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Abstract: The aim of the experimental and analytical wasks to monitor andnalyze the
strains and deflections of steel cantilevesing a bistable glassoated microwireas a
contactless measurememtethod. For verification and¢omparison,the results obtained
from the applied bistable microwire (Fs8ibB1oPsThy), the results of standard resistance
strain gauge and dial indicatowere used. Since thenicrowire used,has a metallic
(magnetic) core, verifying the possibility of separating the influencehefparasitic
external magnetic field from the measuredfodmations was the ifst goal of the
implementation of the bending test on steahtileves. Another goal was to find a
relationship between the switching field of the microwire and the stra@asumed by the
strain gauge, depending on the applied lakding the experimentadest. Both goals were
achieved within tis research.

Keywords: ContactlessBistable microwire Magnetic field Strairy Strain gauge

1 Introduction

Experimental tests with the application of resistance strain gauges, déaltang

and similarconventional sensors are used for monitoring and recording the stress
state and strain development in tested structural members, as well as to figport t
results of theoretical and numerical analyzes of such membe&ss [uring
experimental tests and dding processes, conventional sensors must be
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permanently connected to computers and evaluation devices using \gpgess

of data acquisition systemsdata buses [8]. This fact limits the possibility of

using strain gauges auwlial indicators only fotaboratory conditions. The need to
protect sensing technologies from weather effects have limited their outdoor use
for monitoring existing structural members and structures. In addition, the
necessity of permanently connecting the recording devicesthatiend of the
measurement process makes it impossible to use these devices simultaneously in
another experimental investigation.

Since contactless mettis allow monitoring and recording the stress state of the
investigated membre without the need forheir permanent connection to
recording devices, these methods are becoming more convenient and flexible for
structural engineers and researchers. One of the possibilitiesorgéctless
measurement is the use of bistable gtassed microwires [1612]. Due to their
magnetic properties, it is possible to perform contactless measurerstrisires

by means of an induction method via a sensing unit. Theowiie, as a passive

part of the system, can be placed at any location; moreover, it can even be
embeded inside the material of the tested member13B

The mentioned disadvantages of standard strain gauges can be avoided by using a
bistable microwire, as the presented research sh@msthe other handihe
analyzes presented ithis work represent a newoncept of contactless strain
measurement applied to a steel (ferromagnetic) structural member. As staged in t
paper, this method allows for separatiointhe influence of parasitic magnetic
fields that can occur when measuringgnetic materials.

2 Applied Microwire and Method of Analysis

In the performed experimend glasscoated microwire FgSisB1oPsThy with a
metal core of 10 pm in diameter and a total diamet&0 um was usedrigure 1
shows aypical micrograph of a miowire withapartially emoved glassoating.

Figure 1
Micrographic configuration of glasscoated microwire

—-10-
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2.1 Microwire ResponseéMeasurement

The magnetic response of thestable glassoated microwire is given by the
switching field Hsw. The induction method was used toawere this magnetic
response. A typical square magnetic hysteresis loop and switchingHfiglds
illustrated in Figure 2, wher®ls is the saturatiormagnetizationand H is the
magnetic field

+Ms

Hsw

H(Al>m)

-Ms

Figure 2
Magnetic hystresis loowith switching fieldHsw

Monitoring the response of the microwire was realized using a sensing system
placed above the microwire. The 70x20 mm sensing system ha&o tapes to
create a gap of aboutr@m between the sensing system and itiierowire, as
shown in Figure 3. The height of the tape depends on the required height of the
gap and the type of microwire usesb,the distance between the sensing system
and the microwire can be increased to abéunhm.

SENSING
SYSTEM

- TAPE

TESTED STEEL MEMBER

Figure 3
lllustration ofthe sensing system

A pair of coils is integratt in the sensing system. The first of these is the
excitation coil. This coil generates a magnetic field forrttagneization reversal
process of the microwire. To achieve thmagneization reversal process, the
excitation coil was powered by a triangulaC voltage with a frequency of
100 Hz and 7.44 V amplitude. The second one is the pickup coil, in which the

—-11-
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magnetizatiorreversal process of the microwire is detecied transformed into
the sensing signal. Figure 4 presents the alpometionedmagnetizatiorreversal
process. The yellow lines represent the excitation signal, Wigleensing signal
with two maxmum and minimum peaks is blug.andt, arethe time occurrence
of positive and negative switching between two statemagfnetizationt Ms (the
time of themagnetizatiomeversal of the microwire)

Maximum e . Minimum
Excitation|signal l

IR S CE.L LN N S —— ,7,;.7.»‘._,_4
I

Figure 4
Graphicalvisualizationof the excitation and seing signal

2.2 Application of the Induction Method

As mentioned in the previous chapter, a triangular AC voltage was used to create
the magnetic field. The obtained switching fieHsw is commensurable to the
stress caused by the applied load, under tiondi of constant temperature and
excitation field frequency [11]:

o @
where: A is the &change constant
is the saturation magnetostriction
1 s the stress caused by the applied load
Mo Is the vacuum permeability
Ms is the saturatiomagnetization

Because of the positive magnetostriction of the metallic core, the microwire is
sensitive to the strain) transmitted from the applied load and corresponding
stress. The stmaifollows Hooke's law. It follows that the switching field is
proportional to the relative elongation of the tested member, to which the
microwire is fixed (glied). The switching fieldHsw is also proportional to the
switching timetsw (see Figure ¥ whichis themagnetizatiorreversal time of the
microwire:

—-12-
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tw 4 1 (2

Equation 2 is also applicable in the case when an additional parasitinaéxte
magnetic field is present. The external magnetic field does not influemeedtn

of the hysteresis loofHew) and, thus, thé'sw (Equation 3). On the other hand,
the position of the hysteresis loop is shifted depending on the direction of the
magretic field, Figure 5 [12]. In other words, when an external magnetic field is
presentthecenterof the hysteresis loop (Figure 2) shifts, as shown in Figure 5.

A+Ms

.......................................

Hsw
>Hext

] s Eg -
=  Hiam)

<Hexl

Ms,

Figure 5
The shift of the hysteresis loop caused by parasitic externalatiageld

This phenomenon provides the possibility of identifying the direction and
amplitudeof the external magnetic field. The difference in the switching tigig
which is proportional to the external magnetic field, can be achieved using
Equation 3 [12]

Hoo 1Tew & 4 3)

According to the presented approach, it can be conclugsdittis possible to
separate the magnetic influence of the environment (parasitic external magnetic
field) from the required measurements, which is very necessary when testing
magnetic (steel) material.

3 Preparation for the Experimental Test

3.1 Production of Experimental TestComponents

Three specimens made from sheet material of-darbon steel S 235 were
fabricated to perform the bending test of the cantilever. The spexihere a
crosssection of 80x3nm anda length of 600mm. A hole was drille on one side
of the specimens to fix the pprepared loading mechanisiFigure 6 shows the
steel specimen prepared for the test, including the place of the cantilgmgr fi

—-13-
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the position of sensing devices and the location of the loading mechanism
conrection (hole).

Figure 6
Steé specimen prepared for bending test

A special loading mechanism was designed and produced for experimental tests,
as shown in Figure 7. This mechanismade of galvanized steel, consists of two
parts:

e Load carrier, designetb ensure the vertical action of the force during the
cantilever deflection process, thanks to the hinge connection that allows the
system to rotate. The load carrier weighs ab8utg

¢ Weights with dimensions 80x84xtm, having holes in the middle.
The length of approximately 8&m has been adjusted so that eagfight
had a mass of 25@ (2 g). The holes allow for easy increase and/or
decrease of load size.

Figure7
Loading mehanism- load carrier and loading weights

3.2 Preparation of Supporting Materials

The preparatory works included numerical analysis to estimate the theoretical
elastic resistance moment of the steel cantilever, strains and deflections.
A schematic repres¢ation of the cantilever with the measurement locations of
strains(xs), deflections %) and the position of the applied forog) (s in Figure 8.

_14-



ActaPolytechniddungarica Vol.21, No5, 24

The used steehas nominal values of material propertigs= 235 MPa (Yield
stress) fu = 360 MPa (Ultinate stress) and Young's moduliss 210000 MPa
[16] [17].

Xw Xf Xs X0

1 T

# A
- = # ]
- Rigid
lFXf support
50 350 100 100
e | o | wo |

Figure8
Schenatic representation of the cantilever

According to theabovementionedmaterial properties and Figure 8, the cross
sectional elastic resistance moment was determined at the fixedapand had
the value:Mera = 28.20Nm. This moment was achieved from the applied force
Fx,max = 57.43 N At this load level, the deflectioin the position(x,) had a value
of 57.74mm.

To ensure the elastibehavior of the cantilever, the maximum load for the
experimental test was set to abou%/0f the theoreticallydetermined maximum
load Fximax i-€., Fxi,70 = 40.20N. According toFy: 70, @ sequence of load steps was
created and divided into 15 load cases (LC) as shown in table 1. Table 1 als
contains the calculated values of thelagpforce, corresponding stress and strain
for each load case.

Table 1
Load cases with relevant forces, stresses and strains

Load case Acting force | Normal stress | Strain

Fxt [N] 16 [kPa] Kt [%6]
LC1=G - 19625 0.006
LC2=G+Fo 7.87 49138 0.017
LC3=G+Fo+F1 10.37 58513 0.020
LC4=G+Fot+F2 12.87 67888 0.024
LC5=G+Fo+F3 15.37 77263 0.027
LC6 =G+ Fo+Fa 17.87 86638 0.031
LC7=G+Fo+Fs 20.37 96013 0.034
LC8=G+Fo+Fe 22.87 105388 0.038
LC9=G+Fo+F7 25.37 114763 0.041
LC10=G+Fo+Fs 27.87 124138 0.045
LC11 =G +Fo+Fg 30.37 13313 0.048
LC12 =G+ Fo+ Fio 32.87 142888 0.052
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LC13 =G +Fo+Fu 35.37 152263 0.055
LC14 =G+ Fo+ F12 37.87 161638 0.059
LC15 =G +Fo+Fi3 40.37 171013 0.062

Whet: G is the dead load of thentilever,Fq is the weight of the load carridf;
is the applied force achieved by gradually adding weights in the respective load
casei(=1to 13).

4 Implementation of the Bending Test

In the beginning, bistable glassaed microwire FaSisB1oPsTh: was fixed on

the surface of the steel specimen using glue X60 based on fegthdcrylate.

Strain gauge FLAB-11 was glued, using the same type of glue, closthe¢o
microwire to dotain comparable results. Moreover, a diicator(DI) was added

to the measurement system, near the free end of the cantilever, to monitor the
deflections. The layout of the test and the locations of the measuring deices ar
illustrated in Figure 9.

Xw Xf Xs X0
o]l qg SS+ MW+ SG
— E ]
e @ 2
l Fxf
Sensing system (SS)
+ microwire (MW)
Rigid
— support
Dial indicator (D) Strain gauge (SG)

m 350 L 100 L 100 L

Figure9
General view of the test arg@ment

The switching time was obtained by placing the sensing sy@&nconnected to

an oscilloscope, over the microwif®W) to monitor its response (Figure 3).
Then the sensing signal was displayed on the oscilloscope (Figure 4) in the shape
of minimum and maximum peaks. After that, the position of the peaks was
determined manually, taking into account the time range of the oscilloscope.

—16-



ActaPolytechniddungarica Vol.21, No5, 24

The strains were measured by connecting the strain gauge to a comiputer v
calibrated datdbus MX1615B. A quartebridge was used to connect the strain
gauge(SG) to the datebus. Catman Easy V5.1.3 software was used for data
recording and evaluation.

The strain, deflection and switching time measuring dsvigere set to zero
before the load carrier was installed, ahid state was considered the first load
case. As a second load case, after installing the load carrier, a weightgp#vas7

set, and the changes in strain, deflection and microwire switching time values
were ecoded. Then the load was gradually increased up @874y by
sequentially adding 13 weights, see table 1, while simultaneously recording the
changes in strain, deflection and switching time of the microwire step by step.
After reating a weight of 837 g, the test continued with the unloagliprocess

by sequentially removing the 13 weights, so the load returned to a weight gf 787
(load case no.)2

The load was applied only within the elastic zone of the used sieelthe
plasticization and hardemy ones with platic strains wes not reached.

5 Results andDiscussion

The measured output data from the experimental test during the loading and
unloading process are presentedFigures 10, 11 and 12. The relationship
between the applied forces andfldetions, in relation to individal load cases, is
given by Figure 10. Figure 11 illustrates the development of the strains, and
Figure12 shows the variation of the microwire switching time.

As shown in the graphs, the strains (measured by strain gandejeflections
(measured by dialindicator) have a linear shape, which ensures that the
measurement was carried out within the elastic zone of the materialS1288).(

The switching time of the microwire obtained by the actiess measurement
method ha a quaslinear character in a similar shape, compared to the deflections
and strains. At the maximum load of 40.R7(load case no. 15), the deflection
reached a value of 41./hm at a measured strain value of 0.96%:nd the
maximum change of the switching time was 0.4 ms.

Using theresults to determinethe relationship between the strains and the
switching time, the correlation for linear fit was determined as
y=0.14x-1.38 (Fig. 13). The black spotsire experimental resultseind the orange
line isthe correlation between switching time-gXis) and strains (Méxis).

As part of their previous experimental research, abthors already proved the
possibility of using the abowmentioned contactless methdor measuring the
strains of a noiMmagnetic material via a bistable microwire [18]. The possibility of

—-17-
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using this method for magnetic material was experimentally iigpagst and
presented in ik paper.
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Relationship between the applitorces and deflections
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Relationship between the applied forces and strains
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Figure 13
Dependence of switahg time on strais

Conclusions

As presented and proven inighpaper,thanksto the magnetic bistability of the
microwire, it was possible to perform a contactless measurermena metal
membewith magneticproperties

The obtained results also demonstrated a comparable character in the behavior of
the applied sensg devicegstrain gauge, dial indicator and microwire) during the
loading and unloading process. Furthermore, due to the linear nature of the results,
the relationship between strains and switchiiget for this relevant case was
determined, as shown in Figure. 13

Taking into account thabovementionedesults, glassoated bistable microwires
can be considered as suitable candidates for contactless measurement of elastic
strains, when investigating materials of ferromagnetic character

After achieving adequate results in the elastic zone ofiseel material, future
research workwill be focused on the application of glassated bistable
microwires to measure strains within tieéastoeplasticand hardening zones tife
various materialthat make uptructural membaet
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Abstract: This paperis devoted to theofced vibrdion analysis of ptimized trapezoidal
stiffened plates with simple supported conditions on the four edges of the base plat
The purpose of the finite element analysis is to investigate the transiged fabrations of
stiffened structures subjected to uniaxial compression due to the reasmpiddy applied
pressure over their base plates, thereby identifying potentially dangeroes ecasl
minimizingthe possibility of failure. In this study, the nuiat analysis is performed for
such a design ahis kind of welded plates which have already been optimized for lateral
pressure and uniaxial compression as static loadings. The objective function of the
optimization to be minimized performed with thedtx&olver program is the cost function
which conains material andfabrication costs for Gas Metal Arc Welding (GMAW)
welding technology. The eigenvalue extraction is used to calculate the naturahfriesgue
and mode shapes based on the Lanczos iteratiethod then the transient response is
determined using the modal superposition method from the first few mode shapes.
The welded structure is made of two grades of steel, which are descrilbediffgtent

yield stress while all other material propertielssteel remain the same.

