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Abstract

The phases trajectories in the fields of primary crystallization of cristobalite (Si0,*), tridymite
(Si0,"), mullite (3Al,0,-2Si0,) and in a field of liquid immiscibility are analyzed on a basis of
computer model for T-x-y diagram of Si0,-Al,0,-Ca0 system. The concentration fields with
unique set of microconstituents and the fields without individual crystallization schemes and

microconstituents are revealed.

Keywords: phase diagram, crystallisation path, SiO,-Al,0,-Ca0 system, computer model

1. Introduction

A phase diagram of system SiO,-Al,O,-CaO (S-A-C) has
wide applications and can be used in the cement industry to
describe the properties of Portland and aluminous cements
[1-3], and in studies of refractories and alkali-free glass [4]. To
extend the capabilities of research and examine the processes
of crystallization for S-A-C system allows its computer
model [5-6]. Analysis of concentration fields obtained by
the projection of phase regions onto Gibbs triangle allows to
establish the boundaries of phase regions (located above the
considered fields), the sequence of phase transformations
and microstructural elements in crystallized initial melt at
the equilibrium condition. Based on this technology, the
research identifies fields with coinciding sets of crystallization
scheme and microconstituents and the fields with individual
characteristics.

2. T-x-y diagram model for
§i0,-Al,0,-CaO (S-A-C) system

The experimental data about the structure of S-A-C presented
in the literature is usually confined to the surface of the primary
crystallization (figure la) and triangles of coexistent phases
[1-2, 7-9]. The spatial scheme of mono and invariant equilibria
permits to restore the full construction of phase diagram. In the
first stage a position of invariant planes are reproduced (figure
1b). Then the ruled surfaces of three-phase region borders are
formed.

Let’s consider the fragment of scheme adjoining to the
component SiO, (figure 1c). The plane of four-phase regrouping
of phases L +5i0,"SR+Si0," has a degenerated structure
U-R5,-51,(S2,) (S1=S8i0,* and S$2=Si0.", « - cristobalite, " -
tridymite), because the points S1; and S2; coincide together.
Two ruled surfaces S1,-e,-U-S1  and R5_,-e,-U-R5  bounding
the phase region L+S1+R5 fit to the plane. The plane of ternary
eutectic point E,: L*—82*+R5*+R12,* (S2.,-R5..-R12,,) is
arranged below. Three pairs of ruled surfaces (S2,-U-E,-S2
R5-U-E-R5.; S2_-E,-[E,E]-S2

ES5’

R12,,-E,-[E,E.]-

E4,E5’
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R12[E4,E5]; RSQS-Qs-ES—RSES, R12Q8-Q8-E5-R12E5) are bounded
the phase regions L+S2+R5, L+S2+R12, L+R5+R12. The ruled
surfaces S2,-E -[E, E.]-S2,, ., R12E4_E4_[E4’ES]_R:LZ[EA,ES] are
formed from the maximum point [E4,E5] on monovariant
curve E,E,. Three-phase region S2+R5+R12 situates below
the simplex S2_-R5_-R12_.

Step-by-step restoring of phase regions boundaries permits
to obtaine the complete model of phase diagram (figure 1d).

The projection of phase regions of system S-A-C divides the
Gibbs triangle onto 117 two-dimensional, 163 one-dimensional
and 45 zero-dimensional concentration fields. It is previously
found that the projection of primary crystallization fields
Ca0, C,S and CA are divided onto 52 concentration fields
(19 two-, 21 one- and 12 zero-dimensional), among which 18
fields (12 one- and 6 zero-dimensional) haven't unique set of
microconstituents [10].

Let’s consider the fragment of phase diagram adjoining to
component SiO, and carry out the analysis of concentration
fields under the surfaces of primary crystallization cristobalite
(5i0,7), tridymite (SiO,"), mullite (A,S,) and a cupola of melt
immiscibility (i).

3. Structure of phase diagram adjacent to
component SiO,

There are 18 ruled surfaces, 4 horizontal planes at the
temperatures of invariant points (E, E;, Qg U), 4 vertical
triangulation planes under the fields of primary crystallization
SiO,* (surface Qg with the contour mknp UeS), SiO," (Q,,
- ¢ [E4E5]E.Up,), ASS, (Q,,, - ¢UEQ,.R5) and the
surface of immiscibility melt (i - k’nkm) (figure 2, table 1).
The following designations are used: e and p - binary eutectic
and peritectic points, m and n - binary points of monotectic
segment, E and Q - ternary eutectic and quasiperitectic points,
U - point of the four-phase regrouping with participation of
two polymorphous modifications SiO,* and SiO,", [EE.] -
maximum point on the monovariant curve E E..
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Fig. 1. XY projection of primary crystallization surfaces (a); 3D scheme of invariant planes arrangement (b) and three-phase regions of diagram fragment adjoining to the component
S (c); XY projection of all phase regions (d) (R=C,S, R,=C,S, R=CS, R=CS,R=AS, R=CA, R=C A, R=CA R=CA,R =CA R =CAS R =CAS)

1. dbra  Elsédleges kristdlyosoddsi feliiletek XY vetiilete (a); invaridns sikok elhelyezkedésének 3D sémdja (b); hdromfazisii diagramszakaszok az S-fazishoz tartozéan (c);
az Osszes fazisrész XY vetiilete (d) (R =C,S, R, =C,S, R=CS, R =CS,R=AS, R=CA, R=C A, R=CA R=CA,R =CA,R =CAS R =CAS)

b)

P3
€3

CS(e3)

CS4)

cs?

/$ Sl<e4)
S0 eZ‘(us) S2[E4E5]

S2s

S2Ey
[E4ES] | F s
) Qs

AS2(08)

E4
CASas)

CAS2x9)

CAS??

A3Sz(es)

AsSyEs)

Fig. 2. XY projection (a) and 3D model (b) of fragment of system S-A-C phase diagram
2. dbra Az S-A-C fdzisdiagram egy toredékének XY vetiilete (a) és 3D modellje (b)
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16 phase regions are located under the considered fields of
primary crystallization: L +L, L+S1, L+S2, L+A S , S+CAS,,
A+CAS,, CS+CAS,, AS,+CAS, L +L,+S1, L+S1+S2,
L+S2+CS, L+S2+CAS,, L+AS,+CAS, S2+CS+CAS,,
A+A S +CAS,, S+AS+CAS, (table 2). The phase region
L+S1+S2 is degenerated into line and the corresponding phase
reaction proceeds at one temperature.

Symbol Contour Symbol Contour

Qe nas2 AS,i € UAS,  Ques iy CAS, B AELE CAS, ¢, o
QrEsu_ Ass2 A352(U)-U-E5-A352(E5) QrE5E4_R12 CASQ(ES)—ES—[E4,E5]— CAS2[E4,E5]
Qroass_ A3S2 A3SZ(QS>'Q8'E5'A352<55) ir m-k-n

Qs sz P25 %uASoy T s1, mkS1,

Qe s S1,,e,USL, i, s1, kS1,
Qs 52, UE,52,, He, $2,.,:CS,-CAS, .,

Qe s Aes€s5 QA g Hes S2,-A,S,657CAS, s,
Qoes casy CPS20sQeEs CAS, e Hog QuA;S, e ACAS,, o
Qs s S26385E 52 H, U-AS,5L 1Sy
Qs S1,PsU Voensz  S24eaes7CAS e 57 CAS,-52°
Qs s S22, EAELEIS2 ey Viensa Ay CAS, (o 7CAS A S0
Qures  S2eEAE B2 0 Visoss  ASyqnCAS 5 CAS,SAS,?
Qs EsE,CS.CS,; Vescnsz  CSeuyCAS ¢, "CAS,-CS°

Table 1. Contours of ruled surfaces (Qr, ir), horizontal (H) and vertical (V) planes
1. tdbldzat Az irdnyitott feliiletek (Qr, ir) kontiirjai, vizszintes (H) és fiiggéleges (V) sikok

4. Analysis of the concentration fields

Atprojection the surfaces Q. , Q,,, Q ., and i are divided onto
15 two-, 28 one- and 9 zero-dimensional concentration fields.
Thirteen (2 two-, 8 one-and 3 zero-dimensional) fields coincide
with neighbouring fields by the set of microconstituents.

The microconstituents of concentration fields corresponding
to the regions of immiscibility melt (m-n-k, SiO,-m-k,
SiO,-k, n-k, m-k, k) coincide with the of field p.-1-SiO,-k-n.
Meanwhile the fields m-n-k, SiO,-m-k and m-k differ from
field p,-1-SiO,-k-n by intersected surfaces, phase regions
and crystallization scheme (table 3). The phase region L+S
and phase region of immiscibility melt L+S +S, are located
under the field SiO,-m-k. At that the phase region L+S is twice
crossed for this field. So the field is characterized by two primary

crystallization reactions L'—S ' between which the monotectic
reaction L "—L ™+S ™ takes place. Field m-n-k arranges under
the surface of immiscibility melt (i) and intersects the phase
regions L +L, u L +L +S , where the phase reaction L '=>L.' u
L™ —L™+S ™ occur.

Since the process of melt immiscibility ends in the phase
region L +L_+B , then the reaction products L' and L,™ doesn’t
influence on the microconstituents forming. The crystals B,
are not present in the microconstituents, because they are fully
disappeared in the reactions L?,B,—B ? and L%S —S "+A.SY
and in the subsequent phase transformations there are only B,
crystals. The reactions I»,S —SP? and LYS —S "+A.S,” have
degenerated form as the result of degeneration of phase regions
L+S,+S,in horizontal line and four-phase plane in the triangle
U-A;S,,)-S1 S, [111.

The fields SiO,-k, n-k and k coincide with field p,-1-SiO,-k-n
by the list of phase reactions and the microconstituents.

Qg (1567°)
s1 L
L +S1 +S2(1470°)
s2 L
Q' (1269.6°)
S2 \ L sl
s2 - L7 Cs ]H,(1170°)
S2 CAS: cs

Fig. 3. Diagram of material balance for the concentration field p -1-SiO -k-n
3. dbra A p,-1-SiO -k-n koncentrdcié mez6 anyag egyensilyi diagramja

Let’s consider the diagram of mass balances for composition
given in the field p,-1-SiO,-k-n (figure 3). After the reaction
of primary crystallization L'=S ' in the phase region L+S1
the composition falls into phase region L+S +S, (degenerated
into line) where the crystals S, is fully disappeared as the
result of reactions L»,S —S P and LS —S Y+A,S,". Then the
composition moves into the phase region L+S, where the post-
peritectical primary crystallization L'—S '» takes place with
the increasing of phase part S,. In the phase region L+S,+CS
the part of phase L is decreased and parts of phases S, and
CS are increased: (L*—S,*“9+CS®®?). The phase L is fully
disappeared as the result of reaction L**—S *+CS*+CAS*

Symbol Bounding surfaces Symbol Bounding surfaces

L+L, i, i L+A S, +CAS, Q gees_nasz Qoses. casz Hogr Hest Vassocnsa
L+S1 Qe 1" Qs o Vs S2+CS+CAS, Vs casr Vescas Hea

L+S2 Qs Qs Qse Vs s Veaes o0 Qeseas AS,+ CAS,+A Hoer Vacnsz Y aasacnsz

L+A,S, Q jasor Qen nssor Qesy_nasy Qoses assor Qs assa S2+A,S,+CAS, V jas0 casor Vscasor Hes
L,+L,+S1 i, S2+CAS, Vs caso

L+S1+S2 Qs A+CAS, Vicas

L+S2+CS Qs ce Qus o Hes AS,+CAS, V sasz.cas2

L+S2+CAS, Qs Qesea s Visea caser Qears. caszr Hear HesVecnsa CS+CAS, Vesens

Table 2. Phase regions structure
2. tdblézat  Fazis teriiletek szerkezete
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Concentration fields Intersected surfaces Intersected phase regions Crystallization scheme Microconstituents
p,-1-Si0,-k-n Qs L+S,, L1581,
Qs L+S,+S,, LP+S,'>S.r, S,
Q. L+s,, L*—S, 7, S,
H, L+S,+CS, LeP—S er9+CS B2 (%), CS G2
B,+CS+CAS, L¥— S F4+CS F+CAS S, CS®¥, CAS ™
Si0,-m-k Qqyr L+S,, LS,
", L*+L,+S,, L"—>L,m+S ™,
i L+S,, LS,
Qrp3s’ L+S1+S2' Lp+811,1p_>82py SQD'
Q.o L+S,, LS., S,",
He, L+S,+CS, LP—S P(C9+CS erE2 S,eP(09), CS enB2)
S,+R,+CAS, L¥— S F+CS™+CAS,* S, CS™, CAS ™
m-n-k i L1+L2, L11%L21,
i, L+L,+S,, L"—>L"+S, ™
i, L+S,, L'=S 4
Qs L+S.+S,, LP+S,1>S P, Sy,
Qe L+s,, L*—S,*, S,
He, L+S,+CS, LeP—S,er(9+CS 062 S, CSerE2)
S,+CS+CAS, L¥— S F+CS™+CAS S, CS™, CAS ™
Si0,-k Qs L+S,, L'>S 4
Qs L+S +S,, L+S 1587, S,
Q. L+s,, L*—S,*, S,
He, L+S,+CS, LeP—S,er(9+CS G2 S,%0(®9), CS** 2
S,+R,+CAS, L¥— S F+CS™+CAS S, CS™, CAS ™
n-k Qg L+S,, LS Y
Qs L+S,+S,, LP+S,'>S.r, S,
Q.. L+s,, LS, S,
H, L+S,+CS, LeP—S, erC9+CS n®2) S,%0(%9), CSerE2
B,+R,+CAS, L¥*—8 F4+CSH+CAS S, CS®, CAS
m-k Qg L+S,, LS,
. L+L,+S,, L,">L,m+S, ™,
i L+S,, L',>S,Y
Qe L+S,+S,, LP4S, 4P =S P, S,
Qe L+S,, LS., S,",
He, L+S,+CS, LP—S _P(CS+CS erE2 S,e°(09), CSerE2)
S,+R,+CAS, L#—S8 F+CS™+CAS ™ S, CS™, CAS ™

*1 _ primary crystallization L'—I*; ¢ - monovariant eutectic reaction L*—I¢+J¢; » - monovariant peritectic reaction LP+AP—RP; ™ - monovariant
monotectic reaction L, "—L,™+R™; £ ~ invariant eutectic crystallization L*—B®+C*+R¥; ? - invariant quasiperitectic regrouping of masses L°+A%—B+R?,
p — post-peritectic primary crystallization L**—R*; ¢ - post-peritectic monovariant crystallization Le*—R+J¢ (J=B, C)

Table 3. Crystallization scheme and Microconstituents for surface of immiscibility i and the fragment of primary crystallization surface Q, of high-temperature modification SiO”, (S1)*
3. tdbldzat Kristdlyosoddsi séma és mikro-0sszetevok az i oldhatatlansdgi feliilethez és a Qs1 elsddleges kristdlyosoddsi feliilet toredéke a SiO”, (S1)* médosuldsdra magas hémérsékleten

on the plane at the temperature of ternary eutectic points E,.
Below the plane the composition gets to the solid-phase region
S, +CS+CAS,,

The concentration fields e,-U and U coincide with fields
SiO,-U-e, n SiO,-U by the microconstituents, but differ the
crystallization scheme. Fields e,-U and U haven't the reaction
of primary crystallization L'=>B,'. The concentration fields
p,-1 and 2 differ from fields e,-E,-1-p, and 2-4 by intersected
surfaces. The fields E.-3, A,S,-U u A,S-Q, are identical with
E.-U-3, U-E.- AS, and E.-Q,-A,S, by the microconstituents
and crystallization scheme correspondently.

