9 bis 12 t, von 13 bis 15t und von 16 bis 20 t. Auch hier sind die Roll-
widerstande getrennt fir Gleitachslager unter a), fur Rollachslager unter b)
und fur gemischten Wagenpark mit Gleit- und Rollachslagern im Verhdltnis
von 83,11 : 16,89 unter c) angegeben. Aus Bild 16 ist auch ersichtlich, daR die
Anzahl der Wagen mit Gleitachslagern in den vier Achslastenbereichen ettva
gleich tvar.

VII. Auswahl der geeigneten Rollwiderstande
fir ablaufdynamische Untersuchungen

Der Rollwiderstandsw'ert wird bei dynamischen Untersuchungen des
Ablaufberges zur Ermittlung von zwei GréRen benutzt: geeignete Berghohe;
Abdrickgeschwindigkeit.
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Wie jedoch aus dem VI. Abschnitt hervorgeht, sind die Streuungsbe-
reiche der Rollwiderstdnde zu gro. Es erhebt sich also die Frage, welche
Rollwiderstdnde fiir die erwdhnten Berechnungen angenommen werden sollen.
Bei der hier behandelten Auswertung wurde hierfur nicht der Vorschlag
Gottschalks angewandt, sondern eswurde von den durch ungeeignete Aus-
wahl der Rollwiderstinde herbeigefuhrten betrieblichen Schwierigkeiten aus-
gegangen. Dazu wird von der Wahrscheinlichkeitsrechnung im Ablaufbetrieb
Gebrauch gemacht.

Zuerst soll die Auswahl des geeigneten Rollwiderstandes zur Bestim-
mung der Berghdhe erldutert werden.

Sollen bei Ablaufanlagen keine Behinderungen dadurch entstehen, daR
W agen in der Verteilzone stehen bleiben, dann muB man die Berghdhe so be-
messen, dalB der Wagen mit dem hodchsten Rollwiderstand zum mindesten
bis hinter das Grenzzeichen der letzten Verteilungsweiche lduft. Eine derartige
Bemessung nach dem hdchsten Rollwiderstandswert in der Summenlinie hat
zur Folge, daB alle anderen Wagen, die notwendigerweise geringere Roll-
widerstdnde aufweisen als der fiur die Bemessung maRgebende, mit Uber-
schuBenergie ablaufen. Der ndtige Energieentzug durch Bremsung ist kost-
spielig und kann auch problematisch werden, wenn die Geschwindigkei-
ten mit Hemmschuhen nicht mehr beherrscht werden kénnen und wenn nur
kurze Gleisabschnitte in den Richtungsgleisen frei sind.

Eine derartige Bemessung ist daher nur fir Hochleistungsanlagen am
Platze. In anderen Féallen ist es vielfach wirtschaftlicher, in Kauf zu nehmen,
dal ein kleiner Prozentsatz ry der ablaufenden Wagen in der Verteilzone stehen
bleibt und beigedrickt werden muB.

Heute wird die Berghthe so gewdhlt, daB die Wagen mit maBgebenden
Rollwiderstdnden noch eine Entfernung von 100 m hinter den letzten Grenz-
zeichen erreichen sollen.

Ist der so gewdhlte malRgebende Rollwiderstand wm und der Rollwider-
stand jener Wagen, welche das letzte Grenzzeichen noch eben Gberfahren kén-
nen uvmaxi dann ist nach Bild 17

Wmex (1 + 5) = wm¢(l + 105) — 0,15,

und davon
1+ 105-0,15
w r max 1 1 c m >
1~r5
wenn

1+ 105- 0,15
rTs

dann ist uvinax = B Wrm. Der Wert des Sicherheitsfaktors B mindert sich mit
der Zunahme der L&nge der Verteilzone.
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Beispielsweise ist die Verteilzone von 16 Richtungsgleisen etwa 150 m
lang, und die von 48 Gleisen etwa 300 m. Dann ist

150 + 105 - 0,15

BI50 — 155 = 1,64;
300 + 105 - 0,15
BIMI — -- 1,33 .
305
Sj °/oo Qo Oyoo 1,5Too
Bild 17. Ablaufprofi]
P«r |
0,14- \
012 \
0,10- \
\
008- \
oT- \
004- \
002- \

1 2 3 4 5 6 7 8 9 KfcpMp]

Bild 18. Die Jahresdurchschnittswahrscheinlichkeit pwr, daB ivr oder gréBere Rollwiderstdnde
auftreten

Also das heute Ubliche Verfahren gibt bei dem Rangierbahnhof mit 16
Richtungsgleisen eine 64%ige und bei dem mit 48 Richtungsgleisen nur
eine 33%ige Sicherheit Uber den maRgebenden Wagen. Das Verfahren gibt
also fur den gréBeren und wichtigeren Rangierbahnhof eine kleinere Sicherheit,
was unrichtig ist.

Im Bild 18 ist die Wahrscheinlichkeit des Jahresvorkommens der verschie-
denen und der groBeren Widerstinde vorgeflihrt, welche nach den Summen-
linien der Widerstandsverteilung sowie nach den Temperaturwerten von 50
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Jahren der einzelnen Temperaturzonen mit 90% wahrscheinlicher Haufigkeit
gerechnet wurde.

Nach dem Vorschlag Gottschatks ist der in der Wintertemperaturzone
mit 80 %iger Wahrscheinlichkeit vorkommende W iderstand maBRgebend. Er
ist nach unseren Messungen 3,5 kp/Mp.

Nach dem oben Erwé&hnten, hei einem mit wnn = 3,5 kp/Mp malgeben-
den Rollwiderstand dimensionierten Ablaufberg in einem Rangierbahnhof
mit 16 Richtungsgleisen Uberfahren noch die letzten Grenzzeichen jene
W agen, die tcrmax = 1,64 « 3,5 = 575 kp/Mp Rollwiderstand haben, und
bei 48 Richtungsgleisen nur solche mit

MVitex — 1,33 «3,5 = 4,65 kp/Mp

Rollwiderstand.

Nach Bild 18 ist dieWahrscheinlichkeit des Vorkommens 0,012 hei Wa-
gen mit einem Rollwiderstand von Nemax /> 5,75 kp/Mp und 0,04 bei denen
mit wrmax 4,65 kp/Mp. Also ist die Wahrscheinlichkeit einer Stérung hei
den dreimal gréfReren und wichtigeren Rangierhahnhdfen dreimal so groR.

Nach diesem Resultat wird das heute Ubliche Verfahren nicht berlck-
sichtigt. Es wird von Bild 18 ausgegangen.

Nach den Erfahrungen verursachen die bei dem heute Ublichen Ver-
fahren vorkommenden Stdrungen auch bei den groBen Rangierbahnhdfen
keine unertrdglichen Schwierigkeiten, was soviel bedeutet, daB die im Jahres-
durchschnitt mit einer Wahrscheinlichkeit von 0,04 vorkommenden Stérungen
noch annehmbar sind. Demzufolge wird mit Sicherheit eine Wahrscheinlich-
keit von 0,03 angenommen, und zwar dieselbe fur alle Rangierbahnhdtfe, von
deren GrofRe unabhédngig. Nach Bild 18 gehdrt zu dieser Wahrscheinlichkeit
ein Rollwiderstand von 5 kp/Mp, was bedeutet, dal das Vorkommen von
Wagen mit wr 5 kp/Mp eine Jahresdurchschnittswahrscheinlichkeit Von
0,03 hat.

Nach den oben Erwé&hnten wird diese Wahrscheinlichkeit fur Wagen mit
»cTtax = 3 kp/Mp erfordert, folglich missen diese in allen Rangierbahnhdéfen
— von der GrolRe unabhdngig — das Grenzzeichen der letzten Weichen nur
eben idberholen. Nach diesem Verfahren wird fir alle Rangierbahnhé6fe die-
selbe Sicherheit erreicht.

Fir die Ermittlung der Abdrickgeschwindigkeit gilt als Grundlage der
Berechnungen die Sicherheit der Trennung von zwei aufeinander folgenden
W agen, die in zwei nebeneinander liegende Gleise einlaufen. Wird die Neigung
der Steilrampe zu 50°/mo und die Entfernung der Spitze der ersten Weiche von
der Ausrundung am Berggipfel zu 4 m gewdhlt, dann erfolgt die Trennung, auch
wenn ein Gutldufer einem Schlechtldufer (nach dem Begriff von Gottschaitk)
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folgt, mit einer Abdrickgeschwindigkeit bis 2 m/s [12]. Eine solche Abdrick-
geschwindigkeit ist jedoch fir die Sicherung der Trennungen an den folgenden
Weichen zu hoch. Wenn ein Gutldufer einem Schlechtldufer folgt, wird der
Zeitabstand am FuBe der Rampe bei den ersten Weichenstaffeln ausreichend,
die zur Trennung erforderliche Zeit vorhanden sein. Dieser Zeitabstand nimmt
mit der Entfernung ah und wird bei den letzten Weichenstaffeln den kleinsten
Wert erreichen. MaRgebend fiir die Bestimmung der Abdrickgeschwindigkeit
ist also die Sicherung der Trennung an der letzten Weichenstaffel.

Ermittelt man die Abdrickgeschwindigkeit unter der Annahme, dal
alle ablaufenden Wagen sicher an der letzten Weichenstaffel getrennt werden
sollen, dann sind als Rollwiderstande des Schlechtlaufers bzw. des Gutlaufers
der grofRte und der kleinste Rollwiderstand von der Summenlinie abzulesen.
Die Abdrickgeschwindigkeit und damit auch die Leistung des Ablaufberges
wird jedoch stark fallen. Wenn keine besonderen Verhdltnisse vorliegen, ist es
ein ziemlich seltener Zufall, daB zwei unmittelbar aufeinander folgende
Wagen, die auf zwei unmittelbar nebeneinander liegende Gleise geleitet
werden sollen, auch gerade den gréfRten Unterschied im Rollwiderstand
aufweisen.

Wird hier wieder eine gewisse Zahl n von Falschldufern an der letzten
W eichenstaffel pro 1000 ablaufende Wagen angenommen, dann kann der ent-
sprechende Prozentsatz fj' der Verminderung bzw. Erhéhung des hochsten
bzw. des kleinsten Rollwiderstandes nach der Wahrscheinlichkeitsrechnung
im Ablaufbetrieb berechnet werden. Es wird hier von dem bekannten Satz der
zusammengesetzten Wahrscheinlichkeit Gebrauch gemacht. Ist die Wahr-
scheinlichkeit eines Ereignisses Exgleich j>15 die eines zweiten, davon unabhén-
gigen Ereignisses E2 gleich p2, eines dritten von den ersten zwei unabhédngigen
Ereignisses E3 gleich p3, . .. usw., dann ist die Wahrscheinlichkeit des gleich-
zeitigen Zusammentreffens aller Ereignisse

Pi+2+3 eee = Pj'P2’Pi m usw.

Die Wahrscheinlichkeit, daR nur eines von allen Ereignissen eintritt, ist:

Pl23 mee= Pl + Pi+ P3+ eoes

Die Berechnung von ) aus n nach diesen beiden Satzen wird flr eine
buschelformige Weichenentwicklung der Verteilzone in Bild 19 erldutert,
da diese Gleisentwicklungsart die kleinste Verteilzonenldnge und damit
auch die hochste Abdrickgeschwindigkeit ergibt. Ist die Anzahl der Rich-
tungsgleise Z, und wird angenommen, dafl die ablaufenden Wagen auf s&mt-
liche Richtungsgleise gleichméaRig verteilt sind, dann ist die Wahrscheinlich-
keit daflir, dal ein Wagen in eines von bestimmten zwei nebeneinander liegen-
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den Gleisen einlduft [10, 11]:

Die Wahrscheinlichkeit des Einlaufens des Nachlaufers

in das zweite
dieser bestimmten zwei nebeneinander liegenden Gleise ist:

Bild 19. Skizze einer buschelférmigen Gleisentwicklung fir 32 Richtungsgleise

Die Wahrscheinlichkeit einer Trennung bei einer Weiche der letzten
W eichenstaffel ist

2 1 2
pr-p.= - 7 z2

Die Wahrscheinlichkeit, mit der ein ablaufender Wagen einen bestimm -
ten Rollwiderstand hat, 148t sich unmittelbar an der H&aufigkeitslinie ablesen.
Bezeichnet man den der Haufigkeitslinie entnommenen Prozentsatz fiir den
Rollwiderstand eines Gutldufers mit H' und den eines Schlechtlaufers mit H"
(nach Gottschark), dann betragen die Wahrscheinlichkeiten:

, qar
-Hoo und
100 wr

Soll die Wahrscheinlichkeit fiir den Fall errechnet werden, dal der Vor-
laufer mindestens einen um Awr groferen Rollwiderstand aufweist als der
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Nachldufer, dann sind anhand der H&ufigkeitslinie sdmtliche Falle, in denen
dies vorkommt, zu summieren. Die Wahrscheinlichkeit, daf ein Gutlaufer
auf einen Schlechtlaufer mit dem Rollwiderstandsunterschied ]> /hcr folgt,
ist also:

Wie man aus den Bildern 15 und 16 entnehmen kann, ist der Verlauf der
Haufigkeitslinie in den drei Temperaturbereichen unterschiedlich. Der Kurven-
verlauf ist steilund kurz beihohen, flach und lang bei niedrigen Temperaturen.
Bei konstantem /Inv-Wert ergibt eine steile und kurze Kurve einen kleinen,
eine flache und lange Kurve einen gréReren Wert fir p finr.

Bild 20. Die Wahrscheinlichkeit PAw, daR Rollwiderstandsunterschiede von Atvr auftreten

Als Zahlenbeispiel soll jetzt, anhand der H&ufigkeitslinie des mittleren Temperatur-
bereiches von 1 bis 13 °C die Wahrscheinlichkeit berechnet werden, da zwei Wagen, von denen
der erste ein Schlechtlaufer und der zweite ein Gutlaufer ist, mit der Rollwiderstandsdifferenz
Nuzr j> 1 kp/Mp einander folgen:

Paw, = 0,025(0,191 + 0,183 + 0,172 + 0,065 + 0,039 + 0,048 + 0,039 + 0,019 +

+ 0,007 + 0,007) +
+ 0,099(0,183 + 0,172 + 0,065 + 0,039 + 0,048 + 0,039 + 0,019 + 0,007 + 0,007) + .
-f 0,109(0,172 + 0,065 + 0,039 + 0,048 + 0,039 + 0,019 + 0,007 + 0,007) +
+ 0,191(0,065 + 0,039 + 0,048 + 0,039 + 0,019 + 0,07 + 0,07) +
+ 0,183(0,039 + 0,048 + 0,039 + 0,019 + 0,007 + 0,007) +
+ 0,172(0,048 + 0,039 + 0,019 + 0,007 + 0,007) +
+ 0,065(0,039 + 0,019 + 0,007 + 0,007) +
+ 0,039(0,019 + 0,007 -f 0,007) +
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-f 0,048(0,007 + 0,007) +
+ 0,039(0,007) +
+ 0,019(0,007) = 0,219 299  0,22.

Unter Anwendung desselben Rechenverfahrens gelten:

fur Aivr> 1,5 kp/Mp, pasr= 0,146;
fur Awr> 2,5 kp/Mp, Paw, = 0,055;
fur Aivr> 3,5 kp/Mp, pAwr— 0,016.

Im Bild 20 ist die Wahrscheinlichkeit pAw fiir verschiedene Awr und sdmt-
liche Temperaturbereiche der Messung dargestellt.

Nach Bild 20 ist der Temperaturbereich von 1 bis 13 °€ fir Abdrick-
geschwindigkeit malRgebend, denn zu einem gewé&hlten p”-W ert in diesem
Bereich gehdrt der grofRte zIinv-Wert. Die Abdrickgeschwindigkeit soll dem-
zufolge in diesem Temperaturbereich untersucht werden.

W ir haben noch die Aufgabe zu l6sen, wie man in einem gegebenen Falle
den Wert Awrwé&hlen soll, und danach zu dem schon gegebenen Awrdie zu ihm
gehdrigen ivr- und wr -Werte, also die Rollwiderstande des Vor- und Nach-
laufers finden soll.

Die Auswahl von Awr soll auf Grund der oben erwé&hnten Erwégungen
nach der Bedeutung des Rangierbahnhofes, nach dem noch ertragbaren Male
der Stérungen stattfinden.

Es soll pAwr die W ahrscheinlichkeit daflr sein, dall 2 Wagen mit einer
gewahlten Rollwiderstandsdifferenz Awreinander folgen, und p'jw, die W ahr-
scheinlichkeit der Ereignisse, dal die Trennung dieser 2 Wagen bei einer
W eiche der letzten Weichenstaffel stattfinden wird. Nach obigem ist:

Py

1
PAWr — PAM *
VA z

Der Projektant entscheidet nach der Bedeutung des Rangierbahnhofes,
beziehungsweise nach dem noch zuldssigen MaBe der Stdrungen den Wert
P'awt im voraus. Ebenso ist die Zahl der Richtungsgleise Z vorher bekannt; in
diesem Falle wird pAwr schon berechenbar sein, denn

PAWr — PawreZ .

Zu diesem pAwv gehdrt nach Bild 20 im Temperaturbereich von 1 bis
13 °C ein Awr-Wert.

Als Zahlenbeispiel soll p'avt= 0,001, Z = 32 sein, dann ist:
p JWr= 0,001-32 = 0,032.
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Zu diesem Wert gehdrt nach Bild 20 Awr — 3,2 kp/Mp Rollwiderstands-
differenz.

Diese Differenz kann man auf mehrerlei Weise bilden. Wir wollen aber
die Rollwiderstande des Vor- und Nachlaufers so wahlen, daB zwischen diesen

Bild 21. Die Wahrscheinlichkeit pAwf daB e'n gegebener Rollwiderstandsunterschied /her bei
dem Rollwiederstand wrv eines Vorlaufers auftritt

Bild 22. Die Bestimmung von wrv, bei dem eine gewahlte /hvr mit maximaler Wahrscheinlich-
keit auftritt

die zitrr Rollwiderstandsdifferenz mit maximaler Wahrscheinlichkeit Vorkom-
men soll. Fur diesen Zweck wird im Temperaturbereich von 1 bis 13 °C fir
verschiedene Rollwiderstandswerte eines Vorldufers ausgerechnet, mit welcher
W ahrscheinlichkeit er von einem Nachldufer mit einer Rollwiderstandsdiffe-
renz Awr gefolgt wird. Im Bild 21 wurden diesep”w-Werte bei den zu ihnen
gehorigen «*-Werten des Vorlaufers gezeichnet.

Diese Funktion zwischen Awr und wr wurde fiur verschiedene Awr-Werte
berechnet und im Bild 21 dargestellt.
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Aus Bild 21 ist zu ersehen, daB zum Beispiel eine Rollwiderstandsdiffe-
renz von Awr= 3 kp/Mp mit maximaler Wahrscheinlichkeit bei einem Vor-
laufer mit wr= 45 kp/Mp Rollwiderstand vorkommt. Ebenso eine Roll-
widerstandsdifferenz von Awr= 4 kp/Mp hei einem Vorldufer mit wr=
= 5 kp/Mp.

Im Bild 22 wurden diese Stellen der maximalen Wahrscheinlichkeit als
Funktion von Awr gezeichnet. Mit Hilfe dieses Bildes kdénnen wir zu jeder
gegebenen oder gewdhlten Zlitv-Rollwiderstandsdifferenz den dazu gehdrigen

Bild 23. Nomogrammfiur die Bestimmung von Awrund Hy,- bei gegebener Zahl der Richtungs
gleise und der gewdhlten Wahrscheinlichkeit der Stdrungen

Rollwiderstand des Vorldufers finden, bei dem die gegebene oder gewdhlte
Rollwiderstandsdifferenz Awr mit maximaler Wahrscheinlichkeit vorkommt.

Als Zahlenbeispiel wurde am Bild 22 abgelesen, dall die oben gerechnete
Rollwiderstandsdifferenz Awr = 3,2 kp/Mp mit maximaler Wahrscheinlichkeit
bei einem Vorlaufer mit wrv=m 4,6 kp/Mp vorkommt. Nach diesem Resultat
soll man bei der Ermittlung der Abdriickgeschwindigkeit — mit der gewé&hlten
W ahrscheinlichkeit der Stérungen — fir den Vorlaufer uyv= 4,6 kp/Mp und
fir den Nachldufer wn= 4,6 -- 3,2 = 1,4 kp/Mp Rollwiderstand in Betracht
ziehen.

Im Bild 23 wurde ein Nomogramm dargestellt, in dem ein Zusammenhang
gebildet ist zwischen der Zahl der Richtungsgleise Z, der zul&ssigen W ahr-
scheinlichkeit der Stérungen p'jW, dem Rollwiderstand des Vorlaufers vor,,
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bei dem die zur erforderten Sicherheit gehdrige Rollwiderstandsdifferenz
Auir mit maximaler Wahrscheinlichkeit vorkommt. Der Gebrauch des Nomo-
gramms soll mit der Zahl der Richtungsgleise Z und mit der gewdhlten Wahr-
scheinlichkeit der Stérungen anfangen, und im Uhrzeigersinn weitergehen, wie
es im Bild 23 gezeigt ist.

Mit Hilfe des Nomogramms werden die fiur ablaufdynamische Berech-
nungen malgebenden Rollwiderstande des Vor- und Nachldufers einfach
gewdahlt. Bei den konkreten Untersuchungen soll nur die noch erlaubte Wahr-
scheinlichkeit der Stdrungen nach der Wichtigkeit des Rangierbahnhofs ent-
scheiden. Die Zahl der Richtungsgleise ist schon bekannt, und davon aus-
gegangen werden an dem Nomogramm die bei der Berechnung malgebende
Awr und die Rollwiderstdnde tvrv und tvin abgelesen.
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Determination of the Rolling Resistance for the Dynamic Examination of the Train Sort-
ing Hump. In the introduction the authors give a brief review of the more important previous
methods for the determination of the rolling resistance of rolling stock. They show that the
resistance values obtained as a result of these investigations do not correspond any longer
with the modern railway rolling stock and that consequently it became necessary to determine
the basic resistance of tbe rolling stock handled on the Hungarian humps, and its distribution.
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The authors deal with the measurements and the evaluation of the results and point out some
defects of the methods used hitherto for selecting the characteristic resistances for the dynamic
examinations and after that, taking into account the importance of the shunting yards and
of the disturbances permissible there, they elaborate on the basis of the probability calculus a
completely new method for the selection of the characteristic resistances to be used for the
dynamic examination of the railway humps.

OnpepeneHve COMNPOTUB/IEHNS KayeHUIO K [MHAMUYECKOMY WCCMefOBaHUI0 HKeNle3Ho-
LOPOXHbIX TopoK (L. FaHpn n M. En-Xasapu). ABTOpbl B BBEAEHWW [AOT KpaTKuii 0630p
NPOBOAMBLLMXCA paHee BaXXHEMLLMX UCCNefoBaHWI, KacaloLmxcs OnpeaeneHUst conpoTmUBIeHUs
YKeNe3HOLOPOXHbIX TOBapHbIX BaroHOB. [loKa3aHO, YTO 3HAYEHMUS COMPOTUB/EHUS, MOJYyYeH-
Hble B pe3y/nbTaTe MPOBeAeHHbIX Bbllle WMCCMef0BaHWIA, CErOAHA yXe He COOTBETCTBYHOT COBpe-
MEHHOMY >Kef1e3HO40POXXHOMY BaroHHOMY MapKy, BCAEACTBUE YEro CTasio HeobXOoAMMbIM Onpe-
[eNUTb OCHOBHOE COMPOTUB/IEHWE, COOTB. pacrnpefesieHUsi COMpPOTUB/IEHUS BArOHHOMO MNapka,
NoCTyMalowWero Ha BeHrepcKue Kene3HoL0POXHbIe TOpKU. B paboTe n3naraetcsi BbINOHEHWE
N3MEePEHUIA 1 OLEHKa NOJTyYeHHbIX Pe3yNbTaToB; YKasblBalOTCSA OTAe/bHbIE HEAOCTATKN METOLOB,
NPUMeHeHHbIX [0 CMX MOp MpU BblIGOPe pPa3MepHOCTEN NPU LUHAMWYECKUX UCC/eJ0BaHUSAX CO-
NPOTWBEHWIA, MOC/E YEro C YY4eTOM 3HauYeHWs1 COPTMPOBOYHOW CTaHLMW, COOTB. elle AOMyCTU-
MbIX Ha HMX MaclITaboB MOMeEX C UCMO/b30BaHMEM METOAOB MCUUCNEHWUSI BEPOSTHOCTW, paspa-
60TaH COBEpLLUEHHO HOBbIN MeTO4 Bbi6opa pasMepHbIX COMPOTUBAEHWI, MPUMEHUMBIX NPU ANHA-
MMWYECKOM WCCe0BaHUMA TOPOK.
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BEITRAG ZUR BERECHNUNG DER
GESCHWINDIGKEITSVERHAUTNISSE
IN PLANETENRADERSYSTEMEN

A. BALOGH

KANDIDAT DER TECHNISCHEN WISSENSCHAFTEN

[Eingegangen am 24. August 1967]

Die Arbeit zeigt die Anwendung der vom Verfasser ausgearbeiteten Methode fiur die
Berechnung der Geschwindigkeitsverhdltnisse von Planetenrdadersystemen auf weitere Kon-
struktionen. Zur Bestimmung der Geschwindigkeitsverhéaltnisse in Planetenradersystemen wur-
de vom Verfasser [1] eine Rechnungsmethode verdffentlicht. Es wird hier gezeigt, dal dieselbe
Methode auch bei anderen Konstruktionen, z. B. bei Doppelplanetenréddern bzw. bei Hilfs-
planetenréddern zweckmé&fig angewendet werden kann.

Bild 1 ist eine Wiederholung der im Anhang des Aufsatzes [1] mitgeteil-
ten Abbildung. Die dort angefiihrten Geschwindigkeiten kénnen zu den kom-
plizierteren Anordnungen gemdl Bild 2 ebenfalls angewendet werden. Es wur-
den zu den Hauptpunkten der Eingriffslinien der Zahnréder im Planetenréder-
system gemdR Bild 2 die entsprechenden Umfangsgeschwindigkeiten einge-
setzt. Die Einzeichnung dieser Geschwindigkeiten in dem richtigen Sinn
148t das Anschreiben entsprechender Gleichgewichts-Gleichungen zu, aus wel-

ficC Ncnbb nccnbbNc nbb Nencc
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chen, in Kenntnis der geometrischen Angaben, die gesuchte Umdrehungszahl
fir ein Funktionieren mit 1 oder 2 Freiheitsgraden leicht errechnet werden
kann.

So z. B. fur den Fall 1 laut Bild 2 erh&lt man aus dem Gleichgewicht der
Umfangsgeschwindigkeiten im Hauptpunkt 0.,

nbb= N(b + d) + ndd,

und man kann beispielsweise die gesuchte Planetenradarm-Umdrehungszahl
N berechnen. Allenfalls soll darauf geachtet werden, daf man hierzu die
Umfangsgeschwindigkeit des Armes an die gepriifte Stelle verschiebt und nicht
den Geschwindigkeitswert an der gepriften Stelle heranzieht. Bei den in dem
friheren Artikel besprochenen Konstruktionen war so eine Verschiebung nicht
notwendig.