Keywords: trapezoidal siffener; FEA; modal analysis; transient forced vibration

1 Introduction

Stiffened plates are commonly used in various engineering applicatioagskec
they are abldo resist buckling and provide additiorsaability and rigidity to the
structue. Welda@ stiffened plates are an important component of many
engineering structures, including shipbuilding, offshore platforans civil

—23-



S.Szirbiket al. Optimized Trapezoidal Stiffened Plates under Uniaxial Compression
with e&SudderRapidly\pplied Pressure

engineeringsuch asbridges. An assessment of their free and forced respdss

also generally very important for the safed rational structural design of these
members of structures. These plates are made of thin metal sheets that are
reinforced by stiffeners, which are typically plageatallel to the plate's surface,

and trey are formed by welding stiffeners oarb plats. The stiffeners provide
increased strength and stability, enabling the plate to better withstand loads such
as bending, torsion, and buckling. Theygé of plates cabe square rectangular,
circular, trapezoidal, etc. They can be stiffened in one or dinections with
stiffeners of flat, L, box, trapezoidal or other shapdse Tentral deflection of
simple supported stiffened plates subjected to transverse and axial load can be
estimated, as well as theflirence of parameters such as the numbgr
longitudinal and transverse stiffeners and the ratio between their height and
thickness. In recent years, there has been a growing interest in improving the
design of stiffened plates to make them lighter, steoagd more cosgffective.

To this end, resedners have been exploring new materials, new fabrication
techniques, and medesign strategies, which remain a widely researched topic.
Several researchers have studiéeé dynamic responses of rectangulaatel
systems having different sets of edgenstrénts and loading cases][12].

The refined empirical formulation proposed to predict the ultimate strength
performance or ultimate limit state of flaar type steel dfened panels under
longitudinal conpression [3]. Stability issues have a significanpact on welded
structures in terms of local, general and torsional bogk4].

Nowadays, an important field of application of stiffened plats$iis architecture

and offshore engineering, where thag basictructural members/ariousloads

on a slp's structureare complex phenomenghat hae been the subject of
extensive research in the field of naval architecture. The design of a ship's hull, as
well as its stability and strength, are greatlyeeféd by vave loads, which arise

from the interactin between the ship and the ocean waves. The intensity and
frequency of wave loads depend on various factors such as the ship's speed, wave
height, and frequency, as well as the ship's geometry, displacementpanaf ty
loading. The understandingf wave loads is important for thdesign and safe
operation of ships, as well as for the prediction of the response of ships to these
loads, including structural deformation, slamming, and stréks. fequency
response of ptas with openings subjected to poaxtitation force and enforced
acceleration at boundariésanalyzedby usng developed ifhouse code fothe

mode superposition metho#]] Yang et. al. §] dealt with the dynamic ultimate
strengh of ship bottom stféened plates under uniaxial ropressio and lateral
pressure. The dynamic ultimate strength of a tested specimen was calculated based
on the nonlinear FEA.

The forced vibration analysis of optimized trapezoidal stiffened plates withlesi
supported conditions on the four edges of the base ptavides valuable insights
into the transient dynamizehavia of the structure. Drawing the conclusion from
finite element analysis, this circumstance greatly affects the result.
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The gtimization process used in this study ensures that thedesig is both
economically and structurally efficient, while the use of the Lanczos iteration
method provides a reliable and efficient way to calculate the natural frequencies
mode shapes, antie modal superposition metth is an effective technique for
redudng the computation time when performing dynamic response analfses
linear structures like transient force vibration analys@sPynamic analysis of
time response is widely used in various engineering problemsidy the effect

of vibrations on the embers of structures] [9].

In the present study, the focus is on the forced vibration analysis of optimized
trapezoidal stiffened plates with simple supported conditions on the foes eflg
the base plate. Forced bvation analysis is a critical aspeof structural
engineering and is essential in ensuring the safety arabitiyi of structures
subjected to dynamic loadBhe aim of the finite element analysis is to investigate
the tansient forced vibrations of ghstiffened structures subjedtéo unaxial
compression fromwgldenand rapidlyapplied pressurever the base plat¢40].

This study is essential in identifying potentially dangerous cases and elirginati
the possibiliy of failure. The optimization process usidthis study minimizes
the cost fundbn that contains material and fabrication costs for Gas Metal Arc
Welding (GMAW) welding technology. The optimization was performed with the
Excel Solver program to ensure that the final design is both economicdlly an
structurally effiégent.

2 Optimum Desgn of Stiffened Hates

The structural optimizain of different stiffened plates and shells has been
worked out by Farkas and Jarnjall]. The optimum design of stiffenedapes
involves finding the optimal combination of plate and stiffener geomeiayerial
properties, and kding conditions that meet the desired mechanical performance
while minimizing weight.

The design of stiffened plates requires a detailed undenstpaotiplate buckling,
platestiffener interaction, and stressiiibution Plae buckling occurs when #

plate experiences a cpmessive load that exceeds its critical buckling strength.
The bucklingbehavio of a plate can be influenced by @gometry, boundary
conditions, and material properties. Platéfener interaction refrs to the
interaction betwen the plate and the stiffener, which can enhance the plate's
resistance to buckling. The distribution of stress in a stiffened platduerncgd

by the platestiffener interaction and the loading conditions

The optimum desig of stiffened plates cabe performed using various numerical
methods, such as finite element analysis (FEA), boundary elementsianal
(BEA), and multiobjective optinization algorithms. FEA and BEA allow for a
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detailed analysis of the plagtiffener irteraction and the stressstiibution in the
plate, while multiobjective optimization algorithms allow for an efficient search
of the design space to find the optimalution.

In the optimum design of stiffened plates, various design tbgsc must be
conddered, such as mininiizg weight, maximizing strength, reducidgflection,
and minimizing stress concentration. These desigactibes may conflict with
each othe and the optimum design must find a trade that satisfies all
objectives. The tradeff can be performed usingulti-objective optimization
algorithms, such as genetic algorithms, particle swarm optimizatiuh, aat
colony optimization.

The materiaproperties of the plate and the stiffener also play an important role in
the optimum degn of stiffened plates. fie material properties, such as yield
strength, elastic modulus, and Poisson's ratio, can influenceatesplkesistance

to buckling and thedistribution of stress in the plate. The use of advanced
materials, such as compositataials, can significantlymprove the mechanical
performance of stiffened plates, but also increase their complexity and cost.
The ®mposite structussarealso a wayto reduce the mass of the struct[ir2].

The boundary conditions of th#ate and thestiffener also play a crual role in

the optimum design of stiffened plates. The boundary conditions, such as fixed
end, simpé supported, and clamped, can influenée tplate's bucklindgpehavio

and the distribution of stress in the plate. The boundarylitions must be
carefuly selected to ensure that the plate's bucklbghavio and stress
distribution are consistent with the desired mechaniedbpmance.

In conclusion, the optimum design of stiffened plates is a complex gerdbat
involves firding the optimal combinatn of plate and stiffener geometry, material
properties, and loading conditions that meet the desired mechanical performance
while minimizing weight. The optimum design requires a detailed understandin
of plate buckling, platstff ener interaction, andrstss distribution, as well as the

use of numerical metlds and multiobjective optimization algorithms. The design
objectives material properties, and boundary conditions must also be carefully
considered to ensurihat the optnum design satisfies theedired mechanical
performance.

With a better understanding of the optimum design of stiffened plates, engineers
can design stictures that are lighter, strongmore costeffectiveand contribute
to the development of sustaiie/efficient engineering solutions [13].

In the fdlowing calculation, the base plate has a widtiBof 4000 mm and a
length ofL = 6000 nm. Young's modulus i€ = 2.1 x10° MPa, material density

is ! = 7.85x 10° t/mm3. The stiffeners are welded to the base plate with fillet
welds to reinforce the plateh& design variables, the thicknesses of the base plate
(tr) and stiffener t§) and tle nunber of ribs (31). The numerial results for
uniaxial canpression and magfude of lateral pressure are summarized in. Tab
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in which the columns contain the aptzed main geometrical data. The geometric
designs of the structures, based on Tablete used for the transient vibran
analysis in this paper, in which the pressure is considered to be suddenly applied.
The objective of the forced vibration analysss to investigate whether the
optimization objective functions are also satisfied undeadya effects.

Table 1
Optimumdimensions for trapezoitlatiffener at hree different lateral pressurgg &and constant
uniaxial compressio(N = 1.974x 10 N) in case of two yield stressefs)(

No. p fy tr ts 3-1
[MPa] [MPa] [mm] [mm] [1
1 0.02 235 23 9 3
2 0.01 235 23 8 3
3 0.005 235 22 8 3
4 0.02 355 17 10 4
5 0.01 355 18 8 5
6 0.005 355 15 8 5

The dimensions with numerical values in Figure 1 are fixethe calculations
while the other dimensions of s#ffiers can bderivedfrom the optimized results
of Table 1based on [13]

300

,,,,,,,,,,,,,,,,,,,,,,,,,,

/
Y

A
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Figurel
Geometrical designs of the trapezoidal stiffener profiligls the optimized thicknesses

3 Finite Element Analysis

The finite element analysis (FEA) is uséo numerica}y solve differential
equations arising in engineering and modelling problems suclvilaration
analysis problems. The main concept is that the geometry of structures subdivide
into nonroverlapping smadlr parts,called finite elements, which are implented
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by the construction of a mesh. The conventicglament types possess gim
shaped geometry with wedlefined stress displacement relationships. If applied
loads or geometric nonlinearity werensidered so that the best choice is th&-fi

order eements. Thus, the sufficiently reid mesh needs &msure that the results
from simdations are adequate. Concerning shell structures such as our stiffened
plate, the Reissnévlindlin equations are used to model the bending of the plate
so that thin andnoderately thick plates can bedeledoby structurdoptimization

According to FE theory the trapezoidal stiffened platare meshed into finite
elementswith fine mestresolutions which are fownode reduced integration shell
elements (S4R in AbagusThe approximate global size is specified as 40 anth
yields enough accuratehitions

3.1 Boundary Conditions

The material is assumed to be isotropic elastic. In our investigation, theestiffen
plate is made of steel, provided that the steel grade is characterizeddbstrgss
from Table 1, Young’s modulus d& = 2.1x13 MPa, Poisson’s ratio of = 0.3
and density of! = 7.85x1@ t/mn.

The uniform thickness plate is stiffened by some trapezsiiabed stiffeners and
simple supportonditions are jected on all the edges (SSSS) of the base plate.
Figure 2 is depicted highlight, the side lehgt of the quarter of the base plate
parallel to the ssymmetry axis and-gymmetry axis are given by/2 and B/2,
respectively.

Figure2
Design of trapezdial stiffened plate

By exploiting the symmetries of the plate design and loadings, the displacemen
boundary conditions on the FE model are described on the highlighted quarter
structure in Figur@. The displacement boundary conditions for the pointaef o
quarter of the #fened plate arely = k= E=0 in the 2x plane and in the-g
planeuy = = E=0 and simp} prescribed supports are at the edge of L/2
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according tas, = k=0 and at the edge gf= B/2 according tau, = & =0, where

Uy, Uy, and u, denote the displaceants of a pmt in the midplane of the
trapezoidal stiffened plate along the x, y, and z directions i.e. longitudinal,
transverse and vertical directions, respectivdly. j=and E are the rotations of
the normal to the id-plane at the same point e structure

3.2 Modal Analysisand M ode Superposition

To investigate transient vibratianalysis for the stiffened plate with trapezoidal
stiffeners isperformed with these steps, using the commercial software Abaqu
The eigenvalue extraction to calculate the matdrequencies and mode shapes is
based on the Lanczos iteration method describet¥inhich is used to perform
the frequency response analysis or to investigate the eigenvalues for buckling
prediction ands applied to extract natural frequencieasd modes Two analysis
steps araused for the mode shapbslonging to the trapezoidal stiffened plate
subjected to uniaxiatompressio. The conpression, exerted by the force N, is
constant at each ste the first step, thauniaxial compressiomnd geomeic
nonlinearity are considered so thain the second step, the load stiffness is
determined at the end of the first general analysis stegambe included in the
eigenvalue extraction

Therapidly apdied pressure on the base plate also catraesent vibrations of

the structurewhich can be examined by the third step with mode superposition.
The firsttwelve mode shapem the mode superpositianethodby the third step
aregiven by creating the send step with static loading

3.3 Transient Vibration Analysis

Figures 3-5show the transient responses of the stiffened g#dtthe center of the
baseplate, i.e, at the oigin of thexyz coordinate systenTThe damping ratio is
considered for th&E nodels of the welded stiffened platéote here tht when
dampingis given as a fraction of critical damping associated with the first sixteen
mode shapeghe values used are in the rangel® to 10% of critical damping
[14]. As expected, thpeakdynamic deflection values amealy twice the amount

for the critical darping of 1%.

Peakdynamic deflectin is a parameter to evaluate deformation up@udden
applied pressure, and it is calculated as the distance dretthe front of the
system before percussion and its maximum displacement after percussion, which
are the absolute values that che read & the first peak in Figure8-5.

The numerical results of the FE analysis for static and dynamic deflection are
summarized in Table 2, which contains the stress values of the peak dynamic
deflections at the center of the base plates. Toerebptimization objective
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functions [13], such as the central deflections bel® of lengthL, are also
satisfied underyhamic effectsdue to sudderapplied pressure.
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Displacement timéaistory curve for the critical damping fractions 0.0dd(solid line) and 0.1 (blue
solid line) for the magnitude @f=0.02 MPa and yieldtressesy = 235MPa andy = 355 MPa at the

certer of the baselate
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Displacement timéaistory curve for the critical damping fractions 0.0dd(solid line) and 0.1 (blue
solid line) for the magnitude @f=0.01 MPa and yield stressés= 235 MPa andy = 355 MPa at the

certer of the baseplate
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Table2
Comparison opeakdynamt and static deflection as well as streafies for dynanic deflection
according to the critical damping fraction in tinépointof the base plate

Static Peak dynamic deflection stressat midpoint
No. | deflection [mm] [MPa]

[mm] =0.01 =0.1 =0.01 =0.1
1 9.05 18.% 16.31 51.71 45.69
2 8.42 16.72 14.74 38.12 33.46
3 4.37 8.72 7.66 20.20 17.72
4 10.2 21.08 18.8 70.79 62.08
5 6.75 13.28 11.73 32.38 28.54
6 8.16 16.@ 14.17 42.74 37.56

Due to the structural digg, the stressedn Table 2do not coincide with the
maximumvalueof von Mises stresbecausdhe stresgoncentration®ccurat the

base of the ribs the vicinity of the support§ he effect of the optimized ribs and
plate thickresses on the dynamic deflection values is complex, as shown in Table
2, so some finite element anadgsire requied to clarify the relationships.

Conclusions

The modal superposition method is used in this paper to calculate the transient
response of plates accurately andiceghtly by applying the shapes modes.
The study concludes thtte effect of the optimized ribs and plate thicknesses on
the dynamic deflection values is complex, so some finite element esnalyes
required to clarifythe relationshipsThe critical dampng fraction is considered

for the FE models of the welded stiffened plates values used commonly used
limits of the accepted range.
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Other important circumstances dhe choice okteel gradevhich greatly affects
the results oflimensions of the optired diffened plates andhe finite element
analysiswhich predicts thebehaviorof a structure undea suddenand rapidy
applied pressurerhis finding highlights the importance of considering material
properties when performing forced vibration analysis and sodegs the need for
careful selection of materials @ngineering desigihe results of theimulations
show that peakdynamic deflections remainbelow the deflection condition
specified in the optimizatiowhichis one percent of legthL. In gener§ the plate

is suitable for sudden pressure applicati@sst has sufficient reseneapacity.