5. Conclusion

Computer model of PD gives the possibility to analyze the
crystallization stages for any composition and to find the
concentration fields both with individual set of microstructure
elements and the fields at which the crystallization scheme and
microconstituents of phases assemblage coincide with those in
the adjoining fields. It is used as an important tool to investigate

multicomponent system, to correct its constitutional diagram,
to design the miscrostructures of heterogeneous material, to
decipher the genotype of heterogeneous material [12]. One
more reason for the microstructures variety is the competition
of crystals with different dispersity, when a field of invariant
reaction is divided into the fragments with the tiny eutectical
crystals, with more large primary crystals and with the both
type of these crystals [13].
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Kristalyosodasi folyamatok a Si0,-Al,0_-Ca0
anyagrendszerben, mint a szilikat anyagok
genotipusaban

A Si0O,-Al,0,-Ca0 anyagrendszerben a nem elegyedd folya-
dékfazisok mez6jébdl kiindulva a krisztobalit (SiO, cr), a
tridimit (SiO, tr) és a mullit (3A1,0, x 2Si0,) fazisatalakula-
sa - kristalyosodasa - kerll a szerz6k altal bemutatasra
a T-xy koordindta rendszerben szamitégépes modellezés
segitségével. Az elvégzett szamitogépes modellezés és
elemzés eredményeként feltarulnak azok a homérséklettol
és Osszetételtdl fliggd unikalis mikro-szerkezettel bird terek
és mez6k, amelyekben a szilikat anyagok genotipusat alkoté
anyagrendszerben az egyes komponensek kristalyosodasi
folyamata nem 6nalléan megy végbe.

Kulcsszavak: fazisdiagram, kristalyosodas, SiO,-Al,0,-Ca0
rendszer, szamitogépes modellezés

NIISK, the Ukrainian state agency “Research Institute of Building Constructions”

celebrates its 70" anniversary in 2013

The Institute was founded in 1943
by the Council of People’s Commissars
of the USSR on October 26, 1943 and
received the name “Ukrainian Research
Institute facilities (UkrNDIS)” from
the temporary location of the Institute
in Moscow. The main purpose of the institute was the
development and implementation of advanced building
science and technology, conduct research on housing and
civil engineering and technical assistance to construction
companies. The main activity of the Institute was to address
anumber of issues in the construction industry, contributing
to the implementation of the program of construction of
recovery in short term construction projects destroyed
during the 2" World War and find the most efficient design,
saving in building materials and replacement techniques.
The UkrNDIS was transferred to Kyiv in March 1944.

During the years of its history NIISK solve complex
scientific and technical issues concerning the construction
of many buildings in Ukraine and other former Soviet
republics. Numerous research and development institute
were used in our country and abroad. Scientists and
engineers have created a unique institute of technology
and building construction in the Ukraine and other former
Soviet republics and make several housing estates in difficult
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geological conditions. NIISK is now a large research centre
known not only in Ukraine but also abroad. The work of
the institute has been recognized by international prizes
and honours.

Over 500 specialists are currently working for the institute,
whichhasbranchesandbranchlaboratoriesin several regions
of Ukraine. Main Technical Committees of NIISK: Energy
Efficiency of buildings; Building construction; Protection of
buildings. In addition to scientific departments, the institute
has design departments and experimental bases developing
projects and technologies for new structural designs and
producing structures for experimental construction.

The institute issues the scientific collection “Building
structures” as well as the scientific journal “Geotechnical
world”.

The institute carries out work in the following areas:
building structures, geotechnics and foundation engi-
neering, seismic resistance construction, energy effecti-
veness and acoustics, reliability and effectiveness of
technical decisions, test methods for building structures
and scientific support for large structures.

Among other honours, the Institute was awarded with
the International Prize for Commercial Prestige — The New
Millennium Prize in 2002, and The World Quality Award
XXI Century - World of Marketing award in 2003.
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Abstract

Cu54Hf36AI10 amorphous/nanocrystalline composite particles were prepared by ball-milling.
Crystalline master alloys were prepared by induction melting under purified argon atmosphere.
During the mechanical amorphization the grinded ingots were milled for different durations
of time and with several interruptions in order to analyse the structure of the powders. The
mechanical milling was performed in a Pulverisette5 high energy planetary ball-mill under argon
atmosphere using stainless vial and balls with diameters of about 3 mm, 5 mm and 10 mm.
The ball-to-powder ratio was 20:1. The milled powders were analyzed by XRD to determine the
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amorphous fraction, by SEM to characterize the microstructure and by DSC to observe processes
in the powders during heating. After milling for 20 h, an amorphous structure appeared and the

amorphous fraction was 95%.
Keywords: amorphisation, milling, planetary ball-mill

1. Introduction

The materials of bulk metallic glasses (BMG) attract
tremendous attention because they offer unique mechanical
properties such as ultrahigh strength or high hardness [1-5].
Copper-based amorphous alloys are particularly interesting
for practical applications as new structural materials due to
their significant advantages, including their low cost, high
fracture strength of around 2 GPa, often coexisting with visible
ductility, and feasibility for the formation of BMG based
composites [5-10].

The new types of Cu-Hf-Al alloys are suitable structural
materials in engineering and motorcar industry owing to
their excellent mechanical properties such as strength as well
as corrosion and wear resistance. The Cu,Hf Al alloy was
developed by Jia et al. [6] and shows a critical diameter value
higher than the values obtained earlier, that is, it can be cast
in a bulk amorphous form with a diameter of 10 mm. Ball-
milling (BM) is a well-known process producing a wide range
of materials with unique properties [12].

The present work reports about Cu,,Hf, Al = amorphous/
nanocrystalline composite particles prepared by ball-milling.

2. Experimental

The crystalline master alloys were prepared by induction
melting under purified argon atmosphere. The master alloy
ingots were grinded to particles with size below 320 pm before
the mechanical milling. The particles were milled for different
periods of time during the mechanical amorphization.

The procedure was interrupted after arbitrarily selected
milling times in order to analyze the structure of the powders.
The mechanical milling was performed in a Pulverisette 5

high-energy planetary ball-mill under argon atmosphere using
stainless steel vial and balls with diameters of 3 mm, 5 mm
and 10 mm. The ball-to-powder ratio was 20:1. The optimal
parameters of the milling were determined in a previewed
work of the Materials Science Research Group [1-2].

The microstructure of the powders was characterized using
a 1830 I Amray Scanning Electron Microscope equipped
with an EDX DX4 and a Zeiss EVO MA Scanning Electron
Microscope. The ball-milled powders were analyzed by X-ray
diffraction (XRD) using a Philips PW 1830 diffractometer
with Cu Ka radiation (A = 0.1542 nm). The glass transition
and crystallization temperatures of the amorphous phase were
measured with a Netzsch 204 DSC with alumina container. The
particle size was measured by a Quantimet Image Analyzer
using Leica Software.

Intensity (a.u.)

3
DET: BSE Detector
DATE: 03/29/12

HV: 25.0 kV
Satellite ©Tescan

200 um

Fig. 1. Backscattered SEM image of the Cu_ Hf, Al, master alloy
with the XRD diffractogram

1. dbra A Cu,Hf Al alapotvozet elektronmikroszkopos képe
és rontgendiffraktogramja
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Fig. 2. XRD diffractograms of the Cu, Hf, Al, powders as function of milling time
2.dbra CuHf, Al porok rontgendiffraktogramjai az 6rlési idé figgvényében

3610

3. Results and discussion

Figure 1 shows the Cu,,Hf, Al  crystalline master alloy with
three identified intermetallic compounds: Cu Hf (orthor-
hombic, a = 1.2587 nm, b = 0.9238 nm, ¢ = 0.9265 nm [13]),
CuHf, (tetragonal, a = 0.3170 nm, ¢ = 1.1133 nm [14]) and the
ternary compound CuHfAl (hexagonal, MgZn -type Laves-
phase, a = 0.5155 nm, ¢ = 0.8381 nm [15]). Confirmed by
element analysis using EDX, the needle shape crystalline phases

o W DS
HV: 25.0 kV
Satellite ©Tescan

i 4
DET. BSE Detector
DATE: 03/27/12 100 um

HV: 25.0 kV
Satellite ©Tescan

DATE: 03/29/12

HV: 25.0 kV
Satellite ©Tescan

HV: 25.0 kv
Satellite ©Tescan

DET. BSE Detector
DATE: 03/29/12 100 um

Fig. 3.
a) 10 h, b) 15 h, ¢) 20 h, d) the same as c) in higher magnification
3. dbra  Cu,Hf, Al, porok elektronmikroszkdpos képei az 6rlési id fiiggvényében:
a) 10 h, b) 15 h, ¢) 20 h, d) 20 h, nagyobb felbontdsii képen
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DET: BSE Detector

DET. BSE Detector
DATE: 03/29/12

Backscattered SEM images of the Cu, Hf, Al powder as function of milling time:

(lighter) were identified as CuHf,, the dendrites (dark gray)
as CuHfAI and the matrix Cu, Hf, intermetallic compounds,
respectively.

Figure 2 shows the XRD patterns of Cu_ Hf, Al powdersafter
different milling times. 10 h milling resulted in broadening the
crystalline diffraction peaks and reduction of their intensity;
however, there was no significant change in the position of
diffraction peaks. Increasing the milling time beyond 10 hours
led to the appearance of a broad diffuse diffraction maximum
between 20 = 32° and 46°, which implies the formation of
an amorphous phase. After milling for 20 h, an amorphous
structure appeared and the amorphous fraction was 95%.

The scanning electron images show the structure of the
Cu,,Hf Al  powders as a function of milling time (Figure 3).
After 10 hours milling CuHf, phase remains in the powder, as
seen in Figure 3 (a). Figure 3 (b) shows 15 hours milled powder.
The needle shape crystalline phases (lighter) were identified
as CuHf,. The particles are coalescent with gaps encompassed
between them. Figure 3 (c) shows 20 h milled powder in lower
magnification, while Figure 3 (d) - in higher magnification. The
structure of the particles can not be observed, an amorphous
structure appears and the amorphous fraction is 95% During
the high-energy milling the particles were repeatedly attended,
cold welded, fractured and rewelded. Figure 4 shows the
Cu,,Hf Al | particle size distribution as a function of milling
time measured by Quantimet Image Analyzer. The average
size of the particles decreases with increaseing milling time.
The majority of the particles in the starting powder were 200
um in size. As the milling time increases, the range of particles
size distribution narrows. While the average particle size in
the starting powder was 200 pm,
after 20 hours of milling it was only
~ 10 pm.

Thermal data of the Cu_ Hf Al
alloy were obtained by DSC measu-
rements with the first crystallization
temperature at Tx = 572 °C and the

crystallization peak temperature
being at Tp = 618 °C.
4. Conclusions

o Within the frames of this work

Cu, Hf, Al powders were produced
by ball-milling with the milling time
varying between 5 and 20 h.

The results can be summarized
as follows: increasing the milling
time resulted in an increase of the
amorphous fraction. After milling
for 20 h, an amorphous structure
appeared and the amorphous
fraction was 95%. Thermal data of
the Cu, Hf Al  alloy were obtained
s by DSC measurements with the first
crystallization temperature at Tx =
572 °C and the crystallization peak
temperature being at Tp = 618 °C.
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Figure 4. Cu_Hf, Al, particle size distribution
4. abra Cu,Hf Al szemcseméret eloszlds
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Cu-Hf-Al amorf/nanokristalyos szerkezetii por
elballitasa orléssel

Cu, Hf (Al amorf/nanokristalyos szerkezi port allitot-
tunk el6 golyés malomban. Kristalyos mesterétvozetet
készitettlink indukciés olvasztas alatt argon atmoszféraban.
Az Orléshez Fritsch altal gyartott Pulverisette 5 golyos-
malmot hasznalunk, amelybe golyékat tettlink, amelyek
atmérdje 5, 7 és 10 mm volt. Argonnal feltdlthetd, savallo
acél tégelybe savalloé acélbdl kisérletezve 20:1 goly6/6rlendd
anyagarannyal dolgoztunk. Az 6rolt porok szerkezetét ront-
gendiffrakciés (XRD) vizsgalatokkal tanulmanyoztuk és
meghataroztuk a fazisokat illetve az amorf térfogathanya-
dot. A mikroszerkezet jellemzésére pasztazé elektronmik-
roszkopos (SEM) vizsgalatokat alkalmaztunk. 20 6ras &rlést
kovetben a kapott amorf térfogathanyad 95%-os volt.
Kulcsszavak: amorfizalas, 6rlés, golyés malom
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The ESTPHAD (Estimation of Phase Diagrams) thermodynamically based phase diagram
calculation method was developed by us in the University of Miskolc. The paper shows the writing
up by ESTPHAD method of the MgO rich corner of the binary, ternary and quaternary phase
diagrams of the Mg0-Al,0.-Ca0-SiO,, oxide system. The differences between the calculated data
and data from literature are less than 1% of the liquidus temperature values, which is near equal

to the measurement error of the high temperature measuring.

Keywords: equilibrium phase diagram calculation, ESTPHAD method, oxide system

1. Introduction

In case of ceramic industries it is very important to know
the liquidus temperature of multicomponent oxide system.
By using of the ESTPHAD method the liquidus and solidus
curves (binary systemi) or surfaces (multicomponent system)
of the equilibrium phase diagrams can be calculated by simple
equations. The ESTPHAD method has thermodynamic based
equations and hierarchical structure. Used to the hierarchical
structure, it is possible to approach the ternary liquidus surface
(in case of high MgO concentration) on the basis of the binary
phase diagrams even if the ternary system is not known. For
the calculations we can use measured or calculated data from
literature and with regression analysis we can determine easily
the constants of the equations.