Der Gang der Berechnung fir die anderen Fé&lle laut Bild 2 ist dem hier
als Beispiel zitierten gleich.
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Contribution to the Calculation of the Speeds of Planetary Gear Systems. In the paper
the author shows the application of his method for calculating the speeds of planetary gear
systems to further planetary gear arrangements.

K pacyeTy OTHOLLUEHWI CKOPOCTel CMCTEM MnaHeTapHbIX Konec (A. Banor). B paGoTe
nokasaHa BO3MOXHOCTb MPUMeHeHWs1 pa3paboTaHHOro aBTOPOM MeToAa pacyeTa OTHOLLEHWI
CKOPOCTel CUCTEM MnaHeTapHbIX KOMec AN [OMO/HUTENbHbIX MeXaH13MOB.
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BEITRAG ZUR FRAGE DES ZUR ANALYSE BENOTIGTEN
PROBEGEWICHTES VON METALLEN UND ASCHE

SZ. PETHO

KANDIDAT DER TECHNISCHEN WISSENSCHAFTEN
UNIVERSITAT FUR SCHWERINDUSTRIE, MISKOLC (UNGARN)

[Eingegangen am 31. Juli 1967]

Es werden hier brauchbare Zusammenhange aufgezeigt, die zur Bestimmung des
Probegewichtes geeignet sind, wenn an gewissen Massengltern (z. B. an Metall, an Asche)
eine Analyse durchzufihren ist. Verfasser stiitzt sich auf die Methoden der mathematischen
Statistik: fur bereits aufgeschlossene oder aufzuschlieBende Gesteine gelten als Ausgangs-
formeln die Gleichungen der Proportionenberechnung, und fir nicht aufschlieBbare Gesteine
geht der Verfasser von den Gleichungen der Durchschnittsberechnung aus. Die praktische
Verwendung der erhaltenen Zusammenhénge wird an der Probenahme der Flotationsaufgabe
und des Blei- bzw. Zinkkonzentrates in der Erzaufbereitung in Gydngydsoroszi, und an der
Handelsklassierung des Kohlensortierwerkes zu Varpalota gezeigt.

I. Einleitung

In Bild 1 sehen wir die Darstellung der verschiedenen Typen der Proben
nach 0. Sommer [1]. Man nimmt aus dem zur Analyse bestimmten Gut Ein-
zelproben bzw. Stichproben. Einzelproben, als einmalige Probenahme, sind

Geprobtes Gut

a
[ I O
Einzelproben Stichproben

\olle bew; vereinigte Probe
Erste Einengung Teilproben
Weitere Einengung - | Ausgeschieden|Ausgeschieden
n-te BEinengung Teilproben

— Anaiysenprooe —

Bild 1. Stammbaum der Probenahme nach 0. Sommer
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bei Giltern mit schwankender Qualitat Gblich, und diese kénnen an und fiur
sich nicht als representative Proben akzeptiert werden. Stichproben sind
ebenfalls Einzelproben, doch unterliegt die Stichprobe oder ein Teil derselben
der Analyse, da man Stichproben aus Gutern nimmt, die eine in gewisser Hin-
sicht vorgeschriebene Qualitdt aufweisen. Gewdhnlich ist die Stichprobe allzu
voluminds, deshalb entzieht man davon durch einmalige oder wiederholte
Einengung Teilproben. Diese Teilproben représentieren, im Hinblick auf die
zu untersuchenden Eigenschaften, das Originalgut, also wird die Teilprobe
nach der letzten Einengungsstufe die effektive Analysenprobe.

Zur Bestimmung der Anzahl und des Gewichtes der einzelnen Proben ist
die Methode von Wartmann [2] bekannt. Im folgenden soll die Methode der
Gewichtsbestimmung der zum Zwecke einer Analyse (von Metallmengen,
Mineralien, Aschenmengen) bendtigten Teilprobe besprochen werden. Wir
suchen die Antwort auf die Frage, wie groR die Analysenprobe sein soll, die
man bei festgesetzter Urteilssicherheit und vorausbestimmtem Vertrauens-
bereich aus der vereinigten Probe oder aus dem Gut nicht schwankender
Qualitadt entnimmt. Die abgeleiteten Zusammenhénge behalten ihre Gultigkeit
auch im Falle, wenn man im Laufe der Probeneinengung eine Zerkleinerung
bzw. eine Zermahlung vornimmt, und die Teilprobe oder die Analysenprobe
aus dem zerkleinerten (zermahlenen) Gut entnimmt.

Zur Gewichtsbestimmung soll erst die notwendige Anzahl n der Mineral-
kdrner in der Probe bestimmt werden; hierauf folgt die Berechnung eines Pro-
duktes, welches gewonnen wird, wenn man diese Zahl mit der dritten Potenz
der Durchschnittskorngrofe d und dem durchschnittlichen spezifischen Gewicht
b multipliziert. Die Bestimmung der notwendigen Anzahl der Kdrner in der
Probe erfolgt nach verschiedenen Methoden erstens fur aufgeschlossene oder
aufschlielRbare Mineralienkdrner, und zweitens fiur nicht aufschlieRbare Mine-
ralienkdrner. Zur Analyse von Erzen sind die Bestandteile des Erzes allgemein
aufschlieBbar. In dieser Analysenprobe sind die Mineralkdrner bereits aufge-
schlossen, d. h., es sind keine konglomerierten Kdérner vorhanden. Hingegen
enthalten die Proben von Kohle und Bauxit gewdhnlich Kdrner verschiede-
ner Qualitat, deshalb gelten solche Gesteine in Hinblick auf die Bestimmung
des notwendigen Probegewichtes als nicht aufschliebar.

Il. Probenahme der aufschliefbaren Mineralien

1. Probenahme aus einem Gestein von zweierlei Mineralien

Wenn wir die Berechnung des Probegewichtes zur Analyse von auf-
schlieBbaren Gutern, z. B. der Teilproben und Analysenproben von Metallen
mit den Methoden der mathematischen Statistik durchfithren wollen, so wol-
len wir — zumindest bis auf weiteres — annehmen, daR die Probe aufgeschlos-
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sene Kdérner gleicher Grofle enthdlt, und zwar zweierlei Sorten, die mit der
gleichen Wahrscheinlichkeit Vorkommen; ein Teil der Kdérner sind diejeni-
gen, in denen das gesuchte Metall enthalten ist; die zweite Kdrnermenge ent-
h&lt tauben Gang und Erzkdrner mit fremden (aber brauchbaren) Metallen.
Nun ist fur unser Verfahren die hypergeometrische Beschreibung malRgebend,
da die Probenahme ohne Zuricklegung erfolgt. Man kann zwar die Teilproben
zuriicklegen, doch wird die Analysenprobe vernichtet. Wir kénnen aber im
Falle von vielerlei Elementen in der Probe die Berechnung gemd&R einer hyper-
geometrischen Verteilung nicht anwenden; naturgemdRf sind ndmlich in der
geprobten kdérnigen Menge und auch in dem kdrnigen Probenmaterial immer
vielerlei Mineralienkdrner vorhanden; die Anwendung einer hypergeometri-
schen Verteilung ist aber gar nicht notwendig, da gerade im Falle eines mannig-
faltigen Kdérnervorkommens in der Probe die hypergeometrische Verteilung
sehr gut durch die binomiale Verteilung als Beschreibung einer Probenahme
mit Zurlcklegung ersetzt werden kann. Wir nehmen den Fall, wo wir zufalls-
weise aus einer Gesamtmenge von binomialer Verteilung vielerlei Elemente
entnehmen; hier ist die Anzahl der Probeelemente, d. h. bei der Probenahme
fir Metallanalyse die Anzahl n der notwendigen Kdérner in der Probe:

n= A2-JuL [6))
A2 ’

wobei /1 den Vertrauenskoeffizienten bedeutet; nach Wartmann [2] ist dieser
Koeffizient gleich 2, und betrifft eine Urteilswahrscheinlichkeit zu 95,4%.
Der Gehaltsanteil der zweierlei Kdrnersorten in dem geprobten Produkt ist
p und g (wobei q= 1—p), mit p fir die zu analysierenden Mineralienkdrner
und q fir die anderen; sind die Kdérnervolumina beider Sorten einander gleich,
oder ist zumindest die Kdrnerverteilung fir beide Sorten dieselbe, so sind p und
g zugleich mit dem Rauminhaltsanteil identisch; A ist der Vertrauensbereich,
in diesem Falle ausgedrickt mittels des Volumenverhéltnisses der zu analy-
sierenden Mineralienkdérner. Zur Berechnung von p, q und A mussen wir das
Volumen Vg der zu analysierenden, und das der anderen Kdrnermenge V
kennen:

v _ s._= 100«
° a0 @®AO0 -

y _ 100 sO IOOMo a) /0\
o) ~ ano Lo

wobei wir den ungefdhren Metallinhalt (a) des geprobten Produktes als bekannt
voraussetzen. Wir wollen die folgenden Bezeichnungen anwenden: A Oist der
Metallgehalt in dem reinen Erz (z.B. Bleigehalt im Galenit); 00ist das spezifi-
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sehe Gewicht des reinen Erzes; sOist der Erzgehalt in Gewichtsprozenten im
geprobten Gestein (z.B. Galenit im rohen Bergbauprodukt). Es soll noch
angenommen werden, dal die geprobte Menge tatsdchlich nur zweierlei Mine-
ralien enthdlt (so z.B. Galenit-Quarz, oder Sphalerit-Quarz usw. als je ein
Mineralienpaar), und daher bedeutet 6 das spezifische Gewicht des toten Gan-
ges (Quarz), in welchem das gewinschte Metall nicht enthalten ist. Die Ver-
hdltniszahl (Raumquotient) p der das nutzbare Metall enthaltenden Kd&rner ist:

dn_

® = /4y
fo_ 100 ~ a(0 - &)+ An%
do 0

und der Raumquotient q der Kdrner des tauben Ganges ist:

Je
v Jo 60(Ap — a)
5
K + v 100 4  a®—do AO060 )

Man kann den Vertrauensbereich A als ein Raumverhaltnis ausdricken, nam-
lich:

S, 100 e
Vi Te o) % An So
V0-JV s0 100 —s0 100 a 100(M0—a) a(b — %) + Ag%
60 0 dMA0 6A0 (6)

e bezeichnet das im voraus geschétzte Intervall des Metallgehaltes, z. B. 0,1%.
Demgemdl sind seund Vcjene Gewichts- bzw. Raumprozente der in der Probe
zur Analyse bestimmten Mineralkdrner, um wieviel diese von dem entsprechen-
den Prozentsatz in der Gesamtmenge abweichen. Wenn wir die Ausdricke
laut (4) (5) und (6) in die Gleichung (1) einsetzen, so gilt fur die erwinschte
Kdrnerzahl in der Probe:

ab bi(An— a)
nalb — 60+ AOB0 a(6 — 060 + And0 4a 60 (n 4 A
J—* s — 1 — —— -r(no_ a> n
€0 - el o

a(b — %) + AObO

So ist also die gewiinschte Kdrnerzahl dem Metallgehalt und dem spezifischen
Gewicht des gewilnschten Metallerzes direkt proportional, und sie ist umge-
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kehrt proportional dem spezifischen Gewicht des zweiten Minerals, und zugleich
umgekehrt proportional dem Quadrat der zur Analyse gewiinschten Genauig-
keit. Die Kdrnerzahl hdangt noch von dem durchschnittlichen Metallgehalt ab,
wobei die Anderung der Kérnerzahl durch eine Parabel zweiten Grades gekenn-
zeichnet wird, deren Parameter gleich (—e26/860) ist.

In Kenntnis der notwendigen Kdrnerzahl erhalten wir das notwendige
Gewicht als ein Produkt aus dem Formfaktor k, dem durchschnittlichen spezi-
fischen Gewicht 6 und der DurchschnittskorngréoBe d an der dritten Potenz.
Also betrdgt das Gewicht der Probe:

M = k-n-6-d3. (8)

Der Formfaktor dient als Kompensierung der Abweichungen in der Lé&nge,
Breite und Hohe der Mineralkérner von der genauen Wirfelform. Also ist kK = 1,
wenn die Kdrner die Wirfelform annehmen; sind diese kugelférmig, so ist
K = n/6; fir Korner, deren Kantenldnge im Verhdltnis 1 :1,4 :2 zueinander
stehen, ist K gleichfalls = 1, ndmlich falls wir als KorngréfRe die Durchschnitts-
dimension akzeptieren, und eine quadratische Form der Siebmasche anneh-
men. Nun ist K — 1,14, falls die Kantenldngen im Verhdltnis 1 : 1,7 : 3,3 zuein-
ander stehen [3]. Das durchschnittliche spezifische Gewicht kann man mittels
der Zahlen des spezifischen Gewichtes und des Metallinhaltes der das geprobte
Gut bildenden Mineralien ausdriicken. Im Falle von nur zwei erzbildenden
Mineralien ist das durchschnittliche spezifische Gewicht:

100 100 _ ATA<S
VO+ V 100 — s0O a(6 — 00) -{-A000
a0 + »

Nun ist die Korngréfe in der Probe nicht konstant; so soll die gewogene
durchschnittliche Korngréfe aus der statistischen KorngréBenverteilung
errechnet werden:

d= __ . (10y
100 it

mit den folgenden Bedeutungen:

L Anzahl der GréBenfraktionen nach KorngroRe;
dj Durchschnitts-Korngroe der Fraktion von dem Gewichtsprozent *m
Sj Gewichtsprozent der i-ten Fraktion.

Im Falle einer eng sortierten Masse ist gleich dem Durchschnittswert
der MaschengréRen beider Grenzsiebe. Ist aber die GrdéRenverteilung des
geprobten Gutes nicht bekannt, so wollen wir die Kumulationskurve der Kor-
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nerverteilung als eine Gerade annehmen. So erhalten wir in diesem unginsti-
gen Verteilungsfall fur die durchschnittliche KorngroRRe:

d= 2 dmax . (ii>

d.h., sie ist gleich der Héalfte der maximalen KorngrofRe.

Bemerkung: Die KorngroBenverteilungsfunktion nach Schumann-Gaudix ist

D=1— T
VYTEXJ
Die erste Ableitung nach der Korngrofie
D'= - dm-l
“max

xst zugleich die H&ufigkeitsfunktion.
Die gewichtsmaRige durchschnittliche Korngroe als Erwartungswert ist

M(d) = rn ddm~1d (d) =
cJo

Der Wert von m ist gewdhnlich eine Zahl zwischen 0,5 und 1 [4], meistens nicht groBer als 1;
eben deshalb ist 0,33 < [m/(m f~ 1)] < 0,5. Wenn aber m = 1, so ist die kumulative Korn-
verteilungskurve eine Gerade, und in diesem Fall erreicht das Probegewicht den Maximalwert.

Wenn wir zur weiteren Entwicklung der Gleichung (8) die Ausdricke
(7), (9) und (11) mitanwenden, so ergibt sich als Gewicht einer Probe

M = 0,5k A « (A a)dmax- (12)
«(6—\) + A B

Also ist es notwendig, zur Berechnung des Probegewichtes auch den Metallge-
halt zu kennen, wobei das Probegewicht nicht als monotone Funktion des
Metallgehaltes erscheint. Bei den Grenzwerten a = Ound a = A Qist das Probe-
gewicht ebenfalls Null (fir solche Qualitdten ist eine Probenahme Uberflissig!).
Bei einem gewissen Metallgehalt erreicht das Probegewicht den Maximalwert,
das aber nicht mit dem Metallgehalt bei der gréofRten Kdrnerzahl identisch ist.
Es fragt sich, bei welchem Wert des Metallgehaltes die Kdrnerzahl bzw. das
Probegewicht das Maximum aufweist?
Wenn wir die Parabelgleichung (7) in der neuen Form

A €2bU [ A

2 450 6 (13

anschreiben, so sind die Koordinaten des Scheitelpunktes bestimmend fur die
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maximale Kdrnerzahl bzw. fiir den hierzu zugeordneten Metallgehalt. Die Probe
soll also die maximale Kdrnerzahl bei einem durchschnittlichen Metallgehalt
von AJ2 enthalten, u. zw. ist diese Kdrnerzahl

(1Y

Mit anderen Worten ist das Kdérnerzahlmaximum auBer dem gewinsch-
ten Genauigkeitsgrad e hauptsdchlich noch vom Metallgehalt des Erzminerals
abhdngig. Bei einem Metallgehalt An/2 ist das durchschnittliche spezifische
Gewicht

+ a
und das Probegewicht
al
Mn= 0,25 K . d (16)
do £ 11 e

Das Gewichtsmaximum ergibt sich als Extremwert von (12) bei OM/6 a = 0,
d. h. beim Metallgehalt

d0 — Vvdod

aM do- d ()

wobei die Kdérnerzahl
nM ( " }(\ )(] ) (18)

betrdgt, und das durchschnittliche spezifische Gewicht ist

am = \na - (19)

Abschliefend ist bei festgesetztem e-Wert und bekannter maximaler Kdrner-
zahl das Gewichtsmaximum der Probe:

(dp - fdpd) (KM - d) Vi B
(dp-d)~dpd

Mn = 05K (20)

In Tafel | sind die analytischen Angaben fir 10 verschiedene Erze (als
Zweimineraliengestein jeweils mit Quarz gepaart) angegeben.

Die maximalen Werte der Kérneranzahl, und erst recht die des Probe-
gewichtes schwanken innerhalb weiter Grenzen; dies geht aus dem Zusammen-
hang hervor, wonach beide Maximalwerte dem Quadrat des Metallgehaltes
(d.h. Ap) im reinen Erz proportional sind, und weil das Probegewicht nicht
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Tafel |

Metallgehalt und spezifisches Geivicht (fir max. Korneranzahl in

Benennung ChFeOrrr\rinsZ:we Werte im reinen Erz Werte bei maximaler
\ = ninax —
des Minerals A0 «© - - _65_5
B A< =~ tA*
1 2 3 4 5 6 7

Galenit Pbs 86,6 7,5 43,3 3,92 21 244
Sphalerit ZnS 67,1 4,0 33,6 3,19 6 794
Enargit Cu3AsS, 18.4 4.45 24,2 332 3934
Kalkopyrit CuFesS, 34,6 4.2 17,3 3,25 1898
Kalkosin Cu2s 79,9 5,65 40,0 3,61 13 610
Molybdenit MoS2 60,0 4.8 30,0 3,42 6 520
Siderit FeCO03 48,2 3,85 241 3,14 3376
Pyrolusit MnO, 63,2 5,0 31,6 3,46 7 537
Magnetit Fe30, 72,3 5,17 36,2 3,50 10 198
Kassiterit SnoO, 78,8 7,0 39,4 3,85 16 402

Bemerkung : Die mit einem Asterisk bezeichneten Zahlenwerte betreffs Korneranzahl und Prebegewicht

Kolonne 3: Spezifisches Gewicht <€D des reinen Erzes;

Kolonne 4: Metallgehalt A0 des reinen Erzes;

Kolonnen 5, 6, 7 u.8: Werte bei groBter Kérneranzahl (Metallgehalt AJ2, durchschnitt-
liches spezifisches Gewicht fin, Kérneranzahl n*max, Probegewicht M *;);

Kolonnen 9, JO, 11 u. 12: Werte bei maximalem Probegewicht (Metallgehalt durch-
schn. spezif. Gewicht Kdrneranzahl nm; Probegewicht M”aX.

NB. Werte in den Kolonnen 7, 8, 11 u. 12 gelten bei Annahme eines max. Korndurch-
messers d zu 1 cm, eines Vertrauensbereiches e gleich 1, und eines Formfaktors k gleich 1.
Mit anderen Worten, die Probegewichtszahlen sind in Einheiten von p zu verstehen.

dem spezifischen Gewicht proportional ist. Folglich sind bei derselben Analy-
segenauigkeit die GroRen der Proben fiur die einzelnen Mineralien &uferst
verschieden. Unter Bedingung der groBten Kdérneranzahl soll z. B. in der Probe
aus einem galenitischen Erz mit einem Bleigehalt von 43,3% die notwendige
Kdrneranzahl

7,5 86,6-

4,2 34,6*

11-mal

so grofl sein als in der Probe aus einem Kalkopyrit zu 17,3% Metallgehalt (Cu).
Wenn wir aber den Fall des maximalen Probegewichtes behandeln, so ist die
Verhdltniszahl fir dieselben Erzsorten ungefédhr das

111063
I 781

14-fache

bei Einberechnung der Gewichtsprozente zu 54,3% im Galenit, und 19,3%
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Kolonnen 5 und 6; fur max. Probegewicht in Kolonnen 9 und 10)

Kdorneranzuhl Werte bei héchstem Probegewicht
1; 0,25 LTV sy .Amaxz_
5 ioa -A Fe(e Ywotw 9B o5 My YR G (a0

(4.-ij-ya.i

8 9 10 1 12
10 390 54,3 4,46 19 851 11 063
2 708 37,0 3,26 6 721 2737
1633 27,3 3,43 3 868 1661
770,5 193 3,34 1873 781
6 137 47,4 3,87 13 132 6 352
2783 34,4 3,57 6 379 2 844
1325 26,4 3,19 3 347 1336
3263 36,6 3,64 7 350 3344
4 467 42,2 3,70 9 918 4 589
7 882 48,8 431 15 472 8 330

in den Kolonnen 7, 8 bzw. 11 und 12 gelten mit der Annahme, daB k = 1,e= 1lund draax = 1cm.

Cu im Kalkopyrit. Diese groRere Verhdltniszahl ist die Konsequenz der ent-
sprechenden spezifischen Gewichte.

In den Formeln (14) und (16) fir F&lle der gréofRten Kdérneranzahl bzw.
(18) and (20) fir das grofRte Probegewicht kommt der Wert a des Metallge-
haltes nirgends vor, also sind diese Gleichungen prinzipiell auch beim génzlich
unbekannten Metallgehalt verwendbar. Der Rechnungsgang ist nach den
Formeln (14) und (16) einfacher; aus diesem Grunde haben wir prozentuelle
Verhéltniszahlen in Tafel Il zusammengestellt. Es wurden in Kolonne 13 die
prozentuelle Verhdltniszahl (um/ntax) und in Kolonne 14 die prozentuelle
Verhéltniszahl (M ,,/Mmax) angefiihrt (siehe die Kolonnen 11 und 7 bzw. 8
und 12 der Tafel I). Die besagten prozentuellen Verhéltniszahlen sind nahezu
gleich 100. Insbesondere sind in Kolonne 14 (beziglich des Probegewichtes)
in der ersten und der letzten Reihe (Galenit und Kassiterit) Werte nahe 94%,
und in den Ubrigen Reihen Werte zwischen 97 und 99% (abgerundet) zu finden.
Demzufolge ist die Gleichung (16) praktisch anwendbar, falls die Probenahme
irgendein Erz aus nur zwei Mineralien mit unbekanntem Metallgehalt betrifft;
unsere Sicherheit wird noch erhdht, falls das derart berechnete Probegewicht
noch mit 1,05 multipliziert wird. Mit einem Formkoeffizienten Kk = 1,14
ergibt sich fir das maximale Probegewicht fiir ein Erz aus zwei Mineralien:

Mmax= 1,05Mn= 0,3 — f-A)2drax. (21)
H+ a (£]
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Tafel 11

Verhéltniszahlen (in %) der Kérneranzahlwerte (n”~/nmax), der Probegewichtswerte (M n/M max)
nach Angaben der Tafel I, ferner nach Metallgehalt, durchschnittlichem spezifischem Gewicht und
Korneranzahl nach Gleichungen (22), (24) und (23)

>

Benennung des Minerais 100(nj//nmax) 100(Mn/M max) i;: 4 364-6 / rjso \\2 Ax
00+6 ' o 2 ;o -\dator'e
1 13 14 15 16 17

Galenit 93,5 93,9 63,9 5,08 16 333
Sphalerit 98,9 98,9 40,3 3,33 6 496
Enargit 98,3 98,3 30,3 3,55 3672
Kalkopyrit 98,7 98,7 21,3 3,43 i 815
Kalkosin 96,5 96,6 54,3 4,15 n 794
Molybdenit 97,8 97,9 38,7 3,73 5991
Siderit 99,1 99,2 34,5 3,25 4 761
Pyrolusit 97,5 97,6 41,3 3,83 6 823
Hé&amatit 97,4 97,4 45,9 3,88 8 427
M agnetit 97,3 97,3 47,8 391 9 139
Kassiterit 94,3 94,6 57,1 4,83 13 042

Nun haben wir in Bild 2 fur 11 verschiedene Erze aus je zwei Mineralien
(jeweils eine Erzsorte und ein Quarz mit dem spezifischen Gewicht zu 2,65
gepaart) die folgenden Kurven immer als Funktion des Metallgehaltes a ein-
gezeichnet:

Kurve 1: Verlauf des spezifischen Gewichtes;

Kurve 2: Verlauf der Kdrneranzahl n (Maximum jeweils bei Abszisse A J2);

Kurve 3: Verlauf des Probegewichtes M (Maximum bei Abszisse uAf).

Abszissenendpunkt jeweils gleich AO, und daher ist die Abszisse in der Mitte gleich
A J2. Die mittlere Ordinate bei der Abszisse AJ2 zeigt auf der Kurve 2 die maximale Kdrner-
anzahl nmax an. Die nachst nach rechts bei der Abszisse am eingezeichnete Ordinate zeigt auf
der Kurve 3 das maximale Probegewicht Mmax an.

Die nach rechts als dritte eingezeichnete Ordinate steht bei der Abszisse
a2, d. h. jenem Metallgehalt entsprechend, bei welchem das Probegewicht
genauso grof3 ist wie beim Metallgehalt AJ2. Der Wert a2ergibt sich aus der
Gleichsetzung der Gleichungen (12) und (16):

52
05K AQa (Al a) 025« 5 AT ga

a™ o)+ A 0060
und in expliziter Form:

1,5, + 054 Na+ _OM £ =0
D+ 6 on-f- 6
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Metallgehalt %0~ -----—-- » Metallgehalt %

Bild 2. Erze aus zweierlei Mineralien: Kurven des spezifischen Gewichtes, der Kdérner-
anzahl und des Probegewichtes

Offenbar ist AJ'2 eine der zwei Wurzeln dieser Gleichung 2-ten Grades.
Die andere Wurzel ist

(22)
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Die hiei-zugeordnete Kdrneranzahl ist

o 1 ,éo\z (23)
A+ N

und das durchschnittliche spezifische Gewicht
Sn=A =1 (24)

d.h. fur eine Erzprobe aus zweierlei Mineralien das arithmetische Mittel der
zwei spezifischen Gewichtswerte. Und folgerichtig ist in diesem Falle das
Gewicht der Probe identisch mit dem Gewicht Mn nach GIl. (16). Alle diese
errechneten Resultate sind in Tafel | enthalten.

W ie wir dies aus den Diagrammen ersehen, ist die Anderung des Probe-
gewichtes zwischen den Metallgehaltsgrenzen von AJ2 und a2= 060AJ
/(d0 + d) nur minimal; nun fallen die Konzentrate, die Feinpulver der Erzvor-
bereitungswerke sehr oft gerade in dieses Intervall, so kénnen wir uns auf die
Gleichungen (16) bzw. (21) verlassen, nicht nur bei der Probenahme von Erzen,
deren Metallgehalt unbekannt ist, sondern auch bei der Verwertung der Kon-
zentrate und bei der Probenahme der angereicherten Produkte der Mineralien-
vorbereitungsversuche.