The study highlights the importance of considering material properties in the
analysis of forced vibration andmphasizeghe need for careful selection of
materiab in engineering design. From the numerical investigations, it is concluded
that FEA can be used safelp identify the dynamic laracteristics of welded
stiffened structure In future work, we will compare the FEA withhe
experimental results, vidh canhelp validate the model results.
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Abstract:A series of experiments and analyses weeraluctedor evaluatinga simpleheat
input model for heating correctionon welded steelstructural members. The heating
experiment on steel platesith different thicknessewas simulatedisingthermal elastie
plastic analysis. The temperature historidgformationsand residual stressesf plates
could be simulated bythe simplified heat source modeproposed in this study.
The applicability of the heat source model was verifigcsimulating the heating correction
for T-shaped fillet welded joints.

Keywords: Welding Steel structuresDeformation Heating correction Finite element
analysis

1 Introduction

Welding is widely used to manufacture factory andsit@ joints as a joining
method for théabricationof steel structural members. Compared with other joining
methods, such as higdirength bolting, welding has the advantages of greater
design freedom, higher workability in narrow spaces, and the ability to reduce the
weight of structures. However, themee drawbacksuch as deformation due to heat
input from the weld, generation of residual stress, and the risk of defects dal crac
in the weld. Welithg deformation adversely affects assembly accuracy and strength;
therefore, if the deformation exceeds the allowable value, it must be corrected
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There are several correction methoduch as fixing the shrunken part using a
hammer, heating the stretadpart with gas burners, and correcting the deformation
using the temperature differenoetweerthe front and backurface of the member
(heating correctionketc Amongthesemethods, heating correction is generally used
owing to its high workability. The heating position and time depend on the
experience of the skilled technicians. With the reduction in the number and aging
of technicians, the diffulty of transferring technical expertise to the next
generation of techniciartss becomeraimportant issue

Many studies have beeoconductedon the relationship between heat input
conditions and deformationvhen steel structural members are heated with gas
burnerg[1] [2]. The heating correction of welded assembly parts is similar to that
of the bend procesig technology[3]. However,the size and curvature of the
deformationfor the heating arrection of welded membedsffer from those of the
bending operation of hull structurdheestimation of theelationship between the
heat inputconditionand correctia effectsusing a numerical simulatiopased on

the finite element methathncontribute to the efficiency and automation of heating
correction work. A method for precisely modeling the heat input owing to a gas
flame, which simulates the heat input for plate bending usindinite element
method has been proposgd-5].

However for the heating correction simulation lafge, weldecassembly partsa
simpler and more versatile heat input mddelecessary

In this study, heating experiments and simulations were performed to plevelo
simple heat input modebased on a previous study .[BHeatingcorrection
experimerg and simulationsf T-joint members wereonductedto validate the
proposed modelThis study contributes to the establishment of an effective
simulation method for reproducing the heatoagrection processlhe heat input
model introduced in this study is a simple and versatile model that can beused f
the heating correction simulation of welded assembly parts, thus being potentially
useful in various engineering areas.

2 Experiment

2.1 Specimen

To simulate the heating correction process in this stadyermal elastieplastic
analysiswas performed using the finite element methdbreover, 6 proposea
simple heat input model of a gas flarffee heating correction, basic gilame
heating experimentand simulatios wereconducted.

Ase6 A



Acta Polytechnidangarica Vol.21, No5, 24

The steel plates used for the experiment were sg@28fmm on each side.
The plate thicknesses were 9, 12, &3mm, respectively Figure 1 shows the
shaps and dimensions of the specimens.spi@cimensvereused Two specimens

of different thicknessewere prepared. The plate was made of general structural
steelSM400A, as specified by JIS3106. Table 1 lists the mechanical properties
of the materials, including their yield strength, tensile strength, and ¢lomgas
illustrated in the mill test report¥he specimens were annealed before heating to
remove the initial residual stress caused by rolling.

Unit: mm Unit: mm
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®: Temperature measurement position ® : Qut-of-plane deformation measurement

position (25-mm intervals)
: Residual stress measurement position
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@ (b)
Figure 1
Shapeand dimensiosiof steel plate specimeand neasurement positions ¢d) temperature and
(b) out-of-plane deformation and residual streashe steel plate specimens

@ : Heat position

Table 1
Mechanical properties of materidts steel plate specimens

Thickness Yield strength  Tensile strength  Elongation

(mm) (N/mm?) (N/mm?) (%)
9 333 442 30
12 294 422 34
25 301 442 33

2.2 Experimental Procedure

According to the Specifications for Highway Bridges (Il Steel Bridges/Stee
Members Edition) [7], the surface temperature of steel materials in heating
correction should be below 75C for tempered stedb suppress changes in the
metal structure o$teel materials. In this experiment, the target temperature of the
heated surface of tisteelplateby the gas burner was set at 5600°C. The burner
used propane as the fuel and oxygen agxidizer, the flame length was 7m,
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and the gas flame temperature wa0-1800°C. The heat input to the specimen
waslocatedat the center of onef its sides and heating was performed for 20 s.
The gas flow velocity was adjusted appropriately while the flame conditiores wer
checked. After heating, the specimens were allowed to cool naturally.

To measure the temperature history of the specimens, thermocouples were attached
at two locations on the front and back surfaces (front surface: TC1 and T&2; bac
surface: TC3 and TC4Figure 1 (a) shows thpositionsof the thermocoupke

The thermocouples wema K-type used for relativelhigh-temperatureranges

In addition, thecentraltemperatures of the front and back surfaces of the specimens
were measured usirige InfRec R450Primfrared camera. The temperature history
during the heating process was measured using thermosamden infrared
camera, whereas that during the cooling process was measnhgdusing
thermocoupls.

Figure 2 shows the installation and heating conditions of the specimens.
The specimens were fixed using a magnet during heating. After hetimng,
specimensvere removed from the burner installation table and left unrestrained
during cooling.As the specimen and thermocouples were covered by a gas flame
jet on the surface during heating, the temperaturthefspecimercould not be
measured accurately using an infrared camera and thermocaiples front
surface Therefore, in this experiment, the temperature history of the baf@csur

of the pecimerwas used as the simulation target, as described later.

Unit: mm

Figure 2
An imageof heating experimerdn steel plate specimen

After heating and cooling, the eaf-plane deformation was measured using a dial
gauge at nine points (28m intervals) on theenterlinein the horizontal direction

of the specimen. The oof-plane deformation was also measured before heating,
and the oubf-plane deformation due to heating was obtained as the difference in
deformation before and after heatingigure 1 (b)). The residual stress was
measuredvia X-ray diffraction (-X360s, Pulstedndustial Co., Ltd.) at seven
points (15mm intervals) a thecenerline in the vertical direction of the steel plate
(Figurel (b)).The radiation source for the-pay diffraction method was chromium.
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The collimator diameter was 1rim. The voltage and current of ther&y tube
were 30 kV and 0.5 mA, respectively.

3 Flame Smulation by Thermal Fluid Analysis

3.1 Analysis Method

To construct a heat input model for thermal elaglizstic analysi¢described latgr
thermalfluid analysis was performed to examine the heat flow velocity distribution
affecting the range of heat input to the steel plate owing to the gas flame.

Previous studies have shown that the shape of the heat flux distribution can be
classified according to the ratio of the burner diamBténm) to the distancél

(mm) from the heated steel material [8]. In this study, the diameter was,lahd

the distance between the specimen and gas burner was. 20feature of the heat
flux distribution when 0.5 1/ B < 7 is that the maximum temperature appears
outside the heating center. In addition, the flame temperaturdlyliedmve the
steel plate significantlgffects the determination of the heat input to the steel plate.
The temperature directly above the steel pfroportional to the heat input [9].

In this study, to determine the maximum point of the heat fluxiloigion, the
temperature distribution directly above the steel plate was calculatedtisingal

fluid analysis [10[11] based on the approximate solution method, as shown below.

The basic equations for a turbulent combustion field in an axisymmetric two
dimensional plane are the continuity equation,-iway NavierStokes equation,

and conservative scalar equation shown in Equations (1), (2) and (3), respectivel
To introduce a conserved scalar quantity, the ratio of the Lewis number
(temperature diffusion coefficient and concentration diffusion coefficiens)sea

to 1, and the fluid was assumed to be incompressible by the low Mach
approximation.

e 1é

[EARTI 1)
Tt Gt RISt b ) @
i_L;+1_!é(86: _!('!-i‘i!i )

whereV is the velocity (m/s)u andv are the velocity components in tRandy
directions (m/s)respectivelyt is time (s),p is pressure (PaReis the Reynolds
number,T is temperaturedegree} andais the thermal diffusion coefficient @fs).
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Assumingthatu, v, andp at an arbitrary timé are knowncalculatingv, u, andp
after an infinitesimal time ofl s using the fractional step method solizegiation
(1) and Equation (2) stepby-step. Subsequently, the obtained velocity was
substituted intoEquation (3) to calculate the temperature. The fractional step
method was used for correctity adding the pressure term after calculating the
provisional velocity and excluding the pressure term. Eliminating the pressure term
from the NavierStokes equation yieldBquation(4) (two-dimensionalBurger’s
equation).

T ! H 5, 1 é& 1-é

MR TML TR TR @
These equations can be decomposed into advection and diffusion equations, and the
velocities can be easily calculated using the fidifeerence method. Using the
obtained velocity as the provisional velocigquations (5) and (6) are obtained
from the difference between the NawiBtokesequations with and without the
pressure termas follows:

Q= FF.P (5)

!4 .
R= RF-¢P (6)
whereu* and v* are tentative velocitiesy andVv' are true velocities corrected by
pressure aftect s.

The true velocities were corrected by pressurggnations (5) and (6 Equation
(7) (Poisson's equationyas obtainedby substituting these equations into the
continuity equationin addition, pressung after (t s wasobtained by solving this
equation usingn iterative method (SOR method) until the discrepdaity within
anacceptablerror range.

& 1-&_ 5,180 eV

ICRTEY ST (")
By substituting the obtained pressure and calculating the N&takes equation,
the velocitiesu andv after (t s can be obtained.

The temperature distributiomas calculated by substituting the velocity obtained
from the above calculations into the conservative scalar equ@timsidering the
symmetry of the steel plate, the analysis range wa&@0Omm, which wasthe
heating distance in the horizontal direction. The mesh size wamar@?1 t was
0.02 sy, v, andp, at time Oswasset a®, and the burner flow velocity wasovided
only to the part adjacent to tpert

3.2 Analysis Result

The position at which the temperatusas at its maximumand thedistribution
tendency of the temperatureske calculated. Under this analysis condition, the
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maximum temperature was observed at approximateiyn@Xrom the center of

the steel plate. Fige 3 shows the temperature distributions obtained from the
experiment at 1 andsérom the start of heating. Thermal fluid analysis showed the
temperature distribution directly above the steel plate (front surface) ejootbes

gas flame. The maximum temperature could not be compared because th
temperature on the back side of theebf@ate was measured in the experiment.
The distance was approximately &&n from the center of the steel plate, which
agrees with the thermal fluid analysis results. This position corresponds to the
maximum point of th@forementionedeatflux distribution.

300
— s after heating
g 200 | — 6s after heating
s |
3 i
£ 100 © ;
a. 1
g 1
= |
0 i 1 1

0 20 40 60 80
Distance from the center of the steel

plate (mm)

Figure 3
Temperature distributions obtained by the experirfrent a 9mm-thick specimen

4 Thermal Elastic—Plastic Analysis

4.1 Analysis Model

The heating experiment was simulated using thermal elpktstic analysis based

on thefinite element method. Temperatudésplacement coupled analysis was
performed using the commercial software ABAQUS. The entire specimen was
modeled using 4ode shell elements. The temperature dependence of the
mechanical properties and physical constants of the materialsréFy was
determined by referring to previous literatut@][[13]. The heat transfer from the
model surfaces into the air was considered as the thermal boundary condition.

Fixing the rigidbody displacement was considered as the mechanical boundary
condition.
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Figure 4

(a) Temperaturglependent physical constaatsd stressstrain relationships faib) mm-thick
specimens(c) 12mm-thick specimengd) 25mm-thick specimens

To construct a simple heat input model, the area affected by the heabirtpat
gas flame was examined based on the state of the jet flow during heatumg &Fig
andthespecimersurface after heatin@rigure 5)

Figure 6 shows the analysis model and heat input regions. The heat flux from the
gas flame to the steel plate had a maximum vafid2 mm from the center of the

steel plate The heat fluxthen tended to decrease in proportion to distance. Based
on this tendency, the area affected by the heat input was divided into two parts: the
regiondirectly affected by the jet, and thegionaffected by the jet that collided

with the steel plate and diffused (diffusiegion.

Furthermore, because the structure of a gas flame consists of inner anthmesr f
that generate a circulatimirflow, the part that directly receives thejyetsdivided

into inner and outer flames. The size of each part (the raditiedfircle) was
determined by referring to treurfaceof the steel plate after heatirfgigure 5)

The heat input (surface heat flux) was normally distributed in each pareudow

in this analysis, for simplicity, the magnitude of the surface heat flux giventto eac
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part (central inner flame areg;; maximum inner flameegion g, outer flame
region gsz; and diffusionregion gs) were set as constasit The surface heat flux
values were adjusted such thattémaperaturdistoryobtained frontheexperiment
could be reproduced. The diffusion radiu®f the heainputaffectedregionwas
determined a34 mm according tahe experimental conditionRadiusrswasan
intermediate value betweenandr».

Figure 5
The surface othe steel platafter heating

Central inner Maximum inner .
flame area flame aroa Central inner

= A flame area
s ~ - Maximum inner
3 ]
: E flame area
E
=~ Outer flame
3 area
x . -
= Diffusion area
i
©
45
Diffusion T= —I
area
- 700 —— Distance from heating center (mm)
Unit: mm
() (b)
Figure6

(a) Analysis model with heated regions and (b) heat flux disimibu
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4.2 Experimental and Analytical Results

4.2.1 Temperature History

Figure 7 plots the temperature histories at the center of the back surfaces of the
specimens during heating measured by the infrared camera(, 24, 35 (mm))

and the temperature historyagiosition 50mmaway from the centex& 50 (mm))

of the back surface of the specimen during heating and cooling measured by the
thermocoupleAs two specimens were used for each thickness, the average value
and range were obtained aark shownin the figure The solid line in Figre 7

shows theanalysisresults using the proposed heat input model. By applying the
heat input of 0.7 W/mfto the central inner flame region, 1.5 W/fio the
maximum innerflame region, 0.6 W/mto the outer flame region, and 0.15
W/mn? to the diffusion region, the experimental results could be reproduced for
each plate thickness. The surface temperature at the heat input position in the

analysis was 574.4 °C, which was confirmed within the target temperahge ra
(500-600 °C) in the expénent.