2. Calculation of liquidus temperature

The equation used in ESTPHAD method (Eq. 1) is based on
thermodynamic principles. In equilibrium the partial molar
free energy of the phases being in equilibrium are equal.
After a long deduction [1,2], the liquidus temperature can be
calculated as follows in case of binary A-B system:

r,-— D ! oy
14 4G:0:0)(c,)' 1+ F,,(cy)

Where: T melting point of pure element (K), c, liquid phase
concentration (wt%), A(i:0:0), A(0:j:0) and A(0:0:k) calculated
coefficients, F, (c,) polynome which belongs to liquidus
concentration.

The ESTPHAD algorythm has hierarchical structur, which
means that we are able to use the calculated polynomes of binary
systems (created in case of A-B and A-C systems) to approximate
the ternary A-B-Cliquidus temperature. The results would be more
precise used the AF, , - function determined from the measured or
calculated ternary equilibrium phase diagram (Eq.2.).

42 | épitdanyag = 2013/2 = 65. évf. 2. szam

T, - Iy @)
1+ F,p(cp)+ F o (co)+ AF o (chice)
The AF,,. function includes mixed products of the

concentrations of the components with sufficient powers:
AF (€)= A(15150) - (cp) - (e ) + A(2510) - () - (e ) + A(152;0) - () - () +..

= Y A ))(cp) (cc) (3)

i, j=l=..

The calculation of the liquidus temperature of quaternary
system and the FABCD function can be set up by the
aforementioned hierarchical way (Eq.4, Eq.5):

T

T, = (4)
I+ Fp+ Fye + Fp + AF g + AF g + AF 0 + AF o (cpicescp)

AF 5cp(€) = AL (c5) - (c0) - (ep) + AZLD () (e (€p) +vn=

= ZA(i;j§k)‘(CB)i ‘(Cc)j ’(Cl))k (5)

iyjk=1-...

3. Results

The liquidus curves of the binary phase diagrams can be
calculated with +5 K variances (which is less than 0,3% of the
liquidus temperature) by the ESTPHAD method. Due to the
hierarchical structure of the ESTPHAD method, the liquidus
surfaces of the ternary phase diagrams can be approximate
with +25 K difference (less than 1%), the quaternary liquidus
temperature (above 80 wt% MgO content) +25 K difference
(less than 1%). On the following figures can be found the
digitalized (which were used as base data for our calculations)
and calculated liquidus curves and surfaces.

By using our equations and the following calculated coeffi-
cients (Table 1. to 3.) the liquidus temperature can be calculated
easily. The T initial value in Eq. (1) to (4) is equal to 3083 K.
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surface of MgO phase in case of MgO-CaO-
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quaternary system [3].

Az MgO fizis digitalizdlt és szémitott
likvidusz feliilete MgO-CaO-SiO,
fdzisdiagramban és a négyfazisii rendszer
5% AlLO, metszete [3]

Ref.:

4. Conclusion

By using the ESTPHAD method we
calculated the liquidus temperature of
binary, ternary and quaternary systems
with a sufficient precision. The differen-
ces between the calculated data and data
from literature are less than 1%, which is
near equal to the measurement error of
the high temperature measuring.
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A Mg0-Al,0,-Ca0-Si0, fazisdiagram Mg0-ban dis sarkanak

kozelit6 szamitasa ESTPHAD modszerrel

A keramiaipari vallalatok szamara rendkivll fontos a tobbalkotds oxid-rendszerek
likvidusz hémérsékletének minél pontosabb ismerete. Az ESTPHAD (Estimation
of Phase Diagrams - Fazisdiagramok kozelitd szamitasa) modszerrel két- és tob-
balkotos rendszerek (legyen sz6 fémes vagy oxid) fazisainak likvidusz hmérséklete
szamithaté egy egyszerl egyenlet felhasznaldsaval. Az ESTPHAD algoritmusat
termodinamikai egyenletekbdl levezetve hierarchikus médon épitettiik fel annak
érdekében, hogy tobbalkotds rendszerek szamitasara is lehetdség nyiljon. A szami-
tasok soran szakirodalombol szarmazé egyensulyi fazisdiagramokat hasznaltunk és
regresszios analizissel hataroztuk meg az ESTPHAD egyenlet paramétereit.
Kulcsszavak: egyensulyi fazisdiagram szamitas, ESTPHAD médszer, oxid-rendszer
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Abrasion Resistance of Lightweight Aggregate Concrete
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Fo érdeklddési teriletei:

konnyibeton Osszetételének tervezése,
konnyibeton szerkezetek tervezése.

A fib Magyar Tagozat tagja.

Az SZTE Beton Szakosztaly tagja.

The durability is one of most important requirements of design of concrete and reinforced
concrete structures. The abrasion resistance is less known and common, compared to e.g. freeze-
thaw attack, but can be important in case of pavements. Lightweight aggregates usually do not
have high abrasion resistance. Different behaviour from normal weight concrete was studied for
expanded clay and two type of expanded glass aggregate in present studies.

Keywords: lightweight concrete, expanded clay, expanded glass, abrasion resistance
Kulcsszavak: konnylbeton, duzzasztott agyagkavics, duzzasztott livegkavics, kopasi ellenallas

1. Bevezetés

A tartdssag az egyik legfontosabb szempont lett a beton és
vasbeton szerkezetek tervezése soran. Betonszerkezetek esetén
gyakran a szilardsagi és hasznalhatdsagi hatarallapotok kevés-
bé szigoruak, kiilonosen killtéri szerkezetek esetén, mint a
tartdssagi kovetelmények. A tartdssagi tulajdonsagok ellenérzé
vizsgalatai koziil a fagyallosagalegismertebb. Az EN 206-1:2002
betonszabvany magyar NAD-ja (MSZ 4798-1:2004) a
fagyallosagi kitéti osztdlyok mellett tartalmazza a vizzarosag és
a kopdsallosag vizsgalatat és osztalyba sorolasat is. Térburko-
latok alkalmazasakor nagy jelentésége van a kopasallosagnak.
Burkoldékévek esetén gyakori ez a vizsgalat, de a beton burkola-
tok terjedésével, a betonoknal egyre nagyobb sziikség van ra. A
kopasallosag kérdése ritkan meril 6l konnytibetonok esetén.
Eppen ezért kevés adat all rendelkezésre.

A szakirodalomban elérheté eredmények tobbnyire ASTM
szabvany szerinti vizsgalatok eredményeit tartalmazzak (pl.
ASTM C779 / C779M - 12 Standard Test Method for Abrasion
Resistance of Horizontal Concrete Surfaces), ahol elsdsorban
valamilyen benyomodas, bemarddas alapjan mindsitik a beto-
nokat kopdsallésag szempontjabdl. Ilyen vizsgalattal svéd ku-
tatok Leca (duzzasztott agyagkavics) adalékanyagos betonon
(teststirtiség: 1750 kg/m’, nyomoszilardsag: 37,0 MPa) jobb
kopasallosagot kaptak, mint kozel azonos nyomoszilardsagu
normal beton esetén. A koptatasi mélység, vizsgalattdl fiiggden,
a konnytibetonokon 64-73% lett a vizsgalt normal betonokon
mérthez képest [1]. Az ilyen tipusu vizsgalatok sok esetben
kevés informaciét nyujtanak az adalékanyagra vonatkozodan,
altalaban a felhaszndldsi tertilet és a nyomoszilardsag irdnyabdl
kozelitik a problémat. Konnyti adalékanyaggal dltaldban azonos
szilardsagi osztaly mellett nagyobb habarcsszildrdsag sziikséges,
ami szintén befolyasolja a tartdssagi vizsgalatok eredményét.

A Magyarorszagon szokasos, eredetileg kozetekre kidolgo-
zott Bohme vizsgalattal (MSZ 18260-1:1981) hasonlitottuk
Ossze hagyomanyos betonok és konnytibetonok kopassal szem-
beni ellenalloképességét. Ezt a mddszert nem csak kézeteken,
hanem térburkolo- és palyabetonokon is alkalmazzak. A kuta-
tasunk soran gyenge habarcsmindségeket vélasztottunk, hogy
els6sorban az adalékanyag legyen a meghatarozo, mivel a beto-
nok kopasallosaga a szakirodalmi adatok és szabvanyok szerint
elsésorban az adalékanyagtol és annak kopasallosagatdl figg.
Az MSZ 4798-1 el§ is irja, hogy milyen adalékanyagok alkal-
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mazhatok kopdasallé betonokhoz (ezek kozott nem szerepel a
konnyti adalékanyag). El6fordulnak esetek, amikor viszont nem
a kopasallosag az elsddleges jellemzd, amit a betonnak teljesite-
nie kell, viszont ki lesz téve koptatdsi igénybevételnek. Ilyen
volt példaul a budapesti Margit hid feldjitasa soran alkalmazott
ideiglenes palyalemez betonja. A legfontosabb kovetelmény a
teststirtiség volt, amit maximalni kellett teherbirasi szempontok
alapjan (az eredeti terhelés értékét nem volt szabad meghaladni
az épités alatt sem). A szilardsagi igény kicsi volt (megfelelt az
LC20/22 szilardsagi osztaly), de tartossagi szempontbdl meg
kellett felelnie fagyallosagi és kopasallosagi kovetelményeknek
is. Ezek ugyan csokkentett mértékiiek voltak, mivel a szerkezet
varhat¢ élettartama 1 év volt (a tényleges élettartam par honap-
pal kevesebb is). A fagyalldsagra vonatkozoan tobb szakirodal-
mi adat és sajat mérési eredmény is rendelkezésre allt, amely
az alkalmazdst alatamasztotta, azonban a kopasallosagra vonat-
kozé ismereteket laboratdriumi vizsgélattal kellett kiegésziteni.
A projekt soran szerzett tapasztalatok alapjan felmeriilt, hogy va-
jon nem a szabvanynak megfelel6 adalékanyagokkal késziild beto-
nok mennyire felelhetnek meg a kopasallosagi kovetelményeknek,
illetve, hogy milyen mértékben eredményez jé kopasallosagot az
adalékanyag, a cementkévaz és ezek egyiittdolgozasa.

2. Kisérletek

2.1 Kiindulasi adatok, elokisérletek

Az els6 koptatasi kisérletet konnytibetonon 2009 nyardn
végeztiik, amikor igazolnunk kellett, hogy a Margit hid ideig-
lenes palyalemeze késziilhet olyan konnytibetonbdl, amelynek
a teststirdsége 1600 kg/m® alatt marad, de a tervezett 1 éves
élettartam alatt megfelelden kopasdlld lesz, a gumikerekes
jarmiiforgalomnak kitett palyaburkolat betonjaként.

Konnytibetonokat koptatasnak kitett feliileten ritkan alkal-
maznak, mert a legtobb konnyt adalékanyag rossz kopas-
allosagu. Osszehasonlito vizsgdlatot végeztiink annak meg-
allapitasara, hogy egy kozel azonos cementkd vazzal rendelkezd
kvarckavics és duzzasztott agyagkavics adalékanyagu beton
milyen koptatasi ellenallassal rendelkezik.

Ha a betontol a koptatassal szembeni ellendlldst koveteliink
meg (XK1(H), XK2(H), XK3(H), XK4(H)) akkor az MSZ 4798-1
szerint a beton kopasallésagat legalabb 28 napos koraban, az
MSZ 18290-1:1981 szabvany szerinti Bohme-féle eljarassal kell



vizsgalni, és a MEASZ ME-04.19:1995 miiszaki el6irés 9. fejezet,
9.6.2. szakaszaban leirtakat is ajanlatos figyelembe venni. A AV
térfogatveszteséget mm?-ben kapjuk meg, a kovetkezok szerint:

AVz(l—g)-V
G

ahol AV = a probatest térfogatvesztesége, mm>*-ben
G = a prébatest tomege koptatds eldtt, g-ban
G’ = a prébatest tomege koptatas utan, g-ban

V = a probatest térfogata koptatas el6tt, mm?-ben

A koptatast szarazon (légszaraz probakockakon) és vize-
sen (vizzel telitett probakockdkon és a koptatotarcsara viz
csOpogtetése kozben) is el kell végezni, és ezek eredményei
koziil a kedvezétlenebb a mértékado vizsgalati eredmény (a ha-
tarértékeket az 1. tdbldzat tartalmazza). Példaul, ha egy beton
kopasi vesztesége szarazon 9600 mm?®, vizesen 17400 mm’, ak-
kor kornyezeti (igénybevételi) osztalya: XK2(H). Ennek a tab-
lazatnak a kiegészitésére mar elkésziilt egy javaslat, amelyben
egy 5. kiilonlegesen kopasallé osztaly is szerepel és nem csak a
koptatasi hatarértékek vannak megadva, hanem nyomészilard-
sagi osztaly, cementtartalom, maximalis viz-cement tényez6 és
megengedett leveg6tartalom is [2].

A AV kopasi térfogatveszteség megengedett mértéke mms3-ben

Kornyezeti (igénybe- Szaraz koptatas Vizes koptatas

vételi) osztaly esetén esetén
XK1(H) 14000 21000
XK2(H) 12000 18000
XK3(H) 10000 16000
XK4(H) 8000 14000

Table 1. Requirements for the abrasion resistance of concrete according to MSZ 4798-1
Table NAD 5.4.

1. dbra  Probatestek a koptaté vizsgdlat utdn
Fig. 1. Specimens after the abrasion test

2. dbra Probatestek a koptaté vizsgdlat utdn
Fig. 2. Specimens after the abrasion test
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A pontos receptura ismerete nélkiil, illetve id6 hianyaban nem
tudtuk a szabvanyos vizsgalatot elvégezni az el6kisérletek soran.
Kordbban mas célra késziilt, a fent emlitetteknek megfeleld
paraméterekkel rendelkezé probatesteket vizsgaltunk. Ezek
40x40x160 mm-es hasabok voltak, igy nem tudtuk a szabvanyos
70x70 mm-es feliiletet sem el6allitani, ezért 40x40 mm-es feliile-
ten végeztilk a koptatd vizsgalatot. A konnytibeton duzzasztott
agyagkavics adalékanyagu, 1850 kg/m’ teststirtiségli, LC25/28
szilardsagi osztalya volt, a hagyomdanyos beton kozel azonos
péptartalmu, C40/50 szilardsagi osztalyt volt. Mivel a probatest
méretébdl adédoan a koptatasi feliilet kisebb volt igy azonos erd
mellett a koptatds kb. haromszoros intenzitassal ment végbe, ezért
a 16 szokdsos sorozat helyett 5-6t (5x3=15) végeztiink. A kopasi
térfogatveszteség mértékébdl megéllapithatd volt, hogy a hagyo-
manyos beton megfelel a legszigorabb XK4(H), a konnytibeton
pedig az XK3(H) osztalyoknak. A vizsgdlt kénnytibetonok ko-
pasallosaga csak kb. 25%-kal volt rosszabb (2. dbra), mint a vizsgalt
hagyomanyos betoné. Elényként emlithet, hogy a jobb adalék-
anyag-cementkd kapcsolat miatt a koptatds soran a kénny( adalék-
anyag szemek nem peregtek ki a koptatott felilletbél (1. dbra) [3].