3. Probenahme aus einem Gestein von mehreren Mineralien

Alle die bisher zur Berechnung des Probegewichtes abgeleiteten Formeln
sind nur fur ein Erz aus 2 Mineralien anwendbar. Sind aber mehrere Mine-
ralien neben dem geprobten Mineral vorhanden, so ist das durchschnittliche
spezifische Gewicht d dieser Mineralien zwar nicht bekannt, doch kénnen wir
das durchschnittliche spezifische Gewicht d des geprobten Produktes bestim -
men. Wenn wir auch fir solche Erze verwendbare Formeln haben wollen, so
soll aus den bereits abgeleiteten Formeln die GroRe d eliminiert werden.

Aus GIl. (9) haben wir

s__ 6pd(A0 a)

(25)
AodOm aj
Diesen Ausdruck in (7) eingesetzt, erhalten wir:
*2 (agdy— ad) (26)
£20
und flir das Probegewicht ergibt sich:
M = 0,5k-— (A0dO- ad) dm (27)
e2
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Nun ist GI. (27) zur Bestimmung des Probegewichtes allgemein geeignet. Hierzu
ist es notwendig, den Metallgehalt und das durchschnittliche spezifische Ge-
wicht zu kennen, und den Vertrauensbereich eim voraus festzusetzen. Mit einer
Probe deren Gewicht dem aus der Formel errechneten entspricht, kdnnen wir
uns darauf verlassen, dal die Abweichung des Metallgehaltes im geprobten
Gut und in der Probe nicht gréBer sein kann als e. Wenn man die maximale
KorngrdBe in 1 cm festsetzt, so erh&lt man das Probegewicht in p Einheiten.

Ist das geprobte Erz von geringem Metallgehalt, so ist das Produkt
ab in GI. (27) bedeutend kleiner als A ObQ. Also kann dieses sehr kleine Glied
fortfallen, und wir erhalten fir den Fall eines geringen Metallgehaltes die fol-
gende Gewichtsformel:

M = 0,5 Kk N*L2L ad,,iax. (28)
£2

Es soll in beiden Formeln (27) und (28) der W ert von K als 1,14 angenom -
men werden. An Stelle von 0,5 k, soll 0,6 geschrieben werden. Die Formel setzt
die Kenntnis des Metallgehaltes, zumindest aber die des hdchstmdéglichen Ge-
haltes voraus. Die Formelgenauigkeit ist durch die Verhdltniszahl

ab

29
A 0b0O— ab (29)

gegeben. Fir ein Gestein aus zwei Mineralien gibt die Gleichung

den Metallgehalt an, welcher der vorausbestimmten Genauigkeit r entspricht.
Zur Probenahme aus Erzen, Konzentraten und Aufbereitungsprodukten,
deren Metallgehalt unbekannt ist, 148t sich eine brauchbare Gewichtsformel

derart ableiten, dafl wir vorerst aus (15) den Wert 6 ausdricken:

289—5

(wobei hier b ohne Index n figuriert). Durch Einsetzen dieses Ausdruckes in
(14) erhalten wir die Formel der bendtigten Kdérneranzahl:

2bn—b (Ann (32)
und fir das Gewicht:

M = 0,125 k(2b0— 3) |— |"d?nax* 0,125 Kk SO B w (33)
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Da der durchschnittliche Metallgehalt hier nicht figuriert, gentigt die Kenntnis
des durchschnittlichen spezifischen Gewichtes. Da diese Formel das Gewicht
der Probe mit maximaler Kdrneranzahl angibt, so soll das Resultat noch mit
1,05 multipliziert werden. Also ist die Formelkonstante 0,13 (anstatt 0,125).
Wenn aberk = 1,14 angenommen wird, so ist die Formelkonstante gleich 0,15.

Tafel 111

Werte der Konstanten, Formel der Genauigkeit zur Bestimmung des Probegeivichtes mittels der
Annéherungsgleichungen (28) und (33)

AN
Benennung des Minerals A,,0,, St 1§, 2<S. A\
r = 0,01 r= 0,02 r == 0,05
1 2 3 4 5 6 7
Galenit 650 2,38 4,64 10,74 15,0 7500
Sphalerit 268 1.0 1,97 4,71 8.0 4502
Enargit’ 215 0,80 1,57 3,75 8,9 2343
Kalkopyiit 145 0,54 1,06 2,54 8,4 1197
Kalkosin 451 1,67 3,27 7,70 11,3 6384
Molybdenit 288 1,07 2,10 4,98 9,6 3600
Siderit 186 0,69 1,36 3,26 7.7 2323
Pyrolusit 316 1,17 2,30 5,45 10,0 3994
Hamatit 357 1,32 2,59 6,14 10,2 4886
M agnetit 374 1,38 2,72 6,43 10,3 5227
Kassiterit 552 2,03 3,95 9,19 14,0 6209
In Tafel Il sind fiir die Mineralien der Tafeln 1 und Il die Werte A0-60

[zu Formel (28)], 2 60und Ajj[zu Formel (33)] angegeben. Auch sind hier laut
Gleichung (30) die Werte von a den Ublichen Genauigkeitsziffern [s. Formel
(29) ] entsprechend angegeben. Die in den Kolonnen 3,4 und 5 angegebenen
W erte des Metallgehalts sind so zu verstehen, dall die Berechnung geméR
GIl. (28) [an Stelle der GI. (27)] Abweichungen in der Probe von 1%, 2% bzw.
5% zul&Rt, immer fur ein Mineralienpaar Galenit -)- Quarz, Sphalerit -f- Quarz
Usw.

Aus den Tabellenwerten und auch aus dem Aufbau der Formeln (29),
(30) IaRt sich feststellen, daB die Gleichung (28) als Anndherungsformel auch
bei einem relativ hohen Metallgehalt der Erzmineralien von héherem Metall-
gehalt und groRerem spezifischem Gewicht gut anwendbar ist.

Wenn die Analyse der Probe nicht den Metallgehalt, sondern den Mine-
ralgehalt zu bestimmen hat, so sind unsere Formeln mit der Anderung
verwendbar, daB man an Stelle von AOdie Nummer 100 und an Stelle von a
die GroBe sO (Mineralgehalt) einsetzt.
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Tafel 1V

Analysenangaben and Gehaltsziffern bei der Flotationsaufgabe, und bei Frischbleipulver bztv.
Feinsinkpulver

Metall- u. Erzgehalt Flotationsaufgabe Frischbleipulver Feinzinkpulver
1 2 3 4 J 5 6 7
Pb % 1,12 58,43 1.96
PbS % 1,29 67,47 2,26
Zn % 3,13 7,40 52,95
ZnS % 4,66 11,03 78,91
Cu % 0,20 2,74 0,43
CuFeS, % 0,58 7,92 1,24
Fe % 3,69 6,16 5,64
FeS2 % 7,92 13,22 12,10

Durchschnittliches spez.
Gewicht 3,07 5,63 3,86

In den Tafeln IV und V geben wir die numerischen Werte an, die man zur
Analyse der Flotationsaufgabe, des Frischbleipulvers, des Feinzinkpulvers in
Gyo6ngyodsoroszi benotigt, wenn die Formeln (27), (28) und (33) verwendet wer-
den. Tafel 1V enthdlt die Werte des Metallgehaltes, die daraus errechenbaren
W erte des Mineralgehaltes und das spezifische Gewicht der Produkte. In Tafel V

Tafel V

Kdrnerzahl in der Analysenprobe, und Probegewicht, bei e = 0,1

Flotationsaufgabe Frischbleipulver Feinzinkpub er
Das analy- Probe- Probe- Probe-
sierte Korner- Probe- gewicht Kérner- Probe- gewicht Korner- Probe- gewicht
Metall anzahl, gewicht, anna- anzahl, gewicht, anné- anzahl, gewicht, annahernd,
Stick pond hernd, Stiick pond hernd, Stick pond pond
pond pond

1 2 3 4 5 6 7 8 9 10
Pb 94 266 0,565 0,569 1330492 14,609 13,726 130 370 0,982 0,895
Zn 105 539 0,632 0,655 119 199 1,309 1,549 351 168 2,644 3,640
Cu 3777 0,023 0,023 25 292 0,278 0,310 6 405 0,048 0,050
Fe 106 616 0,639 0,672 86 796 0,954 1,121 123 446 0,931 1,027

sind die Ziffern der bendtigten Probemenge enthalten. Die genauen Werte der
Kornerzahl und des Probegewichtes wurden aus GI. (26) und (27) berechnet.
AuRerdem wurden die Ann&dherungswerte des Probegewichtes berechnet, u. zw.
bei einem minderen Metallgehalt aus Formel (28) und bei hohem Metallgehalt
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(Feinmetallpulver) aus Formel (33). Die letzte Zeile der Tafel enthédlt die zur
Bestimmung des spezifischen Gewichtes bendtigte Probemenge. Fir die Tafel
gilt die Annahme: e= 04 und dmax = 0,25 mm.

Auch diese Tafelwerte zeugen dafir, dal die zur Metallanalyse bendtigten
Probemengen selbst bei identischem Vertrauensbereich und unverdnderlicher
Urteilswahrscheinlichkeit sehr verschieden sein kdnnen, wenn der aktuelle
M etallgehalt (a) bzw. der Metallgehalt (AQO) des reinen Erzminerals nicht der-
selbe bleibt. Sollte aber der Vertrauensbereich 0,01 sein, so miRte man die
tabellarischen Werte der Probemenge verzehnfachen. Ferner, wenn man an
Stelle von 0,25 mm die maximale KorngréRe zu 2,5 bzw. zu 25 mm festsetzt,
so gelten die tabellarischen Probegewichte in kg bzw. in Tonnen. Wenn ferner
der Faktor X= 3 betrdgt, so ist die zugeordnete Urteilswahrscheinlichkeit
0,997, und die Werte der KorngréfRe bzw. des Probegewichtes sollen mit dem
Multiplikator 3222= 2,25 multipliziert werden.

Es ist nicht ratsam, den W ert e niedriger zu bestimmen als die Standard-
abweichung in der Analyse. Diese Abweichung kann gefunden werden, indem
wir aus demselben feingemahlenen Probematerial einige Analysenproben ent-
heben, jede Probe analysieren und aus den erhaltenen Resultaten die Abwei-
chung berechnen. Das notwendige Probegewicht ist der dritten Potenz der
linearen KorngrdRBe proportional. (Man begegnet manchmal aus der praktischen
Erfahrung aufgestellten Faustregeln, in denen dieser Exponent kleiner ist als
drei; dies ist natirlich ein Irrtum.) Sollten wir die Probenahme an einem aus
dem Bergwerk gewonnenen Roherz vornehmen, so wdren wir gezwungen,
im Interesse der Genauigkeit gegebenenfalls einige 100 Tonnen schwere Proben
zu analysieren. Aus diesem Grunde ist es angezeigt, wenn wir nach dem durch-
schnittlichen Metallgehalt des Bergwerksproduktes fragen, womadglich eine
zerkleinerte Analysenprobe zu entnehmen.

Sind in dem geprobten Erz mehrere Metalle enthalten, so nimmt man
eine Probe mit dem maximalen Gewicht (M max), falls dies grofRer ist als die
Summe der in Tafel V fir die einzelnen Metalle angegebenen Analysen-
proben.

Wenn wir z. B. das Bleikonzentrat analysieren wollen, so ist es richtig
(nach Kolonne bin Tafel V) eine Probe von rund 15 p zu entnehmen, auf analy-
tische Feinheit (unter 304) zu mahlen und hiervon die notwendigen Analysen-
proben zu nehmen. Wenn nun, wie dies bei der Flotationsaufgabe der Fall ist,
die Probemenge mit dem maximalen Probegewicht kleiner ist als die Summe
der einzelnen Analysenproben (Tafel V), so ist eben dieser summierte Gewichts-
wert maBgebend. Wenn z. B. je eine Analysenprobe mit dem Werte von 1 p
angegeben ist und es stehen 4 Metalle zur Analyse vorgeschrieben, so soll die
aktuelle Analysenprobe 4 p betragen. In solchen Féallen kann fir jede einzelne
Analyse der Wert e aus den entsprechenden Formeln berechnet werden. Selbst-
redend ist die Entnahme der Analysenprobe nicht fehlerfrei, doch kann der
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Fehler berechnet werden. Wenn aber die KorngréfRe in der Analysenprobe schi-
Idern ist (im gegebenen Fall unter 30 fi), so ist der aktuelle Fehler bedeu-
tungslos und hat keinen EinfluR auf die Genauigkeit der Probenahme.

IIl. Probenahme aus nicht aufschlieRbaren Gesteinen

Das wichtigste Glied in der Gruppe der nicht aufschlieBbaren Gesteine
ist die Kohle, deren Aschegehalt als Hauptmerkmal erachtet wird. Jedes
einzelne Kohlenkdérnchen enth&lt Asche, also kann man gar nicht daran denken,
durch Schétzung der Proportionen die Kdrneranzahl der Probe zu bestimmen
(wie dies bei der Erzanalyse der Fall war, wo man das metallhaltige Erz vom
tauben Gang sehr gut trennen konnte).

Wenn wir nun daran gehen, aus nicht aufgeschlossenem oder nicht auf-
schlieBbarem Gestein Proben zu nehmen, so gilt die Formel fir die notwendige
Korneranzahl in der Probe

n=m— . (34)
A2

Hier bedeutet A wie bekannt, den Vertrauenskoeffizienten, dessen Wert wir,
der Urteilssicherheit zu 95,4% entsprechend, auch diesmal als 2 wé&hlen wollen.
A ist ebenfalls der Vertrauensbereich, den wir der Analysengenauigkeit ent-
sprechend annehmen werden, und s ist die Standardabweichung der Qualitét.
Zur Berechnung der Varianz soll vorausgesetzt werden, dall wir die Kor-
ner derselben GréfRe dem Ausmall der untersuchten Qualitat, z. B. dem Asche-
gehalt gemé&R sortieren und aus diesen Klassen kornweise, aufs Geratewohl,
ohne Zuriicklegen, re-Proben entnehmen. Es wird die Qualitdt a jedes einzelnen
Kornes festgesetzt, der Durchschnittswert und die Varianz berechnet:

Das Einsortieren nach der betreffenden Qualitat ist hei den meisten
Gesteinsarten durch die Grundangaben, die zur Aufzeichnung der Mineralauf-
bereitungskurven dienen, entsprechend reprdsentiert; diese Angaben enthalten
die Gewichtsfraktionen — fur Kohlenaufbereitung die Fraktionen der spezifi-
schen Gewichte — und die dazugehdrigen Werte der Durchschnittsqualitdt.
Hierzu kann man die Varianz mit groBer Genauigkeit schdtzungsweise fest-
setzen, wenn wir die Qualitat jeder einzelnen Fraktion gemdB der Kdérneran-
zahl, also nach dem Kaumaquotient in Kechnung ziehen. Also lautet die hierzu
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abggleitete Formel der Varianz:

7R S AV [— — (36)

wo wir mit L die Anzahl der Fraktionen und mit § das durchschnittliche spezi-
fische Gewicht der z-ten Fraktion s, bezeichnen.

Aus der Varianz 14Rt sich die Kdrneranzahl und ferner das Probegewicht
— mittels Gl. (8) — wie folgt berechnen:

2 T («<— °)2
M= 4k ‘=l ° oo ) (37)

Das durchschnittliche spezifische Gewicht kann gewogen oder aus festgesetzten
Angaben berechnet werden. Alles, was zur Bestimmung der durchschnittli-
chen KorngroRe friher ausgelegt wurde, ist auch fur diesen Fall gultig.

Die Anwendung obiger Prinzipien |48t sich an einem numerischen Bei-
spiel als Berechnung der notwendigen GroRe der Analysenprobe zur Bestim-
mung des Aschegehaltes der in Varpalota sortierten Kohle darstellen. In Tafel
V1 sind die bezuglichen numerischen Werte zusammengefallt. Interimistisch
wollen wir die Gleichung (36) mit abgekirzten Symbolen folgenderweise zitie-
ren:

Tafel VI

Spezifische Gewichtsangaben der Handelsklassen in der Kohlensortieranlage zu Varpalota

Siebklassen,
Grenzwerte des
spez. Gewichts
Gewicht, Asche, Gewicht, Asche, Gewicht, Asche, Gewicht, Asche,
Io % % % o/ % % %
1 2 3 4 6 7 8 9
>1,25 15,36 10,01 33,54 12,78 62,22 10,74 68,94 10,23
1,25-1,30 52,50 13,55 39,39 13,89 22,10 15,05 19,50 14,14
1,30 — 1,45 10,50 23,21 14,95 28,35 5,71 32,28 2,88 30,75
1,45 —1,60 10,88 51,93 4,04 61,08 2,58 61,07 2,33 61,47
1,60< 10,76 65,63 8,08 73,85 7,39 79,72 6,35 77,20
100,0 23,80 100,0 22,65 100,0 19,32 100,0 17,03
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und fur die Fraktion 10 -f- 30 mm lassen sich aus Tafel VI folgende numerischen
Werte erstellen:

A= --3-4 (12,78 - 22,65)2+ 0,3939 (13,89 - 22,65)2
1,23 275
~M808_ 3 2,65)2
1,85
0,3354 0,3939 0,1495 0,0404 0,0808
1,23 1,275 1,375 ' 1525 1,85

woraus also
s2= 282,22
ist.
In den obigen numerischen Gleichungen figurieren die spezifischen
Gewichtswerte :
1,275; 1,375; 1,525

die ndmlich als Mittelwerte der in Kolonne 1 (Zeile 2, 3, und 4) angegebenen
Klassengrenzen gelten. 1,23 und 1,85 sind ebenfalls Klassenmittelwerte; 1,23 =
= (1,21 + 1,25)/2 (1,21 ist der aktuelle niedrigste Wert, 1,25 ist der obere
Grenzwert der tabellarisch niedrigsten Klasse); und 1,85 = (1,6 2,1)/2
(ndmlich 1,6 als unterer Grenzwert der tabellarisch obersten Klasse und 2,1 der
aktuelle Hochstwert). Die aktuellen Grenzwerte kdnnen aus dem Diagramm
der spezifischen Gewichte der verschiedenen KorngréfRen entnommen werden.
Diese Mittelwertschdtzungen sind um so genauer, je enger die Klassengrenzen
sind. Es gibt auch ein graphisches Verfahren, mit dessen Hilfe diese Genauig-
keit gesteigert werden kann. Man zeichnet die Kurve der spezifischen Gewichte
als eine Reziprokfunktion der Gewichtsklassengrenzen. Unter Beobachtung
des Prinzips des Fl&dchenausgleichs wird diese Kurve in eine Treppenlinie
umgezeichnet. Die Schnittpunkte der vertikalen Zige gehen die gesuchten
Mittelwerte genau an.

Tafel VII

Berechnung der notwendigen Probemenge zur Analyse der Asche in den Kohlensorten nach Sieb-
klassen der Kohlensortieranlage zu (Varpalota A = 0,1; k = 1,14)

Siebklassen, Varianz, Streuung, Relative Durchschnitt- Kérneranzahl, Probegewicht,
mm 52 s 5"95{;1"9 liches Gewicht n kp
1 2 3 4 5 6 7
1- 10 303,39 17,42 73,2 1,35 121 356 31,1
10- 30 282,22 16,90 74,6 1,32 112 888 1360,0
30- 60 286,66 16,93 87,6 1,29 114 664 15 400,0
60-120 236,67 15,38 90,3 1,28 94 668 100 700,0
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In Tafel YII finden wir die Werte der Varianz, der Streuung, der relativen
Streuung des durchschnittlichen spezifischen Gewichtes, ferner die Kérneran-
zahl und das Probegewicht fir jede einzelne Siebmaschenklasse zusammenge-
stellt. Die Kdrneranzahl wurde mit dem angenommenen Wert 0,1 des Ver-
trauensbereichs berechnet, indem wir voraussetzen, dall dieser Wert nicht
kleiner ist als die Standardabweichung der Analysenresultate. Uber vorkom-
mende Fehler bei Kohlenanalysen gibt es Angaben in der Fachliteratur. (Siehe
in unserem literarischen Verzeichnis die Arbeit von M. Pau1 [5].)

Bekannterweise konnte man aus den Ergebnissen der an Kohlen mit
verschiedenem Aschegehalt durchgefuhrten Versuche einen stochastischen
Zusammenhang zwischen der GroBe der Analysenprobe und dem Wert des
Aschegehaltes feststellen, wobei dieser stochastische Zusammenhang mittels
einer Gleichung ersten Grades ziemlich gut beschrieben werden kann (siehe
diesbeziglich Bild 5 und Tafel 5 in der oben zitierten Arbeit von M. Paul).
Zur Berechnung der Tabellenwerte galt die arithmetisch-mittlere Kdérneran-
zahl aus den Grenzwerten jeder Handelsklasse; das Probegewicht ist gleich
dem Produkt aus Kdrneranzahl mal mittleres spezifisches Gewicht mal dritte
Potenz der mittleren Kdrneranzahl. Das mittlere spez. Gewicht stammt aus
den Werten der Tafel VI.

Wie dies aus den Tafelwerten ersichtlich, besteht zwischen den W erten
der erwinschten Kdérneranzahl in den einzelnen Siebmaschenklassen Kkein
bedeutender Unterschied. Doch ist das notwendige Probegewicht fiir die zwei
gréReren Handelsklassen derart groB3, daB eine Aufarbeitung solcher voluming-
ser Kohlenproben fiur die t&gliche Feststellung des Aschegehaltes einfach
undenkbar ist. So gibt es nur einen Ausweg: unter Zulassung eines weit grof3e-
ren Vertrauensbereiches A 1a4t sich das notwendige Probegewicht entsprechend
herabsetzen.

In der Praxis werden die Tafelwerte in folgender Weise verwendet: um
jede Art von Fehlern zu vermeiden, soll als Grundlage der Héchstwert der
Varianz angenommen werden. Bei der Wahl des Vertrauensbereichs soll man
sorgféltig die moglichen Kosten erwdégen, insbesondere bei den Handelsklassen
der groBeren Siebmaschen; bei den Klassen der kleineren Siebmaschen ist
der mutmaRliche Fehler bei der Analyse malRgebend. In Kenntnis des durch-
schnittlichen spezifischen Gewichtes und der durchschnittlichen KorngrdRe
in den einzelnen geprobten Klassen sind wir in der Lage, einen konstanten
W ert des Probegewichtes zum Zwecke der systematischen Analyse des Asche-
gehaltes festzusetzen.

Im Falle der Kohlensorten aus Varpalota wéahlten wir die Zahl 300 als
Varianz s2 Den Vertrauensbereich A setzten wir als 0,1 fir die Siebmaschen-
klassen 1 -r- 10 und 10 -H 30 fest. Fir die Klasse 30 -F 60 gilt ein ZI-Wert von
0,2 und fiur die Klasse 60 -f- 120 gilt 0,5. Auf diese Art erhdlt man fir die vier
Handelsklassen als das notwendige Probegewicht 31, 1360, 3800 und 4000 kg.
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Diese Quantitdten werden aus der vereinigten Probe entnommen, um zu errei-
chen, dall die Abweichung zwischen den Werten des Aschegehaltes in der
vereinigten und in der Teilprobe die Grenze A nicht Uberschreiten soll. Diese
Teilproben werden dann zerkleinert. Eine weitere Einengung der zerkleinerten
Teilprobe und deren Gewichtsbestimmung erfolgt nach den bereits bekannten
Prinzipien. Die durchschnittliche KorngréRe wird aus der Siebanalyse des
zerkleinerten Gutes bestimmt. In Ermangelung von Siebanalyseangaben dient
als Ausgangswert die Halfte der maximalen Korngrofe.

Nun gehdren die ungarischen Bauxitsorten zu den nicht aufschlie3-
baren Gesteinen. Wenn man also angeht irgendwelche Bauxitsorten zu analy-
sieren, z. B. in Bezug auf AI20 :i, Si03oder auf den Quotienten aus diesen beiden,
auf den Modul auf Fe20 3 — und man neigt dazu, die mathematische Statistik
als Methode zur Bestimmung der Probemenge anzuwenden, so sind flrs erste
die Sortierungskurven beim Waschen betreffs der analysierten Qualitat auf-
zunehmen, um die Grundlage zur Berechnung der Varianz zu schaffen.

Ohne die Kenntnis des durchschnittlichen spezifischen Gewichtes kann
man das notwendige Gewicht der Analysenprobe nicht bestimmen. Um dies
zu kennen, ist es aber ratsam, zur Schdtzung der Mittelwerte die bekannte
Formel anzuwenden. Im Z&hler dieser Formel erscheint wieder die Varianz:

i-1 0/ (38)

Fir ein aufhereitetes Gestein bedeutet L die Anzahl der im Gestein vor-
kommenden Mineralien; s/ ist die Gewichtsquote eines i-ten Minerals, und
0i bedeutet dessen spezifisches Gewicht. In Kenntnis der einzelnen Satze des
Metallgehaltes kann der Mineralgehalt s- berechnet werden.

Wenn die spezifischen Gewichtsangaben bekannt sind, kénnen wir diesen
Zusammenhang auch im Falle nicht aufbereitbarer Gesteine anwenden. Hierzu
haben L, ssund 0O- dieselbe Bedeutung wie in Gleichung (36). Und das durch-
schnittliche spezifische Gewicht ist

(39)

Fur die Kdrneranzahl und das Gewicht sind Gin (34) bzw. (37) malRgebend.

Fir die in Gyéngydsoroszi und in Varpalota behandelten Produkte sind
die zur Berechnung des durchschnittlichen spezifischen Gewichtes notwendi-
gen Angaben in Tafel VIII enthalten.
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Tafel VIII

Die zur Bestimmung des durchschnittlichen

Durchschnittliches

Benennung des Produktes spez. Gewicht Varianz Abweichung
1 2 3 4

Gyodn- Flotationsaufgabe 3,07 0,3465 0,589
gyos- Konzentrat aus Galenit 5,63 4,9073 2,215
oroszi Konzentrat aus Sphalerit 3,86 0,8390 0,916
1— 10 mm 1,35 0,0353 0,188
Var- 10— 30 mm 1,32 0,0246 0,157
palota 30— 60 mm 1,29 0,0250 0,158
60—120 mm 1,28 0,0216 0,147

Der Vertrauensbereich A ist 04 bzw. 0,01, einerseits fir den Metallgehalt,
andererseits fur den Aschegehalt eine Yergleichsbasis zwischen den Analyse-
aufgaben zu schaffen. Der Wert 0,01 ist dadurch begrindet, dal an den labo-
ratoriumsmagnigen Schnellwagen eine genauere Ablesung als 0,01 g nicht mdég-
lich ist. Ict aber hierzu eine analytische Waage zur Hand, so kann man einen
noch kleineren /(-Bereich wdhlen, woraus dann eine groRere Probemenge
resultiert.

IY. SchluRfolgerungen

Aus den abgeleiteten Formeln und tabellarischen Wertangaben geht die
Feststellung hervor, daB mit ein und demselben Vertrauensbereich die Analy-
senprobe fur Zwecke der Metallanalyse bedeutend gréfRer sein mull als z. B.
fir die Analyse des Aschegehaltes oder fiir die Bestimmung des spezifischen
Gewichtes. Das ist aber vollauf richtig: bei einer Schédtzung der Proportion
(z.B. bei einer Metallanalyse) ist die jeweils notwendige Probemenge grolRer
als fur Zw'ecke einer Mittelwertschdtzung. Die Probemenge fiir Metallanalyse
ist allenfalls durch den effektiven Metallgehalt des geprobten Gesteins und
durch den absoluten Metallgehalt des reinen Metallminerals bestimmt. Bei
Bestimmung des Mittelwertes hdngt die bendtigte Anzahl der Kdérner in der
Probe vor allem von der Varianz ab. Deshalb bendtigt man zur Aschebestim-
mung einer Kohlensorte eine bedeutend gréBere Probemenge als zur Bestim-
mung des spezifischen Gewichtes derselben Sorte.