600

600
Xmm) | 10 | 24 | 3 | 50 Ximm) | 10 | 24 | 36 | 50
_500} Experiment | X | 00 | & | O _500} Experiment | X | O | & |O
8 Simulation |- = = g-) Simulation || = e
o 400 - o 400
£ 5
& 300 ® 3001
@ ~ o
22001 — 2200t =
IS o € i
&1007 8100— 0O000O0C )
O - ' | N 0 L L L
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)
(G)) (b)
600
Xmm) | 10 | 24 | 36 | 50
8500 r E;Tpenm.enl X|(O|<¢ |0
[ Simulation S LA || — | C—
v 400 -
=1
‘§ 300+
[]
g200¢
(7]
~ 100% o
0 L L L
0 20 40 60 80
Time (s)
(©)
Figure 7

Temperature histories of (ajr@m thick, (b) 12mm thick, and (c) 2Bnm thicksteel plates
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4.2.2 Out-of-Plane Deformation

Figure 8 shows the measured results of the-agplane deformation and the
simulated results of the analysi®r each specimen thickne$se averages of the
measurements of the two specimens were used as the experimental results.
The tendency of oubf-plane deformation obtaindidom the experiment for each

plate thickness was reproduced by the analyli®e ait-of-plane deformation
increased with a thinner plate, and all the specimens tended to be convex on the
front surface sideheated directly by thgasflame Duringthe heatingprocessthe
temperature of the front surfag@shigher than that of the back surface, resulting

in a greater thermal expansion. During the cooling process, the temperature
difference between the fromind back surfaces.e. the difference in shrinkage
between the front and back surfaces, decreasedslpresumed that the thermal
expansion on the front surface during heatingatmec dominant, and the front
surface deformed into a convex shape.

0.2+

o
)

0.1f

o
e

0.0r u|
O Experiment
Simulation

o©
=)

O Experiment
Simulation

Out-of-plane deformation (mm)
Out-of-plane deformation (mm)

( i i 0 50 100 i i 0 50 100
Distance from the center of the steel plate (mm)  Distance from the center of the steel plate (mm)

(@) (b)

0.2}

O Experiment
Simulation

0.1F

0.0[MJ

Out-of-plane deformation (mm)

i i 0 50 100
Distance from the center of the steel plate (mm)
(c)

Figure 8
Outof-plane deformations of (a}®@m thick, (b) 12mm thick, and (c) 28nm thicksteel plates
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4.2.3 ResidualStress

Figure 9 shows theneasurementesults of the residual stress and the results of
reproduction bythe analysis.The residual stress on the nonhedteatk) surface

was measurethroughX-ray diffractionbecause the metal structure at the directly
heated surface affected the measurement accufdy average values dhe
residual stress dhe two specimen®r each thickness were measured using the
experimental resulshown in Figire9. The tendency of the residual stress obtained
experimentally for each plate thickness was reproduced by the analysis.
The residual stress decredswith increasing plate thicknesbecause the
temperature at the back surface decréasth increasing plate thickness

300 300
’a —~
% 200 g
= =
@ 100 Il
4 3
= 5
= 0 . o
E O Experiment [
-g ; Simulation ! '% ; o Experiment
14 & Simulation
i q 0 15 30 45 LTI o 15 3
. . : . 1 i i 0 15 30 45
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b
@ (b)

300

200 +
100 +

Of % % % =)

O Experiment
Simulation
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Y 0 15 30 45
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(©

Figure 9
Residual stresses of (an@m thick, (b) 12mm thick, and (c) 28nm thicksteel plates
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5 CaseStudy

5.1 Specimen andeExperimental Procedure

To investigate the applicability of the proposed heat input model, a heating
correction experiment and simulation were performed orshaped welded joint
specimen as a case study.T-shaped joint was fabricated usiggs metal arc
welding. Figure 10 shows the shapes and dimensions of the specimens. The base
plate was square, witheside measuring 25@m. A rib plateof height 8dnmwas
welded to the midspan of the base plate. The thicknesses of the plates were 9 and
12 mm. The material usefbr the rib platavas SM400A with different thicknesses.
Table 2 lists the mechanical properties of the materials, including \gt&keks
tensile strength, and elongation,ilgstrated in the mill test report3he out-of-

plane welding deformatignvas measured at the midspan of the specimen crossing
the weld line.

OHeat position

@ Thermocouple installation position . T i[5
{10-mim intervals from weld toe) Unit: ""'m_ﬁ% —nd

® Qut-of-plane deformation measurement 3 -] -
position (50-mm intervals)

h

S

>

250

9,12
o
@ g re
250
Unit: mm
Figure 10 Figure 11
Shape and dimension ofjdint fillet- Imageof theheating experiment athe T-joint
welded specimens specimen

Table 2
Mechanical properties of materials tbe T-joint fillet-welded specimens

Thickness Yield strength  Tensile strength  Elongation

(mm) (N/mm?) (N/mm?) (%)
9 355 463 30
12 353 471 28
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The heating experiment was conducted with the target temperature lofatesl
surface of the base plat@nging from 50Q@0 600 °C, whereinthe rib plate was not
welded. Propane and oxygen were used as the gasheat the specimens
Thedistance between the specimen #reburner port wa80mm, the flame length
was60 mm, and the gas flame temperature weg0Q to 1800 °C.The distance
between the steel plate and the burner port wasrg0and heating was performed
for 7-8s. After heating, natural cooling wperformed

Thermocouples were installed on both sides of the weld toe to measure the
temperature history of the specimens (fFggl0). Therewasa 10-mm spacing
between every pair of thermocouples. The thermocouple closest to the welstoe
located 1anmfrom the weld toe. Figre11 shows the installation and experimental
conditions of the specimen®ut-of-plane deformation was measured before and
after heating along the centerliras, shown in Figre 10.

5.2 Numerical Simulation Procedure

The heating correction experiment of thgoint specimen was simulated via
thermal elastieplastic analysis using the proposed heat input method. The basic
analysis conditions were identical to those used for the steel plajese 22 shows

the analysis model with-Aode shell elementBasedon the experimental results

the welding oubf-plane deformation was considerasl the initial deformation of

the model.

The heating regiowasdivided into four regions based time proposed heat input
model. Theradius of each region was determined iz, r3, ra = 12, 16, 42, and 74
mm) & per the thermal fluid analysis with heating conditions (heating distance of
30mm and flame length of 6Mm). The magnitude of the heat fluxéach region
was examined to reproduce the experimentltiiained temperature histories.

Central inner Maximum inner
flame area flame area

Out flame
area

Diffusion
area
! \
| =55 ] Initial out-of-plane deformation
Unit: mm

Figure 12
Analysis model fothe T-joint specimen
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5.3 Results andDiscussion

Figure 13 shows the temperature histories obtained from etkgerimens and
analysis.As the measurement results for each thickness of the peocirsers
showed little variation, only one of the data points for éashown.This analysis
was repeated to reproduce the experimental sedyt varying the heat flux
magnitude. Finally, thexperimental temperature history was reproducsdg the
magnitude of the heat flux a@g: oz gs: g4 = 1.8:2.2:1.5:0.7 (W/m@). Figure 14,
shows the oubf-plane deformationsbtained from the experiments and anedys
The correction effect of the oof-plane deformation in the experiment was
reproduced in the analysiShus, the heat input modpltoposeé in this studyis
applicableeven to Fshapedvelded joins.

It was natural that the smaller the plate thickness of the base plate, the peeater t
change in corrected cof-plane deformationsvhen the applied heat input was
uniform. The magnitude of the corrected aftplane deformation for the @m-
thick T-joint specimen was larger than that for themliZ-thick T-joint specimen
in the experiment. However, thtendencywas not observed irthe simulation
results. he simulation result of the amount of @ftplane deformation fothe 9
mmtthick T-joint modelwasa little greater than that fahe 12 mm-thick T-joint
model Thereasormight bethat the Fjoint modelwasbuilt without initial residual
stressThe initial residual stress will affect the results of the amount ebbptane
deformation. In the future, the model with initial residual stress will bk tou
further verification.

Distance Distance
fromweld | 10 | 20 | 30 fromweld | 10 | 20 | 30

400 toe (mm) 400 toe (mm)

Experiment | X | [0 [ & Experiment | X | [1 | &
ey Simulation O i i = | == | =%
8 8300 L Simulation
[ ]

[ =
2 =
T ©
© =
o [¢5]
o o
£ £
o (]
- ~
0

0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

(@) (b)

Figure 13
Temperature histories forjbint specimen of (a) fhmthicknessand (b) 12nm thickness
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Figure 14
Out-of-plane deformations fahe (a) 9mm thick and (b) 12nm thick T-joint specimens

Conclusions

In this study, a series of experiments andnerical simulations/ereperformedo
proposea simple heat input model fothe heaing correction of the welding
deformationof steel plate membery Finite ElementAnalysis(FEM). The main
findings of this study are as follows

(1) The characteristics of the heat input distributmna gas flamewere
investigated through a heating experiment on steel plate specimens and
thermal fluid analysisBased on these,keat inputmodelwasdeveloped
that providedlifferent surface heat fluxes by dividing the heat input region
into four types: inner flame region, maximum region, outer flame region,
and diffusion region.

(2) To confirm the validity of the heat input modaheating experiment was
simulated using a thermal elasiitastic analysisThe temperature history,
out-of-plane deformationand residual stress in the experiment were
measured by applying heat to three different thicknesses with the target
temperature of the heating surfacanging from 500 to 600 °C.

The experimental resultuld be reproduced through analysisingthe
proposed heat input model.

(3) To examine the applicability of the proposed heat input model,
experiments were conducted on filigelded TFsection specimens
The temperature historgwing to the heating correction and correction
effect of thewelding deformatiortould be reproducelly the analysis

In this study, a thermal fluid analysis was performactording to the heating
conditions and a method was presented to determine the heat input distribution
shape. However, because the magnitude of the heat fluxnéohdat input
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distribution shapevasdetermined based on the experimental results, its validity is
limited and its generality has not been fully discussed.

For the actual application of this model, it is necessary to conduct a paratoelyic s
has to be conducted under various heat input condittartsre work, to verify the
generalapplicability of the heating correctiomodel experimentsaand analyses
usinglarger specimengswith welding deformationwill be conducted.
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Abstract:Hydrocarbon transporting pipelines contain a large number of girth welds, which
are made under field conditions. The construction twediongterm operation often result

in additional stresses to the internal pressure in these girth welds. The exgedtthe
damage that has occurred and the requirement for safe operation necessitaalfill
tests to model andnalyzethese effects. The article presents a test system developed to
investigate fullscale pipeline sections subjected to cyclic internal pressure and static
external bending. The results obtained from tests of girth weldh artificial
circumferential and axial notchesre describedherein The results are used to draw
conclusions on the load bearing capacity and integrity of the girth welds.

Keywords: transporting pipeling full-scale test complex loading cyclic pressure; static
bending; safety factor

1 Introduction

Hydrocarbon transport pipelindgsave astrategic importance within a country, but

also between countries and nowadays even between larger geographical entities.
The failures of these pipelines, for whatever reason, usually causes longer or
shorter disruptions to the energy balance of a geographical unit. The direct

consequence of this is that different levels of laws and standards of varying scope
apply to all stages of the lifeycle of the pipelinesif5].

Transporting fpelines are typically made up of B m long pipe strands and are
joined by welding, in case of both seamless and longitudinally welded. A pipeline
several hundrellilometerslong will therefore have thousands of such girth welds,
typically made by welding on site. The logical conseqeasfahis is that different
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standards apply to the welding tasks and the assessment of the completed
circumferential weldgoo [6] [7].

A statisticallike study B] summarizes the reportable incidents o6& year
research process. Figure 1 shows the cause distribution of all incidents (621
items), of not weld defects (571 items) and of weld defects (50 items). Bewaus

do not have reason to assume that welds hawerefavorableposition from the

point of view of corrosion and external force than thgep pipeline parts, it can

be stated that welds are the more damageable parts. However, the construction
defects and material discontinuitiescurin a much higher ratio in welds than in

the other parts of the pipelines.

45
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Corrosion Qutside forces Construction Material Other
defects discontinuities
Figure 1

Pipeline incident distributions by caui&d

Unfortunately, the Hungarian failure statisti® demonstrate a more negative
picture than the international data. The comparison of the international and the
Hungarian data show, on the one hand, that rtitio of theweld defects in
Hungarian hydroarbon transporting pipelines is higher than the international
practice on the other hand, weld defects typically occur in girth welds. This
statement can be applied to both the past and the presen

The following figures show three examples of damages on girth walds i
Hungary. Figure 2 illustrates a DN400, Figure 3 a DN@é®@ Figure 4 a DN800
gas transmission pipeline girth weld damage.
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Figure2
The damagedrea of a girth weld on a Hungarian DN40O0 fiipe crack in a repaired girth weld
Pipeline materials designation by API 5L: Grade B and X52

Figure 3
The camaged area of a girth weld on a Hungarian DN600 pipeline: crack causgzhbyand
unforeseen (not planned) cyclic loaBspeline materials designation by API 5L: X52 and X60
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Figure 4
The damaged area of a girth weld on a Hungarian DN80O pipeline: crack caugedrbgtrical
irregularities and unforeseen (not planned) cyclic lpadd initiated in the intersection point of a girth
weld and spiral weldPipeline material designation by API 5L: X65

The different defects of girth welds can be classified into three groups of
acceptability 10-12]: (i) defect acceptable by the assessment rules (workmanship
criteria) of welded joints; (ii) defect unacceptable by the assessment rules of
welded joints, but having no influence on the Fitness for Purpose (FfP) or Fitness
for Service (FfS) of the welded joint; (iii) defect influencing the FfP or ¢ff8e
welded joint. Based on the pipeline girthelds characteristicthese groups
require different approache$d [14]. The girth weld integrity puzzle (see Figure

5 [15]) summarizes these characteristics, and demonstrates that the girth weld
integrity depends on several interacting factors.

Forasmuch as there are several influencing factors on the failures, consequently o
the integrity of pipeline girth welds, there are different opportunities for
prevention of the damages, too. These opportunities can be divided into three
groups Lg]: (i) observane of the technological discipline and prescriptions; (ii)
applying Engineering Critical Assessment (ECA) methods; reinforcing the girt
welds primarily using additional northermal, nonwelded methods e(g.,
composite wrapystens, nonwelded sleeves as temporary or permanent rgpairs
The ECA methods reflect the operational experiences, demonstrate anceendors
the compromise of rational risk and striving for safety, apply the results of the
nondestructive testingNDT), and should be validated by theuks of full-scale

tests on relevant pipeline sections. As the girth welds of pipelines aset®abjo
external loads in addition to internal pressures due to construction and opérationa
reasons€.g.,ground movement), fubcale tests should be carried out taking this
into account.
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Figure 5
Puzzle of girth weld integritylb)

The purpose of this article is twofold. Gime one hand, we present a test system
developed to investigate fedkcale pipeline sections subjected t@lc internal
pressure and static external bending. On the other hand, we describaulise res
obtained from tests of girth welds with artificial notches. The resultsised to
draw conclusions on the load bearing capacity and integrity of the girth welds.

2 Experimental Setup and Testing Circumstances

Full-scale tests have important role during the assessing of tlggitintef girth
welds. These investigations should reflect the real operating conditions. This
means that, in addition to internal pressand its variation, external loads need to
be modelled.