2.2 Kisérleti terv

A betonosszetételek megtervezésénél a legfontosabb szem-
pont a habarcsvaz azonossaga volt, hogy a vizsgalat soran
meghatdrozott kiilonbségek — amennyire lehetséges — az ada-
lékanyagra vonatkozzanak. Igy a testsliriségi vagy szilard-
sagi adatok alapjan a vizsgalt betonok nagyon kiilonb6zének
tlinnek, de a kiilonbséget csak az adalékanyag jellemzdi
okozzak. CEM 142,5 N jelti cementtel dogoztunk, a cementada-
golas 360 kg/m’ volt, minden alkalmazott adalékanyag esetén
enyhén pép-tultelitett betont szerettiink volna elérni, hogy a
konnytibetonra jellemzé teherbirasi viszonyok 1étrejohessenek,
viszont nagy viz-cement tényez6t (v/c=0,61) alkalmaztunk,
hogy a habarcs szildardsaga minél kevésbé legyen mértékado,
ezért finomrészt (140 kg/m® mészkoliszt adagolast) is alkalmaz-
tunk. Azonos &sszetétel mellett mas jellemzoket is vizsgaltunk,
igy tobb szempont alapjan optimalizaltuk a kisérleti tervben
a betonosszetételt (2. tdbldzat tartalmazza az etalon (kvarc-
kavics adalékanyagos) beton Osszetételét. A konnytibetonokat
a 2. tablazatban ismertetett Osszetétellel készitettiik, a valtozo
paraméter csupan a durva adalékanyag frakcié volt. A 4 mm
feletti adalékanyag frakciokat cseréltiik ki a konnyti adalék-
anyagra. A kutatas sordn tobb gyartotdl szarmazd, kiilonboz6
konnyt adalékanyagokat vizsgaltunk meg (3. tdbldzat). Az
adalékanyag-jellemzéket az MSZ EN 13055-1:2003 alapjan ha-
taroztuk meg. A konnyti adalékanyagot mindig szaraz allapot-
ban adtuk hozza a betonkeverékhez. A keverés és bedolgozas
soran a fél dras vizfelvételnek megfelelé vizmennyiséget az
adalékanyag képes elszivni a kever6vizb6l, ettdl a beton tény-
leges viz-cement tényezdje és konzisztencidja megvaltozna,
ezért ezt a vizmennyiséget a keverdévizhez hozzdadtuk.

A kopasallosagi vizsgalatokhoz 70x70x250 mm-es hasabokat
készitettiink és ebbdl a megszilardulds utdn vagassal alakitot-
tuk ki a sziikséges 70 mm élhossztsagu kockdkat. Minden
probatestbdl tobb kockat alakitottunk ki, igy lehetéséglink
volt mind a bedolgozasi, mind a vagott feliilet vizsgalatara.
A tartdssagi vizsgalatokat szokas vagott felilleten végezni,
viszont itt a gyakorlati felhasznalas szempontjabol fontos volt

65. évf. 2. szam = 2013/2 = épitdanyag | 45



ANYAGTUDOMANY - MATERIALS SCIENCE

a valdsagban is igénybe vett bedolgozasi feliilet vizsgalata is.
A vizsgalt betonok nyomoszilardsdga egyenesen aranyos a
teststirtiségiikkel (3. dbra), tehat idedlis arra, hogy ténylegesen
az adalékanyagok okozta kiillonbségek hatasat vizsgaljuk. A
vizsgalt betonok teststirtiségét és nyomdszilardsagat (28 napos
kockaszildrdsag) a 4. tdbldzat foglalja Gssze.

cement 360 116,1
finomrész 140 51,9
viz 220 220
folyositoszer 0,36 0,36
adalékanyag 4/8 486 181,9
adalékanyag 8/16 397 148,8
homok 0/4 720 271,7
levego - 9,2
X 2323 1000

2. tabldzat A kisérletek sordn alkalmazott etalon keverék [4]
Table 2. Reference mix used in the experiments [4]

Adalékanyag Szemcse- Vizfelvétel [m%]
testslirliség
[kg/m?] 0,5 6ras 24 6ras teljes

kvarckavics 2670 0 0 0
duzzasztott 1320 1,4 18 4
uvegkavics 1

duzzasztott 949 6.1 8.2 25
uivegkavics 2

duzzasztott 1247 8,0 13,0 21
agyagkavics

3. tdbldzat A kisérletek sordn alkalmazott adalékanyagok egyes jellemzéi [5]
Table 3. Physical properties of the aggregates used in the experiments [5]
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3. dbra A vizsgdlt betonok nyomészildrdsdg - testsiirliség osszefiiggése
Fig. 3. Compressive strength vs. body density responses of the tested concretes

A kiilonboz6 szabvanyok és ajanldsok szerinti koptatasi
modok tobb helyen is eltérnek egymastol. A Bohme mod-
szer szerinti koptatdsndl 22 fordulatnyi koptatds utin a proé-
batestet el kell forditani 90 fokkal és tovdbb kell koptatni a
feliiletet 22 fordulaton keresztiil és igy tovabb mind a négy él
felSl. Egy ilyen 4x22 fordulatos sorozatot kell négyszer ismé-
telni az MSZ 18290 szerint. Jelenleg ez a koptatasi modszer
érvényes mind kézetekre, mind betonokra (az MSZ 4798 és
az MSZ 18290 erre hivatkozik). Betonok esetén kordbban az
MSZ 4715 szabvany 4x110=440 fordulatos koptatast irt el$
(ami megfelel 5x4x22=440 fordulatnak). A MEASZ ajanlas
alapesetben vagott feliileteken végzett koptatast javasolt (eset-
leg el6koptatott feliileten). A korabban érvényes MSZ 4715 pe-
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dig kihangsulyozta, hogy a kés6bbi igénybevételnek megfelel6
feliiletet kell koptatni (és ez jellemezden nem egy vagott, hanem
leggyakrabban a bedolgozasi feliilet). A lényeges probléma
ezekkel a kiillonbozé vizsgalati modokkal az, hogy bar a vizs-
galati modok tobb ponton eltérnek egymastol egyféle kiér-
tékelés hasznalatos (a MEASZ szerinti) mindegyik esetre.

A vizsgalatnak létezik szaraz és nedves véltozata, igy a
késébbi haszndlatra jellemzd koptatast kell figyelembe venni
vagy mindkét modszert el kell végezni és a kedvezétlenebb
alapjan kell a kiértékelést végezni. A kisérletek soran mi széra-
zon végeztiink koptatast. Mind vagott, mind bedolgozasi felii-
leten elvégeztiik a vizsgalatot 5 db 4x22 fordulatos koptatassal
és minden 4x22 fordulatot kovetéen megmértiik a magassag-
csokkenést és a tomegveszteséget is.

Adalékanyag

Beton testsiirliség Nyomoszilardsag
[kg/m?] [N/mm?]

duzzasztott liveg 2. 1367 22,4
duzzasztott liveg 1. 1637 31,5
duzzasztott agyagkavics 1862 35,5
kvarckavics 2266 44,4

4. tabldzat A vizsgdlt betonok adalékanyaga, testsiirtisége és nyomoszildrdsaga (28 napos dtlagérték)
Table 4. Body density and compressive strength of the concretes tested (28 days age values)

3. Eredmények

A gyakorlatban leggyakrabban el6forduld, igénybevett (azaz a
bedolgozasi) feliileten végzett (a 4. és 5. dbrdn tires jelolokkel és
szaggatott vonallal jelolt) koptatds eredményei alapjan megal-
lapithato, hogy a konnyti-adalékanyagos betonok koptatasi vesz-
tesége atlagosan kb. hdromszorosa a kvarckavics adalékanyagos
etalon beton koptatasi veszteségének. A vizsgalt (tartoszerkezeti
célra is megfeleld, viszonylag nagy szemcse-teststirtiségli és hal-
maz-6nszilardsag) konnyt adalékanyagok alkalmazasa esetén a
kopésalldsag linedrisan né a teststiriiség novekedésével. Az elsé
koptatasi sorozat (4x22 fordulat) soran kb. 25-50%-kal nagyobb
a koptatasi térfogatveszteség, mintha aranyosan vesszik a 4 és 5
koptatasi ciklus eredményét. Kisebb szemcse-teststirtiségti adalék-
anyagok esetén nagyobb ez az arany. Ha ezt az eredményt Gssze-
hasonlitjuk a koptatasi veszteséggel (azaz gyakorlatilag a probatest
magassagcsokkenésével) akkor lathatd, hogy ott még nagyobb
a killonbség. Ennek az az oka, hogy bar a szabvanyos (4. dbrdn
lathatd) jellemzot koptatasi térfogatveszteségnek nevezziik, a
valdsagban tomegveszteség mérésbol szamitassal hatarozzuk meg.
A kénnyti adalékanyagos betonok bedolgozasi feliilete pedig rend-
szerint nem péptelitett, hanem a konny(i adalékanyag szemcsék
kismértékben felusznak a feliiletre, itt a tdomegmérés alkalmazasa
nem idealis a nem teljesen egyenletes teststirtiség-eloszlas miatt.

A (4. és 5. dbran kitoltott jelolokkel és folytonos vonallal jelslt)
vagott feliiletek vizsgalatdanak eredményei eltérnek a bedolgozasi
feliileten megfigyelt tendenciakhoz képest. Az 1. jelti duzzasztott
tivegkaviccsal késziilt konnytibeton (p,=1637 N/mm?) vagott
feliiletén vizsgalva lényegesen kedvez6bb kopasi ellendllast mu-
tat, mint a bedolgozasi feliileten vizsgalva. Ez igaz, mind a kopta-
tasi térfogat veszteség, mind a koptatasi veszteség (magassag
csokkenés) értékére. Ezt az adalékanyagot (duzzasztott tivegka-
vics 1.) kis vizfelvételre optimalizaltak a gyartas soran. Ennek
hatasara egy zart réteg képzddott az adalékanyag szemcsék
feliiletén a forgokemencés égetés soran. A 3. tdblizat adatai-
bol lathato, hogy lényegesen kisebb ennek az adalékanyagnak a
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4. dbra A koptatdsi térfogatveszteség a beton teststiriiségének fiiggvényében
(tomegmérésbél szamitdssal meghatdrozott értékek)
Fig. 4. Abrasion volume loss represented as a function of the body density
(calculated values from mass measurements)

vizfelvétele a masik két konnyti adalékanyaghoz képest. A vagott
feliileten jol latszik, hogy egy kiilsé keményebb réteg képz8dott,
beliil pedig vagy a t6bbi konnyti adalékanyagra jellemz6 porozus
rész figyelheté meg, vagy egy kisebb gomb alaku szintén kemény
burokkal rendelkezé rész (6. dbra). Ha a vagott feliileten végez-
ziik a koptatdst, akkor ezek a kiilsé keményebb részek egyenle-
tesen terhel6dnek, igy jol ki tudjak fejteni a hatdsukat, a koptatasi
veszteség lényegesen kisebb lesz, mint ahol nem ilyen az adalék-
anyag szerkezete. Bedolgozasi feliilleten nem érzékelheté ez a
kiilonbség, ennek az lehet az oka, hogy a legkiils6 réteg konnyen
kop¢ habarcs, majd egy keményebb burok kovetkezik az adalék-
anyag szemcsén, de ez nagyon kis feliileten és nem egyenletesen
érintkezik a koptato feliilettel, ennek lekopdsa utan pedig vagy a
bels6 puhabb rész tud kopni, vagy ahol egy kisebb ,,gomb” van
a belsejében, ez gyakran kihullik. Ez a kiilonbség vizsgalat soran
is érzékelhetd volt, a probatest sokkal jobban ,ugralt” vizsgalat
kézben, mint a tobbi osszetétel esetén.

6. dbra Az 1. jelii duzzasztott iiveg adalékanyagos prébatest vdgott feliilete koptatds el6tt
Fig. 6. Cut surface of the specimen with expanded glass aggregate (specimen no. 1.)
before abrasion test

4. Osszefoglalas

Osszességében elmondhato, hogy a konnyti adalékanyagok kop-
tatassal szembeni ellenallasa valoban kisebb a hagyomanyos ada-
lékanyagokéhoz képest, azonban ha mégis sziikséges, hogy egy
konnytibeton kopasallosagi feltételnek is megfeleljen akkor jé
habarcsvazra van sziikség. A kisérleti eredmények alapjan meg-
allapithato, hogy konnyt adalékanyagos betonok esetén nagy jelen-
tGsége van annak, hogy a vizsgalatot a tényleges koptatasnak kitett
feliileten végezziik, mert egyes adalékanyagok esetén [ényeges elté-
rések lehetnek a vagott és a bedolgozott feliilet eredményei kozott.
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5. dbra A koptatdsi veszteség (magassdg csokkenés)
a beton testsiiriiségének fiiggvényében

Fig. 5. Abrasion loss (decrease in specimen height)
as a function of the body density

A késibbiekben terveziink hasonlo vizsgalatot végezni tobb-
fajta adalékanyag alkalmazasa és a zsaluzott feliiletek koptatdsa
esetére is, tovabbi Osszefiiggések keresése érdekében. A késdbbi
alkalmazasok szempontjabol fontos lehet azonos adalékanyagok
esetén a habarcsvaz minéségének javitasa és ennek a koptatassal
szembeni ellenalldsra gyakorolt hatdsanak meghatarozasa.

5. Koszonetnyilvanitas

Koszonetet mondunk a Duna-Drava Cement Kft.-nek,
a Liabau Kft.-nek és a Geofil Kft.-nek, hogy biztositottdk
szamunkra a kisérletekhez sziikséges alapanyagokat, illetve Dr.
Fenyvesi Olivérnek és Palinkas Balintnak (BME) a kisérletek
végrehajtasandl nyujtott segitségiikért.
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Abstract

Pavement bricks taken from the Romanesque and Gothic parts of the church in Pac, in the Trnava
County, Slovakia, were investigated by XRD and thermal analyses DTA, TGA and TDA. It was found
that the bricks contained dehydroxylated illitic clay, calcite, quartz and feldspar. As revealed,
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dehydroxylation was completely finished and no rehydroxylation was observed. The estimated

firing temperature is between 650 °C and 700 °C. Both bricks were made from local clay and

very similar technologies were used.