In Erzsorten aus gréberen Kdérnern gibt es viele Konglomeratkérner.
In solchen Féllen der Probenahme ergibt sich durch Anwendung der fir eine
M etallanalyse abgeleiteten Formeln ein groBeres Probegewicht, als es auf
Grund der Genauigkeitsvorschriften erforderlich wére. Eine genauere Schdtzung
von konglomerierten Erzen wére nur mdglich, wenn man vorher die Sortier-
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spezifischen Gewichts benétigte Probemenge

Relative Streuung  {Enaranse! e bl e oL o
5 6 7 8 9

19,2 139 0,0008 13 860 0,083
39,3 1963 0,022 196 300 2,16
23,7 336 0,0025 33 560 0,25
13,9 15 34 1412 317,0
11,9 10 106,0 984 10 400,0
12,2 10 1180,0 1000 117 600,0
115 9 8400,0 864 806 200,0

kurven der Erzaufbereitung aufnehmen kénnte. Da aber eine solche Aufnahme
oft nicht durchfuhrbar ist, so ist es angezeigt, die hier fir die Metallanalyse
bekanntgegebenen Formeln anzuwenden; daraus ergibt sich noch der Vorteil
einer zuséatzlichen Sicherheit in der Bestimmung der Probemenge.

Wenn wir nun die Fehler kennen, die uns bei der Entnahme der Einzel-
proben, bei der Bildung der Teilproben und bei der Analyse unterlaufen kén-
nen, dann sind wir in der Lage, den Gesamtfehler bei der Entnahme der Analy-
senprobe zu berechnen, d.h. die Abweichung zu bestimmen, die zwischen der
effektiven Qualitdt des geprobten Produktes und dem durch Analyse gewon-
nenen Schétzwert besteht. So wird also der totale Fehler der Probenahme
durch die Varianzformel bestimmt:

O o} X4 3V (40)

wo seden Fehler bei der Entnahme der Einzelproben, s- den Fehler der einzel-
nen Teilproben bedeutet; (die Kenntnis dieses Fehlers verhalf uns in unseren
oben entwickelten Ableitungen zur Bestimmung der Probemenge); k ist die
Anzahl der Einengungen, und sa ist die Standardabweichung der Analysen;
n bedeutet die Zahl der Einzelproben in der vereinigten Probe; somit ist sejn
die Varianz der vereinigten Probe.

Wenn wir nun den Gesamtfehler der Probenahme im voraus limitieren,
und dann noch mittels eines reprasentativen MeRverfahrens oder aus literari-
schen Quellen uns die Kenntnis der Standardabweichungen der Einzelproben
und der Analyse verschaffen, so sind wir in der Lage, den Gesamtfehler auf
die einzelnen Etappen derart aufzuteilen, dall die Kosten am niedrigsten gehal-
ten und die Genauigkeitsvorschriften allenfalls befolgt werden.
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Study on the Determination of the Sample-Weight Necessary for the Analysis of Metal-
Contents and Ash-Contents. Relationship which is suitable for certain analytical operations
(relating to metal- and ash-contents) is dealt with here. The respective formulae are developed
on the basis of mathematical-statistical principles. The estimation of proportions is the basic
idea when the analytical problem refers to processed ores. Again, for ores which cannot be
processed, the basic principle is the estimation of average values. In order to show some
examples of the practical application of these mathematical formulae, examples that refer
to flotation input, lead-concentration and zinc-concentration at the ore-processing works in
Gydngyosoroszi, and other examples, referring to the coal-classifying works in Varpalota are
quoted.

O6 onpeaeneHnn Beca HaBEeCKW Npobbl, TPebyHOLLErocs npy aHanmM3ax MeTansioB U 30/
(C. MeT3). B paHHoli paboTe nNpuBedeHbl 3aBUCUMOCTU, MPUrOAHbIE s OMpejeneHUs Beca
HaBeCKM Mpo6bl, TPebyroLlerocs Npu pasnyHbIX aHanmsax (Hanp. MeTansbl, 30/1a). B pa6oTe
3aBUCMMOCTU BbIBOAATCA METOfaMU MaTEMaTUUECKO/ CTaTUCTUMKU: B C/lyYae Pas/iodXeHHbIX v
pasnaraeMbix Nnopof aBTop UCXOAMT M3 hOPMY/, U3BECTHbIX f/151 OLEHKU Nponopuui, a B ciyyae
HepasnaraeMblXx — K3 (hOp.Mys, MUCNOSb3YeMbIX MPU OLEHKE CpesHMX 3HayeHWid. [MpakTuue-
CKOe MpUMeHeHVe BbIBefieHHbIX (HOPMY/T EMOHCTPUPYETCS Ha NpuMepe MOArOTOBKM hoTaumm
Ha pygooboratuTenbHoO (habpuke B [beHAbeliopocy, 0T6opa MNpobbl KOHUEHTPATOB CBUHLA
N UMHKa, janee oT60pa npobbl Ha TOBapHOWM yrnemoike B BapnanoTa.
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CAVITATION SCALE FORMULAE FOR WATER TURBINES

A. FAY
DEPARTMENT OF HYDRAULIC MACHINERY, TECHNICAL UNIVERSITY BUDAPEST

[Manuscript received October 10, 1967]

The present paper attempts to develop cavitation scale formulae for reaction type
water turbines. The definition and classification of scale effects are based on the theory of
Holl and Wislicenus and supplemented, for practical purposes, with the definitions of corre-
sponding operating conditions and similar cavitation states. A cavitation scale effect associated
with the efficiency scale effect due, mainly, to Reynolds number and relative roughness
variations is discussed in detail, with other cavitation scale effects neglected. Thus the Nechleba
formula and one of its modifications can be derived from simple assumptions. This is
followed by taking the other cavitation scale effects into consideration as well, such as the
effect of air content, whereby a general cavitation scale formula believed to be suitable for
further development may be arrived at.

List of symbols

1. Notations

A, B, a, b, d, e, f pressure head differences [m] (Fig. 4);

«0 guide vane opening [mm];

C pressure head coefficient, Equs (16), (24) and (34);

c absolute velocity [m/s];

D runner tip diameter [m];

E, F coefficients, Equ. (31);
acceleration due to gravity [m/s2];

?—| net head across the turbine [m];

H geometric suction head above tailwater [m];

h pressure head [m];

K coefficient in the Hutton formula;

k Cavitation parameter, Equ. (33);

M hydraulic torque [mkp];
for the model: torque measured by the double bearing brake;
for the prototype: sum of the shaft torque and bearing friction;

N exponent, Equ. (31);

n runner speed [rpm];

»H unit speed, n mD ¢ H ~112

/' point (see the figures);

p absolute pressure [kp/m2];

Pi, absolute pressure at tail water [kp/m2] (atmospheric pressure for the
full-scale machine, and reduced pressure for the model);

Pv saturated vapour pressure at the given temperature [kp/mZ2];
volumetric flow [m3/s];

Qn unit volumetric flow, Q mD~- ¢ H~li2;

He turbine Reynolds number ]i2gH mD/v;

vr representative velocity [m/s];

y vertical distance above a given level [m] (Fig. 3);

a total volumetric air content of water;

P runner blade angle [degree]:

9 Acta Technica Academiae Scientiarum Hungaricae 64, 1969



386 T 75 %

specific weight of water [kp/m3];

\Y
v kinematic viscosity [m2s];
Q water density [kp s2Zmd4].
Vi hydraulic efficiency, kMnIQH, k = 2n/60;
co angular velocity [rad/s];
a Thoma’s cavitation coefficient, Equ. (3).
2. Subscripts
0, 1, 2, 3 Subscripts of P, p, Y (see Fig. 3);
AT, R, r Subscripts of P, p, y refer to the minimum
point of reference, respectively.
3. Superscripts
) superscript refers to the model;
superscript refers to the full-scale machine.

I. Introduction

In designing reaction type water turbines, particularly very large size
Kaplan turbines, the scale formulae are of significant importance; the expected
values of full-scale machine efficiency, and the minimum permissible a values
ofthe plant can be determined by converting the model results to the full-scale
machine, using the scale effect formulae for this purpose.

Efficiency conversion formulae are based on well-established theory
and practice, as evidenced by the widely accepted Hutton formula:

1—r" Re V1
"= 1—K 1— (1)

vt Re"

This has been verified theoretically [1], and gives reliable practical results [2].
W ith the efficiency of the full-scale machine determined by means of such an
efficiency conversion formula, determination of the “corresponding points”
in the model and full-scale efficiency diagrams, respectively, can be performed
by using some other “scale effect” formulae:

HK—Ulr kk = U’

These formulae have been suggested by several authors [3, 4, 5, 14].
Although in certain cases reliable cavitation scaling-up is much more
important than efficiency conversion, the former has as yet not been developed*

* In the Hutton formula, the symbol of the model (superscript ') and that of the full-
scale machine (superscript ') are not interchangeable dissimilar to any other formula of this

paper.
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to such an extent. This may be attributed to the complexity of the cavitation
“scale effects”, and to the unfortunate fact that there is still relatively not much
known about these scale effects.

The conventional approach in practice is to employ the Thoma parameter

PblY —Hs —pVly
H (3)
and Thoma’s law of similarity, according to which in two similar turbines
running under “corresponding operating conditions” the “state” of cavitation
is “similar” (that is, certain cavitation phenomena are similar), if the Thoma
parameter is of the same value for both turbines.

a"—o"'. (4)
On these grounds “standard” and “initial” a values, or any other characteristic
a value determined by model measurements are frequently related to the
full-scale machine without correction. The Thoma law does not take cavitation
scale effects into consideration. Thus, generally a Aa safety margin is employed
in order to avoid excessive cavitation conditions in the full-scale machine, the
value of which depends on how far the reliability of the Thoma law is questioned,
as well as on the actual machine and model experiment data [5]. Often economic
considerations influence the value of this safety margin as the investment
cost of the full-scale machine and the a value of the plant are in close corre-
lation. The cavitation scale formulae providing for much more reliable cavi-
tation data than Equ. (4) were developed precisely for the purpose of permitting
thereby the selection of lower safety margin values.

One of the first cavitation scale formulae (1952) was the Nechleba
equation:

With the efficiency of the full-scale machine determined by using one of the
efficiency conversion formulae, say, with Equ. (1) for the corresponding
points which satisfy Equ. (2), this formula can be used to calculate the
full-scale sigma pertaining .0 a given model sigma value.

It seems logical that, if an efficiency variation mainly due to Reynolds
number and relative roughness variations is assumed, then certain variations
of the hydraulic losses, pressure values and, consequently, of the cavitation
number must also be reckoned with. This scale effect called “Nechleba effect™
hereafter is estimated by Equ. (5). The justification presented by Nechleba is
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quite convincing [3], though some of the main assumptions used for the deriva-
tion of this formula can be refined as it will be shown in the present paper.
Shmuglyakov suggested another cavitation scale formula (1956):

a" = a' + 8.48 (6)

This formula calculates an air content effect on a semi-empirical basis. Ap-
parently, with a reduced air content in the model, experiments seem to con-
firm this formula [6].

Since the efficiency of the full-scale machine is always higher than that
of the model, the Nechleba formula leads to the conclusion that the full-scale
sigma is similarly always higher than the corresponding model value, that is,
a" a'. On the other hand, in the more actual cases such as x" = x' and
H™ > H', the values given by Shmuglyakov’s equation satisfy a" <l a’'.
This contradiction may be due to the fact that, in general, the air content
effect expressed by Equ. (6) is “opposite” to the Nechleba effect. In practice,
both scale effects may occur simultaneously in the turbine, and a “resul-
tant” scale effect is to be expected. This is why none of the above formulae
is entirely adequate for the full description of the changes in cavitation
conditions.

The present paper was written in the belief that industrial research
requires a cavitation conversion formula suitable to express both scale effects
referred to above and, perhaps, other scale effects as well.

It is readily realized that the development of such a formula requires,
above all, the accurate definition of cavitation “scale effect” itself, and that
the different scale effects must be clearly distinguished. In a paper on this
topic, Holl and WiSLICENUS [7] have earlier defined both the cavitation scale
effects and the fundamental principles of conversion, in a general manner,
for machines and structures alike, and characterized the different scale effect
types. The present paper applies their theory to water turbines, completing it
for practical purposes. This leads to the definition of the Nechleba effect, and
to its detailed discussion by making use of certain ideas offered by Nechleba
himself [3] and Tenot [8].* Finally, a general cavitation scale effect formula
is arrived at expressing the Nechleba effect and involving variables whereby
the air content and other scale effects can be taken into account.

* Author had an opportunity to discuss this topic with Mr. S. P. Hutton, Mr. J. Che-
valieb, Mr. M. Nechteba and Mr. J. Varga at the Second Conference on Hydraulic Machinery
in Budapest (1966). Their ideas are also utilized in this paper wherefore author wishes to ex-
press his full acknowledgement.
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Il. Definition of the caviation scale effect

According to the definition suggested by Holl and Wislicenus [7],
cavitation scale effects are the departures from the classical similarity law of
cavitation. The characteristic features and the justification of this definition
will be reviewed briefly in the following paragraphs.

The expression cavitation scale effects means not only the effects due to
the changes in the linear scale of the flow, but also the effects originated by
the variations of flow velocity, pressure, and the material or state of the fluid,
such as temperature, while the form of the flow and its boundaries, that is,
the design of the machine or structure remains geometrically and kinematically
similar.

The classical law of similarity is based on certain assumptions such as a
frictionless incompressible fluid, without any gravity effects; the geometric
similarity applies to the clearances and the surface roughness of the flow
boundaries as well; cavitation takes place immediately after the saturated
vapour pressure has been reached in the fluid; the saturated vapour pressure
of the flow field is constant, and depends only on temperature; there is no
tension giving rise in the fluid, and there are no time effects.

Actual flow and cavitation differ from these ideal conditions and, con-
sequently, scale effects occur. Accordingly, even at identical a values, certain
cavitation phenomena are dissimilar in similar machines or structures with
similar flows, or cavitations of similar form (observed, for example, optically)
are associated with different a values when the full length, velocity, the ma-
terial or state of the fluid were changed.

A cavitation scale formula represents the numerical expression of a cavita-
tion scale effect, usually in the latter form, that is, correlating the different
a values of the similar cavitation states.

In order to apply the above concepts to water turbines, the terms “similar
machines”, “similar flows”, and “similar cavitation states” must be determined
in a much more precise and practical manner.

I11. Geometric similarity

Two turbines are considered as similar machines if their flow boundaries
have been designed as geometrically similar. Geometric similarity does not
include surface roughnesses and clearances. From geometrical accuracy aspects,
the flow boundaries of the runner and its surrounding area are of critical
importance. Minor deviations of the flow boundaries as compared to the de-
signed shape are permissible as far as the spiral casing or draft tube are con-
cerned, but rather far away from the runner than therein. In case of adjustable
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runner blade turbines, geometric similarity applies also to the uniformity of
runner blade adjustment:
R" = R". ©)

1V. Corresponding points

Since the flow boundary surfaces do not exhibit accurate geometric
similarity, a kinematic flow similarity cannot exist, either. Thus, certain con-
siderations are required for the determination of those operating conditions
of the turbine under which the flow conditions are “the least different”. These
are called “corresponding” operating conditions, and the respective points
of the diagrams are known as “corresponding points”.

Fig. 1. The problem of corresponding points: in the diagrams of two geometrically similar
turbines, how could those points be found which represent the least difference in operating
conditions, as far as the kinematic similarity of the flows involved is concerned

The problem of how to define and determine numerically these corre-
sponding points is widely encountered and of a multiple character [9, 12].
Only one type will he described here for water turbines.

Let us assume that the efficiency diagrams of two similar turbines are
available (Fig. 1). Such diagrams are widely used in practice. On Fig. 1 the
efficiency pertaining to the given head of a turbine of given dimensions is
illustrated in the field of unit speed and volumetric flow. In case of adjustable
runner blades, the setting is naturally constant and identical for both diagrams.
It is irrelevant whether the diagrams represent the results of separate tests
for the two turbines or if one was calculated from the other. The diagrams may
relate to non-cavitation flow conditions or to such flows where cavitation has
developed to only a certain extent making its effect on variables rj, and
nil negligible. On the other hand, the diagrams may illustrate the test results
obtained by means of the same turbine when, for example, the effects of differ-
ent water temperatures or air contents are studied by using the same model
turbine.
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Considering point P' on the diagram of the turbine marked by the
problem is to find point P" on the diagram of turbine ", that would
correspond to P'.

Various suggestions can be made for the calculation of these corresponding
points, and the corresponding operating conditions thus determined will be
similar from certain aspects. According to one of the suggestions [3], the re-
lations proposed for efficiency conversion could be used for cavitation scaling-
up too:

on_ T nlt v

: . (8)
Qn AVAN! nil v

In order to illustrate the hydraulic background of these relations, let us con-
sider two similar turbines. For convenience’s sake let identical diameter and
speed be assumed for both turbines with, however, different surface roughness,
clearance, and viscosity figures permitted. Thus, the relations available for
the determination of corresponding operating conditions are:

Assumptions: D" — D' and n" —n"',
according to Equ. (7): R —R".

The requirements equivalent to Equs (8), obtained by substituting the
relations defining Qn, nll, and r] into Equ. (8), are

Q'=Q\ Mm'= M\

Due to the assumptions, the runner speed is identical for identical diam-
eters and, consequently, the Q" — Q' requirement is evident as this ensures
identical mean values for the axial velocity components of both turbines.

Since the torque can be calculated from the pressure differences at the
blades, the M™ = M"' requirement provides for certain identical mean values
exhibited by this pressure difference. Thus, the operating conditions determined
by Equ. (8) are the “least different” inasmuch as the volumetric flow, torque,
and the mean values mentioned above do not differ. The other methods used
to determine corresponding points do not ensure the validity of all these con-
ditions unless they are equivalent to Equ. (8).

It should be noted here that, if under the conditions referred to above
n* tj', then H"~ H' and 4d0 a0. Although the latter inequality
means a deviation from strict geometrical similarity, the employment of the
relations in question may be suggested for cavitation conversions for several
reasons. Primarily, provisions of similar flow conditions at the runner seem
much more important for cavitation conversion than the adherence to geo-
metrical similarity at the guide vanes. Secondly, the differences of the a0
values will probably be insignificant, anyway [12].
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Returning to the general case when D"~ D' and n™ ”~ n', it is easy
to demonstrate that Equs (8) are equivalent to the following relations:

C1R ' "
V. .n'D- M Q n :I‘M .
(DJ (D'f (D"f La A

Thus, the operating conditions determined by Equ. (8) are the “least different”
in the sense that these ratios are identical for both turbines. Here the M/D'*
gquantities are of the pressure dimension type and represent certain mean
values of the pressure difference produced on the blades being, therefore,
closely associated with the relative velocities around the blades proper. If a
one-dimensional approximation is accepted for the description of the flow in
the turbines, then Equ. (9) may be interpreted as representing the similarity
conditions of the inlet velocity triangle.

V. Similar cavitation states

According to Ref. [11] the cavitation can affect the operation of water
turbines in several ways: It may cause noise, vibration, pitting, or performance
variations which, in turn, may concern efficiency, output, or other charac-
teristics. The prediction of noise, instability phenomena or pitting from
model tests is not as yet sufficiently established. The main objective of cavita-
tion model tests is the effect of cavitation on output and, above all, on
efficiency, associated with visual observation. Fig. 2 presents a typical test
curve. As examples, the following characteristic a values were used:

Fig. 2. Typical cavitation curve

<0 the minimum value of a for which the efficiency remains unchanged as compared
to non-cavitating conditions. Sometimes it is called “minimum sigma”.

0j the lowest value of sigma at which the reduction of efficiency amounts to 1 per cent
as compared to the non-cavitating level;

as “standard sigma”, that is, the sigma value at the intersection of the constant
(non-cavitating) a line with the strongly dropping straight line. Along the latter, all measuring
points represent significant cavitation.

acl in case of decreasing pressure, the a value related to the appearance of visible
cavitation bubbles at the tip clearance of the runner blades.

a, “incipient cavitation number”; in case of decreasing pressure, the a value related
to the appearance of the visible cavitation voids on the runner blades.
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Two cavitation states are considered as similar, in similar machines under
corresponding operating conditions, if their sigma values are equal to the
same type characteristic sigma values of the compared machines. Thus, the use
of a cavitation scale formula is restricted to the conversion of some charac-
teristic sigma values, such as cOor 07. The similarity of cavitation states was
defined here only for discrete sigma values and, although not widely accepted,
this definition is very useful in practice.

V1. Cavitation scale effect groups

Holl and wisLiCcENUS have characterized the scale effects by using
non-dimensional variables [7] (and, consequently, call the effect of viscosity
Reynolds number effect, the effect of surface roughness as the relative rough-
ness effects) and discuss cavitation scale effects in two parts:

a) Scale effects exerted on the flow outside the cavitation voids affecting,
therefore, the minimum pressure within the liquid flow, and independent
of the existence of cavitation;

b) Scale effects exerted on the cavitation or evaporation process causing
a pressure in the cavitation voids other than that of the saturated vapour,
or tension and time delay.

In some cases it is useful if, when discussing the scale effects on minimum
pressure, the global and local effects are distinguished. Thus group a) may be
divided into two parts:

aa) Scale effects on the pressure in a certain part of the machine or
structure, causing an identical pressure variation at each point of this part
and adaptable, therefore, at an optionally given point of reference;

ab) Scale effects on the local pressure differences in a certain part of
the machine or structure, affecting the pressure difference between the ref-
erence pressure determined according to aa), and the minimum.

Let us examine, for example, the Reynolds number effects on cavitation
in case of water turbines. The turbine is divided into three main parts: spiral
casing with the guide vanes, runner and its environment, and draft tube. From
cavitation aspects, the runner and its environment are most important.
Variations in the losses across the draft tube and spiral casing due to Reynolds
number variations can be considered as global scale effects on the pressures
at the runner, causing an identical pressure variation at the runner. The point
of reference may be given, for example, in the neighbourhood of the expected
minimum pressure point at the runner blades. Then the variation in the
minimum pressure at the runner can be accounted for in two steps: Variation
due to the above mentioned scale effect of Group aa), taken into account at
the point of reference, and variation in the pressure difference between the
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reference pressure and minimum pressure. The latter is the local scale effect
of Group ab); when considering the Reynolds number effects it is due mainly
to the variations of the characteristics of the boundary-layer on the runner
blades. Even at identical minimum pressure, the increase and collapse of the
cavitation voids also depend on viscosity, which may cause time effects, un-
doubtedly indicating a Reynolds number effect of group b).

In accordance with this terminology, the Nechleba effect may be charac-
terized as a global scale effect exerted on the pressure prevailing at the runner,
due to the same physical reasons which bring about efficiency variations,
such as Reynolds number, relative roughness, and variations of relative
clearance dimensions. Since nothing but the global scale effect is included, the
Nechleba effect belongs to Group aa).

VIl. The Nechleba formula

Here the Nechleba effect will be discussed on the basis of a one-dimen-
sional approximation and the classical cavitation criterion, with all other
cavitation scale effects excluded. Particular attention is paid to the assump-
tions as they will be modified later on.

Let us consider two similar turbine operations under corresponding
operating conditions in conformity with Equ. (8). Let the minimum pressure
(p M) prevailing on the blades be equal to the equilibrium pressure of the vapour
pertaining to the given water temperature (pV), for both turbines:

Pm= Pv (10)

According to the classical theory, the sigma values of the machines correspond"
ing to this condition represent the initial cavitation numbers; these are in-
dicated by a] and a". Since all other scale effects have been excluded, the Nech-
leba effect will be manifested by the possibility of a" being different as com-
pared to a'. Thus, our objective is to find a relationship between a[ and a".

Now a one-dimensional approximation is employed for the determi-
nation ofthe pressures in the turbine. Fig. 3 presents a line of reference marked
0123, for any of the turbines, together with the main points of reference in-
cluding the minimum pressure point Pressure head h is related to the
same horizontal plane given, at any of the points of reference concerned, below
the turbine:

A=, (11)

where p is the representative pressure at point P (that is, representing the
weighted mean value [9]), and y is the vertical distance of P from the op-

Acta Technica Academiae Scientiarum Hungaricae 64, 1969



CAVITATION SCALE FORMULAE FOR WATER TURBINES 395

tionally given level. Fig. 4 illustrates the variations of h along the line of

reference.
Using Fig. 3, Equ. (11), and the definition of the cavitation number given

h3= — + ¥3= ey Ya Y3 Hs)+ ys3= -

y y (12)

Fig. 3. Schematic diagram of a Kaplan turbine, with the principal points of reference

Fig. 4. Variations of pressure head h along the line of reference

For the sake of simplification, let us assume thaty# —ywm is negligible as com-
pared to the head (see Fig. 3). Thus, taking into consideration Equ. (10), the
sum of the last two members on the right-hand side of Equ. (12) will amount
exactly to Sy whereby, using the symbols of Fig. 4,

A = h3—hM= (jH . (13)
Section A may be divided into two parts (Fig. 4):
A=a-fb (14)
which will be compared separately for the two turbines.
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It is well known that, in case of kinematically similar flows of a friction-
less fluid in a homogeneous field of gravity, the difference of pressures pre-
vailing at two optionally given points, and related to the same equipotential
level, will be proportional to the square of velocity. Thus, neglecting the effect
of internal friction on pressure between the blades, and taking into account
that, according to the original assumption, the two turbines are running under
corresponding operating conditions which represent the best possible ap-
proximation of the kinematically similar flows between the runner blades,
the law referred to above may be applied as an approximation to the pressure
distribution prevailing on the blades of both turbines. Using, for example,
the sections presented in Fig. 4, and a characteristic velocity, it is easy to
calculate:

i D2

This equation can be verified on the basis of the airfoil theory as well, since
the mean inlet velocity triangle of the runner is similar in the two turbines
as was mentioned earlier.

The validity of Equ. (15) can be supported by using Equ. (9) for torque,
and by taking into account that, in Fig. 4, the area between the pressure
and suction side lines is proportional to the torque. As a consequence, at least
the mean pressure difference between the two sides of the blade accounted
from the area mentioned above will surely be proportional to the square of
the characteristic velocity.

The last assumption given for the comparison of the pressure differences
in the two machines claims that the pressure head rise coefficient

(16)

is identical for both turbines. An equivalent assumption used by Nechleba
[3] is that the draft tube efficiency is constant. In the first approximation
this appears justified. On the basis of Fig. 4, this assumption shows that

6": 17)

Using Equ. (14) for both turbines, Equs (15) and (17) yield
m W . M n (18)
D"21 \D'2J
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Substituting the values of A" and A' from Equ. (13) into Equ. (18):

o H" : Q" Q (19)
D2 D'2

Thus, from the definition of Cu and from Equs (19) and (8) the Nechleba for-

mula follows:
n)2-=
(20
e

VIIl. The modified scale formula

The validity of the last assumption in the foregoing analysis is doubtful.
To give a reason for this statement an analysis is given here based on the
same assumptions as the Nechleba equation, except the last one. It is replaced
by another assumption which seems to be as natural as the original one at
least. The modified analysis based on the new assumption leads to a scale
formula quite different from the Nechleba one indicating that the validity of
the assumptions in question is to be carefully analyzed.