2.1 Experimental Setup

There are two testing systems for pressure vessels and piping lastihge of
Materials Science and Technology, University of Miskolc. Both systems are
computer controlled electdoydraulicsetups; theewest system can be used up to
100 bar and the oldest up to 700 bar internal pressure. The investigated pressure
vessels or pipeline sections are located in a pit outside the laboratory building; all
other components of thgy/stems are located insidEhe block diagrams of the
lower-pressure and thkigherpressuresystems are shown in Figsré and?7,
respectively. The logical structure of the two systems is identical; the regulatio
and the control of the pressure were implemented during the whole tests in a
closed loop.
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The block diagram of the lowgaressure testing system withreximal applicable pressure did bar
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Figure 7
The block diagram of thieigherpressuraesting system with a maximal applle pressure of 700 bar

Based on these capabilitiess unique testing system has been developed for the
complex loading of pipeline sectignapplying cyclic internal pressure and
superimposed external bending. In the tipemt bending (3PB) layout, the tested
girth weld was positioned in the middle of a nominal 4 meters long pipeline
section. The experimegitsetup can be seen in Figure 8
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Figure 8
The pit area of our developed systmtesting of pipeline sections under complex loading

The superimposed bending load was set via a load cell and checked by using a
deflectionmeter (see Figures 9 and)10

Load cell

Upper support

Tested pipeline
section

Measuring
deflection

Support
(bearing beam)

a2

Figure 9
Setting the deflection by load cell and its measuring>tignsometer

_59-



J. Lukécst al. Fuliscale Fatigue and Burst Tests on Notched Pipeline Girth Welds
under Complex Loading Conditions

Tested pipeline

N Tested girth
section 8

weld

Measuring
point of the
deflection

Extensometer ||

Positioning

plate with

scales and
holes

Support
(bearing beam)

Figure 10
Measuring the deflection by extensometer

Two video cameras were used fiie recording of the burst process; the one
recorded the process parallel and the other one perpendicular to the longitudinal
axe of thanvestigated pipeline.

2.2 Testing Circumstances

The investigated pipeline seat® were made of P355NH steel J1With a
nominal diameter of DN100 (114.3 mm) and with a nominal wall thick(tee$
5.6 mm.The chemiel composition of the pipe materigan be foundn Tablel.

Table 1
Chemical composition of the pipe material based on oispecertificate, weight%
C Mn Si P S Cu Cr
0.18 1.24 0.22 0.016 0.009 0.19 0.08
Ni Al Mo Ti \% Nb N
0.06 0.027 0.02 0.001 0.004 0.000 0.090

The tested girth welds were made by manual metal arc welding (MMAWe
chemical composition of the used welding electrodes were summarized in Table 2,
and the main characteristics of the welding process can be found in Table 3.

Table 2
Chemical composition of the applied filler metals lthse company specifications, weight%
Filler metal C Si Mn Mo
Bohler FOX CEL-E383C21 0.12 0.14 0.5 N/A
Bohler FOX CEL Mo-E 423 Mo C 25| 0.1 0.14 0.4 0.5
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Table 3

Main characteristics of thmanual metal arc welding process
Layer 15t (root) 2nd 3rd
Position PH PJ PJ
Filler metal Bohler FOX CEL | Bdhler FOX CEL Mo
Diameter, mm 3.2 3.2 3.2
Current, A DC/EN45-55 DC/EP55-70 DC/EP50-65
Voltage, V 21.822.2 22.222.8 22.022.6
Welding speed, cm/min | 7-12 1520 10-15

The girth weldswere inspected before the investigations by visual testing (VT),
liquid penetrant testing (PT), and radiographic testing (RT). Only girth welds that
have been produced to an acceptable quality level based on the specification of the
Hungarian pipeline system operator (FGSZ Ltd.) have been tested. Consequently,
the evenly high quality of the girth welds made it possible to investigate the
impact of not resulting from welding influencing factors on the failure
characteristics.

Five pipeline sections were tested, one of them without and four with artificial
notchesThe notches were cut usiadiand grinding machine and located either in
the heataffected zone (HAZ) of the girth weld (circumferential direction) or
through the girth weld (axial direction). Transporting pipeline merato
experiences have shown that external undercuts and lack of fusions (between the
base materials and weld metals) are common in poor quality welds. These
defects were modelled using circumferential notches. Furtherrtraresporting
pipeline operator experiences have demonstrated the high incidence of
longitudinal defects and their increased risk in welds (girth and spiral welds).
The interaction of these defects with girth welds were modellelbrimitudinal
notches. Since the notches were made thighsame hand grinder, their maximum
nominal width was 2 mm. The shape of the notches followed the shape of the
grinding wheel, with the width dimension narrowing slightly in the diogciof

depth (see left part of Figure 11

For all pipeline sectionexternal bending loads were applied during the cyclic
loading (100,000 cycles) and the burst test. The cyclic internal pressure was varied
between 60% and 100% of the maximum allowadperatingpressure (MAOP,

64 bar)with the lowerpressure system (seeghbie 6) The applied axial stress
from bending was four times and six times the axial stress from the maximum
LQWHU Q D O, =S29 NP4/ dndl kverd designated as 4 sigma and 6 sigma in
relevant figures of the manuscrigithe applied frequency duringetiatigue test

was 0.2 Hz Furthermore, the testing media during both the fatigue and the burst
tests was wateand the testing temperature was2E°C.Due to changes in the
ambient temperature, the test temperature was varied within a narrow range
throughout the whole test program, this change in itself had no significant effect

—61-



J. Lukécst al. Fuliscale Fatigue and Burst Tests on Notched Pipeline Girth Welds
under Complex Loading Conditions

on the behavior of the tested pipeline sections, their fracture mode was not
changed. Tabld summarizes the main characteristics of thedadlle tests.

Table 4
Main charactéstics of the fullscale pipeline tests

Pipeline | Applied Notch location Notch Notch Notch
section | bending direction depth length,
ID stress mm
Y6 al N/A N/A N/A N/A
Y7 al girth weld HAZ circumferential | 0.37 * t 29

Y8 al through girth weld | axial 0.5*t 41

Y9 al girth weld HAZ circumferential | 0.67 * t 40
Y10 al girth weld HAZ circumferential | 0.5 *t 30

Figure 11shows a notch in a girth weld HAZ (Y9 pipeline section) and through a
girth weld (Y8 pipeline section) as examples.

.,
circumfer

Figure 1L
Notch in thegirth weld HAZ of the Y9 pipeline sectiorfleft) and through the girth weld of the8
pipeline sectiorfright)

For the fatigue tests, the system with a maximapplicable pressureapacity of

100 bar was useftee Figure b Before starting the fatigue tests, the axial stress
value from bending was set for each pipeline section separately. During this time,
the loaddeflection data pairs were continuously recorded to check the consistency
of the theoretical and practical values. $eurves are shown in Figure.12n

the one hand, the curves show the differences in deflection due to the difference in
external load, and on the other hand, they demonstrate the almost identical
behaviorof the pipe sections under external load.

During the fatigue tests, the changes in the internal pressure and the deflection
values and their variation were continuously monitored. These values were
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recorded using a data acquisition system every 5100000 cycles, applying a
time interval of 5070 fatigwe cycles (egal to 256350 s). In Figures 1and 4
can be seen examples from the Y10 pipeline seckgyure 13illustrates the

consigency of internal pressuend deflection variation, and both figures confirm
the stability of thedeflectionvariation. (It should be remembered that the fatigue

tests were carried out over a period of more than four days per pipe 3ection.

16000

14000

12000

10000

8000

Load, N

€000

4000

2000

-2000

|~

/#

/YS - without notch - 4 sigma

~——YT7 - with circumferential notch - 4 sigma
Y8 - with axial notch - 4 sigma

—Y9 - with circumferential notch - 4 sigma

— Y10 - with circumferential notch - 6 sigma

0 2 4 6 8 10 12 14 16 18
Deflection, mm

Figure 2

Load-deflection curves before the fatigue tests for setting the axial stkess from bendm the

applied axial stress from bending was four times (4 sigmd six times (6 sigma) the axial stress from

-

o

the maximum internal pressure

Figure 13
Part of he screen of the MTS control system: main testing pasamesinusoidal type programmed
internal pressure (blue curyegcorded displacement from the extensometer (re@furv
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Figure 14
Change of deflection value during fatigue test (Y10 Ipipesection)from number of cycles 80011, on
the fourth day of the continusdatigue test

After the fatigue testwisual testing (VT)andliquid penetrant testing (PWere
performed, andhe radiographic testing (RT)asrepeated; the results showed no
changes in any of the cases. This means that the fatigue stage did not cause a
significant change in the quality of the girtkelds tested.

For the burst tests, the system with a maximum applicable presqpaeitgad
700 bar was used (see Figurge The internal pressure values were registered
during the burst tests per second

3 Results

The following diagrams and figurégfigures 1517) introduce the results of the
full-scale burst testfurthermore atable(Table 5)summarizes the results.

Figure 5 illustrates the average deflection vs. fatigue cycle number curves for
each pipeline section, which are derived from the systematic processing of
diagrams similar to the type of diagrams shown in FigdreThe curves for both
the4 1DQG astrebses and the circumferential and axial notches are clearly
distinguished in the figure. It is remarkable that the curves Havasame trend

and are consistent with the approach.
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Change of the avage deflection values during the fatigue tests

Figure B introduces the internal pressure vs. burst test time diagrams for the
investigated pipeline sections. The average pressure growth rate valuesrst the f
stage can be evaluated as cqisistic valuestherefore,the change in pressure
cannot be considered as a dynamic efféidte other characteristics of the
diagrams are the same, excdpt the diagram of the Y8 pipeline section.
The tineslike changes of the diagrams demonstrate the volume incoéabe
pipeline sections im consequence of the elasptastic deformation; during these
periods the system draws water from the water supply netwbhle damage to

the tested pipeline sections, with the exception of the Y8 pipeline section,
occurred on the pipe surface away from the investigated girth weld.
The exception, pipeline section Y8, was damaged by splitting aixiaé notch
without significant volume increase. This is the reason for ttle d¢d tineslike
sections in the Y8 curve in Figui®, andfurthermore for the shorteburst test or
failure time.

The different failurebehaviorof the Y8 pipeline section compared to the other
sections also highlighted the differences inltkbaviorof the different directions

of the defects (in our case, notches) and their hazardousness. Of courss,ahere
close correlation between the location and size of the notches and the burst
pressure, assuming other conditions are constant. The investigations confirmed
that axial defects carry a higher risk than circumferential defects.
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Figure B
Internal pressure vs. burst test time diagrams of the investiggieline sections

A safety factor was defined tcharacterizehe failure of the pipeline sections,
with the following equation:

Safety Factor = Burst Pressure / Maximum Allowable Operating Pressurél)

Table 5 summarizes the notcbharacteristicsthe burst pressure and the safety
factor values of the investigation¥he safety factor of the pipeline sections
containing notch but not burst at the girth weld was almost the same.

Table 5
Notch characteristics, burst pressure and safety factor values ofitbedle pipeline tests.

Pipeline Notch Burst Failure location Safety

section ID | characteristics pressure, bar factor, —

Y6 N/A 462 pipe surface 7.22

Y7 circumferential in| 457 pipe surface 7.14
girth weld HAZ

Y8 axial through girth| 348 axial notch through 5.44
weld girth weld

Y9 circumferential in| 461 pipe surface 7.20
girth weld HAZ

Y10 circunmferential in| 467 pipe surface 7.30
girth weld HAZ

The investigated pipeline sectioasthe end of their burst tests, at the moment of
their failures can be seen in Figure71The details of the figure showgame
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characteristics, only theipeline section containing the longitudinal notch
remained in place until the end of thersttest.

" 5

Y6 pipeline section Y7 pipeline section

-

Y8 pipelinesection Y9 pipeline section

Y10 pipeline section

Figure 17
The pipeline sections at the moment of their failures

Figure B showsa closer look ofthe damaged area of the Y8 pipeline section

Figure 18
The damaged area of the Y8 pipeline section after tigrigaand burst tests
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Conclusions

The developed test systegfBection 2.1)is suitable for testing fulscale pipeline
sections with girth weldssubjected to cyclic internal pressure and suggosed
external bending.

The failure of the tested unnotched and circumferentially notched pipeline
sections occurred similarly, in all casasay from the investigated girth weld and

in the pipe surface, regardless of the notch depth and the magnitude of additional
stress from bending. Failure of the pipeline section containing the axial inotch
the investigated girth weldccurred in the notch at significantly lower pressures in
the other pipeline sections.

The executed fulscale tests and the determined safety fdtawe confirmed the
high loadbearing capacity of the girth welds produced to the required quality.
This also implies that previous industrial damages have occurred in girthafelds
unacceptable quality and/or subjected to significantly higher overloads.

The investigations and their results have confirmed that furthesdale tests
should be executed in the near futuas follows. Pipeline sections with girth weld
should be investigated applying higher axial stresses from the supedthp
external bending as well as using deeper and/or longer artificial notches on the
tensile bending stress side of the girth wé&lde effect of temperature should also
be investigated, given that the temperature at the laying depttCisudd that the
pipelines have abowground sectionsAs the explicit intention is to blend
hydrogen into the natural gas transporting systé#h |t is necessary to extend
the full-scale teststo the transported medium@lthough it seems realistic to
consider these impacts separataty the near future, in the medium terme
should be prepared to consider them together.
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Abstract: Inverse problems in engineering form routinely part of larger engineering
simulations.Therefore, the quality of the solution to an inverse proldesctly influences
the quality of the largesimulation and, ultimatelythe ability to solve an engineering
problem. Inverseproblems can be challenging andngconsuming to solveas most
inverse strategiesequire iteration due to the neinear nature of the problem. As a result,
they ofterreman poorly solved before proceedingtte larger analysis. The quality of the
solutionto an inverse problens influenced by the inverse strategy, scaling of the problem,
scaling of the data, and initial guessemployedfor iterative stratgies Researchhas
focussed considerably on inverse strategies and scaling. Howesearchinto strategies
that improve initial guesses of an inverse problem has been langglgcted This study
proposes an elegant strategy to improve the ingissses for conveahal optimization
based inverse strategies, namely direct invens@s (DIMs) or inverse regression. DIMs
form part of modern multivariate statistid®IM approximates the solution to an inverse
problem using regression; popular choices are linear regoese.g, partial least squares
regression (PLSR). These strategés not iterativebut requireseveralindependent a
priori simulations to havéseen conducted. As they are not iter@ oneway to improve the
solution is toincrease the number of inplendent gpriori simulations to be conducte@ur
proposed strategy is to use DIM to generate initial guessesphimization-basedinverse
strategies. We conduct a parameter investigationa truss structure's virtual vibration
based damage identifigah problem

Keywords: Inverse Prokemy Virtual Inverse Prblem Direct Inverse Mps Partial Least
Squares BgressionOptimization Starting Poing Initial Guess

1 Introduction

Inverse analysis is prevalent in engineering analysis, ashiw@cterizatiorof
models isroutinely part of a larger analysis or simulatidie characterization of
the models significantly influences the simulation quality. Itcénmon for
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engineerdo focus on the analysis or simulation without properaracterizig
someof the models wd in simulations.

Inverse problems in engineering form rouljngpart of larger engineering
simulations.Therefore, the quality of the solution to an inversebfam directly
influences the quality of the larger simulation and, ultimatidlg,ability tosolve
an engineering problermverse problems can be challenging &inte-consuming
to solve as most inversstrategies require iteration due to the Hiaear nature of
the problem. As a resuithey often remain poorly solved bmfe proceeding to a
larger analysis. The implication issually disastrousas conclusionsdrawn from
the numerical workmay not be validIn addition, thesoluion quality for an
inverse problem can be influenced by tlmverse strategy,loss surface
complexity, scaling of the dateand nitial guesseemployed.Most research has
focusedon inverse strategies and scalofglata However research into strategies
that improve initial gussef an inverse problem has belangely neglected.

This studyfocuseson and proposes an elegantasegy to improve the initial
guessedor the ubiquitousoptimization-basedinverse strategies using the lesser
known directinverse maps or direct inverse regression strategies [1]. DIMs can be
broadly categorized as either iterative optimizatimesed or noriterative
regressiorbasedapproaches.