Keywords: historical ceramics, thermal analysis, firing conditions

1. Introduction

Fired bricks, which are manufactured from 4500 BC, are more
resistant to harsh weather conditions and much more reliable for
use in permanent buildings than sun dried unfired bricks. During
the 12* century, fired bricks were reintroduced to Germany
from Italy and brickmaking spread also to Hungarian Empire,
as confirmed by discovered bricks in Romanesque churches [1,
2]. Investigation of the historic building ceramic objects, such as
bricks and tiles, using the physical and chemical methods, helps
us to understand the knowledge and skills used to produce them
[3]. This is important in the renovation of historic buildings where
damaged materials has to be replaced with new ones, with similar
properties (e.g. color, texture) to the historic materials. To reveal
the basic physical properties of historic building ceramics is beyond
the capacity of standard archeological techniques. Therefore, we
observe the exploitation of thermal analysis and other methods
for better characterization of the archeological findings in the
past 40 years (although the first uses of X-ray diffraction analysis
(XRD) and differential thermal analysis (DTA) were 70 years ago
[4]). Thermal analysis, especially DTA, thermogravimetric analysis
(TGA) and thermodilatometric analysis (TDA) may be successfully
applied to the study of historic building ceramics [3, 5, 6, 7].

The most frequent object of the thermoanalytical study of
historic ceramics is the estimation of the firing temperature.
The estimation is based on the comparison of the TGA, DTA
and TDA curves measured on the historic ceramic samples
with the curves measured on laboratory fired samples [5]. The
last are known for the most probable constituents of ceramic
clay such as kaolinite, illite, montmorillonite, muscovite,
calcite, quartz and feldspar. These minerals will be decomposed
and recrystallized, except for feldspar and quartz, if subjected
to heating up to 950°C. This value is around the probable
maximum temperature used for the firing of ancient ceramics.
Very useful is XRD which helps to identify the presence or
absence of these minerals in historic ceramics.
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Every method used for the investigation of ancient ceramics,
which exploits some kind of thermal analysis, is implicitly based
on evaluation of the degree of conversion. It is known that most
occurring phyllosilicates in historic ceramics (kaolinite, illite,
montmorillonite, muscovite) change irreversibly if heated at a
temperature which is within the interval of dehydroxylation of
relevant phyllosilicate. Dehydroxylation of these minerals mostly
occursbetween 400 °Cand 600 °C. The upper limitdependson the
rate of the heating and size of the fired body. Calcite decomposes
according to CaCO, » CaO + CO, if heated at the temperatures
higher than 700°C. Both processes, dehydroxylation and
decomposition of calcite, are also influenced with a size of the
particles, presence of impurities and other.

Dehydroxylation as a characterization of the historical
ceramics is not reliable [7]. For example, we can observe
dehydroxylation by the help of TGA or DTA if the historical
ceramic body was fired at low temperature (e.g. 600 °C) for
short time because dehydroxylation was not completed. If
the firing temperature was higher (e.g. 700 °C) for sufficient
long time, the dehydroxylation was completed. However,
dehydroxylation can be also appeared in this case as a result of
the escape of rehydroxylated water (originated from hydroxyl
groups incorporated into dehydroxylated ceramics) if the
historical ceramic body was in a contact with moisture for
long time [8]. The products of dehydroxylation can not be
considered as irreversible in a span of hundreds or thousands
years between the firing and present analyses.

Contrary to dehydroxylation, decomposition of calcite is
considered irreversible and a presence of calcite in historical



ceramics is used as a marker for the firing temperature
according to a rule ,,if the sample contains calcite, the firing
temperature was below 800°C*“ [7].

The degree of conversion, which characterizes phase
transformation of phyllosilicate or calcite during firing, depends
on the temperature and time, a = f(7, t), if measured on small
powder sample. A different situation is in a large ceramic body
such as a brick. Layers which are on the surface are transformed
sooner than the layers inside the brick. Experiments on large
cylindrical samples (80 mm) showed clear dependence of the
degree of kaolinite > metakaolinite conversion on the location of
the small sample taken for TGA. Consequently, a = (T, t, ), where
ris the distance of the sample from the axis of rotation. It was also
found that after heating at 650 °C for 10 h the degree of conversion
reached ~0.95 and practically did not depend on r [9, 10].

In simple field kilns, which were used for firing bricks in the
past, the fuel was beech wood [11]. Green bricks were prepared
by molding the plastic mass made from local clay, silica sand or
vegetal waste materials and water. Then the bricks were dried in
a place protected again rain for several weeks and finally inserted
into the kiln and fired. The firing process consisted from three
steps. The first step was run at a low temperature to finish the
removal of the physically bound water from pores. The second step
was increasing the temperature up to the maximum determined
by the technical capability of the kiln. As reported in [12, 13], the
upper temperature limit in such a simple kiln is hardly higher
than 700 °C-720 °C. The third step was slow cooling. The whole
firing cycle took ~7 days in a small field kiln. We can assume that
a similar method and equipment were used for firing the bricks of
the Romanesque church in Pac sometime in the 13% century. The
same we can assume for a Gothic period brickmaking because it
did not significantly changed up to industrial revolution [14].

In this paper, the study is focused on the analysis of the
bricks from the church in Pac. Our goal was to estimate the
firing temperature.

2 Experimental

The samples were old pavement bricks from the church of
St. Peter and Paul located in Péc, Trnava County, Slovakia. The
church was originally built in the Romanesque style, was later
rebuilt in the Gothic style in 15" century and enlarged in the
Baroque style in 17" century. The pavement bricks come from
the Romanesque and Gothic parts of the church. Romanesque
pavement was later overlaid with Gothic pavement, overlaid
with Baroque pavement. Both pavement bricks, Romanesque
and Gothic, were directly in the open air for ~300 years.

The DTA and TGA were performed on the modernized
Derivatograph 1000° (MOM, Hungary) [15] using compact
samples of 10x10x20 mm cut from the bricks and a heating
rate of 5°C/min. A reference compact sample of the same size
was made from a pressed powder Al O,. The TDA was done on
the dilatometer described in [16] with the sample 10x10x40
mm at the heating rate 5 °C/min.

The phase analysis was performed using the Powder X-ray
diffraction on the diffractometer BRUKER D8 Advance under
following conditions: Bragg-Brentano geometry (Theta-
2Theta), Cu anticathode (Aa, = 1.54060 A), accelerating voltage
40 kV, beam current 40 mA. Ni K filters was used for stripping
of Kp radiation on the primary and diffracted beam, and data
was obtained by the BRUKER LynxEye detector. The step size
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was 0.01° 20, the step time was 1 s per one step, and the range
of measurement was 2 — 65 ° 20. Measured data were evaluated
with DIFFRACP™ EVA software package using ICDD PDF-4+
database and Rietveld refinement with DIFFRACP TOPAS
was used for verification of identified phases.

3. Results and discussion

The results of XRD analysis of the bricks are illustrated in Fig. 1.
Here, reflections of the four minerals are seen. Feldspar does not
change its structure at the firing temperatures lesser than 950 °C
and quartz transforms its structure at 573 °C reversibly. Thus the
feldspar and quartz reflections can be considered the same as
for the green bricks. Calcite is also present in the bricks, which
shows that the firing conditions were not sufficient for its full
decomposition. XRD reflections of illite were also found which
also confirms lower firing temperature. The XRD patterns for
the Romanesque and Gothic bricks are almost identical except a
relatively small difference in quantitative proportions of albite and
orthoclase feldspars (ca. 5%; based on the Rietveld refinement
results). We can state, that clay for both bricks was dug in the very
close places and the firing technologies were very similar.
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Fig. 1. XRD patterns of the Romanesque brick and Gothic brick. Q - quartz,
F - feldspar, C - calcite, I - illite/muscovite

1. dbra  Rontgendiffraktogramok (a) romai kori tégla és (b) gétikus kori tégla.
Q - kvare, F - foldpdt, C - kalcit, I - illit, muszkovit

The results of DTA and TGA are illustrated in Fig. 2 and Fig.
3. The first endothermic minimum on the DTA curves, which
belongs to the interval of 20 - 300°C, is typical for porous
building clay ceramics, which do not contain a glassy phase, i.e.
fired at a relatively low temperature. The minimum is related
to the liberation of the physically bound water absorbed on
the surface of the mineral grains. It is known that the porosity
of the green clay increases, for example porosity of the green
porcelain mixture increases 4 - 5 % during dehydroxylation [17,
18]. In spite of the higher porosity, dehydroxylated ceramic body
can absorb less water molecules than the green body. This can
be explained by improved mechanical strength of the samples
after dehydroxylation and less capability of the dehydroxylated
samples to expand. This was observed on different green ceramic
mixtures including illitic clay from a vicinity of the church [19].

The second step of the mass loss has sharp termination at
~840 °C which is a typical feature of the TGA curve of calcite
decomposition [20]. Between these two significant mass
losses, a gradual mass loss is present which can be explained
by the presence of the dissociated water molecules, i.e. ions
H* and OH on the crystal surfaces. To liberate such water,
higher temperature (up to 600°C) is necessary [21]. The
second reason can be the liberation of OH" which could insert
itself into dehydroxylated clay during rehydroxylation. For
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example, a measurable rehydroxylation was registered in 19"
century bricks [8]. Neither the endothermic minimum on
the DTA curve (Fig. 2) nor a clear step of mass loss on the
TGA curve (Fig. 3), which could be ascribed to the intensive
second dehydroxylation, were registered with these analyses.
Rehydroxylation is very slow process [8] and ~300 years, when
the bricks were in the open air, was probably not sufficiently
long time for the binding of greater amount of OH into
dehydroxylated clay structure. After that period, the new
plaster and pavement were laid onto the bricks, therefore the
bricks were protected from atmospheric moisture up to now.

temperature difference/ °C

temperature / °C

Fig. 2. Differential thermal analysis of the Gothic (gray)
and Romanesque brick (black)
2. dbra Rémai kori tégla (fekete) és gotikus kori tégla
(sziirke) DTA gorbéi

0 200 400 600 800 1000

relative mass loss / %

temperature / °C

Fig. 3. Thermogravimetry of the Gothic (gray) and Romanesque brick (black)
3. dbra Rémai kori tégla (fekete) és gétikus kori tégla (sziirke) TG gorbéi

The results of TDA are visualized in Fig. 4. The TDA of the both
bricks showed the presence of significant amount of quartz, which
corresponds with a small DTA endothermic peak at ~570°C.
Above 700°C, the TDA curves of the brick material begin to
bend downwards, i.e. contraction of the sample takes place. It can
be ascribed to decomposition of calcite [22]. After completion
of this decomposition, the samples continue to expand up to
the maximum experimental temperature 1000 °C. If the glassy
phase is present in the bricks, it would be indicated on both TDA
curves via typical contraction caused by the pressing force of
the dilatometer’s push-rod [23]. This contraction appears above
transformation temperature of the glassy phase. Since the glassy
phase can arise during firing at the temperatures higher than
~800°C [4], we can state, that the maximum firing temperature
of the both bricks was lower than 800 °C.

Both TDA curves depicted in Fig. 4 can be used for
estimation of the firing temperature [4, 24, 25]. The thermal
expansion method is based on the fact that when the partially
fired clay body is subjected to a linear heating during TDA,
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shrinkage occurs above a certain temperature. The point on
the dilatometric curve where contraction starts is considered
the original firing temperature. According to this rule, the
temperature ~720 °C, which corresponds to the beginning of
the contraction, is the firing temperature for the both bricks.
This contraction is caused by the decomposition of calcite
which is accompanied with significant shrinkage [22, 23].

12

relative expansion / %
°
>

] 200 400 600 800 1000
temperature / °C

Fig. 4. 'Thermodilatometry of the Gothic (gray) and Romanesque brick (black)
4. dbra  Romai kori tégla (fekete) és gotikus kori tégla (sziirke) termodilatometriai gorbéi

If we suppose a firing schedule according to Fig. 5, we see
that a period with temperatures higher than 450 °C, which are
suitable for dehydroxylation, is~60 h long for 7-day firing. The
period at 700 °C, where dehydroxylation runs very intensively,
isalso sufficiently long: ~35h. In a case of the shorter isothermal
heating, we have a period of 48 h with temperatures above
450 °C. That are sufficient times for completing dehydroxylation
in a large body such as a brick.

As written above, the estimation of the firing temperature
is based on the evaluation of the degree of transformation.
Irreversible phase transformations, which we took into account,
were dehydroxylation of phyllosicates and decomposition of
calcite. A formation of a glassy phase is beyond the capability
of the simple medieval kiln (heated with wood) which
was supposedly used for the firing of bricks. Vitrification
temperature of clays is higher than 700 °C, mostly above 800 °C
[4]. As mentioned above, the degree of conversion depends on
the temperature and time, i.e. the same degree of conversion
we can obtain with lower temperature (which is from an
interval of the relevant transformation) and longer time or
with higher temperature and shorter time. But an influence
of the temperature is stronger than the influence of the firing
duration. These conditions results in a leftover amount of the
dehydroxylated phyllosicates and calcite after firing (i.e. the
degree of conversion), and consequently, the results obtained
by the used method (TGA, DTA, TDA and XRD). Therefore,
if we want to estimate the firing temperature, we should
know a firing schedule. If the firing at high temperatures
takes sufficient time, these reactions can be completed in
the whole brick’s volume. After analysis of the possible firing
schedule (Fig. 5), we can conclude that there was enough time
to complete dehydroxylation in the whole bricK’s volume at
temperatures higher than 600 °C during minimally 35 h. We
can say that the minimum firing temperature was ~600 °C. On
the other side, the firing conditions were not sufficient for the
total decomposition of calcite. The upper limit of the firing
temperature can not be estimated from the decomposition of
calcite only which expresses itself in Figs. 2 and 3 by the mass
loss and endothermic minimum and by a contraction in Fig. 4.



Besides that, we should take into consideration the technical
limit of the kiln. It was probably not higher than 700 °C.

firing temperature / °C

firing time / h

Fig. 5. 'The assumed firing schedule for 7-day firing with two different coolings
5. dbra  Feltételezett égetési program a 7 napos égetés sordn.
A 450°C feletti homérséklet elégséges a vizvesztéshez

4. Conclusions

Pavement bricks taken from a Romanesque and Gothic
parts of the church in Pac in the Trnava County, Slovakia were
investigated by XRD and thermal analyses DTA, TGA and
TDA. It was found that the bricks contained dehydroxylated
illitic clay, calcite and quartz. As revealed, dehydroxylation was
completely finished and no significant rehydroxylation was
observed. Decomposition of calcite was also observed. The
estimated firing temperature is between 650 °C and 700 °C.