Tenot has elaborated two methods for the calculation of the minimum
pressure in turbines [8]. According to the first one, pressure p3is calculated
at the tailwater from the atmospheric pressure, and the minimum pressure
is determined by estimating the p3 —p M difference. Essentially, this method
was followed above. The starting point of the second method is pressure p a at
the inlet of the turbine and, accordingly, the p 0 — p M difference is estimated.
It is, therefore, quite natural to carry out an approximation on the basis of
the latter method as well, with the discussion and the assumptions fitted
thereto.

According to the definition of the net head

(21
and, by making use of Fig. 4 as well as Equ (13), it follows that
B=h0o- hM= K - h3+ h3- = + + (22)
29 2¢
Finally, according to Fig. 4
B==¢e+f. (23)

The e values have been related for the two turbines in Equ. (15), thus
now a relationship between the/values must be found. For this purpose, the
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last assumption of the foregoing discussion will be replaced by the following
one:

The inlet pressure head drop coefficient

K
- (24)
T dizg

is identical for both turbines. An equivalent expression of this assumption is:

r- ol =iy 8_4 (25)
The analogy of this and the replaced assumptions is revealed by Equs (16)
and (24) as well as by Equs (17) and (25). This analogy shows that there is no
theoretical reason for preferring either of these assumptions in question to the
other.

In this analysis Equs (17), (18), (19) and (20) cannot be used, as they
are consequences of the replaced assumption. However, the main line of anal-
ysis derived from the new assumption is analogous to the derivation of these
equations. Kow it follows from Equs (25), (23) and (15) that

w. Q'Y _ L., Q2
B" : DQ’.’Z = B': o (26)

then, substituting the values of B from Equ. (22) into Equ. (26):
(< + HH"  (c"f- [etf _ (@ + 1) If @©of - (c")2

Q2 9qQ ° Qf )2 o
B- 9,57 D'2) 29 [p'2)

(27)

The two turbines have been assumed to be similar and, therefore, the second
members of the two sides of Equ. (27) are equal. Thus using the definition of
@X as well as Equ. (8), it follows from Equ. (27) that

4~ 1 Ne ]: JL (28)
o\ + | Qu V'

This is the modified scale formula, based on the same assumptions as the
Nechleba equation, except the last one.

It is interesting to see how this modification of the Nechleba formula
compares numerically with it. The following values are selected as examples:
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ri' —0,88, "= 0,92, a* = 0,80. The Nechleba formula gives a" — 0,836,
while the modified formula is a" = 0,882.

Generally, such significant derivations in sigma cannot be neglected
in practice. This is why the use of the last assumption in the derivation of the
Nechleba formula is doubtful. The new assumption according to which CQOL
does not vary in spite of the variations of the Reynolds number and other tur-
bine parameters, might prove to be a much better approximation than the
similar assumption for C23, as the velocity increases along the 01 line while
a diffusor effect takes place in the draft tube. Intake losses are, therefore,
much lower than the draft tube losses and, presumably, the Reynolds number
effect is similarly much lower on the colthan on the c23value. If this condition
is satisfied, a simple calculation shows that the modified formula leads to a
smaller error in the sigma value than that obtained, when using the original
one. A careful analysis of Reynolds number effects on the intake losses and
draft tube losses would be necessary to see which of the formulae gives a better
approximation. Unfortunately, the information available on such Reynolds
number effects is as yet relatively scarce. Thus, the calculations made for
this purpose are only of informative nature, however, they show that for low-
head turbines the modified formula is better, while for high-head turbines
the original one.

An advantage of the modified formula as against the original one is
that, in case of a partially developed cavitation, the bubbles and cavitation
voids may influence the draft tube losses and CZ3values, while COLis equal to
the non-cavitating value. Thus, the validity range of the modified formula
may be extended to other cavitation conditions beyond the incipient one,
until the efficiency does not vary. For example it can be used for the con-
version of Oci, Oi, and crO as well. In other words, the Nechleba effect can be
estimated by means of the modified formula

(1] + 1 1]
a ] 29)
V+ T ~vVv
for every characteristic cavitation number a‘', for which
(30)

The above numerical values show that the modification of the last
assumption in the derivation of the Nechleba formula leads roughly to the
same deviation in sigma as was obtained by estimating the Nechleba effect
according to the original formula. This means that the Nechleba effect is
sensitive to the variations of hydraulic losses, and therefore its estimation is
somewhat more accurate than that represented by any of the above derived
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formulae, if a scale effect calculation of the inlet losses is carried out in function
of the Reynolds number. The inlet losses can be “scaled up” similarly to the
conversion in the Hutton formula:

B" B’ Re’
] ] 1+ E+ F (31)
(Qih"22" (Q'iD™1 Re"

where E, F, N are constants. Using this assumption the modified formula is
represented by the following expression:

n Re' N-
o'+ 1=-1 (@+1) 1+ E+ F (32)
v Re"

Since there are no experiences available as yet on the E, F, and N values,
it is suggested to neglect this Reynolds number effect for low-head turbines
at least, that is, to accept E = 0 and F = 0. In this special case Equ. (32)
is reduced to the modified formula as used above.

IX. General cavitation scale formula

Chevalier published some test results obtained by cavitation tests in-
volving a Kaplan turbine model and afull-scale machine [6]. Some of these data:

Diameter: D' = 0,500, D" = 7,00 m;
net head: H' = ua4o, H" = 11,10 m;
air content: a* = 0,5, 2= 25 9
minimum sigma: » = U27, % = 14.

Assuming that ri' = 0,90 and rf' = 0,93 then, for a Og= 1,27 wmalue

dified formula would give dq= 1,34, that is, a difference of AA0= 0,24 will
be observed between the estimated and measured values of a" showing that,
in addition to the Nechleba effect, there may be other scale effects affecting
the minimum sigma value, as well, in practice especially the effect of the air
content. The following discussion takes these scale effects into consideration
at least theoretically, leading to the derivation of a general cavitation scale
effect formula from the modified Nechleba equation. Furthermore, the prin-
cipal assumptions of the previous paragraphs will be reviewed and weakened
if possible.

Let us consider two similar turbines running under corresponding oper-
ating conditions. Rejecting the classical cavitation criterion, it will be assumed
that the turbines are operating with characteristic cavitation numbers of the
same type. Since any type of the characteristic cavitation numbers may be
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involved, these will be indicated by a" and a' without subscripts. In order to
find a relationship between the cavitation states and the pressures existing
in the turbines, the cavitation parameter Kk will have to be introduced as an
analogy of the cavitation parameter, widely accepted in cavitation modelling:

K = Pv
%4

where pr is the representative pressure at an optional Pr point of reference,
in the neighbourhood of the runner blades, and vris the characteristic velocity.
The location of reference point Pr is not fixed unequivocally. It may be up-
stream or between the runner blades, and may coincide with point P xor PM. It
is advisable, however, to select it in the vicinity of the minimum pressure

Fig. 5. Rectified airfoil with the Pr points of reference

point, in order to make the Kk parameter characterize the local conditions
of cavitation. At the same time, taking special aspects into account may lead
to an opposite result if, for example, airfoil measurements or calculations are
available which can supplement the cavitation scaling-up only with the point
of reference being in a geometrically similar position. The position of point Pras
compared to the runner is best determined in a frame of reference rotating
together with the runner itself. Thus Pr will rotate along a circular orbit in
the steady frame of reference. In case of a horizontal shaft type machine, the
representative pressure Pr relates to the top point of this orbit, and so does
height yr (Fig. 5).

The characteristic velocity is not related to the point of reference. It
may be, for example, the relative velocity at a given point upstream to the
runner blades, or it may be the u peripheral velocity of the runner. The former
is usual in the airfoil theory, and the latter was used by Stripling and Acosta
[10] for pumps. Any of these velocities is proportional to the others since,
running under corresponding operating conditions, the turbines will approxi-
mately have developed kinematically similar flow types.

Comparing the definitions of k and sigma, it is easy to realize that k
describes the local conditions of cavitation at the runner, whereas sigma the
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external conditions. Thus k and sigma may be called “internal” and “external”
cavitation numbers, respectively.

The Nechleba effect was defined as a global cavitation scale effect which,
therefore, would not affect the kK cavitation number. Were the other cavitation
scale effects ignored, the internal cavitation number k would have to be
identical in both turbines. Due to the other scale effects, k'~ k" but to
find a relationship there which could differentiate between these scale effects
lies outside the scope of this paper. Thus assuming a known k' — k" variation,
the derivation of an equation for a" and a' is aimed at.

In discussing the Nechleba effect, a one-dimensional approximation was
used to determine the pressure head relations in the turbine. Here, instead of
this rough approximation there are only three reference points used, namely
Pr as referred to above, PO at the inlet, and P 3 at the outlet (Fig. 3).

It is assumed here moreover that the pressure head drop coefficient

hn— hr
W-g

is identical for both turbines. This assumption seems reasonable for low-
head turbines on the same basis as the one used for the corresponding assump-
tions earlier. And this assumption is quite sufficient for the derivation of the
general formula. The hO— hr difference may be written in this form:

(34)

fir —

i0 hr—(hu h3 --h, hr. (35)

Substituting the value of h0 — h3 from Equ. (21), that of h3 from Equ. (12)
(omitting the subscript of sigma, as the characteristic sigma has no subscript
here), and that of hr from equation

hr= — -+ Jr= — -fxk + Yr (36)
Y y 29

into Equ. (35), the following relation is obtained:

h.= H JL+aH+P™- o oy @D
2 Yy Yy 20

By making use of the above assumption,

H" 4- ——  a"HY yR—y" —K"
% %
<?Rg @8)
H* cs- §L + fFH' + yR K VS
29 29
" c?Rg
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Since the turbines are similar, the ratios of the outlet and inlet velocity head
values cancel each other and Equ. (38) may be written thus:

" g P e

H” 2gH*™ (39)

1+ 01+ .]r—Jr _ k’
cr #' 2gH"

For corresponding operating conditions:
62 v QDY)
Heoan H" 03 (40)
H' H' H'

Thus, from Equ. (39),

1+ or + Jre Jr k" I+ 0" + YR Jr k' v v (41)
" 2 gH" v H' IgH" "
and, due to the geometric similarity,
D
Jr-Jr= (Jr- Jr) (42)
T
Substituting this into Equ. (41), and after rearrangement:
_ 4'A" D'
ez e oy T (K - K) (43)
v H" 4'H' D" 2gH"

Equ. (43) represents the general cavitation scale formula, where the meaning
of the individual members is as follows:

The first member of the right-hand side of Equ. (43) reflects the esti-
mation of the Nechleba effect. True, ify"—y£ can be neglected as compared
to the value of H”, and k' = k", that is, if the other scale effects are ignored,
then Equ. (43) is reduced to the modified formula. For high-head turbines this
member in Equ. (43) can be replaced by Equ. (32).

The second member of the right-hand side of Equ. (43) expresses the
Froude number effect exerted on the pressure existing at the point of reference.
It deserves attention that the similarity condition by Froude in the usual form

H" H'

ir TY

(44)
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[5] is not sufficient to make this member zero unless the efficiencies are equal.
Accordingly, the accurate form of the Froude similarity condition taking the
efficiency variations also into account, is:

tji"H” n'‘H" 45)
D" ~ D'

This equation can also be derived from the other well-known forms of the

Froude similarity law.

The last member of the right-hand side of Equ. (43) is to express the other
scale effects. Let us consider, for example, the air content effect. A critical
review of the publications on the air content effect on cavitation in axial turbo-
machines is given in Ref. [15] stating that the diversity in the conclusions of
the authors cited are due to the different test rigs, instruments, and test meth-
od used by them. Nevertheless, as a first approximation, estimating on the
basis of the Shmuglyakov formula, and using the characteristic velocity vr —
= ioDj2 the following expression has been obtained

(46)

100

The air content effect is a local scale effect at the runner. Further research
could be, therefore, concentrated to such a scale formula where the air content
effect would be expressed by the local variables of the flow around the runner,
instead of by those figuring in Equ. (46). It is expected that the air content
effect will be much more regular if expressed by the local variables than has
been experienced so far.

X. A summary of the characteristic features of the general formula

The general cavitation scale formula (43) was derived theoretically.
In this derivation, neither the classical cavitation criterion of Equ. (10) nor
the one-dimensional approximation employed for pressure calculations was
made use of. The most essential assumption is that, under corresponding
operating conditions, the Cor coefficient of Equ. (34) is the same for both
turbines. With more accurate information on the values of the inlet losses
available, this condition may also be weakened, for example, in the manner
described for the modified formula [Equs (31) and (32)]. In case of high-head
turbines this correction is significant.
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The general cavitation scale formula can be used, under corresponding
operating conditions, for the conversion of any type of the characteristic sigma

numbers. For practical calculation purposes, the k' — k™ value must be esti-
mated. For different characteristic sigma types, k' — k™ may naturally be
also different. In most practical cases, k' — k™ is probably larger than or

equal to 0. Thus, omitting the last member of the formula, the sum of the
first two members represents an estimation of the maximum (that is, the most
unfavourable) a" value.

The members of the right-hand side of Equ. (43) express the Nechleba
effect, the Froude number effect on the pressure prevailing at the point of
reference, and the other scale effects, in this sequence.

In studying these other scale effects, it would be reasonable to use the
internal cavitation parameter k, according to Equ. (33). In this case, the
Nechleba effect and the Froude number effect mentioned above could be
neglected in course of the investigation.

Ifthe testing of other scale effects leads to numerical estimations on the
k' — k'™ value, then the resultant scale effect brought about by the scale
effect studied, the Nechleba effect, and the Froude number effect referred to
earlier will be expressed by the general cavitation scale formula.
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Formeln des Kavitations-MaRstabeffekts zur Berechnung von Wasserturbinen. Wir
versuchen hier die Formeln des Kavitations-MafRstabeffektes zur Berechnung von Re-
aktions-Wasserturbinen abzuleiten. Bezlglich der Definition und der Klassifizierung der MaR-
stabeffekte gehen wir von der von Hotr und Wisticenus aufgestellten Theorie aus. Unsere
Erganzung in der Aufstellung der Definition von koordinierten Betriebszustdnden und den
ahnlichen Kavitationszustdnden gilt als Beitrag zur praktischen Anwendung. Unsere aus-
fuhrliche Untersuchung betrifft einen besonderen MaRstabeffekt, der mit den Verdnderungen
des Nutzeffektes zusammenhéngt, die hauptsdchlich durch Anderung der Reynoldsschen Zahl
und der relativen Rauheit hervorgerufen werden. Hierbei haben wir andere Arten des Kavi-
tations-MaRstabeffektes auBer acht gelassen. So gelangen wir zur Ableitung der Nechieba-
Formel und zu einer Modifikation derselben auf Grund einfacher Voraussetzungen. Es folgt
die Besprechung anderer Arten des Kavitations-MaRstabeffektes, wie z. B. die Beobachtung der
Wirkung des Luftgehalts, und die Ableitung einer allgemeinen Formel des Kavitations-
M afRstabeffektes, die, wie es scheint, der Ausgangspunkt einer weiteren Entwicklung sein
dirfte.

dopMynbl  KaBUTAUMOHHOIO MacwiTabHoro agdekta ans rugpoTypéuH  (A. dan).
B paHHOl cTaTbe cienaHa nonbITKa BbIBECTU A/151 PeAKLMOHHbIX TYPOUH (GopMy/bl KaBUTaLMOH-
HOro MmacwiTabHoro adpekta. OnpefeneHne M KnaccupmMKaumioo MacliTabHoro atdekra npeg-
nonaraeTcs 060cHOBaTb Ha Teopun Holl 1 Wislicenus, U A8 NPaKTUYECKOrO MPUMEHEHNSA
OHW [JOMOJSHAIOTCA OMNpeAeneHNeM COMPSHKEHHbIX PaboyMX PEXMMOB W aHaNOrM4yHbIX KaBu-
TaLUWOHHbIX COCTOSIHMIA. 3fecb paccmaTpuBaeTcsl MOAPOGHO TaKol KaBUTALMOHHbIM MacLuTab-
HbI 3(eKT, 3PPEKTMBHOCTL KOTOPOro 3aBUCMT OT MaclTabHoro aekTa, BO3SHUKAOLLENO
B OCHOBHOM OT M3MeHeHUsi Yucna PeliHoNbAcCa ¥ OTHOCUTENBHON LuepoxoBaTocTU. Mpu AaHHOM
aHanM3e He MPUHUMAKOTCS BO BHMMaHVe NpoYMe KaBUTALMOHHble MaclUTabHble aekTbl. dPop-
Myna Nechleba ¥ ee MogudUKaLMsa BbIBOAATCS TakuM 06pa3oM M3 NpocTbixX ycnoBuii. Mocne
Yero YYMTbIBAKTCA W OCTa/lbHble KaBWTALUMOHHblE MacliTabHble 3hpeKTbl, Kak, Harpumep,
BO3/eMCTBUE COfepXXaHMSA BO3A4yXa, M BbIBOAWTCS ofHa 06L4as hopmyna KaBUTALWUOHHOIO Mac-
WTabHOro 3adiheKkTa, KOTOpas KadKeTcs MOAXOASALLENA ANA MPoYvMX Cy4vaes.
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SLAB MILLING WITHOUT CUTTING
FORCE FLUCTUATION

A. HORNUNG
DOCTOR OF TECHN. SCI.

[Manuscript received October 10, 1967]

In the workshops the driving power of milling machines is not fully utilized. Milling
is a complicated machining operation and under practical operating conditions very large
force fluctuations occur, which prevent the utilization of the available power. But, as is shown
by the author with the aid of examples, by correct use of helical cutters conditions can be
created which permit the full use of the power available in the machine and in the tool. Finally
a method is described for determining the optimum standard cutter for a given milling width,
so that the making of a special cutter is avoided.

The utilization of the driving power of milling machines is very small,
e.g. according to the investigations of Prof. opitz it is only 16% in West-
German factories in single and mass-production [I].T he reason why is the fact,
that the process of the complex phenomena during milling is not yet known
well enough in the practice. The occurring disagreeabilities make it impossible
to esteem advantage the power of the milling machines and tools. If the
parameters of the milling process are not chosen correctly, very large force
fluctuations may occur, which decrease the utilization of potentialities of
milling machine and tool.

The variation of tangential force on a tooth may be determined
according to Fig. 1. (To simplify the calculation the tooth path i may
he assumed as a circular arc. The tooth path i is actually a curtate cycloid and
with the approximation of a circular arc the fault is 1,5—2% in the calculation
under the usual milling conditions. On up milling (Fig. 1) the tooth path will
be 1,5—2% longer than the circular arc [2].)

The momentary tooth path angle or chip angle (px gives the momentary
undeformed chip thickness: tx= fi sin qx, whereis the feed per tooth in
inches. The momentary area of chip cross-section is:

dx — ty-IvV

in sq. in, where iv is the width of milling in inches. The momentary tangential
force is:
Fx = K< = K fi sin (xw [Ib], (1)

kx is the momentary specific cutting resistance (specific cutting force) in Ib per
sg. in., which is a function of current chip thickness tx [3].
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The force fluctuation may be enlightened by the following example*
when the variation of the cutting force resp. of the tangential force will be
determined under the following conditions at straight toothed milling cutter:
cutter diameter D — 3"; number of teeth z = 10; width of milling w = 2"
depth of cutd = 0,2"; feed per toothy = 0,008"; material to be cut: carbon-
steel with tensile strength 53 ton per sq.in.

Fig. 1. Chip formation at peripheral milling

Fig. 2 shows the variation of tangential force in the function of cutter
turn in degrees. The values of the momentary tangential force may be deter-
mined by formula (1) and the specific cutting resistance is in function of the
current chip thickness for the Work material to be cut given according to the
author’s investigations [4].

176200 .
«X = 012 [Ib Per sd-m ] (2)

For this calculation the chip arc angle or tooth engagement angle
during one tooth is cutting in the work material, is in Fig. 1. by the half angle

sin G2 = (3)
sin 95/2 0,2578,

(fl2 = 14°56', = 29°52"

Acta Technica Academiae Scientiarum Hungaricae 64, 1969



SLAB MILLING 409-

Here we calculate two values of the tangential force, which belong to
the average and the maximum chip thickness ta and fmax
The average chip thickness is:

<p
la—fl St (4>
and ~max 2
ta= 0,008 0.2 0,22 = 0,00198".

FLi]

Degree of culler lurn

Fig. 2. Variation of the tangential force in function of cutter turning when straight toothed
cutter is used

The values of specific cutting resistances belong to ta and (max according
to formula (2): ka— 660 000 and fcmax = 580 000 Ib persq. in. Fa and Fmax
are by formula (1): Fa= 2615 and _Fmax = 4500 Ib. To draw the variation of
tangential cutting force it is correct to calculate some values of this force in
function of the cutter turning angle.

But the Fa cutting force refers to 29°52' tooth engagement angle, and
because the angle of tooth pitch is 6 = 360jz = 360/10 = 36 degrees, during
6°8" of cutter turning no tooth is working and, therefore, the tangential
force is zero. After 36 degree of cutter turning the next tooth begins to cut
again, as can be seen in Fig. 2.
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We can calculate such an average tangential force, which substitutes
the interrupted variable tangential force by means of the contact factor:

V- (5)

In the example given ip= 29,866/36 = 0,829 and the continuous aver-
age tangential force is:

Fa'= ipFa= 0,828,2615 = 21701b . (6)

The average required power at a cutting speed s of 65 ft per min

2170-65
Pa = - —4,11hp,

33000

P-= - - h .
33000 [hel ®)
The momentary maximum power:
Fmaxs 4500-65
8,86 hp.

33000 ~ 33000

As is to be seen in Fig. 2 the tangential force increases from zero to 4500 Ib
during 29°52/ of cutter turning and suddenly falls down to zero. This causes
such a force fluctuation or chatter which is very disadvantageous, equally for
machine, tool and workpiece. Under these conditions it is not possible to con-
tinue the milling work.

We must trend to hold such conditions or milling parameters, by which
the cutting force is about the same fastness continuously and the force fluc-
tuation is nearly zero. In that case we can utilize almost the whole driving
power of the milling machine, which was impossible in the earlier case and we
can increase the productivity of milling process many times.

The example shows two conclusions:

First, the milling cutter with straight teeth is not suitable for heavy
duty milling. Therefore it is not standardized in any country. If the number of
teeth is higher and therefore the contact factor ip 1, the teeth leave the
workpiece also, with the largest tangential force, but the tangential force will
not be zero, because the next tooth already in cut and the force fluctuation
remain the same.

Second, it must be found such away, by which the milling process will have
no force fluctuation. In that case it is possible to cut with the largest tangential
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force, allowable by the driving power and by the rigidity of the machine and
of workpiece or of clamping of workpiece.

If the milling cutter has inclined teeth according to conditions in Fig. 3,
then in the moment when one tooth leaves the workpiece at one side, another
tooth begins to cut at another side. Under these conditions it is possible to

Fig. 3. The conditions of cutting at milling cutter with a small inclination angle

cut without force fluctuation with a constant tangential force. In this
case

where co is the inclination angle of the cutter teeth, and

nDy

360 ®)

If this condition is applied to the earlier example 9= 0, the number ot
teeth will be z = 12. The number of teeth must be a whole number. The chip
arc will be:

nDcp A3 29,87
360 360

0,787" ;

and

tanc = N 587 = 0,391, <co= 21,3°.

The feed per tooth remains = 0,008"; the average chip thickness for
29,87 deg. tooth engagement angle remains also unchanged ta= 0,00198",
hut the effective average chip thickness is a consequence of inclination angle
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of cutter teeth:

va= 0,00198 m0,945 = 0,00188" ;
(10

ta = ta COS co

therefore, the specific cutting resistance for the effective average chip thickness
according to formula (2) k — 664 000 Ib per sqg.in:

Fa= kwta= 664 000+2+0,00198 = 2630 1Ib ;

the contact factor

Wbz il 0,986 ; Fa= 0,996 +2630 = 2620 Ib.

The difference between Faand Fais negligible and also the force fluctuation,
which is about 20 Ib, 0,76% of F a.
The required power
2620-65

33000

5,15 hp

is by 23,5% larger than the earlier 4,17 hp. But the metal removal is by
20% larger according to the higher feed rate per min as a consequence of the
higher number of teeth and the unchanged speed.

For this example there is no reason to draw the diagram of the variation
of tangential force, because there is almost none.

This example shows that with milling cutter having a small inclination
angle we may obtain very good results. But the further investigations show
some drawback of this milling cutter type. For every milling job a special
cutter must be produced and for many values of width or depth of cut it is not
possible to obtain as advantageous conditions as in the earlier example. The
problem is overdetermined at the milling cutters having small inclination
angles, because the number of teeth must always be a whole number and i
must be equal to p, which is very rarely possible.

The general investigations include milling cutters with large inclination
angle, as can be seen in Fig. 4. The turn of the milling cutter is stretched out
in this figure. Figs 4a and 4b show milling cutters having a small inclination
angle. The latter shows a milling cutter with close teeth, i = 2p where p is
the pitch of cutter teeth. In this case we may work with small feed per tooth,
therefore, average chip thickness will also be small and the specific cutting
resistance large. This increases the tangential force and the required power.

The cutting conditions are quite different at milling cutters with large
inclination angle, as seen in Fig. 4c. In this case the continual work without
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force fluctuation is assured, when the cutter teeth are not working in the whole
width of milling, only the following condition must be accomplished: When
one tooth begins to leave the workpiece at one side, in that moment another
tooth must begin to cut at the other side. There is no longer the overdetermina-
tion, besides, because it is always possible to find an angle, which satisfies
the following condition:

tan ft) = [ (11

tv

Fig. 4. The interpretation of contact factor at peripheral milling cutters with small and large
inclination angles

when on the width of milling not only one but more teeth can work at once:

n
tan ft) = —p;
w
in Fig. 4d
2
tan ft) = —p—.
w
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The calculation of the tangential force for one tooth at milling cutters
having a large inclination angle may be as follows (in this case one tooth gen-
erally cuts on a part of width of milling):

g = icosto. (12)

To this part of width belongs an average chip thickness, according to feed
per tooth, depth of cut and cutter diameter [formula (4)]. For the calculation
of specific cutting resistance we should use the effective average chip thick-
ness [formula (10)]

The average area of chip cross-section:

aa=gta [sq.in] (13)

A tooth begins the cutting with tangential force zero and by some degree
of cutter turn the value of the g width part is obtained. After further cutter
turning receiving the tangential force which belonged to g, the tangential
force remains constant till that moment, when the cutter tooth begins to leave
the other side of the workpiece.

W hen at the same time one tooth works only, in other words, at the same
moment, when one tooth begins to cut at one side of the workpiece and the
preceding tooth begins to leave the workpiece at the other side, the condition
is fulfilled according to Fig. 4c, which is always possible:

p = wtan co. (14)
In this case, the contact factor is:

W tan co w

p p cot co

In all other cases the contact factor [4] is:

V= ¢l- (15)

Under these conditions the interpretation of contact factor means how
many cutter teeth are working in the width of milling at the same time.