Optimizationbased inverse strategies are vikelbwn and ubiquitous in research
and industry; in particularweighted leassquares are considered a classical
inverse analysis approackptimizatiorbasedinverse strategies start from an
initial guess and iterativelimprove the model parameters bginimizing some
nonlinear error and quantifying the difference betweenexperimental and
simulated responseuntil convergenceThe sumof theerror squared ia classical
error measureften employedOptimizatiorrbasednverse solution strategies can
become computationally expensivehen multiple local minimaexist Confidence

in the solution is usually ensured by conducting multipi@imizations using
gradientbased and evolutionary strategies in a nsilirt procedure In extreme
cases, a mukstart approach may be required to obtain a converged or feasible
solution, for instance, when an optimizer traverses model parameters kthat fai
analyze alonga search patiHowever a significant benefit ofthe minimization
basedinverse strategies that the error between the predictud exgrimental
response is reduced iteratively.

DIMs, in turn, are not so well known as they are rooted in modern maitate
statisticg[1, 2]. These strategigggresshe experimental response directly to the
modd parameters without the need to iterate. Although these giratire not
iterative, they require a regression set of model parameters and their respective
responsesusually constructed by simulation. DIM, itherefore,susceptible to
extrapolation fronthe regression set when no{séeatoric)and mode[epistemic)
mismatches exist betwedhe experimental response and simulated responses in
the regression set. The simulatedponse can then be computed using the model
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parameters. Supplementing the regressitrwith additioal simulated responses
may improve theegressionquality, but it is not guaranteed. The improvement
depends onthe similarity between he simulatedresponses in the regression set
andthe experimental resporsseegressed téhe model parameters. The benefits
and pitfalls of DIMsare detailed in [1]Mature strategieqquantify andaddress
bothaleatoic (noisg§ andepisemic (model mismatch@serrors

They include principal component regression (PCRj][@nd partial leagtquares
regression (PLSR) [3, 8]. The optimizationbasedterative andegessionbased
non-terative inverse strategieme utilized in isolation [2, 9, 10]. The classical
optimization-basednverseapproachusually uses uniform or normally distributed
initial staring points over an anticipatednodel parameter space [11].
Alternatively, judgment, experiencegr exploiting physicscan hform suitable
starting guessesbut this requiresfocused ad qualified analyss. Alternatively,
DIMs merelyregresshe responséo themodel parameters using a regression set
[2, 9, 12]. Bsentially, when these strategiesased in isolationwe have

1) multiple minimizatiors that are conducted in isolatiamd

2) large sets of indeperdt simulated respons@se generatedo make upthe
regression set.

This study proposes a conplementary unified approach fromthese two
approachesWe use DIM to predict starting poinfsr a gradientbasedinverse
procedurethat iteratively minimizesome nonlineascalarerror measte, which
in this study is demonstratedrtthe sum of the error squared

The benefit is that the computational cost to solve an inverse problembeay
reduced and the robustnesshanced.We specifically consider ptal least
squares regressigRLSR)to predict the initial stding point whenminimizing the
sum of errors squared using a gradieased minimizerThe robustness anthe
computational cost of solvingptimizationbasedinverse problems are directly
related to the quality of the initial starting points supplied to the optim@ér
course, numerous strategies exist to improve the robustness of solvérge
problems. Examples include response surfd28} and lower fidelity models
[21], which will benefit from improved starting point$or the minimization
strategy.

We conder avirtual inverse problenj21-22, 1] where wesimulatethe problem
with and without simulated nois€aleatoic uncertainty) on the computed
responseThe benefit of knowing the solution is that we can properantify the
performance of the various strategieddentifying the correct parameterSince
the considered approaches see the same problamcan draw sensible
conclusions in our comparisons between approaches. study evaluatesthe
dynamicidentificationof damagen a 25bar trus structure[13].
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2 Minimisation InverseStrategy

Minimization-based inverse strategies predict the unknown model parameters by
minimizing some salar error measuredetween the experimental and simulated
response

Thedifference between thexperimentahnd predicted response results in an error
vector. The error vector can be reduced into a scalar fem., the sum of the
errors squared atated as the square of theriorm,resulting in the familiar least
squaresproblem. The least squares problem is an unconstrairiegiization
problem usually solved using a Quakwton minimizef23].

Alternaively, the error vector cabe the constraint in a mirmax optimization
problem where the maximum error is minimizédere, thel- norm is usually
minimized[15]. The objective function is linear by construction, but each point in
the predicted respoess a constraint. This constrained problem gisnerally
solved using aaugmented Lagrangian stratg@g].

This studyis limited to least squareminimizationbut can be applietb various
error measures

3 Direct InverseMaps

DIM regresses anlservedexperimental response to unknown model parameters.
Various DIM strategies exisfThe most popular are based on high dimensional
linear regressionconstructed froma regression set. The regression setainst
model parameters and their respective responses. The regression set is usually
computed bysimulation of a representative model. The regression steategi
include principal componernegression (PCR) [3, 8] axd partial least square
regression (PLSR) [3-8].

These apprazhes are not susceptible to-lawearity problems likemulti-linear
regressior{MLR) as they also reduce the dimension of the problem by projection.
Hence, manyigh-dimensionapoints can be used in the regression24}. Both
PCRand PLSRrequirethe size of the reduced dimension (number of modes or
loadings)to be selected by the ug@4]. For regressia, it is often suggestetb

use the lowest number ofmodes such that the responses in the regression set
describe the experimental response wélhis implies that the projected
experimental response onto the modas be expressed by interpolating between
the responses in the regression set thatlae projected onto the modékhis is
opposed t@xtrapolaiton, which indicates the responsean outlier to the points in
the regression set.
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In this study, we only consider partial least square regression. PLSR tuodves

following problem:andis given bythe following algorithmPLSR is available in
most numdcal software packages such as Matlab (functilsnegress  in the

Statistics and machine learning toolbox), g&s( package)and Pythonmodule

PartialLeastSquares ).

4 Combined Strategy

Optimization inverse analysis and DIMs are generally used in isolatieriod
their historical origins. Instead of comparing these two approaches for their
benefitsand pitfalls, we demonstrate the potential benefits whngfying themto
solve inverse problems. This approach can be applied when the simulation model
is evaluated directly22] or via a response surfa¢24]. In this study, we only
consider the former approach to allow usagsessts meritwithout introducing
additional complexties anduncertainties,such as the quality of the response
surface.We note that shouldhis approach prove beneficial in the absence of
response surfacethe additionalbenefits are evident when including response
surfaceq23 - 25]. The simulated data points to construct a respon$acsucan
alsogenerate initial starting points thatight be less susceptible to local minima
and more likely to & within the global basif26].

Our proposed strategy under investigation uses the PLSR as a DIM to conepute
initial starting pdnt for a classical Quad$ilewton gradierbased minimization
algorithm. Thisprocess is repeated until convergence. Consider the algorithmic
outline of our approach:

1 Estimate the expected domain for each input parameétef the model.
Initialize an empty design of expgarents (DOE)XY. ChooseéNpoe andNopr.

2 ComputeNpoe points and augent the DOEXY, using augmentedatin
HypercubeSampling (ALHS) over thexpected parameter domain.

3 Predict the model input parametets from the experimental respon¥exp
using PLSR.

4 The predicted response is thesed as an initial starting point fan iterative
minimization approach x0 = XP when there is a lower error than the best
point inthe regression set. Otherwjsbe point with the lowest error in the
regression sds used as aimitial starting point.The minimizeris limited to
Nopr iteratiors. Here, we can include or discard ttesponsesomputed at
each iteration to be&ised in the regression set for the next PLSR. In this
study, we only includethe point at iteratioNopr.

5 Repeat steps-2 until convergence.
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Note that if we choos@®boe = 1, we recover aroptimizationbasedinverse
strategywith a single initial random guess. By choosiNger = 0, we recover
PLSR solely This allows us to quantify the benefits thfe independentand
variousblendsof theunified srategy

An additional parameter tblpog, Nort, and the convergence criteigathe nunber
of modesNwvopesto use for the PLSR. The number of mobliggpesare edmated
as follows:

1 Compute the participation coefficients (scores) of each mode (loading) for

eachpoint in the regression set.

2 For ech loading estimatethe expected ranges for the participation
coefficients.

3 Project the experimental respongexe onto the firstmode using standard
leastsquares regression and compthie participation cdécient.

a. If the participation coefficient ofhe first mode falls outside the expected

range,use the data point in the set used to construct the PLSR with the

least eror as an initial optimization starting point; otherwisentinue.

4 Include the next mode in the projection and compute the patianpa
coefficients

5 Conduct the following convergence checks
a. Check if the participation coefficients fall within the expected ranges.

b. Check that the norm of the difference between the cuarh previously
predicted model paragters decreased.

c. Continue urt a check fails and use all modescluding tte last mode
thatfailed a check.

6 Repeat 15 until a convergence check fails

5 Numerical Investigation

We conduct a numerical investigation to assert the feasibiligolving inverse
problemsusing the proposed approach of combining DIMs amidimizing the
sum of the errorsquared. By appropriately selectifépoe and Nopt, We can
investicate the two strategidgns isolationand combined In this study we restrict
ourselvesto a virtual inverse probleni21-22, 1], using simulated experimental
datainsteadof actual experimental data. The benefit is that we catically
assess the quality of the estimated model parameters and the esSpordity
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We effectively turn an unsupervised learning problem intaupervised learning
prodem throughmodelng.

We conduct the inverse analysis with simulation in the iosfead of the typical
andappropriate responsirfacebasedstrategy[25-26]. This is done deliberately

to investigate the proposed approach without adding the additional complexity and
uncertainty that response surfaces may introduce into the investigation.

We consider the vibratiechased damage identification of a-B&r truss. We aim

to estimate the mass of 25 trusses from the firstvilm@ation modes given by the
nodal displacements of the six nodes of the truss structure, resulting in a 36
dimensionalresponse vector. We consider the simulated experimental response
vecbr with andwithout simulated measurement noise.

5.1 Vibration- basedDamageldentification of a 25bar Truss

Vibration-based damage identification approachas to assess the integrity of
structures nordestructively[13, 1618]. Modal parameters (naturtequencies,
mode shapegjamping and modal strain energy) of a structure depend on the
physical properties dhe structurgi.e., mass, stiffnessand dampingThe premise
behind vibratioAdbaseddamage identification is that changes in the physical
propertes manifest in changes toe modal parameters. Henchanges irmodal
parameters can be used to locateidedtify damage in a structure.

We consider a simple examptewhich we aim ¢ estimate the effective mass (or
equivalently area) of the trss members from only the first é&vstructural modes

of a structure in acorrosive environment. The geometry and material properties
are assumedo be known A truss analysis without damping isonsidered
sufficient to describethe dynamics of the structyrée., a lightly damped
structure. The nodal displacemenfshe s nodes inthreedimensional space for
two modes result in a 3@imensionalesponse vector.

The 25bar truss structure [19] is depicted in tig1(a), ancthe first two nodes
are in Figires 1(b) and (c), respectivelyrhe structure igully constrained (in &l
three translationadlirections) at the four ground suppors indicated in Figre
1(a). The truss modal agais is conducted using an -imuse finite element
analysis codavith direct aml adjointanalytial sensitivitiesdeveloped by Wilke
for his Optimum Design(MOQO780) graduatecourseat the University ofPretoria,
South Arica, whichsolves the generalizetigenvalue problem

(Ke i Mg)y=0, 1)

with Kg and Mg, the assembled system stiffness and mass matrices with the
associatedinaonstrained degrees akkdom of the system. The experimentihd

in thisvibrationbased damage identification problem is simulated usiagame
codeto conduct a virtual inverse problem
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This study considersimulated experimental data with and without measurement
noise i.e, aleatoric mcertainty A normally distributed measurement noise of 2%
for the first standard deviation wassumd. The experimental data is simulated
for 1 kg masses for each of the 25 truss membehngh resultsin a 487 Hz
fundamental frequencynd a second mode at 530 Hz. An unknowerameter
range of 100% around the solution is considered for this studyparaeneterso

be estimated wer@mormalizedby the solution [20]. The error norm for the
calculatedresponse i9.0 (within machine preision)in the absence of noise and
around 0.5102 when 2% msuremenhoise is assumed.

(a) Undeformed truss structure (b) First (fundamental) vibration
with fixed points denoted by red mode of the truss structure (487
dots. Hz).

(c¢) Second vibration mode of the
truss structure (530 Hz).

Figurel
(a) The undeformed truss structared associated (b) fundamental at #&7and (c) second mode at
530 Hz. The basg@ndicated by the solid red dots) is fixemresist any tratetion.
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6 Numerical Results

The numerical investigation aims to quantifyr proposed strategy's performance
andsensitivityto divide the effort between adding pointsti@ Npoe to improve
starting pointsinstead ofallowing additionaloptimization iterations Nopt. We
investigate the benefits of splitting effort between the PLSH iderative
optimization without explicitly considering the associated computational cost to
avoid distracting from this study. We limit ourselves to 500 function atials
andconside the cost of eachptimizationiteration to be one function evatian.
Similarly, each point added to the DOE risgarded a®ne function evaluation.

The benefit othis choice is that a user can scale the associated computational cost
of anoptimizationiteration to DOE point computatiandependenthafterward

We consi@r a purelysequential computational framework, but the benefits of
parallel environments are evident when increasing the number of points of the
DIM, as itis embarrassingly parallel apposed to the sequential nature of a
classical gradiedbased algaithm. However, these questions warrant an
independent study to explore when a mottie GPU or parallelcomputational
architecture is considered. The implicit assumption of our choice isuthetion
computationsdominate thecomputational cost of these twproblems, with
sensitivities being availableomputationallyefficiently either analyticallyor by
differentiating a response surface representatidghexost functionlin this study
adoint analytical sensitivities are comfad

To conduct our studywe consider distinct ratiodopt:Npoe of the number of
optimizationiterationsNopt to Latin hypercubesampledNpoe points. The ratios
we considefor both problems are 0:9, 1:9, 4:9, 1:1, 9:4, arid 100:1. A ratio of
0:9 implies thanho optimizationis conductedand the response is computed using
only PLSR. In turn, aatio of 100:1 effectively results in aptimizationstrategy
using random initiaktating points. We condet this forincrements of( 1= {10,
25, 50, 100, 250, 500} functioevaluations per iteration for our combined
strategy. When only PLSR is consideragle compute exactlyd 1 function
evaluationswhereas the optimizatiostrategywith random initial starting points
is limited to amaximum number ofQ 1 function evaluationsThis is repeated
until the maximum of 500 function evaluations is reached. Tabiedicates the
number of function evaluationswvailable for PLSR and the kasquares
minimizationstrategy for the different choes ofNopt:Npoe and 0 1

The optimizationalgorithm used in this study is Matlab’s SQP algorithm in the
fmincon function. The convergence tolerance for thigimization algorithm

was seto 106 for changes in updates dunctionvalues between updates.
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Tablel
The available number of function evaluati§Nsog,Nopt) for the combinedtrategy per iteration for
the selected ratiddopr:Npog and G 1

AN
10 25 50 100 200 500

0 | (10,0) | (25,0) | (50,0) | (100,0) | (200,0) | (500,0)

1:9 | (9,1) | (22.3) | (45,5) | (90.10) | (180,20) | (450.50)
4:9 | (7,3) | (17.8) | (35,15) | (69,31) | (139.61) | (346,154)
NEEL | 1:1 | (55) | (12.13) | (25.25) | (50,50) | (100,100) | (250,250)
9:4 | (3,7) | (8.17) | (15,35) | (31,69) | (61,139) | (154,346)

9:1 | (1,9) | (3.22) | (545) | (10,90) | (20,180) | (50,450)

100:1 | (0,10) | (0.25) | (0,50) | (1,99) | (2,198) | (5.495)

For each selected settinge repeat theptimizationrun 100 times and depict the

results inbox plotsfor choices of 0 1. Thebox plotsshowthe median (solid red
line), with the box representing half the data points. The whiskers extend to the
extreme datapoints that arestdistically unimportant Lastly, the red crosses
indicate allthe outliers.