Both bricks were made from the local clay pits and very
similar technologies were used in spite of the ~300 year time
interval between their productions.
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Romai és gotikus kori téglak Pac templomabol

— Az égetési h6mérséklet becslése

Pac (Trnava megye, Szlovakia) templomanak anyagabdl vett
romai kori és gétikus kori tégla mintakon végeztiink réntgen-
diffrakciés (XRD) és termoanalitikai (DTA, TGA, TDA) vizsgala-
tokat. A vizsgalatok a téglak anyagaban kristalyvizmentes
illit agyagasvanyt, kalcitot, kvarcot és foldpatot mutattak
ki. Bebizonyosodott, hogy az illit vizvesztése teljes mérték-
ben lejatszédott, és utdlagos kristalyviz beépulés nem volt
kimutathaté. Az égetési hémérséklet becsult értéke 650°C
és 700°C kozé tehetd. Mindkét tégla helyi agyag felhaszna-
lasaval készilt nagyon hasonlé technolégiaval.
Kulcsszavak: torténeti keramiak, termikus vizsgalat, égetési
korlilmények
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Abstract

One of the constantly recurring tasks of concrete engineering is to examine the effects and
interactions of the materials which concrete mixtures are composed of. When analysing the effects
and interpreting the interactions, it is often worth going back to the basics and reconsidering
the models that we use to interpret our findings. It may be necessary to refine them, so that
the models we use as the basis for concrete mix design keep pace with the developments
brought about by the appearance of new materials. The paper introduces a simple basic model
for concrete mixtures that covers dimensionless content indicators which can determine the
composition of concrete in a clear and predictable way. The content indicators have an impact
on the performance properties of the concrete, therefore, specific direct observations were
made and measurements were carried out at a concrete mixing plant. The observations provided
data input for the simple basic model for concrete mixes, which, by introducing dimensionless
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concrete composition content indicators, offers a new way of examining the effects that influence
the performance properties of fresh and hardened concrete mixes.
Keywords: concrete technology, concrete mix design, concrete composition content indicators

1. Introduction

There are certain phenomena sometimes in concrete
technology which do not fit in the existing models (or do not
fit in very easily), as can be illustrated by the following three
examples on the effects of cements, additions (supplementary
materials) and water-reducing admixtures.

In the Hungarian Concrete Almanac 2005, Szalai, Huszdr
and Sprdnitz indicated that in cases of low water-cement ratios
(w/c<0.4) a greater compressive strength can be measured
for certain CEM 32.5 cements than for CEM I 42.5 and CEM
I 52.5 cements, which seems to contradict the widely known
equations for estimating compressive strength [1]. Own tests
of the authors of present paper confirm this: in the case of
mixtures where w/c=0.2, it was found that specimens made
of CEM III/B 32.5 N-S§ type cement after a period of 28 days
had higher compressive strength (136.7 N/mm?) than that of
the mixture made with CEM I 42.5 cement and cured under
identical conditions (129.8 N/mm?). Could there possibly be
a method of estimating compressive strength which is able to
predict these apparently contradictory results?

Zsigovics — the first researcher in Hungary who studied
the effects of additions on concrete mixes — reported another
interesting observation: a series of concrete mixes was
prepared using identical dosage of cement (350 kg/m?),
identical water-cement ratio (w/c=0,5) and identical quantity
of water-reducing admixture (1.6%), but with the content of
limestone powder varying between 70 kg/m? and 370 kg/m?®.
Increasing the amount of limestone powder to its upper limit
has increased the compressive strength by 55%, while the
consistency measured using flow table test has been increased
by 20% [2]. How can we explain this?

Determining the consistency of concrete mixtures could
be also difficult when effective water-reducing admixtures are
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used to achieve the required results. It is worth here taking a
look at Sulyok's reports considering two major investigations
in Hungary: the Budapest Metro and the M6 Motorway [3,4].
Spranitz provides a very thorough survey of the discrepancies
appearingintheeffectsof differentadmixturesandthe combined
effects of additions in cement pastes [5]. Research findings
and practical experience both confirm that the effect of water-
reducing admixtures depends on the prevailing compositional
(environmental) properties of the concrete mixtures. In addition
to the type of admixture, exactly when and to what extent the
effect takes place depends, for example, on the paste content
of the concrete, the water content of the paste and the grading
(specific surface area) of the aggregate. The question is "simply"
what are the specific relationships that describe the consistency of
fresh concrete mixtures with or without admixtures?

Is it possible that the phenomena and problems referred
to above are interrelated? They probably are, and they can
ultimately be traced back to the compositional and environmental
properties (conditions) of the concrete mixtures. If this really is
the case, then there must be a model based on the compositional
properties of concrete, into which we can fit the phenomena that
are mostly dealt with today on a purely empirical basis. The
present work is intended to present the basis of such a model.

2. A brief review of the paste approach
in concrete technology

Both European standard EN 206-1 and Hungarian standard
MSZ 4798-1:2004 (which is a National Application Document
to EN 206-1) define concrete as “..a material formed by mixing
cement, coarse and fine aggregates and water, with or without
the incorporation of admixtures or other additions...” This listing
of the constituent materials of concrete is almost too literal. It
is also rather thought-provoking that this extensive standard



only mentions the word paste on very rare occasions (perhaps
eight times in all). This is especially peculiar given the whole
life work of Powers [6], as well as the fact that Ujhelyi, in his
pioneering research on concrete engineering in Hungary, has
not only used the concept of paste for decades, but has also
carried out systematic studies of the effects of paste on the
performance properties of concrete mixtures [7]. The paste
approach was published in the technical directive MEASZ
ME 04-19:1995, again as a result of work by Ujhelyi and his
colleagues [8], and it remains to this day a vital resource of
information for all concrete engineers in Hungary.

The paste approach is therefore with us, even if it has not yet
achieved the rank of being recognised in the standard, and it
is used by engineers in the forefront of concrete research and
practice. In an article published several years ago, Sprdnitz
wrote about the composition of concrete mixtures by stating
the volume ratios of paste content and air content, including
the volume ratio of water and powder (particles below 0.125
mm) in the paste, with the additions calculated together with
the other powder materials [9]. The traditional water-cement
ratio was also given in the paper, so that an expert can easily
calculate the recipe from his data. However, the main issue here
is not the recipe, but the approach. If we say that the concrete
mixture contains 530 litres of paste per 1 m®(x=0.56 water/
fine particle volume ratio, w/c=0.24 traditional water-cement
ratio), in which 70% (v/v) of the paste powder is cement, and
also there is 10 litres of air in the concrete (from which we get a
volume of 460 litres of aggregates), this reveals much more about
the structure of the concrete than by listing the recipe like the
ingredients in a cookery book. The same concrete composition
can also be described as ¢c=792 kg/m?, mixture of additions=298
kg/m?, water + admixture =191 kg/m’, aggregate=1219 kg/m’,
but whereas the first description tells us immediately that we are
dealing with a mixture very rich in paste which will need to be
strongly plasticized (and which will produce certain side effects
when it is poured into the form), the cookery book list tells us
very little indeed, unless we can mentally work out the concrete
composition components into a structure in our mind.

We should therefore move on from a definition of (and
approach to) concrete which is based on a listing of the
components, and, building on the experiences gained so
far in the area of research into high performance concretes,
we should apply a simple basic model which, although not
entirely without precedent, still requires further work to clear
up the details and to refine its form. This model can help to
identify the effects on certain performance properties of fresh
and hardened concretes, and to better understand certain
interrelationships, as well as serving as the basis for designing
concrete compositions.

3. The simple basic model of concrete mixtures

Below we will consider the fresh concrete mixture as a macro-
heterogeneous system which - at least from a macroscopic
aspect - consists of three clearly distinct phases:

= paste, which is in itself a heterogeneous system (micro-

heterogeneous suspension), and which behaves in fresh
concrete mixtures as a quasi-fluid dispersing agent,
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= aggregates, which are a mass of solid (insoluble) macro-
sized particles/granules, and which are distributed in
the paste as a dispersed phase,

= air, as gaseous phase, which is generally present as voids
as a result of incomplete compaction, although there
are also conscious engineering processes whereby small
air bubbles are introduced intentionally into the system
(the paste) as a dispersed phase.

The composition of a given concrete mixture — for given
paste and given aggregate (mixture) — is clearly given by two
independent data - selected as appropriate — as per Eq. (1):

p+a+l=1 (1)

where p, a, l are the volumetric proportions of paste (p), aggregate
(a) and air (I) in the concrete, and where the aggregate may

also be a mixture of a number of components n, >1, with the
restriction on the amount of the dose, Eq. (2):
NAG
a=Ya=1-1-p<am 2)
i=1

where @ is the maximum volume ratio of aggregate that
can be compacted into the volumetric unit of the concrete in
the given compositional condition (equivalent to the amount
designated by Ujhelyi as V, in [8], but expressed here as a
dimensionless proportional figure), and a, is the i-th volume
ratio of the aggregate component in the component.

If the known or recorded ., , volumetric proportions of the
aggregate are given, any a, component can be expressed, Eq. (3):

NAG
ai=0uaci-a, Where Y ouaci=1 (3)
i=1
If instead of the o, ., volumetric proportion we insist on using
the widespread o, mass proportions, then the figure for
volumetric proportion in Eq. (3) may be replaced by Eq. (4):

OLM, AGI
P AGI -
oLaGi = ————, Where ZOCM,AGi =1 (4)
OlM, AGI o1
i=1 PAci

where p,  is the particle density of the i-th aggregate in its
condition when it is included in the mixture (in practice there
are differences in the densities of different aggregate fractions
and types, also depending on the amount of absorbed water,
and these must be accounted for in the design).

4. The role of paste in the simple basic model
for concrete mixtures and relationships

In the simple basic model for concrete mixtures, paste is
considered (on the basis of its macroscopic properties and
effects) as a phase of the concrete mixture that behaves as
a quasi-fluid, in which (as it is itself a suspension) we can
distinguish between different phases:

= the fluid phase (i.e. a mixture of water + admixtures;

solution), which is the dispersing agent of the solid paste
powder, and
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= the solid phase (i.e. the paste powder), which is dis-
persed in the fluid as a dispersed phase as a mixture
of the fine particle content of the cement + additions +
aggregates, and also

= the gaseous phase (air), which may be present both as
entrapped and or entrained air as a dispersed phase
(and is present in practice).

We should clarify, when referring to the paste powder, that
the paste powder includes the total of all solid state concrete
components which have a particle size below a given limit (0.063
mm), regardless of whether they have hydraulic properties or
not, or whether they have been intentionally measured into
the mixture or have just added to the fresh concrete mixture,
for example as a part of the aggregate. The limit for particle
size (0.063 mm) is arbitrary, although this has no effect on the
principle of the simple basic model (the difference between
the paste powder and the aggregate appears not so much in the
particle size as in the difference of two magnitudes between
their specific surface areas).

It is worth stating some of the basic relationships regarding
the composition of pastes. The volumetric composition of a
paste of a given quantity is given by Eq. (5):

/

p=f+z=z-(1+x), where x==— (5)
z

where f and z are respectively the unabsorbed (free) fluid
(mostly water ) and the volume proportion of the paste powder in
the concrete, and x is the volumetric ratio between the fluid and
the paste powder, which functions are similar to the traditional
water-cement ratio.

In addition to cement the paste powder may contain a 7, >0
quantity of addition components as per Egs. (6) to (7):

p nK
- =c+ Y ki=c+k (6)
z T+ x c ,z::' c
ki=0uki - k, where 20610‘ =1 (7)
i=1

where c, ki, and k, are respectively the volumetric ratios of
cement, the i-th addition component and the total additions
in the concrete, and o, is the volumetric ratio of the i-th
component in the additions. If, instead of the volumetric ratio
o, we would rather use the mass ratio o, ., then (taking the
particle density p,, of the additions into account) we must
recalculate according to Eq. (4) and use this in Eq. (7) in the
place of i,

In addition to water the fluid phase of the paste may contain
a m=0 quantity of admixture components, as a perfect analogy
of Eq. (6), see Eq. (8):

m
fZL-x=w+ adi=w+ad (8)
1+x =

where w, ad, and ad are respectively the volumetric ratios of
unabsorbed water, the i-th admixture component and the total
admixtures in the concrete.

54 | épitdanyag = 2013/2 = 65. &vf. 2. s7am

If the quantity of the i-th admixture is expressed as the
proportion A, . of the volume of paste powder, then Egs. (9)
and (10) can be formulated:

Aapi = a—di 9)
z
adzzad[ZZ-ZKADi: P '27\,AD1' (10)
i=1 i=1

1+x ‘5
In order to verify the composition criteria according to
Hungarian standard MSZ 4798-1:2004, it is important to
take into consideration the combined volumes of water in the
admixtures when calculating the water-cement ratio, which
can be done by Eq. (11):

m N ADi - P aDi - (] - SZi)

m adi'pADi'(]—SZi) =L (ll)

win=3

i=

pw 1+x 5 pw

where w, is the amount of water in the admixture as a
proportion of the volume of the concrete, p, . and p  are
respectively the density of the admixture and the water in the
given environmental condition, and sz, is the dry matter content
of the i-th admixture expressed as a mass ratio (manufacturers
usually provide the information as a percentage of mass).

Finally, proportional parameters can be introduced for paste
powder components, Eq. (12):

Bk=£,or rather Xc=£= ! (12)
c

z 14+ P«
where B,and y_ are respectively the volumetric ratios of
additions/cement and of cement/paste powder.

5. Content indicators used in the simple basic
model for concrete mixtures

Ifa concrete mixture does not contain admixtures or additions,
soy =1 [i.e. B,=0] and A_=0, then the ratios p (volumetric ratio
of paste in the concrete), x (liquid-powder volumetric ratio in
the paste) and I (volumetric ratio of air in the concrete) - in the
case of given concrete component materials — clearly determine
the composition of the concrete.

If a concrete mixture also contains additions and/or
admixtures, then in order to be able to clearly determine
the composition of the concrete we also need to know two
additional ratios: ) (proportion of cement in the paste powder)
and A, (the sum ofall A,  -s, the combined volume ratio of all
admixtures compared with the paste powder). Instead of y_we
may opt to use the proportional figure {3, (the sum of all {3, -s,
the combined volume ratio of all additions compared with the
cement), as they can both be derived from each other using
Eq. (12).