The average and the continual tangential force for one tooth at milling
cutter having a large inclination angle:

= fcicotoia[lb]. (16)
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When at the same time not one but more teeth are working in the width of
milling, then the average tangential force for the whole cutter will he

F'a= mpFa— ipkicot ()I3= (17)
The required power for cutting

F'as kwitas
p = [hp] . (18)
33000 33000p

The following example enlightens the variations of tangential forces
at milling cutters having a large inclination angle, wheny =f=1. Namely, when
y = 1 (or another whole number) then the tangential force is constant.

The cutting conditions are: width of milling w = 2"; depth of cut d =
= 0,2"; feed per tooth = 0,008"; cutter diameter D = 3"; number of
teeth a = 7; inclination angle co = 45°; material to be cut and cutting speed
are the same as in the earlier example.

The average chip thickness remains as before, according to formula (4),
ta= 0,00198". Also the chip arc angle: @ = 29,87°, the chip arc: i = 0,787".
The effective average chip thickness: t' = cos ota= 0,707,0,00198 = 0,0014"
and according to formula (2) k = 707 500 Ib per sq.in:

Fa= 707 500-0,787-1-0,00198 = 11001b,

T 707500 -2 -0,787 -0,00198 -65 0 .
F=- - = 3,22 lip .

33000-1,35
W ith calculation of the variation of tangential force between = 0 and @ =
= 29,87° we can draw the diagram of the variation of tangential force in func-
tion of cutter turning as can be seen in Fig. 5. After cutter turning of 29,87°
the tangential force remains constant during further cutter turning of degrees
49,83. After this the tooth begins to leave the workpiece and the tangential
force decreases during further 29,87 degrees of cutter turning till zero. The pas-
sing through of one cutter tooth over the full width of milling belongs to 79,7
degrees of cutter turning.

But after the first 51,7 degrees of cutter turning the next tooth begins
to cut with the same variation of tangential force as the preceding tooth.
Thus, the diagram has the same tangential force variation for all the teeth
wivh tooth pitch angle delay of 51,7 degrees according to Fig. 5.

To obtain the variation of tangential forces for all the teeth of cutter the
tangential forces of all the teeth must be summarized. The resultant of the
tangential forces shows in Fig. 5 that the maximum force S Fmax = 2160 Ib
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Hlb]

-Fig. 5. Variation of the tangential force in function of cutter turning at milling cutter with
a large inclination angle, when the contact factor ip”™ 1,5

and the minimum one is E Fmin= 1220 Ib, therefore the force fluctuation is
940 Ib.

The pitch of tooth of the milling cutter with 7 teeth is

and the contact factor

1,486.

ip = ————— —

Cot cop 1,35
The average tangential force for all the teeth is
Fa= ipFa= 1,476-1100 = 1640 Ib.

From this result it is obvious that under conditions with yj= 1 no
force fluctuation occurs and in the last example with ip = 1,486 the force fluc-
tuation is 925 Ib.

The conclusion is the following: the greatest force fluctuation occurs,
when the contact factor is standing near to a whole number and a half and as
the contact factor comes nearer to a whole number, the force fluctuation is
decreasing.

This conclusion may be used very advantageously in choosing the stan-
dard milling cutter with the smallest force fluctuation at the width of milling
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given in that case, when the lot is small and it is not economical to produce
an extra milling cutter.

For the standard diameters of milling cutters and number of teeth it is
possible to determine the values of contact factor in function of width of milling

For the plain milling cutters of standard diameter with large inclination
angle co = 45 degrees, Table | may be constructed.

Table 1
Cutter diameter D
[inch]* 112 2 2 12 3 1/8 4
Number of teeth, s 6 8 8 8 8
Length of cutter, L
[inch] 1,1 172, 1 1/4,2, 1 1/2, 2,3 1/8, 2 172,
2 1/2 3 1/8 2 1/12,4 5 4, 5
Pitch of teeth, p
[inch] 0,786 0,786 0,982 1,25 1,572
= ¢ 1,273 1,273 1,018 0,80 0,636

(?Ot-C_Dp
* Draft 1SO Recommendation, No. 669.

By means of the values above it was possible to draw the diagiam in
Fig. 6. This diagram enables one to choose the most advantageous milling cut-
ter working with the smallest force fluctuation. E.g. to mill a workpiece with
3" width, the milling cutter of diameters 2 1/2", 3 1/8" and 4" give contact fac-
tors according to the diagram of Fig. 6 (p — 3,05, 2,4 and 1,91). The most
suitable cutter diameter is: D = 2 1/2", the unsuitable: 3 1/8". The cutter diame-
ter 4" has ip — 1,91, which also gives a small force fluctuation.

But when feed per tooth is — 0,008" and the cutting speed is s = 65 ft
per min, according to these values the cutter revolution per min will be n = 100
and 62 for cutter diameters D = 2 1/2" and 4". The metal removal will be at
the 2 1/2" diameter cutter by 61,5% more than at the 4" one, because the
feed rate per min fm= fpiz at the 2 1/2" fm= 0,008-100-7 = 5,6" and at
the 4" one 3,45".

Under the condition when the force fluctuation is very small, it is possible
to utilize the full driving power of milling machine by increasing the feed per
tooth, provided the surface roughness does not exceed the prescription.
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u/

Fig. 6. The values of contact factor ip in function of width of milling, at milling cutters with
< — 45 degrees inclination angle for different diameters and different number of teeth

The method shown above enables one to utilize the full driving power
of the milling machine, which was hindered by large force fluctuations
occurring. This method helps to decrease cost of production at the milling
operations.
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Walzcnfrasen ohne Krafteschwankungen. In den Betrieben wird die Leistung der
Frasmaschinen nicht ausgenitzt. Das Frésen ist ndmlich eine komplizierte Zerspannungs-
operation, und gewdhnlich tritt unter praktischen Bedingungen eine so groBe Kréafteschwan-
kung auf, die die Ausnutzung der verfiigbaren Leistung verhindert. Wie jedoch der Verfasser
im Rahmen von Beispielen nachweist, kdnnen durch richtige Verwendung von schragverzahn-
ten Frésern Verhéltnisse geschaffen werden, welche die Ausniitzung der an der Frasmaschine
und am Werkzeug verfiigbaren Leistung ermdglichen. SchlieBlich wird eine Methode beschrie-
ben, mit der aus den Normfrasern fur eine gegebene Frasbreite der am giinstigsten arbeitende
Fréaser ausgewahlt werden kann, und sich die Anfertigung eines Spezialfrésers eribrigt.

dpesepoBaHMe LMINHAPUYECKNX NOBEPXHOCTEN 6e3 KonebaHnsa ycunmsa (A. XOPHYHT).
Ha 3aBojax MOLHOCTb (hpe3epHbIX CTAHKOB MOMHOCTbIO He ucnonb3yeTcsi. Kak u3BecTHo,
(hpesepoBaHMe SABNSETCA CMOXHbLIM MPOLLECCOM pe3aHusi Mo MeTanly M 06blMHO MpU NpakTu-
YeCKM BCTpevaloLLMXcs YCMNOBUSIX BO3HWKAET Takoe CU/IbHOE KosebaHWe YCWUvs, KOTOpoe
npenscTBYeT UCMOMb30BAHMIO MMEILLECA B HAIMUMN MOLHOCTU. OfHAKO, Kak 3T0 NMoKasbiBaeT
aBTOp B paMKax NpUMepoB, B C/lyvae MPaBW/IbHOTO MCMOb30BaHUSA KOCO3YObIX (ppe3 MOXHO
c03faTb TaKue YCMoBUS,, MPY KOTOPbIX MOXHO WCMOMb30BaTb BCHO MOLLHOCTb, NPefOCTaB/si-
eMyto (hpe3epHbIM CTaHKOM W MHCTPYMEHTOM. HaKoHeL, AeMOHCTPUPYETCS Takol MeTof, npu
MOMOLLM KOTOPOro A5 CTaHAApPTHbIX (hpe3 3adaHHOl LUMPUHBI (hpe3epoBaHMsA MOXHO Ornpefe-
NUTb Hambonee BbIrOAHO paboTatoLLyo (pesy U HET HEOBXOAMMOCTM U3FOTOBASATL CreLanbHY0

hpesy.
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NEWER RELATIONS FOR THE CALCULATION
OF SCALE EFFECT IN CASE OF CENTRIFUGAL
AND AXIAL FLOW PUMPS

B. RAKOSY

[Manuscript received December 27, 1967]

The results of our measurements make it probable that the scale effect formulae of
pumps which take only the friction losses (Reynolds number) into consideration for estimating
the efficiency factor, can give a real value if only the affine points of geometrically similar
pumps are compared to each other by the same characteristic: delivery head/impeller diameter.

Symbols

impeller diameter;

— D mH 111 mQ~1INe specific diameter;
delivery head [m];

= ﬂ5|1°Q-»'*;

capacity [m3/sec];

*

ITOO
o

= LWr

ReyH-(lsI(’is number;

gravitational acceleration [m/sec?];
rotational speed Qf impeller [rev/min];
= n mQ42H-~3li specific speed;

v kinematic viscosity [mZsec];

subscript referring to the critical state.

.:@:u__/\\,fo

~°3

I. Introduction

Evaluation of measurements carried out on model pumps and full scale
pumps during work seems to prove that if the efficiency factors of pumps are
compared to each other one must not neglect the H/D relation [1] beside the
Reynolds number.

If the effect of the Reynolds number and the H/D on the efficiency is to
be considered separately it would be useful to operate the geometrically similar
pumps to he compared under conditions which satisfy

H
----- = const. 1)
.

Then the difference in the efficiencies of the geometrically similar pumps will
certainly be the consequence of the difference in Reynolds numbers (conse-
quently in friction losses) only.
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Il. The characteristic H*
If a pump of special dimensions the impeller diameter of which is

A 14

Da=D )

g

is chosen out of a series of geometrically similar pumps then, as is known,
this pump by the specific speed

ni/2
n —ne---- 3
AT )
against the head 9 = Im will have a capacity of 1 m3sec.

It may be prescribed for that pump having special dimensions,too, that
the condition (1) has to be satisfied at a certain rotational speed n*,i.e. to be

-!_-i---z const. = -!_-l---. (4)
D

A fter rearranging Equ. (4) and substituting Equ. (2) for Dgwe obtain

A54
H'= | D< Q2 (5)

Taking into consideration that for geometrically similar pumps
Dg= Q"2= const. (6
the relation HjD can be kept constant with the condition
H* — const.

as it follows from Equs (5) and (6).

Consequently the points characterized by constant A/49 in the case of
geometrically similar pumps will be arranged on a parabola described by the
equation

A = (A*)4/50)25 )
on the plane Q—4.

In the case of a given impeller diameter D the characteristic of the affine

parabola pointing out the favourable efficiency, as known, is

= D2\H A
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rearranged

)

The coordinates of the intersection of the parabolae (7) and (9) will be:
H = H*DQ({'2, (10)

Q= (11)

For further examinations a relation between the H* and the Reynolds number
has to be introduced.
It is known that in case of Mone pumps the Reynolds number can be

given in the form

R = (12)
\%

and substituting Equ. (8) for D it can be written as
RV

The Reynolds number can be related even to H* if Equs (10) and (11)
Avili be substituted for H and Q, respectively, in the preceding formula. Then,
after rearranging and reducing it we obtain

R = QiFDIAH*)12 (14)

It is shown that the @u constant of the affine parabola pointing out the most
favourable efficiency and the impeller diameter D arrives at a relation between
the Reynolds number and H*.

I1l. Calculation of the scale effect

Let us start from a series of geometrically similar flow pumps, the most
favourable working conditions of each being achieved by the condition

Cu = const. (15)

This condition indicates the assembly of the points of the plane Q—H
which points ghre favourable efficiency conditions in the case of a pump with
a given impeller diameter D.
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If the pumps to be compared are required to satisfy the condition
H* = const. (16)

in addition to the condition of similitude (15), then the assembly of the points
of the Q—H plane having the same rate H/D will be indicated.
Then we examined whether the relation

R 17)
aVm

given by Staurfer (1925) for turbines [2] was valid for the flow pumps.
Substituting Equ. (14) for R and reducing, Equ. (17) assumes the form

1—1  (QnYX-(H*?i* Ui

(18)
1 — Vm QI*Dsl2H * 12
Since, according to the condition of similitude (15)
@11 = (QIihm
and according to the condition of similitude (16)
H - i .
the formula
1 — 1 D 138
(19)
1 — Vm D

can be obtained instead of Equ. (18).

It may be of interest to note that a formula of the same form as that of formula (19)
can be obtained from the following consideration in connection with model-tests of ships.
In case of towing tests in order to separate the drags due to friction and other effects (waving,
eddying), respectively, the values of the Froude number

*\/ -
b-g

are kept the same for the model and the full-scale ship, and the coefficient of drag due to fric
tion is calculated for the full-scale ship on the basis of the Reynolds number

R = -f2-1-

From the expressions above it follows that

A 27
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Consequently, according to the Blasius-formula the rate of the coefficients of friction-losses
[if Fr= (FnNJ is
! R 14  ymis

sm R N

From the deduction of this formula it follows that a reliable result can
be achieved if only the conditions of similitude (15) and (16) were satisfied.

IV. The numerical control of the scale effect

On the basis of numerous measurements carried out on models and full
scale pumps we controlled the reliability of the scale-formula (19) shown
above. In the following we shall show our experiences in connection with the
new scale-formula on the basis of only two numerical examples because of the
limited space.

The efficiency iso-lines* of the model pump are shown in a logarithmic
coordinate system on the left side of the Fig. 1. The impeller diameter of this
pump is Dm= 0,336 m.

Hm]

60
50

60
30

20

01 02 03 04 06 08 1 2 3 4 5678910 , 20
QJrrr/sec]

Fig. 1

* Curves being the locus of the Q H points of the same efficiency.
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a) The data of a full-scale pump geometrically similar to the model:

Q = 6,2 m3sec,
A = 145 m,
D = 15 m.

According to Equ. (5) for the full-scale pump

H* Won, = 113

which is interrelated by Fig. 1 with the value of Yym = 80% for the efficiency of the model.
Consequently Equ. (19) will result in an efficiency

,-1-0 -0,8) (~ -)38= 0,890
This result seems to agree well with the measured value of efficiency which is 90% .

Here we note that the scale-formulae reported in the literature — recently
reviewed by Comotret [2] — regard the optimal efficiency point of the model
pump (in Fig. 1 87,5%) as the basis of comparison.

This method of calculation will yield a more favourable efficiency for
the full-scale pump having the larger dimensions than the best efficiency of the
model pump in every case. But in practice it may occur that the efficiency of
the full-scale pump — in spite of the greater Reynolds number — will be worse
than the optimal efficiency of the model.

The results of the following numerical example seem to prove this state-
ment, too, showing a good agreement with the result ofthe actual measurement.

b) The pump is geometrically similar to the example (a) and has the following data:

Q = 2,5 m3sec,
H = 10 m,
D = 0,950 m.
Hence from Equ. (5)
105,4
2,512 11.3.

So the basis of the scale is again r/m= 0,8.
The scale formula will result in

( 0,336 'j3'8
= 1—(1_ 08
v (1_ ) ( 0.950 J’ 0,865

being worse indeed than the optimal efficiency (87,5%) of the model. The measurements
gave a value of 87% for the efficiency of the full-scale pump.

V. The limit of efficiency growth

As is known, the efficiency does not grow monotonously with the increase
of the delivery head along the affine parabola characterized by the Qn and
giving the most favourable conditions at the inlet to the impeller.

Acta Technica Academiae Scientiarum Hungaricae 64, 1969



RELATIONS FOR THE CALCULATION OF SCALE EFFECT 425

At a certain value H*Kthe efficiency will reach its optimal value and
then, after a slight decrease it will become steady. This can also be seen on curve
/ shown in Fig. 2 representing the efficiency as a function of H* by a constant
Cu-

It must be noted that in some cases the decrease in the efficiency above,
the best efficiency point can be hardly observed (curve Il). In the latter case

the upper (egg-curve like) intersections of the efficiency iso-lines disappear,
consequently they intersect (theoretically) in the infinity. The limit of efficiency
growth belongs to a certain value of H* in these cases as well.
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Neue Zusammenhdnge fir die Berechnung des MaRBstabeffekts bei Kreiselpumpen.
Die MefRergebnisse des Verfassers lassen es wahrscheinlich erscheinen, dall bei Kreiselpumpen
jene Formeln fur den MaBstabeffekt, die bei der Umrechnung des Wirkungsgrads nur die
Reibungsverluste (Reynolds-Verluste) zugrundelegen, nur in dem Fall wirklichkeitsnahe
Ergebnisse geben kdnnen, wenn die affinen Punkte der geometrisch &hnlichen Pumpen bei
gleichem Parameter H/D verglichen werden.

HoBble 3aBUCMMOCTU LEHTPOGEXHbIX HAacocoB ANs  pacyeTa BAMAHUS  MacwTaba
(5. Pakowwu). Ha ocHoBe pe3y/nbTaTOB MPOBEAEHHbIX W3MEPEHW CTaHOBUTCS BEPOSITHbIM,
UTo B C/lyyae LIEHTPOBEXHBIX HACOCOB Te (HOPMY/bl MaclITabHOrO [eiicTBWs, KOTOpble GepyT
3a OCHOBY €[MHCTBEHHO TOMIbKO MOTEpU OT TpeHus (PeliHoMb/Cca) NpU nepecyeTe KOApULMeHTa
MOMe3HOr0 [eiiCTBUS, MOTYT [jaBaTb PeasibHblii pe3ynbTaT TOMLKO B TOM Ciyyae, ecin adguH-
Hble TOUKM TFEOMETPUYECKM MNOLOGHBLIX HACOCOB CPABHMBATL MPU WMAEHTMUHBLIX MOKa3aTensx
H/D.
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DENSIFICATION IN POWDER METALLURGY
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Sintered pieces made by slow pressing from iron powder basic material attain 95—97%
of the density of the compact body only under the action of approx. 40—50 t/cm! pressure.
Using high energy rate densification the optimum speed was found to be 30—35 m/sec. When
pressing iron powder approx. 10 mkg work per gramme is needed for producing powder pieces
of 97% relative density. The height—diameter ratio attainable is also more favourable than
with slow pressing.

I. Introduction

It is a well-known fact that powder metallurgy is capable for the solution
of problems impossible or hardly feasible to solve in any other way, such as
the production of high melting point (2000 to 3400 °C) metals (like W, Mo, Ta,
etc.), tough carbides, pseudo-alloys, metals of porous structure with a uniformly
distributed continuous pore system (self-lubricated bearings, metal filters),
high-purity metals, alloys of precise composition, etc., usually in a sufficiently
high quality to make any machine tool post-finishing superfluous. Disadvan-
tages are, on the other hand, for example the limitations of the producible
height diameter ratio and work-piece dimensions or those of the available
specific gravity [1—3].

In the ’sixties, a new trend: the high energy rate forming started to
develop. Its characteristic feature is that the speed of formation exceeds
that of the earlier technologies by one or more orders of magnitude. This
high speed can be realized in several ways such as by explosion, electrically,
or by using a pneumatic impact machine. In many fields of mechanical engi-
neering this method has a number of advantages as compared to the conven-
tional technique; thus it was successfully employed, among others, in pipe
or bar extrusion, die-forging, punching, etc. [4, 5]. In these fields, high energy-
rate formings are employed under large-scale conditions although neither
the theory of formation nor the causes of the speed effect are fully understood,
even yet.

The application of this method in powder metallurgy was begun in recent
years. The objective of the experiments was, naturally, to eliminate the dis-
advantages of powder compression. Due to the novelty of this method, high-

Acta Technica Academiae Scientiarum Hungaricae 64, 1969



428 L. GILLEMOT jr.

speed powder compression has been dealt with so far only by a lene papers
some of which having deliberately omitted even the publication of the test
results, as against the considerable number of papers on compression proper,
forging, or plastic deformation in general.

The very first publication on high-speed technologies we know anything
about, that by Packner (1960), says in connection with powder metallurgy
that high speed can be successfully employed for the manufacture of highly
specific gravity powder metallurgy products [6].

The paper published by De Groat in 1966 offers a comprehensive picture
by dealing with the problems of high velocity and isostatic powder compaction,
respectively. The author claims that the post-sinterization strength of identical
specific gravity powder metallurgy products made of powders compacted either
statically or by high-velocity adaptation is similarly identical, hut the latter
permitthe achievement ofhigher compactness values. By using a pneumatic
impact machine of 17 000 mkg, but impact energy of only 20 000 kg dead
weight, this author could solve powder compaction problems which, in any
other case, would have required the application of a 7000 tons hydraulic
press [7].

A paper published by Sstein and van Orsder in 1964 listed actual meas-
urement data. Accordingly, a relative specific gravity of 98 to 99 per cent
could be achieved with powder metals and, as far as the velocity effect was
concerned, the same compactness required at a speed of 70 m/sec a 3 times
less compacting energy amount than with a 5 m/sec speed. Authors, however,
did not explain what this phenomenon could be attributed to [8].

The 1966 report of our Institute disclosed that BaFe magnets of a
height 3 to 4 times their diameter and, after sintering, of uniform dimensions
as well as magnetic properties, longitudinally, could be produced by making
use of powders compacted with a velocity of 12 to 17 m/sec [9].

Having thoroughly studied the available literary references, and with
a few preliminary experiments completed, it seemed reasonable to investigate
the problems of high energy rate powder compaction in detail.

Il. Experimental objectives

The objectives of the experiments performed were as follows:
1. Determination of the maximum specific gravity available by means
of the given high velocity impact machine and powder types.
2. Comparison of static and dynamic compacting from the aspect of
a) the friction produced at the wall of the die; and
b) the energy required for compaction.
3. Comparison of the statically and dynamically compressed samples,
on the basis of
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a) mechanical strength;
b) dimensional changes under sintering; and
c) porosity.
4. Determination of the height—diameter ratio governed hy the permis-
sible specific gravity tolerance.

I11. Experimental material and equipment

Our experiments involved commercial quality powdered iron (RZ-300)
and powdered iron copper mixture (FeCu/l), generally accepted for powder
metallurgy purposes. The chemical composition and grain size distribution of
the powder types used are presented in Tables I and II.

Table 1
o % 0, % CcC% Si % Fe
RZ-300 0,48 0,13 0,06 the rest
FeCu/l 21,3 0,80 0,06 — the rest
Table 11
Percentage distribution
Powder Powder grain size
fraction [mm] RZ-300 FeCu
l. 0,450-0,315 6,0 3,0
I1. 0,315—0,160 22,5 44,0
in. 0,160—0,060 32,0 33,0
V. below 0,060 39,5 20,0

High compaction speed was provided for by a 600 mkp energy pneumatic
impact machine. Description of the machine will be omitted here as a number
of similar equipment types have already been described earlier in literature
[9—15]. The energy and speed values of the impact machine were obtained
by solving the respective differential equation system, non-integrable in an
enclosed form, with a computer. Control was made by high-speed photo-
graphy.

Since there was no possibility of varying the mass of the impact head
(moving components), the connection between the energy applied and the
velocity of the die could be expressed by the following equation:
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The energy of the individual impacts was varied between 62,5 and 580 rnkp
and, accordingly, the speed between 8,8 and 27,2 m/sec, in 7 steps. The respec-
tive figures are presented in Table I111I.

Table 111

Energy Speed

[mkp] [m/sec]
E, 62,5 8,8
e?2 110 10,7
E3 155 14,0
E} 220 16,5
e5 300 19,5
E, 370 21,5
E, 580 27,2

The impact machine used for the experimental purposes offered no pos-
sibility for the location of a specimen ejector device. Consequently, to facilitate
the removal of the compressed pieces, the tool body was produced in a 3-part
sectional construction. Its schematic drawing is shown in Fig. 1. This tool type

z
Fig. 1. Schematic illustration of the powder press die used for the experiments

is suitable only for single-side pressing. Two different die dimensions were made
use of for the experiments. These dimensions and the surface roughness of the
bores are summarized in Table IV.

Die B was made with hard surfaces (50—54 HRQ whereas the other
die — due partly to experimental, and partly to production technological rea-
sons, — with a normalized body (260—275 HB) and a hard chromium plated
bore.
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Table IV
. Bore diameter, Bore length, Mandrel length, Surface roughness,
Die symbol d [mm] It [mm /1 [mm] M
A 18,5 155 130 0,224-0,364
B 19,5 175 150 0.182-0,238

IV. Measurement methods and results

In course of the experiments, cylindrical samples were produced both
statically and dynamically, then tested. The photographs of high-speed
compacted but non-sintered samples are presented in Fig. 2.

Fig. 2. Photograph of the iron powder samples compacted in die B without sintering

There is a difference of principle between high energy rate and conven-
tional pressing. In the former case, pressing is done by means of a predeter-
mined energy amount, and the completion of the process is governed by the
absorption of this energy during compression. The end of static compaction
is reached by covering a certain distance or the achievement of a given force
(mechanical or hydraulic press).

The period of dynamic compaction is of a 10~3 sec order of magnitude
whereby no measurements could be performed during impact under the given
conditions. Thus, for example, the values of force run-off during compression
or the value of the maximum force produced are not known on the basis of
measurements either.

The specific gravity (y), porosity (a), and relative density (r) of the
samples compacted with different energies are shown for both material types
in Figs 3 and 4, in function of the specimen weight. The specific gravity of the
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pressed products Avas determined from their weight data and geometrical
dimensions. The maximum measurement error of the values thus determined
did not exceed 1 per cent, even in the most unfavourable cases. The scatter of
the measurement points seen in Figs 3 and 4 were studied. This was due to the

Sample weight

Fig. 3. Results of the iron powder experiments performed in die B

Fig. 4. Results of the iron-copper powder compaction experiments performed in die A

variation of the machine energy level as well as of the quantity and properties
of the powder fed, to specific gravity measurement errors, etc. It was found
that the value pertaining to the 95 per cent safety range was less than 4-2,5
per cent, that is, less than 470,2 g/cm3.

This scatter value decreases in the direction of increased compactness.
Each measurement point was determined as the average of a number of
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measurements, and the scatter of these averages represents only a fraction of
the former value; the curves of Figures 3 and 4 can be, therefore, plotted with
sufficient reliability. The width of the scatter range can be reduced, by reducing
the energy scatter of the experimental impact machine (thatis, by some modi-
fications in the construction of the machine), to such an extent whereby the
requirements of industrial mass production can he satisfied. In the moment of
impact, the head part has a kinetic energy E (speed) of a certain specified mag-
nitude which will be transmitted, during compaction, along a Ah travel. This,
in turn, depends on the die geometry, and on the properties as well as on the
guantity of the material fed in. As expressed in a mathematical form:

E = fohFd(Ah) @)

where Ah —/(m aterial, geometry, powder charge weight). Incase of a cylin-
drical die, the weight of the powder quantity fed in is:

G= A-h0-y0= A-h-y = A-hry, (3)

where A is the cross-section of the specimen;
y0 is the specific gravity of the powder charge;
h is the height of the specimen, with subscript 0 indicating the initial condition, and
I the solid metal.