We quantifythe analyses' robustnessd solutions' quality The analyses of the
25-bar trussalways succeeded

6.1 Vibration- basedDamage Identification of a 25bar Truss

The final residuals obtained for the 100 independent runs after 500utottibn
evaluationsare presented in Figures 2(g) and 3(aXg) for the noiseless and
noisy simulated experimental dataspectively Figure 4shows the results after
only 100 function evaluations to higght the relative improveent from100 to
500 function evaluationdn Figure 2(a)the PLSR predictionsary between two
error levels It is evident from the median position that divides the gaints at
the top or bottom of the box. In Figure 2(a), as expetbedameresponse for all
0 1is evident when considering the size and position of each box.

There is a definite benefit to selecting a lower NOPT:NDOE ratio for the naiseles
simulated experimental datexcept for a ratio of,@vhich representenly PLSR

A larger 0 1seems to be consistentigneficial. The O ratio effectively represents
the contribution of the PLSR in isolatiomhereas the minimizer effectively
realizesthe remainder of the improvements. Note thainde optimizationrun is
preferred as consistently indicated by the better performasfcthe larger 0 1

It demonstrates the benefit of continuing thénimization after an appropriate
initial guess has been providetdditional PLSRregressiorpointsperform worse
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than allowingaddtional iterations in theminimizer. However, arestimate of a
properinitial point is important asninimizationin isolation, similar to PLSR in
isolation, performed the worst on average
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Figure2
Residual boxplotsfor 100 ind@endent runs using the simulatgerimentatiata without noise for
the damage identificatioproblem. The total number of functi@valuations is 500 for the selected
ratiosNopr:Nope (2)-(g). The choicel 1 is quantified in each subfigure.

This contrastghe simulated experimental data with noise, where the seladften
moderate @ 1 yields beter results on average. In additioa ratioNopr:Npor that
favors the minimizeis beneficial. Note that suitable ratibspr:Npoe allow for
PLSRestimated starting points instead of random initial starting points.
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The implication is that multstartsbenefitthis noisy problemas indicated by a
low to moderate value fofl 1
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Figure3
Residual boxplots for 100 independent runs using the simulated expatatdata with noise for the
damage identification problem. The total number of funatiesluations is 500 for the selected ratios
NorT:Nope (2)(g)- The choicel 1is quantified in eals subfigure.
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Figure4
Residuabox plotsfor 100 independent runs using the simulated experiméatalwith noise for the
damage identification problem. The total number otfiam evaluations is 100 for the selected ratios
Norr:Nope (2)-(g). The choicel 1is quantified in each subfigure.

Minimizationin isolation Nopt:Npoe = 1001) andPSLR in isolation opt:Npoe

= Q) performs the worstNotably, in isolation, the minimizesignificantly reduces
the number of outlierat thecost of a higheresidual on averagd.he results
obtained afted00 total function evaluations for the noisy simulated experimental
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data are presented in Figure 4(@). This shows the progression of the decrease
in residual and also how the various settings benefit from an additional 400
function evaluations that Figure 3{@) depicts

We alsopresenfarea variatiorasbox plotsin Figures5(a) and5(b) for a range of
residual values. The solution is obtained whéithal areas are 1, asen in Figure
5(a). All values including outliersare within a 15% range of ttemlution. From
Figure 5(b), the larger residualare due to theminimizer poorly estimating the
truss areas and not tRé SR estimatednitial guesses.

Figure5
Box-plots of the areas found by two different sets of data

To investigate the quality of the computed initial guesses as a function of the
numberof LHC points, we compute 100 initial guesses for various numbers of
points in theregression setThe results are depicted in FiguBe Note the
significant benefibf a small sample size in the regression set.

The results presged demonstrate a@omputational benefitwhen unifying
optimizationbasedinverse strategieand DIM. A benefit that $ enhanced in the
presencef experimental measurement noise.
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Figure6
Boxplot of the residualsomputed for 10@itial guesses for theptimizationalgorithm as the number
of points in the regression set increases

Conclusion

This study demonstrated the benefit wiifying two inverse strategies: least
squaresminimization and the PLSR direct inverse map (DIMrraditionally,
these two strategies are considessgarately but this studydemonstrates the
benefitsof unifying them into acomplementary approacBur proposed strategy
unifies these two into a Bgle strategythat allows eachto be recoveredn
isolation. DIM is used to compute suitable initial guesses for itdrative
optimization solver For apracticalinverseproblem we demonstratethat this
combinationresultsin computational benefits.

This unified approachdemonstrated benefits when considering a sequential
computing platform. The additional benefits of this approach on parallel
computingplatforms will onlycomplementhis strategy. This will be investigate

in a future studyo investigate ad quantifyeach properly

Future work willconsider the benefits of this strategy in terms of robustr@esss
preliminary wak on identifying ODEs on Calcium signalingpathway [14] only
solvesaround 50% of the timehenrandom starting pointare useccompared to
100% when combinedwith DIM. As future work will demonstratehis unified
approach canimprove the robustness of the inverse problem when facing
challengingproblems or when limited resources are available
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Abstract: Removal of antcorrosion paint is key téhe maintenance of aging structures.
Previous investigationsshowed that heating higétrength bolts for coating removal
reducegheir axial strength. Herein, aeries of experiments were conducted to investigate
the effect of heating raten axial force reductiorin search of possible methods to suppress
this reduction. The higbtrength bolts were heated to 2@at different heating ratesand

the changsin axial forcewereestimatedby measuringthe strain at the bolt shaftsthe
temperature increased’he mechanism of the axial force reduction could be explained by
the strain behavior at the bolt shaffthe results showed that the shorter the heating time
was, themore the axial force was reducedsuggeshg that heatingbolts over15-30
seconds suppresséike axial force reductiorto 5% of the initially installed axial force of
the highstrength bolts.

Keywords: Paint-coating removalinduction heatingbolted joints axial force

1 Introduction

The maintenance and management of bridge structures are important for their
long-term use in sound condition. In the case of steel structures, corrosion is one
of the main causes of damage and deterioration. Therefore, several corrosion
protection methods have been established and applied to the steel structural
members according to the importance of the structheeexpected service life,

and the environmental conditions in which the structuptaced [1].

Paintcoating isused as general corrosion protection methaslitbalance ease
of manufacture cost, anddurability. Many painicoating systems have been
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proposed for steel structurés consideration other environmentalcorrosion
conditions and expected service lif§ [3]. However,deterioration of the paint
coating is inevitablever the longterm use ofsteel structuresegardless of the
system usedThe deteriorated pairtoating is renewed at specified intervals to
keep the soundness of tbeatedstructures.

When renewing the paibating,theremoval of theexistingcoating andany rust

on the structure significantly influences the performancehefnewly applied
coating.It has been demonstrated tliae sufficient removal ofieteriorated paint
coating and rustand proper preparatiaof the substrate stesurface affectshe
durability of the renewed paint [4Rower tools, blasting, and chemical agents are
widely used in the removal of coatings and fis§t However, power tools and
blasting generate noise and scattast in the air, so carie requiredto control
these environmental impacts. Although the use of chemical agents is effective for
reducing noise and dushe amount of waste increases both the removal agent
and the removed paintoating mixed in the agenheed to be disposed.ofo
addressthese problems, a new patdating removal methodsing a heating
device has beetleveloped

In this method, the pairttoated steel structural members are heated to around
20C°C to softenthe paintcoatingso it can be easily removed with scrapers or
other hand tools. Induction heating (IH), which caickly heata localized part of
the steel material, is used as the heat sourceefoovingthe painicoatingfrom
steel structures [8]. IH is effective for removing the pakgbating on flat and
wide steel memberssuch asthe web plates or deck plates of steel girders.
However it is ineffectivein removing coating from members with complicated
geometric shapesuch asonnectingparts.This makes coating removah high
strength bolted jointmefficient when usingH, asthe bolts must be heated and
the paintcoating removedndividually. To facilitate more efficient removathe
authors previouslydeveloped an electric heating device capableheéing
multiple bolts simultaneously. Although theeating device facilitated the removal
of the paintcoating from bolted joints, there was a possibility thiatating the
bolts excessivelyvould reducethe axial force in the bolts [10]. Possible methods
to suppress this loss olt axial forceand themechanisnfor such losshavenot
been sufficientlyelucidated.

This study aims to investigate thelt axial forcereduction mechanismwhen a

bolt is heatedfor paintcoating removal. A series of heating experiments were
conducted on the bolted joint specimens using an IH device. The eharihe

axial forces of bolts wereexamined by measuring the bolt shaifain before and

after heating.Subsequently, discussion onhe reasos for the changgin the

axial forcesof bolts by heating was conducted based on the results from these
measurementd-urthermorgbased on the experimental results, suggestions were
made for conditions to suppress axial force reduction in the-paéting removal
work.
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2 Experiment

2.1 Pre-Heating of High-strength Boltsand Temperature-
Correcting Strain Data

In this study, higkstrength bolts were heated and the elongations of the bolts were
measured by strain gauges attached to the bolt slraftgious investigations
demonstrated that easured strain valseobtained by the gaugéncluded the
expansion of the adhesive attaching the gaugehe specimenas temperature
changedandthat preheating the specimemsce afteithe applicationof adhesive
minimized adhesive creep subsequendtrain measurements. Therefatte bolts

used in this studwere preheatedo compensate for the expansion of daéesive

with temperatureffecting thestrain measuremenédditionally, therelationship
between strain value and temperatwas obtainedthrough a preheating
experiment to examine the measurement accuracy of the real stthim lwolt.

Figure 1 shows the installation of heggsistant strain gauges (applicable
temperature: 3%C) and thermocouples to the bolt shaft. F10T Migh-strength

bolts were usedTable 1 shows the mechanical properties of the bolt in the mill
sheet. The opposite silef the bolt shaft wremachined. Then, two strain gauges
and two thermocouples were placed symmetrically at the center of the bolt axis.
The reason why the strain gauges were placed symmetrically was to eliminate the
influence of bending on the bolt shaft by averaging the strain @dpuioth sides

of the bolt shaft. The wires were routed through the holes in the bolt head.

Figure 1
Instaling strain gauges and thermocouplea togh-strength bolt

Table 1
Mechanical properties dfie F10T M2Zhigh-strength bolt

Yield Tensile Elonaation| Drawin Rockwell
stress | strength 9 9 | hardness

(N/mm?) | (N/mm?) (%) (%) HRC
F10TM22| 1033 1087 19 73 33
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It has been reported that organic paioating materia, such as alkyd resin
deterioratewhen heatedover 170C [11] [12]. Furthermore, a previous study
showed that the mechanical properties of ftfength bolts did not deteriorate
whenheatedunder 300C [13]. From thesabservationsthe heating temperature
for removing thepaintcoatingfrom high-strength bokwas set at 2 [10].

Three highstrength boltseach attachedith two strain gaugeswere heated to

200°C in an electric furnace. The strain was measuasdhe temperature
increased Figure 2 shows the relationship between the temperafum@nd the
PHDV XUHG O\DVeU® th€ maiial characteristics of the polyimide resin
adhesive used for attaching the strain gauges to the bolts, the measured strain
varied with the temperature. The approximation curve of the relationship between
the temperaturd, DQG WKH P HD @wadfid€s by BogU@L Q 0

00= 16.74 x 10 + 4.15 F {6.44 x 10? x T?
+243 x 104 xT° {1.34 x 10" x T* (1)

Figure 2
Relationship between the temperature and the measured strain

From the approximation cury¢hestrain data,@, wascorrectedusing Eq. (2) to
obtain the corrected strain value

0 10 0Qi GO (2)

Where Ois the corrected strain data correctedtéanperature @ is the measured
strain data at temperatufe, 0Q is the strain valuealaulated using Eq. (1) with
temperatureT;, and 0Q is the strain valuecalculated usingEq. (1) with
temperaturdyo, wherethe initial strain data was measured and set as zero.
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2.2 Relationship between Bolt Axial Force and Strain

In this study, the bolt aal forcewasestimatedrom changs in bolt shaftstrain.

This estimationrequiredthe relationship between the bolt axial force amaolt

shaft strain be obtainedand a calibration test was conductéa establish the
formula for this estimationTo this end, tensile loads were applied to bolts with
strain gauges. The bolts used in this test werdnpated to 200 to eliminate the
influence of adhesive expansion. After the temperature of the bolts cooled down to
room temperature, the tensile test was conducted.

Figure 3(a) showshow the calibration testvas set upSix high-strength bolts
wereused in the calibration test. Tensile loads of 40 kN, 80 kN, 120 kN, and 160
kN were gradually applied to the bolts three times. The magsinfdibe tensile
loacs were limited in the elastic rangd.inear regression was applied to the
relationship between the bolt axial force and the strain as shown in Fitljre 3

(a) Calibration tessetup (b) Relationship between axial force and strain
Figure 3
Calibration testo measure theelationship between bolt axial force and strain

Based on ta regression formulsshown by Eq. (3), the bolt axial forogas
estimatedusingthetemperaturecorrectedstrain describeth the previous section

N = 0.06549 x0 3)

Where,N is the estimated axial force (KNQis the strain with the temperature
compensation.

2.3 Shape and Dimension of Joint Specimen

Figure 4 shows the specimen, an analogue foighstrength bolted joint. A base

plate was sandwiched by two splice plates. The material of the base plate and the
splice plates was SS400. The thickness of the plates was 9 mm. Festraigith

F10T bolts were tightened to join the plates. The material properties and the
chemical compositions of steel plates are shown in Table 2.
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The purpose of this study is to investigate the influence of heating caxidle

forces of high-strength bolts. Therefore, the specimens were not-paated and

were merelyheatedunderthe sameconditiors as those fopaintcoating removal.

The surfaces of the plates were cleaned by blasting. The surfaces of the bolts were
left covered with mill scale. ke specimens were used

Figure 4
High-strength bolted joint specimen

Table 2
Mechanical properties and chemical composition of steel plate

Yield Tensile
stress | strength

(N/mm?) | (N/mm?) (%) C Si Mn P S
SS400| 334 477 27 0.16 | 0.14 | 0.74 | 0.024| 0.006

Elongation | Chemical compositions (mass %)

As shown in Figure 1, strain gauges and thermocouples had been attached to six
bolts for the calibration test in the previous section. Twoheké¢ bolts were
installed on three specimens as bolts No. 1 and No. 4.

For bolts No. 2 and N@3 in eachspecimen, strain gauges were attached to the
bolt shafts. However, thermocouples were not attached to the bolt shafts due to the
limited number of measuring channels of the data logger used in the heating
experimentA thermocouple wsattached to the tip afachbolt shaftto measue

the temperaturfrom heating.

The highstrength bolts in thepecimens were tightened a specific axial force.
The magnitude of the installed axial foraes 226 kN, 10% higher than the
desigred axial force of 205 kNfor F10T [14]. The highstrength bolts were
manually tightened first, then tightenewlividually by an electric wrench to 60%
of the target axial force. Finally, the bolts were tightened to the target axdal for
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by the electric wrench. After the tighteningslaxation and creep in the bolts
reducedthe axial force. Therefore, the heating experiment was conducted over 2
weeks after the tightening. During this tightening process and wditireg the
strainwasmeasured every 10 minutes.