Inthecaseoffixedo, , A, and o, .composition proportions of
multi-component concrete constituents (additions, admixtures
and aggregates), the five dimensionless ratios (p, x,, x_A, ,) are
necessary and sufficient to describe the composition of concrete
mixtures, and therefore these ratios may also be regarded
as concrete composition content indicators. Later we will not
only use these parameters to describe (and compare) concrete
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densiti composition
ensities
Structure | Constituents content indicators, ratios 3 equations 3 ;
[kg/m'] kg/m’] | [1/m]
p m
Water, w 1000 | (13)W [ke/m’]= Hx-(x- P Aani- ow} Vsl 175 175
f :?. E i=1
o
admixture, ad T’ 2 | hap=ads 0,030 [ 1100 |(14) ADi [kg/m']= Ao - lfx pavi- Vo 5,54 5,03
paste u Il
£ p
I _ (19) Clkg/m’ - Xc'l+x'pp'Vh _
2, =
additions, k Bi=k/c 0468 | 2710 | (16)Ki[kg/m']= ©ox(1- xf)~ﬁ~ pri-Vo 145 54
0/4, a1 0. 461 0,50 2640 833 316
aggregates | 48.m  |a=I-lp=0,631 | Gac | 035 | 2640 |(17)AG [ke/m’]= Odoi(1=p=1)-pac-V 583 221
8/16, a3 O 463 0,15 2640 250 95
air (void) 1 1=0,021 1,29 Likg/m]= [pwVs 0 21

Table 1. Composition of concrete with content indicators p=0.348, x=1.074, 1=0.021, A =0.030, ¥, =0.681 from concrete components
1. tdbldzat Egy p=0.348, x=1.074, 1=0.021, A =0.030, % =0.681 dllapotjelzdjii beton dsszedllitdsa a betonalkotokbol

compositions; we will also examine the relationships between
the content indicators and certain performance properties of
fresh and hardened concretes. Of course, the performance
properties of concretes are not exclusively influenced by the
concrete composition content indicators, but also by the
actual physical properties of the concrete constituents. The
model based on concrete composition content indicators does,
however, offer a basic framework for interpreting the properties
of concretes, and supports a way of assessing the similarities of
different concrete compositions (the five independent content
indicators provide virtually infinite possibilities, so there is
no need to worry that there will be no more areas in concrete
engineering that require further research).

An example is presented as an illustration of a concrete
mixture with given content indicators p, x, I, x_ A ,, where
the material properties of the concrete components are given.
Calculations of a concrete composition with a volume of V| =1
m’® from the content indicators are presented in Table 1, while
the pie chart in Fig. I shows the quantities C, K, W, AD, AG,
of known concrete components that are to be added to 1 m® of
concrete mixture.

air, 1

aggregates, a
admixture, ad

dditions, k

Fig. 1. Volumetric composition of concrete with content indicators
p=0.348, x=1.074, 1=0.021, KAD:O.030, %.=0.681

1. dbra A p=0,348, x=1,074, 1=0,021, \,,=0,030, %.=0,681
dllapotjelzdjii beton térfogatos dsszetétele

AD

6. Observations at a concrete mixing plant

The author of present paper worked together with Augusztin
Betongyart6é Ltd. concrete mixing plant on various projects

since 2007. The initial task was simply to conduct maintenance
on the mixing recipes used at the concrete mixing plant of
Augusztin Betongyarté Ltd., which was done mainly in line
with the former Hungarian standard MSZ 4719:1982. The
maintenance was needed due to changes that had taken place
in the aggregates used at the mixing plant, but the possibility
of changing the types of cement used and introducing certain
additions was also raised. The original task was continued in
R+D cooperation with new objectives under the support of
EMI Nonprofit Ltd. from 2009.

Nevertheless, a series of observations at a mixing plant
does not need much preparation to carry out, however, there
is a need for organisation and discipline. When the aim is to
collect a mass of data which can be used for proper analysis
and for subsequent evaluations, it is important to extend the
level of observation over the level of a regular mixing plant
inspection.

7. Conditions of the observations

The conditions for carrying out the mixing plant observations
were defined as early as 2008 as follows:
= The plant should be equipped with a system of certified
scales for accurately weighing in the concrete constitu-
ents.

= For every batch of concrete mix that is subject to obser-
vation, the dosage of every single constituent in the conc-
rete must be known and recorded. In the case of aggre-
gate fractions, the measurement to be recorded is of the
aggregate at the time of mixing, that is, the aggregate is
wet. Even relatively small doses of admixtures must not
be neglected. In view of the fact that individual delive-
ries of concrete are often composed of more than one
mixing item, it is needed to include summarised data of
the mixing items in the database of deliveries.

= Certain physical properties of the concrete constituent
materials must be continuously known or monitored,
at least the physical properties which are described in
detail later in this paper.
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= For every sample taken from the concrete mix deliver-
ies which are included in the observations, at least the
following tests and data must be recorded:

- inspection of consistency of the sample within half
hour of the start of the mixing process, with at least
one measurement of consistency defined (such as
flow table and/or slump),

- concrete temperature, air temperature, air humidity,
wind speed if necessary,

- determination of the water content of the sample
as the mass proportion or mass percentage of the
fresh concrete (w ),

concrete
- atleast three sample cubes with dimensions of
150 mm must be taken, and the mass of the fresh
concrete compacted into the mould must be mea-
sured (thep_  fresh particle densities can also be
determined from this),

- the air content of the samples must be inspected,
which in theory directly tells us content indicator
I, although it is always worth carrying out calcula-
tions of this to check that the particle densities and
water contents of the samples confirm the result of
the air-content inspection,

- after removal from the mould after one day, speci-
mens must be submerged in water until the 28th
day (in spite of all views to the contrary, only wet,
saturated Ca(OH), solution storage provides curing
conditions that may be regarded as identical),

- the dimensions of the sample cubes must be mea-
sured after they are taken out from the moulds, or
at the latest before the strength test,

- repeat the measurement of the mass before the
compressive strength test (compared with the fresh
concrete, the concrete which is kept submerged in
water always absorb more water [10], which could
be a significant parameter typical of the type of
cement),

—  Compressive strength test at a known age (in general
at 28 days; as was in present analyses).

In addition to the tests listed above, additional inspections
may also be carried out: these may include inspections of the
consistency endurance and early-age and mature compressive
strength at different ages and in different environmental
conditions, the splitting tensile strength tests, the deformation
properties, examination of resistance to certain (material)
transport processes, etc. To conduct the tests it is necessary to
have properly trained staff and certified measuring instruments,
or if these are not available it is recommended to use the
services of a properly equipped and, if possible, accredited
testing laboratory.

In theory, the number of tests that can be carried out is
infinite, but for the simple basic model one criterion is always
essential: the concrete composition content indicators of the
concretes being inspected must always be known or calculable,
in addition to the physical and other material properties of
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the concrete constituents that must also be known. Here the
question arises of how concrete composition content indicators
are derived from the mixing plant observation data and the
known or measured physical properties.

8. Defining concrete composition content
indicators from observed data

Before the definition of the concrete composition content
indicators, list of observed data available for calculating the
content indicators is given.

8.1 Dosage (weighed) quantities

K (kg) total measured additions, ¢ (kg) measured cement,
AG  (kg) total measured wet aggregates, W, (kg) measured
added water, AD (kg) total measured admixtures. The virt
(virtual, apparent) index in the quantities refers to the fact that
there are (or may be) parts present in the concrete constituents,
which belong to different phase components of the concrete.
For example, in the case of the additions, besides the parts that
belong to the paste powder phase there are also particles above
0.063 mm, which belong to the aggregate phase, while there are
at the same time particles in the aggregate below 0.063 mm,
which belong to the paste powder. Moreover, in the aggregates
there is also water present, which must be accounted for in
addition to the water which is added when the batch is mixed.

The dosage (weighed) results clearly provide the dosage

mass ratios (O .o Oy i > Oupany) fOX €ach type of concrete
constituent, where the sum of the ratios is unity as: Xot, . .=
2 (XM,AGVirt,j = 2 (XM,AD,k = 1

8.2 Physical properties of the concrete constituents

= The moisture contents of the aggregate fractions (w,, ;
m%) in the condition they are in when mixed into the

concrete.

= The fine particle (<0.063 mm) contents of the additions
and the aggregate fractions as a mass proportion (¢, ,,
(0] a6 m%).

= The particle densities of the aggregate fractions (kg/m?),
at the very minimum for fine (<0.063 mm) and coarse
(>0.063 mm) particles (p, .,

coarse, pAG’ﬁne,j)'

= The relative densities of the cement, the additions, the
mixing water and the admixtures (P, Py » P> Papid
kg/m?®) in their condition at the time of mixing.
For cements and additions the calculations are made
using their dry densities, while for aggregates it is sen-
sible to use the surface-dry, water-saturated density.

= Itisagood idea to collect data on the short-term water
absorption rates of the solid concrete constituents (ce-
ment, additions and aggregates) (sw, SWy i SWy6 5 m%),
because their impact may be discernible in the case of
concretes with a low water-cement ratio. When process-
ing and evaluating the data from the observations at
the mixing plant within the spectrum of conventional

concretes, we generally did not account for this impact.

= The dry matter contents of admixtures (sz; m%).
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Vo.compaeted = Koin Z(X.\/Ll(vin.i ( 1 _ sw;<..j+ c[i _ sw»»] + AGun Z OUM, AGvirt, j ( 1—@aa.j + (PAG. + WAG, j — SWAG,j] + Wiirt — AWey +AD. OlM, AD, k (18)
oy PKi  Pw pe Pw ‘T 1+ Wac,i | PAG.coarse,j  PAG, fine, j Pw pw o PAD.k
Vb, compacted
Vb= ——-—
1-1 (19)
nK NAG NAD
K.i € OUM, AGvirt, j AG, j 1 1—szx
Kvin-ZaM,Kvm,i-(p +f+AGvirt-Z @ +AD-ZOLM,AD,1<- —
P PK,i  Pe T 1+ WaG.j PAG. fine, j o PAD, k Pw (20)
z =
Vbeton
nK
Z OM, Kuvirt, i - SWK, i NAG W AW NAD 1
- SW v OLM, AGvitt, j  WAG, j — SWAG, j irt — — SZk
Kt - =2 —¢- 2 4 AGuirt - z AL ! SRR Y+ AD- ZO(M,AD,k . 1)
f pw pw j=1 1 + WAG, j pw pw k=1 pw
Vbeton
x=2L (22) p=f*z (23)
4
NAD
OlM, AD, k
¢ 1 1 - g AP R
= —.—. a ko1 PAD,k 25
Z Pec Vbeton zxAD,k =—= P . ( )
k=1 V4 Z Vheton
nK NAG NAD
OLM, AGvirt, j
—Kuirt - Z oM, Kvirt, i - SWK, i + AGeirt - 27 . (WAG,j - SWK,i) + Wiirt — AWe + AD - ZQ,M, AD, k * (1 - SZk)
v _ i=1 T 1+ wWag, j k=1 (26)
C

Table 2. Equations for calculating concrete composition content indicators from the dosages
2. tabldzat A betondsszetételi dllapotjelz6k szamitdsi képletei a betonalkoték adagoldsi mennyi

8.3 Measurements used for calculating the concrete
composition content indicators

= The measured masses (kg) of the components of the
fresh concrete batch, in line with the first paragraph of

section 8.1.

In periods of hot weather it is sensible to measure, esti-
mate and account for the loss through evaporation AW
(kg) experienced by the mixed items.

The measured air content of the fresh concrete, [ as a
volume ratio of the concrete (directly measured content
indicator).

8.4 Measurements used both for calculating the concrete
composition content indicators and for checking the
calculations

Particle density as measured in the fresh concrete p
(kg/m?).

Water content as measured in the fresh concretew___
(m%).

concrete

8.5 Calculating the concrete composition content
indicators

The auxiliary variables used in the calculations can be
derived by Egs. (18) to (21); the four concrete composition
content indicators (apart from /) and the traditional (effective)
water-cement ratio can be derived using equations (22) to (26).
The interrelationships — without detailed calculations - are
presented in Table 2.

of concrete constituents and data on their physical properties
ségeibdl és fizikai jellemzdinek adataibdl

When defining the concrete composition content indicators it
is important also to check if the measured values (i.e.: measured
density, P concree kg/m?® and measured water content W o M%)

of the fresh concrete match the values calculated using Eqgs.
(27) and (28) below:

Kuirt + ¢ + AGuirt + Whirt — AWev + AD
Ve

(27)

Pconcrete, cale =

nag

OUM, AGir, j
AGuirt - Z —_—

o
~WaG.j + Wyit— AWey + AD - Z(XM. AD. k ~(l - SZk)
o 1+ wac. (=]

‘Weoncrete, cale = (28)

Kuir + ¢ + AGuirt + Woir + AD

If there is disagreement then the physical properties of the
materials should be checked, as should the measured data, in
particular the moisture contents of the aggregates and the air
content (w AGj and /), and the calculations should be performed
again using the corrected data. If it is not practicable to
repeatedly measure the air content then [ can be calculated
using equations (18), (19) and (27). The calculated concrete
composition content indicators may only be regarded as
acceptable if the calculated density and water content do not
deviate by more than 3% from the measured values, and if they
are also consistent with the measured values.

Table 3 presents a possible example of how the dosage
quantities and physical properties of the concrete constituents
can be collected and recorded systematically for a particular
batch of concrete. In the white fields at the bottom of the table
we have highlighted the content indicators as calculated from
the equations introduced, which clearly define the structural
composition of the concrete in accordance with the basic
model presented.
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: Fines . .
Weight of coponents for L . .. Moisture Absorption of
Components of concrete & P Ratios in components | (particles smaller Dried densities P
the batch content water
than 0.063 mm )
marking name [kg/m’] [m*m’]|] marking value marking [m%)] marking  [kg/m’] | marking [m%] marking [m%]
Woirt drilled water 285 Pu= 999
water reducing _
AD dmixture 7,00 Uyaps= 1,000 Paps= 1230| I-sz,= 61,0%

limestonefiler | 250 | | awmwi=  L000]  ui= 800%)  pw= 2009 | wwi= 050%

air (void)-content

(measured) 0,022

calculated concrete

3
Vconcrete: 3,054 m = 0,238

x= 1,356 Aap= 0,019 x= 0,736 vie= 0,62

composition content
indicators:

Peoncrete™ 2392 kg/m3 Wheton—

6,41%

Table 3. Raw data from a specific batch of concrete, and the concrete composition content indicators calculated using equations (13) to (22)

(evaporation was not accounted for here, AW, =0).