Expressing Ah from Equ. (3):

G 1
A 1y Yy

“4)

On the basis of Equ. (4), it may he realized that, to obtain the same y, the path
Ah will decrease with a decreased powder weight (G) and, accordingly, force
(F) will increase on grounds of Equ. (2). The level of the maximum permissible
force is limited by machine or die fracture. The previous findings lead to the
determination of the minimum powder quantity to be charged in. The dashed
line on the left-hand side of Figs 3 and 4 is the result of an extrapolation
starting from the assumption that, if jF — oo, then y —»y/.
Substituting Equ. (2) into Equ. (4):

E rvJF
(9)

G _J, A
In case of static samples of a low height—diameter ratio, when the effect of
friction may be neglected, several authors [2, 16, 17] claim that the pressure
of the compression—compactness relation is independent of the pressed mate-
rial quantity. Assuming that this statement also applies to dynamic pressing,
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the right-hand side of Equ. (5) will be similarly independent of the powder
gquantity to be compressed. Consequently, the energy per unit weight will
represent an appropriate index for the description of the phenomenon of pres-
sing. In powder metallurgy, it is more reasonable to employ weight as a refer-
ence unit, instead of volume as is usually done in case of solid metals, since

e og

Sample weight, S
(Sample height 4h)

Fig. 5. Theoretical correlation between the height and specific gravity of samples pressed
by using identical specific energies

Fig. 6. Specific gravity of bodies compacted with identical specific energy, in functionTof the
sample weight (powder RZ-300)

the former is constant during compression, whereas the latter will vary from
one moment to the other.

Accordingly, the constant specific energy lines are, in the specific gravity-
specimen weight co-ordinate system, straight lines as illustrated by line a in
Fig. 5. If, however, the effect of friction is also taken into consideration, these
lines will not be straight any longer. The pressing energy input may be
divided in two: work spent on compacting, and that utilized to overcome the
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friction produced at the wall of the die. Expressed in mathematical form:
7 = 4t+ o9s(c) (6)

where g is the energy of the impact machine divided by the weight of the speci-
men. The specific work of friction depends on the specimen weight (height),
that is, it will increase with the increase of the latter, thus the energy available
for compaction will decrease. For this reason, curve b of Fig. 5 will decrease
in the direction of increasing G weights.

Since, due to the reasons referred to above, the powder quantity cannot
be reduced optionally, the effect of friction could not be eliminated from the
experiments during dynamic compression, by producing sufficiently low

Sample weight, 5[g]

Fig. 7. Specific gravity of bodies compacted with identical specific energy, in function of the
sample weight (powder FeCu)

Denotations: Curve 12,5 mkp/g, curve 2 5 mkp/g, curve 3 7,5 mkp/g, curve 4 10 mkp/g

samples whereby the influence of friction could have been made negligible.
In this respect the other usual method, that is, the extrapolation of the speci-
men height to zero, does not lead to any acceptable result, either, because —
as verified by the left-hand side of Figures 3 and 4 — the result thus obtained
would represent the specific gravity of the solid metal.

Plotting the results of high energy rate pressing experiments in a manner
similar to that of the preceding figures (Figs 6 and 7), the increasing specimen
weight will have an initially decreasing then significantly increasing specific
gravity value associated. In these figures, the measurement points of samples
compacted with an identical speed are connected with dash-lines. The specific
gravity increase can be explained by the effect of the increased speed, whereas
the moderate initial decrease may be interpreted by taking the friction and
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speed conditions also into consideration. The specific gravity values are illus-
trated accordingly, in function of the velocity of compaction, in Figs 8 and 9
where the individual curves have constant specific energies pertaining to it.
On the basis of these figures, it may he stated that by increasing the speedin
the range tested has led to favourable results.

kL 1 kL 1
5 10 15 20 25 30
Impact speed, u[m/sec]
Fig. 8. Variation of the specific gravity of samples compacted with identical specific energy
in function of the velocity of compaction (powder RZ-300)
Denotations: Curve 1 2,5 mkp/g, curve 2 5 mkp/g, curve 3 7,5 rakp/g, curve 4 10 mkp/g

In the course of the experiments, the wall of the die was lubricated with
Mo0S2 in order to prevent dust adhesion. For comparison’s sake, the static
tests were also performed with lubrication. With high energy rate compaction,
the use of stearic acid dissolved in trichloroethylene as a lubricant gave results
similar to those obtained with MoS2 As shown by Fig. 10, the available
specific gravity was identical in both cases. For low-energy impacts lubrication
is not necessary, and the compactness of the pieces thus produced is identical
to that of the lubricated samples, as illustrated in Fig. 11. It follows that, in
dynamic pressing, the main duty of the lubricant is to prevent dust adhesion
to the wall of the die, and not to reduce friction.

Table V presents the data of iron and iron-copper samples of maximum
density produced in our Institute.
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Statically, products of such compactness can be pressed only in a very
complex manner, with intermediate annealing operations and in several steps.
The low-porosity samples of Table ¥ can he produced, according to the calcu-
lations based on [16], by using a pressure of 45,5 Mp/cm2 This figure is in
good agreement with other literary data [1]. The fact that more compact pieces

Sample weight, G [g]

Fig. 10 Fig. 11
Denotations: -~ MoS2 o stearic acid Denotations: + MoS2 o without lubrication
Table V
Measured datu Calculated data
G D n \% \% h r n E U E/G
[a] [mm] [mm] [em»]  [g/on’l D [%] [%]1 [mkp]  [m/sec] [mkp/g
RZ-300 6i,i 19,94 257 8,02 7,62 1,29 97,1 2,9 580 27,2 9,5
FeCu 60,8 18,83 28,2 7,85 7,75 1,50 95,9 4,1 580 27,2 9,5

can be produced dynamically, that is, in a single step without annealing, than
statically, may be explained by the observation made in several cases (for
example [5], etc.), according to which metals exhibit many more plastic prop-
erties upon the effect of a high energy rate forming.

High energy rate compaction is rather insensitive to powder grain size
and its distribution, within a wide range. This is verified by Fig. 12 where the
powder fractions are identical to those of Table Il. With the exception of the
very coarse grain fraction, all the other powder types are located within the
scatter zone, and their differences are not significant.

The objective of pressing experiments conducted with a tensile test
machine was to produce samples of a specific gravity identical to that of the
dynamic ones. This, of course, could not be carried out with full success which
had to be taken into account when comparing the samples without, however,
representing a reliability impairment. The specific gravity of samples produced
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by static compression did not exceed 7,2 g/cm3 and, therefore, they could be
compared only to the dynamic pieces of lower compactness.

The intersintering dimensional changes, pre- and post-sintering hardness,
and compression strength of the samples of identical specific gravity but pro-
duced with the two different methods appeared to be identical. The higher
specific gravity dynamic samples were used for the production of tensile test
specimens as well, the tensile strength of which exhibited good agreement
with the corresponding data found in literature, if the different type of the

Fig. 12
Denotations: X ;o Il ; 4 Ill; O IV

samples proper and of their location with respect to the direction of pressing
was also taken into consideration. On the basis of the results thus obtained,
it may be stated that the contraction and mechanical characteristics of identi-
cal density samples produced, however, by using the two different methods
are identical. This is supported by the identical character of the texture and
porosity test results rendered by microsections.

The specific gravity distribution along the height was also studied. For
this purpose, the samples were cut into 7 or 8 slices. Fig. 13 presents the results
of individual specific gravity measurements and their plotting in function of
height. Here Curve a illustrates the specific gravity distribution of a stati-
cally pressed sample, and Curve b that of a dynamically pressed one, both
in function of the respective height. Data obtained in this way permit calcula-
tions of the value of the friction coefficient existing at the wall [2]. In case of
dynamically pressed samples this figure was found to be 1,5 to 2,5 times less
than with the usual technology. The more favourable specific gravity distri-
bution of dynamic compression was confirmed by longitudinally performed
hardness measurements. The more uniform porosity distribution (lower fric-
tion coefficient) makes the production of samples of an increased height—diam -
eter ratio possible. If the permissible tolerance during production is, for
example, 0,3 g/cm3then samples of about 25 to 28 mm height can be pro-
duced statically, and of a 40 to 45 mm height dynamically, in the given die.
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The two powder compacting methods were compared from energy
requirement aspects as well. According to the Prandtl law, the flow-stress of
metals is speed dependent: an increasing speed has an increasing flow-stress
associated. Energy requirement depends, therefore, on a number of factors;

4P 425 45 475 50
Logarithm of specific gravity,Inf
Fig. 13

the quotient of the energies required for the two different methods is, for
example, the function of the following parameters:

E A _fj . h
- -pygyde ity ?)
E st dt D
where € is the logarithmic deformation;
de/dt is the strain rate; and
R is the friction coefficient.

The experimental determination of this correlation is further complicated by
function connections like

[* =1 (* D = f(u)’ h/D =f(y ;0),
dt
etc. Without, however, the precise determination of any function connection,
it can be realized that where the work of friction is considerable but the work
spent on the plastic deformation of grains is insignificant (low-density slender
samples), much less energy is needed for dynamic compaction, whereas in the
case of high-compactness samples where the work of plastic deformation will
increase under high-speed formation conditions, according to the Prandtl law,
a smaller amount of energy is required for static compression.
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Experiments involving the addition of a further powder charge onto the
samples dynamically compressed, and its compaction by an additional impact,
were also performed. The sample thus obtained did not disintegrate after remov-
al from the die. In the iron-copper sample tested as an example, the location
of the “bond” was revealed on the microsection only by a porosity above the

Fig. 14

average. Fig. 14 presents the highest porosity point of this “bond”, in a 150
times magnification. This “healing” makes possible the production of complex

shape samples by using dies of relatively simpler geometries.

Y. Conclusions

a) High energy rate powder compression permits the production of
higher specific gravity work pieces than those offered by the static method.
Under the given conditions, samples of 97,1 (Fe) and 95,9 (FeCu) per cent
relative compactness could also be produced.

b) Dynamic powder compression is less sensitive to powder grain size
and powder grain size distribution.

¢) Due to the lower friction coefficient brought about by the high speed,
the specific gravity distribution of dynamically compacted samples is much
more uniform than that of the statically pressed products.
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d) Corresponding to the lower friction coefficient, much more slender
products can be produced dynamically than statically.

e) Feeding an additional powder charge onto finished (hut not sintered)
pieces, and compacting it by the application of an additional impact, the
product made of the second charge would “heal” to the original one.

f) With an identical specific energy amount applied, the increased speed
led to the production of more compact samples although the increased speed
had an increased powder quantity and specimen height associated increasing,
in turn, the effect of friction.

g) The approximately 600 kp dead weight pneumatic impact machine
is capable of producing pieces which could be manufactured according to the
conventional technology only by using a minimum 140 Mp press of excessive
dead weight. Even this machine could accomplish the same results only through
a multi-stage pressing process completed with intermediate annealing.

h) The mechanical properties and dimensional changes under sintering
conditions of the statically and dynamically produced samples of identical spe-
cific gravity are similarly identical, and their textures do not exhibit any differ-
ences, either.

i) The application of high speed made the stx'ength characteristics of
the die much more favourable in conformity with the Prandtl law.

j) The application of a larger energy amount made the powder adhere
to the wall of the die. This could be prevented by lubricating the die bore.
W ith the metal-to-metal contact eliminated, the main duty of lubricants was
to prevent powder adhesion as they did not reduce the friction coefficient to
a significant degree.
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Die Anwendung der sehr schnellen Zusammenpressung des Pulvers in der Pulver-
metallurgie. Pulvermetallurgische Korper auf Eisenpulvergrundlage erreichen bei langsamem
Zusammenpressen erst bei ca. 40 = 50 t/cm2Druck 95 ~ 97% der Dichte des dichten Kdorpers.
Bei Anwendung des Pulverpressens mit hoher Geschwindigkeit ergab sich der optimale Wert
der Geschwindigkeit zu 30 == 35 m/sec. Beim Pressen von Eisenpulver ist pro Gramm ca.
10 mkg Arbeit nétig um Pulverkdrper von 97,5% relativer Dichte herzustellen. Das erzielbare
Yerhaltnis Hohe—Durchmesser ist ebenfalls viel glinstiger als bei langsamem Pressen.

MprMeHeHe CKOPOCTHOTO YM/IOTHEHWS NOpOLIKa B MOPOLUKOBOW MeTanayprum (.
Xwnnbmo ma.). Tpu ynaoTHeEHUUM Ten MOPOLUKOBOWM MeTalyprum, M3roToB/ieHHbIX Ha OCHOBe
XKeNe3HOro nopoLlKa, ¢ MeAfIeHHbIM NPUA0XKEHNEM YCUNuid, 95-=-97% nNAOTHOCTM CMJIOLLIHOIO
Tena [oCTUraeTcs TOMbKO MOJ BO3fencTBMeM oxatuss B npubn. 40 «- 50 krc/cm2 MpumeHsas
ONS 9TOM Lenm CKOPOCTHOe NpeccoBaHWe MOPOLLKa, Havbosee BbIFOAHOE 3HAYeHMe CKOPOCTU
nony4vaetcsa paBHbiM 30 -r 35 m/cek. Npn NpeccoBaHUW >KeNe3HOro nopollka TpebyeTca npu-
noxeHue paboTbl oK. 10 KI'M/T 4Na Nony4veHUs XenesHblX Ten ¢ OTHOCUTENbHOM MAOTHOCTbHO
B 97,5%. [OCTMXMMOe OTHOLLUEHWE BbICOTbl K AMameTpy Takxe mnony4yaetcs 60siee BbIrOAHbIM,
YeM MpWU MeAsIeHHOM MpPeccoBaHUN.
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In the fracture surfaces of alnico-type cast hard magnets the same cleavage steps
and river-like patterns were observed at low magnification under optical microscope as at
high magnification under electron microscope. The cleavage steps were found to be perpendicular
to the cleavage plane and their heights were found to be the same as the dimensions of the
cleavage planes perpendicular to the surface of the steps. It was found that the cleavage planes
are parallel to the {100} crystallographical planes. The mechanism of the formation of cleavage
planes was interpreted in terms of the following dislocation reaction

~<111> + -|-<111> - a<100)

proceeding in metals having body centred cubic lattice.

I. Introduction

The mechanism of fracture is a common and yet unsolved problem of
metallurgists, involved in the preparation ofalloys and also of engineers inter-
ested in design and production. Although quite a large number of experimental
data and theoretical arguments have been published about the factors which
result in fracture, the conditions for creation and propagation of cracks, i.e.
the mechanism of fracture is not yet satisfactorily known.

Recently electron microscopic study of the fracture surfaces has supplied
us with new informations [1—6] about the mechanism of fracture. This method
made it possible to classify fracture unanimously on the basis of the character-
istics of fracture surfaces. According to Burghard and Davidson [1] fracture
can be classified into the following groups

a) cleavage fracture,

b) ductile fracture,

c) fatigue fracture.

In the present paper some details of the cleavage characteristics of the
fracture surfaces formed by brittle fracture of alnico-type cast hard magnets
are discussed on the basis of optical and electron microscopic observations.
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It is known that cleavage surfaces consist of parallel crystallographical planes
connected by cleavage steps. In the present paper such factors resulting in the
formation of cleavage steps are studied which are closely connected with the
origin of the fracture and also with the surface pattern characteristics observed
by optical and electron microscopy.

Il. Experimental

Samples of dimensions of 20x20x26 mm of the following composition
were used: 24,0% Co, 14,0% Ni, 8,5% Al,3,0% Cu and 50,5% Fe. The samples
were supplied by the Iron and Steel Foundry, Budapest (KOVAC). The samples
were homogenized at 1250 °C for 30 minutes and were cooled in air in a per-
manent magnetic field of 3000 Oersteds. After that the samples were annealed
at 560 °C for 6 hrs and subsequently at 520 °C for 12 hrs. The material
prepared in such a way consisted of cubic body-centred X' and x" phases hav-
ing only slightly different lattice constants [7]. Phase X' was rich in Fe and
Co, while phase a" was rich in Al and Ni.

The samples prepared in this way were exhibited to static pressure and
bending until they broke. Dynamic fracture was achieved by impact with a
hammer along the longest axis of the samples. All fractures were made at room
temperature. The fracture surfaces were investigated by means of an optical
metallurgical microscope and also by using an electron microscope. The frac-

ture surface patterns were found to be identical for static and dynamic frac-
tures.

IIl1. Results

A typical, metallurgically untreated fracture surface is shown in Fig. 1.
The picture was taken through an optical microscope under a magnification
of 320 X . The picture is very similar to those observed by Beachem [3] by
electron microscopy under 20 times larger magnification. A similar fracture
surface is shown in Fig. 2 under a magnification of 40 X. Both pictures show
characteristic patterns with cleavage steps resembling the picture of rivers on
a map; this is why they are called river-like patterns.

Figs 3 and 4 show electron microscope pictures of the same samples as
on Figs 1 and 2; the magnification is 4000 X. As can be seen from Figs 1—4
the fracture surface patterns are similar within two orders of magnitude mag-
nification range.

Fig. 5 shows an optical microscope picture of a fracture surface which
has been metallographycally prepared perpendicularly to the plane of the frac-
ture in order to demonstrate cleavage steps. It is interesting to note that the
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Fig. 3 Fig. 4

Fig. 5

heights of the cleavage steps are only slightly smaller than the widths of the
cleavage planes between two steps. The surfaces of the cleavage steps in this
picture are nearly perpendicular to the cleavage planes. In Fig. 6 the wide
cleavage plane is shown between the cleavage steps. In Fig. 7 such a crack is
shown in which quite a number of cleavage planes can be seen together with
the cleavage steps separating them. It is to be noted that each cleavage plane

Acta Technica Academiae Scientiarum Hungaricae 64, 1969



BRITTLE FRACTURE IN ALNICO-TYPE CAST HARD MAGNETS 447

Fig. 6
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is continued after the intersection of the cleavage step with the cleavage plane.
In this picture it can also he seen that the plane ofthe cleavage step is perpendic-
ular to the cleavage plane.

In Fig. 8 a surface after spark-machining is shown. A typical order of the
cracks similar to those shown previously can be observed in this figure. This
has been reported earlier [8—10].

Some cleavage planes prepared from the fracture surfaces were investigat-
ed by X-ray with Laue’s back reflection method. These measurements showed

Fig. 8

that the cleavage planes were perpendicular to the {100} crystallograph-
ical planes, similarly to most of the body centred cubic metals and alloys.

The results are summarized as follows:

a) the fractures surfaces exhibit similar patterns between a magnification
interval of 40—4000 x (cleavage steps, river-like patterns);

6) the cracks consist of two mutually perpendicular cleavage plane sys-
tems;

c) the cleavage planes in the alnico-type hard magnets are perpendicu-
lar to the {100} crystallographical planes.
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IV. Discussion

The most remarkable feature of the pictures presented here is that the
cleavage steps bridge large level differences and that their planes seem to
be perpendicular to the fracture surface. The formation of cleavage, steps has
been considered by Gilman [11] as resulting from secondary cleavage; ductile
contraction, and ductile shear. The last factor has been considered as being
the most likely. This is practically the process when the cleavage plane inter-
sects a screw dislocation having a Burgers vector perpendicular to it. This
process is considered to be the cause of formation of cleavage steps by Low
[12] too. Gilman discussed this problem in another paper, too [13]. According
to Orowan [2], however, this explanation cannot be true, because the step
formed in this way can only have a height of |6] which is the absolute value of
the Burgers vector of the screw dislocation. Otherwise one could assume that
there are many screw dislocations having Burgers vectors of the same sign in
a very small area, which is very unlikely.

We think that cleavage steps are formed along those cracks which have
been formed in the crystal before the propagation of the crack, and which have
measures below a critical one. Such cracks are shown in Figs 7 and 8. Besides
that there are many examples published [8 —10, 14] about mutually perpendic-
ular cracks formed in metals having body centred cubic lattices.

The formation of these cracks, and correspondingly the formation of
cleavage steps, can be simply and clearly interpreted by assuming formation
of Cottrell’s cleavage dislocations. According to Cottrell [15] in metals hav-
ing body centred cubic lattices, if the deformation proceeds (110) and (110)
along glide planes by the motion of dislocations having Burgers vectors of
a/2 [111] or a/2 [111], the following new cleavage dislocation is formed

“ [in] + -“-[in]-«[0KO]. (1

According to Fig. 9a, however, not only reaction (1) can proceed, because
in the (110) glide-plane two dislocations having Burgers vectors a/2 [111]
and a/2 [111] respectively can move. At the conditions shown in Fig. 9a in the
glide plane (T10) also two dislocations can move the Burgers vectors of which
are a/2 [111] and a/2 [111], respectively.

Besides equation (1) therefore, for the dislocations moving in two inter-
secting glide planes the following equation is also valid

“f-1HI] +-“-[HI] -«[100]. 2
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For the sake of completeness it is to be mentioned that equations (1)
and (2) should he doubled by taking the negative values ofthe Burgers vectors.
These equations, evidently, should produce negative residual vectors, which

means that the “head” of the corresponding crack is oriented in the opposite
direction.

The cleavage dislocations formed according to equations (1) and (2)
produce mutually perpendicular cracks, as shown in Fig. 9b. It is emphasized
that the formation of cleavage dislocations [010] and [100] is equally probable
under identical stress.

Before the propagation of the cracks has begun the mutually perpendic-
ular cracks are practically equally sized. If, however, the cracks begin to
grow those cracks which have Burgers vectors parallel to the tension stress
would grow much faster than those having Burgers vectors perpendicular to it.
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Further if a crack meets another which is perpendicular to its cleavage plane,
a cleavage step is formed.

The transition of the cleavage planes from one level to another is the more
probable the larger the angle between the normal of the cleavage plane and
the cr-stress which produces the propagation of the crack. The heights of the
cleavage steps are the higher the larger the before mentioned angle is.

Correspondingly the fracture plane is formed by the formation of a net-
work ofnearly equally sized mutually perpendicular cracks, as shown in Fig. 10.
If the local stress reaches a critical value, at an end of a crack a propagation
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starts along the cleavage plane. If this crack meets another which is perpendic-
ular to its cleavage plane, the plane of propagation will shift another which is
parallel to the original. This process leads to the formation of a fracture surface
shown in Fig. 11. The patterns of this figure are very similar to the observed
ones (Fig. 7).
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Sprodbruch in gegossenen Hartmagneten, Typ Alnico, mit rauinzentriert kubischem
Kristallgefuge. Die Studie behandelt den Sprddbruch von gegossenen Hartmagneten,
Typ Alnico, und die Eigenart der an der Bruchflache erscheinenden Spalte. Auf Grund der
mit Elektronenmikroskop, Metallmikroskop und mit Réntgen durchgefihrten Strukturunter-
suchungen kann festgestellt werden, daB die Oberflachen der Spaltbriiche im Vergréferungs-
intervall 400.. .6000 die gleichen Charakteristiken aufweisen; die Spalten bilden ein zueinander
senkrechtes Ebenensystem, und die Spaltebenen sind mit den {100} kristallographischen
Ebenen parallel. Die Studie erklart den Entstehungsmechanismus der Spaltebenen auf Grund
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der in raumzentriert kubischen Metallen vor sich gehenden Dislokationsreaktionen

<ui> + <iii> -- <ioo>.

XpyI'IKI/IVI M3N10M B MAarHMTHO XECTKUX NUTbIX MarHI/‘IJTaX TMna anbHWKO C 06bEMHO-
ueHTpanbHoI Ky6uueckoit kpuctannuueckoit ctpyktypoii (M. Mpoxacka n . ToT). Pa6oTa
3aHMMaeTCsA BOMPOCOM XPYMKOCTU MarHUTHO XECTKUX NUTbIX MarHWToB TuNa aibHUKO, a
TakKXXe XapaKTepHOl/ O0CO6eHHOCTbIO TPeLuH, Habngaemoil Ha usnome. Ha ocHoBe wucche-
[OBaHWA CTPYKTYpbl MPU MNOMOLLM 3/1eKTPOHHOMO M OMNTMYECKOro MMKPOCKOMOB, a Takxke
PEHTIeHOBCKOIr0 MUCCMef0BaHUSA MOXHO YCTaHOBUTb, UYTO MOBEPXHOCTU MAAOMA TPELUUH UMEDT
OfHW W Te >Xe XapaKTepHble O0COBEHHOCTWU B WHTepBase ysenmyeHnsa oT 40 x — go 6000 X,
TpelLHbl pacnonaratTca B MJOCKOCTAX, NEPNeguKUAAPHbLIX APYr K APpYry, fafee MI0CKOTU
TEWNH ABNAIOTCA NapaeNbHbIMW - KpucTanaorppuyueckumn nnockoctsmm {100}. B pab6oTte
[aeTca TpaKTOpKa MexaHW3ma BO3HMKHOBEHMS MJIOCKOCTe 06pa3oBaHMs TPELWH Ha OCHOBE
peakumnii gucnokauui

-f-<Ill> + -f-<Illl>-«<100>,

NPOMCXOAALLMX B 06bEMHO LIEHTPa/IbHbIX KYGUUECKUX MeTannax
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Authors report on a numerical procedure for the dimensioning of hydrodynamic torque
converters in which the curves bounding the meridional sections differ only slightly from
eccentric circles. They transform the meridional section of the torque converter conformly,
in three steps. The differential equation of the flow function can easily he resolved on the image
plane by relaxation. Dividing the blade systems into part-wheels along the surfaces of revolu-
tion passing across the so determined flow lines of the meridional section, and determining
the basic design data according to some approximative method, they evolve a modern pro-
cedure for the dimensioning of bladings.

Due to their complexity, hydrodynamic torque converters are among
the most intricate hydraulic machinery. As is known, they consist of an in-
volved system of hydrodynamic wheels, turbine wheels, pump wheels, and
guide vane systems. In the course of their development, widely varying layouts
have come about, frequently due to the demands of the production technique.
Since the techniques now available enable the production of guide vanes of
practically any configuration, the hydraulic aspects are predominant in the
considerations of the design. The available space and torque permitting, the
so-called Fottinger type seems the choice of preference, in which the meridional
section of the surfaces of revolution bounding the vanes is encompassed by
two curves not very different from eccentric circles. These torque converters
have proved particularly suitable for applications in motor vehicles, therefore,
we have decided to concentrate on them in our investigations.

As in all hydraulic machines, the problem of designing torque converters
lies in the optimum dimensioning of the system of blades. The precondition
for dimensioning is, naturally, the proper selection of the system, i.e. the de-
termination of the accurate shape of the meridional section, and the main di-
mensions, number and sequence of the blade systems for their respective jobs.
From the technical literature we know of several approximative methods for
similar global calculations (for instance [1]). Their common characteristic
isthat they disregard the variations of velocity in the meridional section normal
to the flow and rely in their calculations on the mean velocity over the entire
cross-section. On the other hand, they take the losses into account due to the
highly complicated flow pattern.
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The assumptions require a considerable amount of practice and to choose
the best suited type a series of calculations must be performed, but the method
yields the likely characteristics of the torque converter required, at a fair
degree of approximation.

In the approximative methods the following data must be assumed:
entrance and exit blade angles, the main dimensions, and a factor related
to the friction loss.

To achieve a uniform high efficiency in a wide range of rotation speeds,
the speed reduction ratio at which shock losses do not take place any longer
must be assumed to vary with the different vane systems. While the peak
efficiency thus obtained will be lower, the efficiency curve will be more flat.

Accordingly, when dimensioning the vane systems of the torque con-
verter, the speed ratio should preferably be such at which one of the vane
systems has a shockless entrance while in all others a shock takes place.

From among the modern methods developed for calculating the shape
of the blade systems, only those are applicable in practice which reduce the
highly complex three-dimensional problem to a two-dimensional one.

Although a three-dimensional calculation method exists [2], it is too
complicated and time consuming for practical purposes. For the application
of any one of the known two-dimensional methods, however, the individual
blade systems must be divisible by surfaces of revolution passing across the
flow patterns in the meridional plane, to form such narrow wheels in which
the meridional velocity normal to the flow lines may be regarded as constant.
These narrow wheels will hereinafter be called part-wheels.

The blading of the part-wheels, after a simple transformation, can be
regarded to be two-dimensional cascades and should be dimensioned as such.

In torque converters, the cascades are mostly arched. For their cal-
culation a two-dimensional system best suited for the purpose should be chosen
from literature (for instance [3]). In the spatial blading of torque converters,
the suitable division into part-wheels, respectively, their appropriate juxta-
position, consitutes an essential part of the optimum dimensioning.

According to what has been mentioned above, the dimensioning of torque
converters should be based on the following considerations:

a) From the results yielded by the approximative calculations we can
accept the main dimensions, the general layout, the quantity of fluid in
circulation and the cv mr values calculated for the middle flow line over the
leading and trailing edges of the blade systems (c" in this case designates the
circumferential component of the absolute velocity, in the point of radius r);

b) under certain criteria, to be dealt with later, the velocity distribution
and flow lines of the meridional section are to be determined [4];

c) the spatial position of the leading and trailing edges of the blade
systems, corresponding to the above criteria are to be determined;
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d) in breaking up the individual blade systems to a sufficient number
of cascades along the meridional flow lines, the blade systems along the middle
flow line of the part-wheels are to be dimensioned, according to one of the
known two-dimensional methods;

e) by the juxtaposition in space of the cascades in the manner described
under point c), the dimensioning is accomplished.

According to the above, the combination of the facilities afforded by
global calculations based on thoroughgoing and comprehensive examinations
and featuring significant approximations, and the modern blade dimensioning
methods, hold out good promise. As a matter of course, even the most up-to-
date dimensioning procedures comprise certain neglections. For instance, in
the dimensioning of cascades, the medium is assumed to he frictionless.
Neither has it been so far possible to apply the results of the boundary layer
theory referring to a plane cascade to circular cascades in rotation, although
attempts are known from the technical literature (for instance [5]). However,
such idealization of the medium — as has been proved in numerous examina-
tions — may, under certain conditions, fairly approximate the actual situation.

Before going into more details in reference to the division to cascades,
let us examine the velocity distribution of a torque converter in the meridional
section, and look into one of the methods of the spatial juxtaposition of the
blade sections of the part-wheels, assuming that the division into part-wheels
is feasible.

As has been stated, on the basis of an assumed shape of the meridional
section, the distribution of the meridional velocity of the circulating liquid
can be determined. Assuming no blading in the space bounded by the surfaces
of revolution in a given torque converter, the velocity distribution after Fig. 1
will be obtained. It is characterized by a higher meridional velocity along
the inner boundary surface (mostly proportional to the length of the bounding
lines). This is, of course, unfavourable partly from the hydrodynamic point
of view and partly because in such a case the results obtained by approximative
calculations will still be farther from the actual situation — calculating as
they do with the average velocity in the cross-section. The blading should,
therefore, be so constructed that, due to the effect of the vortices along the
blade surfaces, a more uniform distribution of the meridional velocity should
come about. It stands to reason that to achieve this, the flow pattern in the
meridional section must be correspondingly eddying.

While, if we do not claim completeness, the assumption of a suitable
degree of constant vorticity might yield satisfactory results for the practice,
there is no difficulty whatsoever in assuming a varying degree of vorticity
either. The degree of vorticity which ensures uniformity of the meridional
flow pattern is in close correlation with the spatial location of the blade sec-
tions.
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Designating the projection of the rotation vector of the absolute velocity

which falls into the meridional plane with (rot c)mp, on the basis of the Stokes
theorem it will be obvious that

(rot c)mp = — (1)

where | denotes the direction normal to the cv «r = constant lines in the
point being studied. The direction of the vector (rot c)mp constitutes a right-
handed system with the vectors grad (lcv|] *r) and c,. Axonometrically illus-
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trating the intersection of a surface of revolution with the line generating
Cy *r — constant and the blade as a vortex surface, we may write down the

(rotc)f = (rotc)mpman [l 2)

relation between the components ofthe vectorrot c of Fig. 2, where, accordingly,
the angle may be regarded as the angle of the blade setting. The component
(rot c)y is the vortex vector of the meridional pattern which, according to
what has been said before, is assumed to be constant.

Fig. 2

Assuming suitable projections of the leading and trailing edges of the
blades in the meridional plane, the value of cv * r (obtained from the prelim-
inary calculations for the corresponding points of the middle flow line) is
constant. This means that for the calculation of the value (rot c)mp, and dlI
lines must be assumed to be perpendicular to the meridional projections of
the edges, viz. in the direction of the meridional flow lines. In possession of
the variations of dl with relation to the value ¢ «r, we candetermine the setting
angle fi of the blade edges in the space. The variation of er can obviously
be calculated from the distribution of circulation along the blade.

Introducing the curvilinear coordinate a along the middle flow line of
a part wheel, viz. along a meridional flow line of the blade and designating
the number of blades with N, blade circulation may be calculated from the
relation

2n(cf m)oL —2n(crmr)0= N 3)

where aL refers to the point at the trailing and the zero index to the point
of the leading edge.
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The blade circulation along the a arc length of a flow line can generally
be obtained as the sum of two circulations: a basic circulation and one termed
“shocked” circulation. This latter with shockless entrance is equal to zero.

As has already been mentioned, to obtain a flat efficiency curve, the
blade system must be so dimensioned as to ensure shockless entrance in the
individual cascades at different speed reduction ratios. The blades should be

dimensioned for certain working conditions, preferably such as would be
shockfree at one point.

The conditions of “shocked” entrance, from the point of view of circu-
lation, are shown in Fig. 3. Since the circumferential component of the vector
cx with shockless entrance would be c”, the basic circulation is:

r 2n L
la= — (C,,-I2-en-r)- 4)

W ith “shocked” entrance, on the other hand, the oncoming medium
reaches the impeller at a speed of cpi instead of cfl and the blades produce
the following circulation:

2
- : (c4 ala —¢C, e (5)
~N

Accordingly, shocked circulation will be:
ri= I —Ta=" (cn —c'Jrx. (6)

Since from the preliminary calculations already referred to the cv values
along the middle flow line of all blade systems are known, the values of circu-
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lation can be determined without any difficulty whatsoever. When dimen-
sioning, we may safely assume that the blade circulation of all part-wheels
in a blade system represent the same value.

Like in similar cases, the circulation so determined is obtained as the
integral of the distribution of circulation assumed along the mid-line of the
part-wheel. The velocity and pressure distribution around the blade section
can be varied through the suitable selection of the shape of circulation distri-
bution. In possession of the latter, the value of (rot c)mp at either end of the
blade can be numerically determined. The distribution functions should
preferably be produced in dimensionless form with its mean at unity, because
in such a case the functions of total circulation can be written in the following
form:

Y*I = y*ra+ ylrr, @)
where the y* functions have their means at unity. Since, according to what
has been mentioned earlier dl = da, with these denotations:

8 . 1
rote = ' m—(2ncf-r
( ) e ‘5T (vr) =~ a,( )
8
1 NT )
2nr 2nr
°L

In practice, the blade setting should not be fixed along the actual edges
but somewhat farther in (by 5 per cent of the length of the mid-line arc),
partly because y* on the edge is equal to zero and partly because the methods
of calculating the blades do not yield accurate values at the edges. The devi-
ation is negligible for the purposes of practice, since at the necessary degree
of vorticity, a suitable setting can be achieved close to the edge.

According to our experience, it is sufficient to fix the relative position
of the part wheels in space along the edges, although the arbitrarily assumed
function of the distribution of circulation may slightly affect the original
meridional vorticity in the intermediate portions of the blade.

If necessary, the procedure can be further refined. While it was found
sufficient to assume constant vorticity when making meridional velocity more
uniform, it is quite practicable to consider a varying degree of vorticity.

In solving the problem of the division to part-wheels in the given type
of torque converter, the property that the boundary lines of the meridional
section yield curves like eccentric circles can be used to advantage, since it
permits the use of coordinate systems and conform transformations which
enable the reproduction of the range between the inner and outer bounding
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curves in a relatively simple manner, as a rectangular area. This simplifies
the numerical solution of the differential equation determining very con-
siderably the flow pattern. The blade systems can be divided into part-wheels
by such surfaces of revolution whose meridional sections coincide with the
meridional flow lines assumed to have an infinitely densely spaced blading.
Although with a finite number of blades even such a division will be approxi-
mate only, due to the generally densely spaced blades of the torque converter,
the error will be negligibly small.

Let us introduce the orthogonal curvilinear coordinate system of (u,
v, W) on the meridional section of the torque converter after Fig. 4 in such

a way that u should be equal to 0 along the inner and constant along the outer
bounding line [4]. The coordinate w consists of circles lying in the planes per-
pendicular to the axis of rotation and concentric with the axis, and yields a
right-hand system with the coordinates n and v. In such a system, according
to the Stokes theorem, we may write down the component of the rotation
of the absolute velocity in w direction:

1 3 . . 3 . .
(rotc)w . _ ~(cvgv) — — (cugu) = 9
gugv L9w dv
The gu and gv curvilinear coordinate increments can be calculated from

the associated arc length elements, and the relationships
0s 3s ds
> w - (10)
du dv dw
including the increment also in the third direction, denoting the distance
of the point examined from the rotation axis with r.
Similarly, the divergence of the velocity c is shown by the relation (11):
1 ''a 9

div ¢ , o+
_,-{Cugvgw) (C# gu gw) (n)
gugvgw du 3u
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in which — if an incompressible medium is concerned —div c is, obviously,
equal to O.

Denoting the 2n parts of the fluid circulating in the torque converter
per unit of time by ip, the correlation between this flow function according
to Stokes and the velocity components, are expressed by the relations

cu-gv-r= — cv-gu'r = :’3\H~ u (12>

aun
Assuming a suitable coordinate network u, v,we may obtain gu= gv= g.
Substituting the so defined ip flow function into equation (9), we arrive
at the equation:

(d2\s |, 3RY 1 ar de> dr dip
(9u2 dv2 r2 du du dv dv
(13)
= g2rotc)w = F(u, v).

To eliminate the first derivative of the unknown function from the last
differential equation, in order to simplify the result, let us introduce the rela-
tionship

y=f(r)-<P(u,v). (14)

W hilst the new unknown functions ® and f(r) are still unknown, they can be
readily determined from the condition which calls for the elimination of the
first derivatives of ®. Substituting, f(r) — j[r.

Substituting the expression of ip into equation (13), we obtain:

AD+ & -I-Ar-~irb + r =1fr-F. (15)
2r 4r2

Obviously,
Ar=0; r2+r2= g2 (16)

and our differential equation assumes the following form:

AD - — g2&= fr-F, a7
4r2

in which the first derivatives of the function do not exist any longer. This is
exceedingly essential for the numerical resolution.

The boundary conditions are as follows: y>on the inner bounding line of
the meridional section being equal to 0, ® — 0; pon the outer bounding line
being equal to 1, ® — I/|/r.

To resolve the differential equation, naturally the function

F = g2(rote), (18)
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must be known. Should (rot ¢c)w here be equal to 0, we would obtain the poten-
tial flow function, respectively, the potential velocity distribution — which,
however, would be mostly far from uniform. Should (rot c)w be a suitably
chosen constant, we would obtain a distribution which, as already mentioned,
would satisfy practical requirements. Finally, should it be a function of suitable
values, then the velocity distribution would, by all intents and purposes, be
made uniform.

In order to make an appropriate assumption for the coordinate network
n, V, and numerically to resolve the differential equation, let us conformally
transform the meridional plane of the torque converter to such plane at which
the images of the contours are parallel straight lines.

Transformation may take place in three steps. Before the first transfor-
mation, the inner and outer bounding lines of the meridional section are approxi-
mated by one circle each, which will in most cases be eccentric in relation
to each other. Subsequently, the meridional plane denoted with £ is transform -
ed to the plane z' by means of the linear fractional function with complex
variable, defined by the formula:

, bbc (19)

b-c

As is known, this transformation converts the eccentric circles into con-
centric ones and the bounding lines into curves approximating these circles.
The value of bin the transformation function, as well as the values of €2 rv e,
and r2of Fig. 5 can be determined by the notations of the figure, and the rela-
tions:

- 2
’ 2 12
I e 22 e TS gy 2 te () o, (20)
1«1 n. «1 R, . ui Ul
R, (21)
K a,
b 1-rj B 2brj (22)
R x 2rx 1-1i

The x',y"' points corresponding to any |, t] of the meridional plane, and
thus also the points in the contours, are determined by the equations:

i2- B2+\V).
(b- g*+ -
(23)
y' = 2brl

(6 -~ +ii2 m
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lu the second step, we apply the transformation function determined
by the equation:

In-— = NM, 2 " (24)
z 1 | K

which transforms the circle-like contour images appearing on the plane s' into
concentric circles. Writing down the equation of transformation for both the
outer and inner bounding curves in a polar form and equating the real and

LU ID

imaginary parts at the two sides of the equations, with the denotations of
Fig. 6 we may write down the equations:

4 = e'"'*e'a*, 4 = em*e'“\

(25)
zk= eM*e"B= Rkeit“; zb= eM>e'd= Rbe'4*
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where, according to what has been said earlier:

K.,

4 - nNinV -C,, cos /k5g,, (26)
mb— Mb= _v + c,, cos ; (27)
I -
= *c-- M= vy, -ad, 1 ( sin , (28)
e y 1«, ) +
® n
b- A P — + c,, kh sin ndb. (29)
r/

The quantities m are obviously the functions of the a-s. However, since
according to experience — e* and nbare mostly small, in the first approxi-
mation they may be taken as zero and in equations (26) and (27) x may
stand in place of d.
Applying the Fourier method and using equations

M w = - mk(«/,-) ®dxu, (30)
a Jo
1

M b0 = mh(*,) «dxb (31)
n Jo

we may determine first the M,, approximative values of the quantities of JVf,
subsequently, with the relations

2 (Ek— M,d) cos nxkadsk, (32)
n Jo
2 O
—-  (m, — Mg,,) cos nxbdxb (33)
n Jo

the first approximate values of anand 6,,0f equations (26) and (27). It is gener-
ally sufficient to determine four a and four b coefficients then, with equations
with two unknown quantities, the coefficients of equations (28) and (29), and
finally the approximate values of ek and eb. This will give us the approximate
value of the associated values of $and x. This procedure, from equation (26),
must be cyclically repeated until all unknown coefficients become available
with the necessary accuracy. The values converge fast and experience has
shown that two steps are mostly sufficient.
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In possession of the so determined coefficients, the z image of any Zz'
point can lie established, on the basis of the relations:

", \Rhin e R

| R u

m - MI= 2 (34)

R.,

—A, +C,, sin n<Y (35)

The third — and last — step is a simple logarithmic transformation which
converts the concentric circles into parallel straight lines and carries the area

a

between circles into the space between the straight lines. The conditions are
shown in Fig. 7. Transformation, accordingly, is

S= In— (36)
Rb
where S = p -f- iq, and using the previous notations:
p=M—Mft and qg—6. 37)

Apparently, the product of the local longitudinal ratio of the three con-
form transformations, viz. the product of the absolute values of the differential
quotients of the functions, will yield the value of the distortion g which, accord-
ingly, can be determined by the relation:
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The transformations concerned being conform transformations, obviously
gu = gr = g.

The images of the points of the meridional plane on the plane S can he
established according to the above. A plant manufacturing torque converters
seldom modifies the form it had evolved for its meridional section, and to satisfy
different demands it will resort rather to modifications on the blading and
— less frequently — to the enlargement or diminution of the geometry. This, in
our case, means that transformations arc performed only once with each type
and the new shape will be available throughout the duration of development
work.

W ith a prescribed (rot c)w distribution of vorticity in the plane S, our
differential equation (17) can be resolved along a suitable chosen numerical
method. Underthese circumstances the method of relaxation seems the most
practicable since in its equation no first-degree derivatives figure, the rim lines
are straight and also the boundary conditions are simple.

Assuming a rectangular mesh of hp respectively /t( pitch on the plane S
and expanding the function @ in the vicinity of a point P into a Taylor series
then neglecting the members which contain the third and higher powers of
the values h, the value of the function ® for the point may he determined on
the basis of the following relation:

® — 1 P+ Pl wP3+ B
2 + A L, :

(39)

where the quantities A and B can be established point by point from the expres-
sions

and
B=\rF +I/rg2rotc)uy, (40)

before beginning the relaxation procedure.

Setting out from asuitable assumption and taking into account the obvious
periodicity according to 2 #a in the direction of g, and passing through the
pitch points repeatedly, the numerical distribution of the unknown function
® can be determined at the required accuracy. Such suitable assumption may
be the linear distribution along the q = constant lines.

For the practice, it is far more preferable to determine the constant
value or the distribution of the (rot c)w by trial and error, observing the mo-
mentary trend of the velocity.
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Problems may also arise with the correlation between the value (rot c),,
taken into consideration in the setting of the blade edges and (rot c)l; deter-
mined according to the above.

Apparently, this correlation is simple. It takes the following form:

Q
(r)1 o)t . (r*fc)w (41)

20l

where

Q denotes the volume of the medium circulated in the torque converter in the dimen-
sioning point during unity of time, and

RI denotes the radius of the circle approximating the outer contour line of the meridional
section (seen in Fig. 5) which latter was used to render the lengths in the transformation
functions dimensionless.

Accordingly, to design a torque converter for a certain job, the division
into part-wheels is a favourable method. It is not only realizable but helps
in determining all data needed for the dimensioning of the part-wheels and
the spatial setting of the individual sections. In addition, it lends itself readily
for programming to an electronic computer.

Experience has also shown that the convergence of relaxation is very
good.
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MpnBAMKeHHbIA MeTog pacyeTa ruapoanHammueckmx nepegad (M. Mpybep n 3. BaiiHa).
ABTOpbl B CBOeli pa6oTe M3NnaratoT METOAMKY pacueTa TaKuxX FMAPOAMHAMUYECKWMX Mepedau,
OpraHMuMBaKHLMe KpuBble MEpUAMAHHbIX Pa3pe30B KOTOPbIX He CW/IbHO OT/IMYAIOTCS OT 3KC-
LIEHTPUYECKNX KPYrOoB. MepuamaHHbIii paspes rmapoAMHaMUYecKoil nepegaun B TpW nepexofa

Acta Technica /cadrtniac Scicnliarum Hmigaricac. 04, 1009



470 J. GRUBER and Z. VAINA

0TOGpaXaeTcss KOH(OPMHO Ha TMJ/IOCKOE MOjie, OFpaHWYeHHOe MapanfeflbHbIMU MPSMbIMU.
AuddepeHunanbHoe ypaBHeHMe (YHKLMM TOKA MOXET 6biTb PELUEHO Ha M0CKOCTM 3MHOpb
C MOMOLLbIO pefakcallMy o4YeHb NPOCTo. Pa3buBas BAO/Mb MOBEPXHOCTEl BpalLeHus, Npoxons-
WX Yepes onpefieNieHHble TakMM 06pasoM NMHAM TOKa MepuaMaHHoro paspesa, CUCTeMbI Jlona-
Tell Ha yacTHble KOfleca U OMNpedensisi Mpy MOMOLM Kakoro-Hubyab NpuBIMKEHHOro MeToaa
OCHOBHbIE [aHHble KOHCTPYMPOBAHUS, NPEACTaBAETCS BO3MOXHbLIM OCYLLECTBUTL pacueT 06/10-
naymBaHWs Mpy MOMOLLY COBPEMEHHOTO MeTofa. O6/0MnaumMBaHNe YacTHbIX KOMEC MOXET 6bITb
pasMelLleHO B MPOCTPaHCTBE PAAOM APYr C APYroM Croco6oM, M3NOXeHHbIM B paboTe. M3na-
raemblil MeTof MOXHO Y/OB/ETBOPUTENLHO MPOrpamMMUPOBaTh A/ 3/IEKTPOHHOW BbIYMC/IU-

TENbHON MallWHbI 1, nexoaa mn3 noaxoddwero npuHATUA penakcaunmn, UMEET OT/INHHYHKO CXO-
ANMOCTb.
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Gittemot, L.—Morzar, J. and Gittemot, L. jr.: High-Speed Impact
Design

The moving velocity of the tool in high-speed impact ranges between
14-H70 m/s. As compared to machines of the older type, high-speed im-
pacts can be built as types of smaller weight. For the designer the main
problem is to find the adequate speed. With a view to practicability, the
upper limit equals abt. 30 m/s. For drop forging of die-formed parts of
steel the velocity limits are practically between 14 and 25 m/s. Again,
when parts of aluminium and aluminium alloys are formed by cold working,
and for the purposes of powder metallurgy, the recommended speed is
30440 m/s. By means of high speed impacts it is possible to produce
parts having more intricate shape by one single blow. In making bars
and tubes, lower speeds are recommended. By means of pulver métallurgie
technology, larger parts of a greater density can be manufactured than
the parts made by the method of static pressing operation.

Acta Techn. Hung. 64 (1969). 287—297

Neubauer, |.—Varga, L. Some Considerations Regarding the Application
of the Warren —Averbach Analysis

The authors present some simple considerations, the application of which
may help to reduce the uncertainty in the values of the Fourier-transforms
providing the fundamental informations in Warren—Averbach’s method
of line-profile analysis. The treated problems are as follows: the exact
delineation of the axis of the transformation; the determination of the
background level; and the direct calculation of the transform of the (g
distribution from the intensity distribution of the observed doublet.

Acta Techn. Hung. 64 (1969), 299—314

Toth, L.: Determination ofthe Forming Force and the Work of Deformation
Necessary for the Forging

The author describes the method for the determination of the force and
work necessary for die-forging operations. The basic equations are taken
from a former study. According to the author’s basic idea the forged
material is always pressed into one direction only, namely, into the die
hole or else into the burr-channels. In this manner the average values
of the forging force and the forging work are calculated.
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GajAri, J.—Ei1-Hawary, M.: Determination of the Rolling Resistance for
the Dynamic Examination of the Train Sorting Hump

In the introduction the authors give a brief review of the more important
previous methods for the determination of the rolling resistance of rolling
stock. They show that the resistance values obtained as a result of these
investigations do not correspond any longer with the modern railway
rolling stock and that consequently it became necessary to determine the
basic resistance of the rolling stock handled on the Hungarian humps
and its distribution. The authors deal with the measurements and the
evaluation of the results and point out some defects of the methods used
hitherto for selecting the characteristic resistance for the dynamic exami-
nations and after that, taking into account the importance of the shunting
yards and the importance of the disturbances permissible there, they
elaborate on the basis of the probability calculus a completely new method
for the selection of the characteristic resistances to be used for the dynamic
examination of the railway humps.

Acta Techn. Hung. 64 (1969), 357—360

Balogh, A.: Contribution to the Calculation of the Speeds of Planetary
Gear Systems

In the paper the author shows the application of his method for calculating
the speeds of planetary gear systems to further planetary gear arrange-
ments.

Acta Techn. Hung. 64 (1969), 361—384

Petho, Sz.. Study on the Determination of the Sample-Weight Necessary
for the Analysis of Metal-Contents and Ash-Contents

Relationship which is suitable for certain analytical operations (relating
to metal- and ash-contents) is dealt with here. The respective formulae
are developed on the basis of mathematical-statistical principles. The
estimation of proportions is the basic idea when the analytical problem
refers to processed ores. Again, for ores which cannot be processed, the
basic principle is the estimation of average values. In order to show some
examples of the practical application of these mathematical formulae,
examples that refer to flotation input, lead-concentration and zinc-con-
centration at the ore-processing works in Kisoroszi, and other examples,
referring to the coal-classifying works in Varpalota are quoted.
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Fay, A.: Cavitation Scale Formulae for Water Turbines

The present paper attempts to develop cavitation scale formulae for re-
action type water turbines. The definition and classification of scale effects
are based on the theory of Holl and Wislicenus and supplemented, for
practical purposes, with the definitions of corresponding operating con-
ditions and similar cavitation states. A cavitation scale effect associated
with the efficiency scale effect due, mainly, to Reynolds number and re-
lative roughness variations is discussed in detail, with other cavitation
scale effects neglected. Thus the Nechleba formula and one of its modi-
fications can be derived from simple assumptions. This is followed
by taking the other cavitation scale effects into consideration as well,
such as the effect of air content whereby a general cavitation scale for-
mula believed to be suitable for further development may be arrived at.

Acta Techn. Hung. 64 (1969), 407—418

Hornung, A.: Slab Milling without Cutting Force Fluctuation

In the workshops the driving power of milling machines is not fully util-
ized. Milling is a complicated machining operation and under practical
operating conditions very large force fluctuations occur, which prevent
the utilization of the available power. But, as is shown by the author
with the aid of examples, by correct use of helical cutters conditions can
be created, which permit the full use of the power available in the machine
and in the tool. Finally a method is described for determining the optimum
standard cutter for a given milling width, so that the making of a special
cutter is avoided.

Acta Techn. Hung. 64 (1969), 419—425

Rakosy, B.: Newer Relations for the Calculation of Scale Effect in Case
of Centrifugal and Axial Flow Pumps

The results of our measurements make it probable that the scale effect
formulae of pumps, which take only the friction losses (Reynolds number)
into consideration for estimating the efficiency factor, can give a real
value if only the affine points of geometrically similar pumps are compared
to each other by the same characteristic: delivery head/impeller diameter.






Acta Techn. Hung. 64 (1969), 427-442

Gittemot, L. jn.: The Application of High Energy Rate Densification in
Powder Metallurgy

Sintered pieces made by slow pressing from iron powder basic material
attain 95—97% of the density of the compact body only under the action
of approx. 40—50 t/cm2 pressure. Using high-speed pressing the optimum
speed was found to be 30—35 m/sec. When pressing iron powder approx.
10 mkg work per gramme is needed for producing powder pieces of 97%
relative density. The height—diameter ratio attainable is also more
favourable than with slow pressing.

Acta Techn. Hung. 64 (1969), 443—453

Prohaszka, J.—Toeth, l.: Brittle Fracture in Alnico-type Cast Hard
Magnets Having Body Centred Cubic Crystal Structure

In the fracture surface of alnico-type cast hard magnets the same cleavage
steps and river-like patterns were observed at low magnification under
optical microscope as at high magnification under electron microscope.
The cleavage steps were found to he perpendicular to the cleavage plane
and their heights were found to be the same as the dimensions of the
cleavage planes perpendicular to the surface of the steps. It was found
that the cleavage planes are parallel to the {100} crystallographical planes.
The mechanism of the formation of cleavage planes was interpreted
in terms of the following dislocation reaction: a/2<Ill> + a/2<IlI>
-> a<100) proceeding in metals having body centred cubic lattice.

Acta Techn. Hung. 64 (1969), (455—470)

Gruber, J.—Vajna, Z.: Approximative Processfor Dimensioning of Hydro-
dynamic Torque Converters

Authors report on a numerical procedure for the dimensioning of hydro-
dynamic torque converters in which the curves bounding the meridional
sections differ only slightly from eccentric circles. They transform the
meridional section of the torque converter conformly, in three steps.
The differential equation of the flow function can easily be resolved
on the image plane by relaxation. Dividing the blade systems into part
wheels along the surface of revolution passing across the so determined
flow lines of the meridional section, and determining the basic design
data according to some approximative method, they evolve a modern
procedure for the dimensioning of bladings.
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