3. tabldzat Egy konkrét betonszdllitmdny alapadatai és a (18) - (26) képletekbdl szdmitott betondsszetételi dllapotjelzéi (pdrolgdssal nem szamoltunk, AW, =0)

9. Data from the observations made at the mixing
plant: experiences and conclusions

We began to collect and analyse the data from measurements
and observations at the mixing plant in 2008. The data
constituted the basic input for the data processing. At the
end of the first year an interim evaluation was carried out.
Observation data for compressive strength in 114 cases and
for consistency in 119 cases were evaluated. The ranges of the
concrete composition content indicators from the first year
are shown in Table 4, while the structural compositions of the
batches of concrete are presented graphically in Fig. 2.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Volumetric compositions of concrete
constituent phases [v%]

NN =SQXEVNTONN=D QN>
REaSs=ansneExaagy

—~—oco®cvn
S28wFa

Serial numbers of the observed concrete batches

Fig. 2. Volumetric compositions of concrete constituent phases during observations
2. dbra A betonalkoto fézisok térfogatos Gsszetételei a megfigyelések sordn

In the first period between 2008 and 2009, we were able to
analyse the effects of several types of cement and several water-
reducing agents in the case of concrete compositions with
different p paste ratio and x fluid-paste powder volume ratios.
With regard to the effect imposed on concrete compressive
strength by the type of cement used, beyond the traditionally
accepted influence (i.e. water-cement ratio is closely related to
the compressive strength), we also found that the cement dosage
ratio is a factor of at least of equal importance, and when we
take the two factors together, the estimation of the compressive
strength has a high degree of accuracy, in the case of mixes
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with identical air contents in the observed p-x ranges. We also
found that the effect imposed on compressive strength by the x
fluid-powder volume ratio is very similar to that of w/c.

p X X Ao |
min 0,159 1,140 0,562 0,000 0,000
max 0,327 3,874 1,000 0,031 0,076
average 0,265 1,828 0,856 0,012 0,007
st. dev 0,02 0,33 0,09 0,01 0,01

Table 4. Concrete composition content indicators
from the first period of manufacturing plant observations
4. tablazat A betonosszetételi dllapotjelz6k alakuldsa
a gydrtéiizemi megfigyelések elsé szakaszdban

For illustration purposes, Figs. 3 to 6 show the compressive
strength relations observed. It can be seen at the identically
scaled figures that the approximation functions inserted beside
the measured compressive strength values do not run in parallel
with the presented CEM I 42.5 and CEM III/A 32.5 cements,
which is of course no surprise, but there is one important
conclusion to be drawn, which has already been stated by
Ujhelyi [7] in his findings on the water sensitivity of cements,
and which is summarised Kausay in his comprehensive essay
on the water-cement ratio [11] as: “By the water sensitivity of
cements Ujhelyi means that different types of cement behave
in different ways when the dosage of water is different (and
therefore the water-cement ratio is different), for example, there
are certain cements whose compressive strength decreases
more rapidly than that of other cements as the dosage of water
increases, and vice versa” In other words, cements cannot
be typified in absolute figures (such as nominal compressive
strength) but only with their particular characteristics, which in
turn - as we can add with reference to our own observations -
depend on the concrete composition content indicators. It is not
only the effect of cements, however, that can be described with
characteristics, but also the effect of water-reducing agents.



90
80
70
60
50
40
30

fom test [N/mm’]

20
10

90
80
70
60

MATERIALS TECHNOLOGY - ANYAGTECHNOLOGIA

CEM 1425 It is indeed true that the water-reducing capacity of the agents
: depends on the concrete composition content indicators,
so in these instances it is not enough to simply carry out the
essential single-factor impact assessment (generally restricted
e e to w/c = 0.5) that is suggested in the harmonised EN product
R%=0.7391 standards.
100 150 200 250 300 350 400 450 500 W 600-650
3 0550-600
¢ - cement content of concrete [kg/m’] 0500-550
:Zg W 450-500
Fig. 3. 'The relationship between compressive strength and quantity of 5501 ;gggjgg
CEM I 42.5, based on observation data taken between 2008-2009 500 H300-350
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Fig. 7. 'The effect of a normal range water-reducing agent (A, = 1.05% v/v)
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Fig. 4. 'The relationship between compressive strength and quantity of CEM III/A
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32.5, based on observation data taken between 2008-2009

megfigyelési idészak adatai szerint

on the flow of fresh concrete
7. dbra  Erés vizcsokkentd (N, = 1,05% v/v) adalékszer hatdsa
a betonkeverékek teriiléseire
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Fig. 5. Relationship between compressive strength and the x fluid-powder volume Fig. 8. 'The effect of a high range water-reducing agent (A, = 1.23% v/v)
ratio for CEM I 42.5, based on observation data taken between 2008-2009 on the flow of fresh concrete
5. dbra A szildrdsdg fiiggése CEM I 42,5 esetében az x folyadék-por térfogati 8. dbra Kivdlo vizesokkents (A, = 1,23% v/v) adalékszer hatdsa
tényez6t6l a 2008-2009 kozotti megfigyelési iddszak adatai szerint a betonkeverékek teriiléseire
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Fig. 6. Relationship between compressive strength and the x fluid-powder volume ra- 100-| ’
tio for CEM III/A 32.5, based on observation data taken between 2008-2009 50 1245 X [-]
6. dbra A szildrdsdg fiiggése CEM I1I/A esetében az x folyadék-por térfogati 0 1,381
tényez6tél a 2008-2009 kozotti megfigyelési iddszak adatai szerint 0,168 0,194 02200 0247 0273 0,299
Pl
Space limitation of present paper let us illustrate only on
a few diagrams the widely differing effects experienced with Fig. 9. Consistencies without water-reducing agents

certain water-reducing agents - compared both to each other

in the case of maximum size of aggregate D = 24 mm
9. dbra  Vizcsokkentd adalékszer nélkiili konzisztencidk

and with concrete COIl’lpOSitiOl’lS without agents (FlgS 7 to 10) 24 mm legnagyobb szemnagysdgii adalékanyagok esetén
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Fig. 10. Consistencies without water-reducing agents
in the case of maximum size of aggregate D, = 16 mm
10. dbra  Vizcsokkentd adalékszer nélkiili konzisztencidk
16 mm legnagyobb szemnagysdgi adalékanyagok esetén

Acknowledgements

The author wishes to express his gratitude to the Augusztin
Betongyart6 Ltd. concrete mixing plant and particularly to Mr.
Balint Augusztin, CEO.

References

[1] Szalai K. - Huszar Zs. — Sprénitz E: Betonszerkezeti EU szabvdanyok hazai
bevezetése, alkalmazisa, 6. fejezet: HSC/HPC betonok és hidépitési alkal-
mazdsa. Magyar Betonszovetség, Magyar Betonelemgyarté Szovetség,
Magyar Epitdanyagipari Szovetség, Budapest, 2005.

[2] Zsigovics, L: Self Compacting Concrete, Newest Revolution of Concrete
Technology 3. Influence of limestone powder on the properties of fresh and
hardened concrete. Vasbetonépités, 2004/3, pp. 72-79.

[3] Sulyok, T.: Metrédllomdsok épitése az Etele téren és a kortéren. Beton, XIV.
évf. 10. szam, 2006. oktéber, pp 26-27.

[4] Sulyok, T.: Beszdamolé az M6 autdpdlydn épiilé alagutakrol - betontechnold-
gus szemmel. Beton, XVIL. évf. 5. szam, 2009. majus, pp 10-13.

[5] Spranitz, F: Erdemes-e kiiszkddni az NT betonokkal? 4. rész - avagy milyen
nemfiek a nagy teljesitéképességii (NT) betonok? Beton, XVII. évf. 1. szam,
2009. januar, pp 3-7.

[6] Powers, T. C. 1900-1997: Bibliography, PCA Library Bibliography No.33
(LB33), Portland Cement Association, 2007

[7] Ujhelyi, J.: Betonismeretek. Miegyetemi Kiado. Budapest, 2005.

[8] MEASZ ME-04.19:1995 Miiszaki elirds beton és vasbeton készitésére. Ma-
gyar Epit6anyagipari Szovetség, Budapest, 1995.

[9] Sprénitz, E: Magas- és mélyépitési termékek iijszerti gydrtdstechnolégidi.
Beton, XVL. évf. 2. szam, 2008. februar, pp 14-16.

[10] Powers, T. C.: Absorption of Water by Portland Cement Paste during the
Hardening Process. Industrial and Engineering Chemistry, July 1935, Vol.
27, No. 7, pp 790-794.

[11]Kausay, T.: Viz-cement tényezd, viz/cement tényezd. Beton, XVI. évf. 4.
szam, 2008. 4prilis, pp 8-11.

Ref.:

Gyula Pekar: Simple basic model for concrete and its application. 1.
Content indicators of concrete mixtures and mixing plant obser-
vations
Epitéanyag, 65. évf. 2. szdm (2013), 52-60. p.
http://dx.doi.org/10.14382/epitoanyag-jsbcm.2013.12

Betonkeverékek egyszeriisitett alapmodellje

és alkalmazasa.

1. rész: Betonosszetételi allapotjelz6k

és gyartoluzemi megfigyelések

A betontechnolégia allando feladata a betonalkoté anya-
gok hatadsainak vizsgalata. E hatasok elemzése és a
tapasztalt O0sszefliggések értelmezése soran idordl idére
érdemes atgondolni azokat a modelleket, amelyekben a
tapasztalt hatasokat értelmezzik. Ha szlikséges, akkor fi-
nomitasokkal is kell éInlink, hogy az Uj anyagok megjelené-
sével a betontervezés alapjaul szolgalé modellek is l1épést
tarthassanak. A cikk a betonkeverékek Osszetételének
egy leegyszerlsitett alapmodelljét mutatja be, bevezetve
a betondsszetételt egyértelmiien meghatarozd, dimenzio
nélklli allapotjelzoket, amelyekrdl feltételezhetd, hogy a be-
tonok teljesitményjellemz6it befolyasoljak, igy vizsgalatuk
szllkségszerl. A modell kidolgozasat egy gyartélizemi
megfigyelési sorozat inditotta el. Ez a gyartélizemi megfi-
gyelés szolgdlt az elsd alapadat-forrasként a betonkeve-
rékek egyszerisitett alapmodelljéhez, amely a dimenzi6
nélkuli beton dsszetételi allapotjelzbk bevezetésével Gjszerl
lehet6ségeket kinal a friss és megszilardult betonkeverékek
teljesitményjellemzoit befolyasold hatasok vizsgalatara.
Kulcsszavak: betontechnolégia, betondsszetétel tervezése,
betondsszetételi allapotjelzok
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The conference will be held at the conference center,
Radisson Blu Edwardian Guildford Hotel in Guildford, UK.

TRANSCEND Research themes and projects:

Modelling - Thetheme comprisesfive projects thatsystematically
build a theoretical understanding of water dynamics in cements
and concretes at a hierarchy of length scales: Molecular
dynamics study of water exchange between inter-sheet and gel
pore in cement analogues; Moisture transport in random media:
Calcium Silicate Hydrate (C-S-H); Lattice Boltzmann modeling
of water dynamics in cement paste; The role of microcracks in

concrete on water transport; Drying-wetting cycles: effects on
moisture transport within cementitious materials.
Experimental - The theme comprises six projects that build
the experimental parameter database such as characterisation
of materials and transport coefficients needed as input to the
modelling developed in Theme Modelling: Wetting and drying
cycles: effects of hysteresis on transport; Study of white cement
pastes by nuclear magnetic resonance (NMR); Relationship
between composition, structure and morphology in C-S-H;
nuclear magnetic resonance imaging and relaxation analysis
of cement based material; Cryoporometry characterisation for
cement based materials; Characterisation of microcracks in
concrete and transport in concrete.

Validation - The theme comprises four projects that together
validate the output at the different length scales of the
modelling programme: Transport and water dynamics in the
nanopores of C-S-H; Impact of mineralogy on the water balance
of cement paste; Validation of concrete water transport tests by
1H magnetic resonance profiling; Validation of modeling with
respect to drying and shrinkage.
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Commission

Community Research and Development Information Service

endure — European Network for Durable Reinforcement and Rehabilitation Solutions
Marie Curie Actions— Initial Training Networks (ITN)
FP7-PEOPLE-2013-ITN

The growth of advanced composites in construction in recent years has been spectacular, doubling in size in the last 10 years.

This expansion has been largely due to the use of Fibre Reinforced Polymer (FRP) reinforcement in structural applications and,

although the current economic climate has seen a slowdown of the general construction market, the demand of composite

products within the European construction market is estimated to grow and reach €3.1 billion by 2013.

The on-going requirement for more durable structures and more efficient rehabilitation solutions is the key driving force

behind the introduction of FRPs in the construction industry as reinforcing or strengthening material for concrete and masonry

structures. In Europe alone, the annual cost of repair and maintenance of the infrastructure is estimated to be about 50% of

the construction budget.

Composite materials are readily used in a large number of applications and yet, a set of accepted design guidelines does not

exist and most construction professionals are unaware of what composites are and rely on specialists who often use their own

standards and guidelines.

Moreover, little interaction exists between academia and industry and practical applications are time and again a reflection of

a design approach instructed by conservative guidelines, which hinder innovation.

The aim of the Network is to train researchers in the use of advanced composites for construction so as to develop and

maintain a critical mass of research groups that will address the main scientific challenges in the field, enable the development

of advanced material standards and design guidelines, co-ordinate European research, and offer a link between academia

and industry.

The Network aims:

e To address the specific scientific/technological challenges in the field and develop tests, models and advanced guidelines
to help with the standardisation process.

e To bridge the gap between academia and industry and increase the competitiveness of the European composite and
construction industry worldwide.

The Network will strengthen the European Research Area on composite reinforcements and will contribute to increase the

competitiveness of the European construction industry worldwide.

The key objective of the endure network is training and career development of young researchers. The Network will provide

early stage and experienced researchers with advanced training in research methods as well as transferable skills. Researchers

will undertake, as part of their research projects, secondments and study visits to other network partners and Associated

Partners. These exchange visits will enable researchers to take advantage of internationally-leading expertise within the

network, develop their own networks, and promote collaboration and discussion across the network. The interaction with the

Associated Partners and representatives from the Industry during the planned network events will also give researchers an

all-round education to prepare them equally for employment in industry or academia.

Network participants:

The University of Sheffield (USFD), UK (person in charge of scientific aspects of the Network: Dr. Maurizio Guadagnini);

Budapesti Mliszaki és Gazdasagtudomanyi Egyetem (BME), HU; Universiteit Gent (UGent), NL; University of Bath (UBAH),

UK; Universita degli Studi di Padova (UNIPD), IT; Politecnico di Milano (POLIMI), IT; Latvijas Universitates Polimeru Mehanikas

Instituts (LUPMI), LV; Universidade do Minho (UMINHQ), PT; Lulea Tekniska Universitet (LTU), SE; Universitat De Girona

(UdQ), ES; Eidgenoessische Materialpruefungs- und Forschungsanstalt (EMPA), CH; Netcomposites Limited (NetComp), UK;

University of Patras (UPAT), GR; Technische Universitaet Kaiserslautern (UNIKL), DE.

For further information refer to the website of the endure Network:

http://cordis.europa.eu/projects/rcn/109364_en.html
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