2.4 Heating Experiment

Figure 5 showfiow the heating experimemtas set upThe IH device used in this
study was RPR1032 [15]. The ritgpe headf the devicewas applied to the nut
side ofthe high-strength bok in the specimen The temperatusewere measured
by the thermocouples at the gipf the bolt shafts. The temperature required for
paintcoating removawas around 20@C. Although the target temperatuveas
uniform across all experimentshe heatingime waschanged. Here, the heating
times were parametrically changedhile keeping the target temperature of ZD0
constant The heating times were st 3, 15, and 30 seconds by arranging the
outpus of the IH device. The temperatsrand strais of bolts No. 1 and No. 4
were measured dhtervals of 0.1 seconds during the heating experimdmt.
complete the relaxation and creep of theddlite specimens were kept for over 2
weeks after the heating experiment.

The change in the axial force were evaluated bydividing the reducedaxial
forces by the initial axial forcs (the axial forcereduction ratio). Furthermore, the
estimated axial foreewere confirmed to be around zero when the bolts were
completely releaseflom the specimens after the experiment

Figure 5
Heating experimergetup
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3 Result and Discussion

3.1 Temperature History

Figure 6 shows the temperature histories of the bolts during the heating
experiment. The maximum temperawiref the tip of the bolt shaft were
observed 1 to 2 seconds after the heatiogtine was finished The target
temperature of 20C was achieved in aliestedconditions. The temperatwat

the middle of the bolt shafibolts No. 1 and No. 4) to which the strain gage
were attached reached maximum temperauwé 70 to 80C. The maximum
temperatureat the middle of the bolt shaftvereobserved 40 to 60 seconds after
the time when the maximum temperatigg the tig of the bolt shak were
observed.

In specimen No. 2, the temperature of bolt No. 2 changed discontinuously because
the IH device was accidentally stoppethortly after the start of heating.

The heatingoutine was brieflyestartedresulting inthe maximum temperature at

the tip of this bolt shatbeingaround 20C higher than those of other bolts.

It was expectedhat the temperature of the bolteuld cool to room temperature
more quicklyunder fasteheating conditioathanslowerlong heating condition
However, the temperature of the bolts became uniform 300 to 400 seafirds
heating was finishedor all conditions.

(a) Heating time of 3 seconds  (b) Heating time ofet®isds (c) Heating time of 30 seconds
Figure 6
Temperature histories

3.2 Change in Bolt Axial Force

Figure 7 shows the chargén bolt axial force estimated by the strain
measurement. The strain measurement at the bolt shafts was started before the
bolts were tightened Measurement continued during the heating and after
releasing the bolts. The bolt axial fosogereestimated by Egj (1), (2)and (3).
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Although the installed axial fored¢o the bols by tighteningwereslightly reduced

by creep and relaxation, the axial fasdecame unifornwithin approximately3
days. The axial foreeincreased temporarily when the bolts were heated.
However, the axial foreedecreased after the heating. This phenomenon will be
discused later.

The axial force after the heating @re uniform, then the axial foreebecame
almost zeravhenthe boltswere released from the specimens

In all specimens, the strains at the bolt shafts were measuneigratls of 0.1
seconds in bolts No. 1 and No. 4 during the heating. Figure 8 shows thesihange
the axial force of bolts No. 1 and No. dver time,focusing on the period around
the heatingprocess The axial force increasedshortly after the start of heating
and decreased when the heating was finisi&e. axial force then decreased
graduallyduring the cooling process.

A greater change in the bolt axial forces was observed when the bolts were heated
to the target temperature over 3 seconds compared to when the bolts were heated
over 30 second#\n intermedige result between the two was observed when the
bolts were heated ovés seconds. The bolt axial focmcreased byi6 kN, 12

kN, and 8 kNfor heating times of 3 seconds, 15 seconds, and 30 seconds,
respectively.The sibsequentdecreasg in the bolt axial force during cooling
were36 kN, 25 kN, and 21 kNXbr heating times of 3 seconds, 15 seconds, and 30
seconds, respectively.

(a) Heating time of 3 seconds  (b) Heating time ofet®sds (c) Heating time of 30 seconds
Figure 7
Change in bolt axial force

(a) Heating time of 3 seconds  (b) Heating time ofet®isds (c) Heating time of 30 seconds
Figure 8
Change in bolt axial force before and after heating
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Figure 9 shows the relationship between the heating time and the reduction of the
bolt axial force (also the reduction ratio of the bolt axial forG&ere is aclear
correlation betweethe reduction of the bolt axial foreadthe heating timeand

for paintcoating removal high-strength boltsshould beheated to the target
temperature over Bnger period of time tosuppress the axial force reduction.
Although the experimentalonditiors in this study were limited, the axial force
reduction of higkstrength boltsould be kept within 5% of the initial axial force
when the heating timeas overl5 seconds foa bolt being heated to 206G for

the purposes giaintcoating removal.

(a) Axial force reduction (b) Reduction ratioalffarce
Figure 9
Relationship between heating time and axial force témtuc

3.3 Mechanism ofChange in Bolt Axial Force

Figure 10 shows potentialmechanismexplaining theincrease and decrease in
bolt axial force during the heating and cooling proeass

Figure 10
Mechanism of axial force reduction by heating
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In this study, the nut sidef the jointwas heated by the IH deviceesulting in a

rapid increase in temperature for the nut. The heat had yet to redutittsbaft,
sothe boltshaft was stretched by the expansion of the nut. We propose this as a
possible explanatigras towhy the bolt axial force increased during the heating
processAfter heating, the temperature of the bolt shaft increased gradually
thermal conduction from the nuwhile thee was no furthetemperature increase

in the nutitself. As shown in Table 3.1 in EN 19932] the elastic modulus of
carbon steel decreasby 10% at 208C compared toroom temperaturgl6].

When the temperature of the bolt reached®20@ might be slightly softened due

to the temperature risé\ possible explanation as to why the bolt axial force
decreasedhortly after heating is that there was magansionin the bolt shaft
relative tothe expansion of the nats heat was no longer being applied. In the
cooling process, the shrinkage of the nut and the bolt shaftredclr the early
stage of the cooling, the shrinkage of the nut might be larger than that of the bolt
shaft. Dueto the differencein shrinkage between them, the bolt axial force
slightly increased during the cooling process. However, the axial force might not
recover to the initial state after tfg@nt had cooled sufficientlyto the point where
there was negligibletemperature difference between the nut and the bolt shaft.

Based on the experimental results, the reduction of the bolt axial force occurred
shortly after heating with maximumreduction of the bolt axial force when the
temperature difference between the nut and the bolt ataftotentially at their
greatest

A quicker heatingrocess increasatie temperature difference betwabase two
componentsthereforejustifying why the axial force reductiowas large when
the specimen was heated o8eseconds compared to the cageen the specimen
was heated oved0 seconds.

As shown in Table D.1 in EN 19932, the strength reduction factor for bolts at
20(PCis 0.935 [16}timesthat at room temperature [16]. The reduction ratio of the
bolt axial force obtained in this study was similar to this vétuea heating time

of 3 seconds as shown in Figure 9 (b). However, the reduction of bolt axial force
could be suppressed by prolonging the heating time to 15 seconds or 30 seconds.
This is a new finding that can be applied to paiptting removal processes that

use heating in order to presetihe axial forceof bolts

Conclusions

A series of heating experiments were conducted on-dtigimgth bolted joint
specimens usingnIH device for paintcoating removal. The chargim the axial

forces of bolts were examined and the reason fivese changewas discussed.
The main results obtained are as follows

(1) An experimental procedure for estimatifigm the strain at the bolt shaft
the bolt axial forceastemperature chandavas examinedBolts with strain
gauges attachedvith a resin adhesie were preheated to 20 to
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(2)

®3)

eliminate the influence of the adhesive expansion on the measurement
accuracy With the influence of adhesive expansion eliminatéd, linear
relationship between the bolt axial force and the stnzatue was
established by calibration test.

The nus of the highstrength bolted joint specimens were heated t¢Q00
with varying heating tims from 3 seconds to 30 seconds using an IH
device for paintoating removallt was observed thathé longer the
heating time was, the larger the reduction of the bolt axial force.
The reduction ratio of the bolt axial force was defined as the ratio of the
magnitude of the axial force reduction to the initial axial force.
The reduction ratios of the axial force were 8.8%en heatedover 3
seconds, 5.0%hen heated ovelr5 secondand 4.1% when heated o\&0
seconds.

Based on the experimental results, the mechanisrbotif axial force
reductionfrom heatingwas estimated. The temperature difference between
the nut and the bolt shaft, which was enlarged by the short hemtiag
might decrease the axial forgeeatly As the mechanism djolt axial force
reductionfrom heating shown in this study wamserely an assumptian
more investigation will be performed by numerical simulation in future
work to prove the validity of this mechanism.

The mechanism of bolt axial force reductidoy heating as shown is an
assumption based on the experimental results. To prove the validity of this
mechanism, more investigat®mill be performed by numerical simulation in
future work.
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Optimal Design of Wind Wheel Column

Imre Timar , Akos Gergely Horvéath

Univer VLW\ R 3 Bg9epeRIQ10D 8200 9HV]SUpP +XQJDU\
WLPDU LP UIS®HRND RQ LK X

Abstract: Thepaper deals with the optimal design afwind wheel column. Have been
determined the forces acting on the column. The inner diameter and wall thickciesslaf
tube are unknown. The minimum of mass was determined in the caselioEabdesign
constraints. The constraints relate to the maximal stresses and stabilitplwhn.
A numerical solutiorto this problem is given by genetic optimization algorithm.

Keywords: wind wheel columpptimal designweld

1 Introduction

$Q LPSRUWDXMW XUDO HOHPHQW RI ZLQG WWWHLQHV LV
IROORZLQJ ZH SUHVHQW WKHEKRHOLFBRO XFPHV ZI1Q/ KR ID DWAL
FURMHWFWLRQ )LJXUH 7KH LQQHU GMXAHWHIJH DIUEH ZD
FRQVLGHUHG XQNQRZQ $IWHU GHILQLZH IWKRAXOMMWEY DF
WKH REMHFWLYH IXQFWLRMQ Q/&R OWKHH WKHKN RS WAW IL REMW L X

ZLWK D JHQHWIH PIAORXQOWKA WKH FRQQHFWQQJ
EDVHG RQ WKH (852&2'( VWDQGDUG

2 Optimal Design of theColumn

2.1 Mathematical Optimization

ILOOHW

7TKH RSWLPXP GHVLJQ rPXKROPHEGHK® B F\V QHEREYWR.FDO O\ DV |IF

P LX), xR
agx), ] m

ZKHAEH= %, 0 @WKH YHFWRU RI WKH XQNPRZQHT@RBDEBEH W L H
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,Q RXUZFD&HILQH WK R IGRLLRRAGWILR@W LD BEQ G ZDPKW HU
WKLFNDHYYXUH

2.2 GeneticAlgorithm

*OREDO RSWLPL]DWLRQ SIHRAHVEXH DWW JIRQUAOKKEPH YK H ZK L
FHUWDLQ FDVHV FDQ EH XVHG IRU R SVMKIP@ OVVHO UWK R
VHDUFK DOJRULWKPV 7KH VWIUXFRVRUMWREB G$SRSHIUBDW Q]
I[IURP WKH SUHYLRXVO\ DSSOLHG SURFHGXUHV

7KH EDVLV RI WHKKHPWWHKRG YMOHFWLRQ ZKLFK FDQ DO
QDWXKHVY SULQFLSOH LV XVHG E\ WKH JHQBWLF DOJRU
SUREOHPV %DVHG RQ WKH SULQFL3IMHHRWKHUZKD® & U W RI
YLIRURXVY RQH OLYHV RQ DQG WKH ODWWHU FDQ UHSUR

S3RVVLEOH VROXWLRQV RI WKH VHDWRK KRBDHF K5 IDIWHHU HDQAW
LPSRUWDQFH ITURP WKH SRLQW RI YLHZXKQQMWXKHWXKSWLP
DOJRULWKP WKH EHVW VROXWICR3L YL@®XD GV HE XAV IWKRHA |
HOHPHQWY DPRQJ WKHP WKDW DUHGEBHYRWBXWH@KRBH |
FORVH WR WKH RSWLPDO YDOXH

,QGLYLGXDOV FDQ EH FRGHG LQ VHYHWDKORZDWKHZKLFK
DOJRULWKP ZRUNV 7KH DGY D %R Y HRIVWDKRNHL E QWL W RVIKXD-M
WR SHUIRUP RSHUDWLRQV ZARVKD I W \DSDG HJ H(MAK EY W LW
VHTXHQFH FDQ WDNH WKH YDOXH RU

'KHQ GHVFULELQJ WKH JHQHWLF DOURUWW KW K NV K/H W RU
LQGLYLGXDOV WKDW PDNH XS WKH VBVUFKHYBDBRU IZWIKW
FUHDWHY D QHZ SRSXODWLRDRRDW EHXFEWLWS UDWRR®LIZ
LOQGLYLGKWDOWWN-RH DUH FDOOHG JHQHUDWLRQV

7KH VHOHFWLRQ RI WKH ILWQHVV IWORWLR® HYV RIQH VRH
RSWLPL]JDWLRQ ZLWK WKH JHQHW HF LIV OV RIQUWIKPD \K B \ VI
E\ WKWQXYFWLRQ ,Q SUDFWLFH WHKRVHRR® WKHD BNVB ®
PDQ\ YDULDEOHV ,Q WKH XVHU REMHUSNIDFAML R Q WK HVE IR .
SUREOHP WR EH RSWLPL]HG PXVW EHXQSWHREIRQHG XQGHU

7KH FUHDWLRQ RI WKH HOHPHQWYV R\ WHH RSH WDMIQRHY R
VHOHFWLRQ ZKLFK EDVLFDOO\ GHWHHP RQ HAWVK W KHH Z®D C
FUHDWHG LQGLYLGXDOV

7KH PHPEHUV RI WKH QHZ SRSXODWLR@GXWKEIOWMERHLQGL
JHQHWLF RSHUDWLRQV &URVWRDHWH OQ WKW BEWURQ *Ri§
RSHUDWLRQV OLNH VHOHFWLRQ BBHQWWU HPLHHZ\ R P B/RKL
VHDUFK DQ LPSRUWDQW SDUDPHWHWQE8 WKRVVYRDBDWLY
%DVLFDOO\ WKH XVH RI FURWHHRWHUWRHRIQSY UMK H RXXWH LRV |
ZKLOH WKH VHDUFK VSDFH FDQ EH ZLGHQHG ZLWK WKH
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ODQ\ YDULDWLRQV RI WKH FURVVRYHUURRHUBGOHRCY DWRH
FXW WKH ELW VHTXHQFHVY UHSUHVHQ WR RD WLIRH) o0QUGH OIW
WKH RSSRVLWH ELW VHTXHQFHVY WRIJHWKHU

OXWDWLRQ OLNH UHFRPELQDWLRQ HHMROIVSRRHHRQHW
LWV DSSOLFDWLRQ LV WR DYRDG HV K/ @H UR 2N QD VR IF BV K H
KDSSHQ WKDW ZH JHW RQO\ D ORFDOR{IJW UKPHQUDWKH L
RSHUDWLRQ WKH DOJRULWKP VOLJKWDO GKBRIDHV EW K H
UDQGRPO\ FKDQJLQJ D JHQH RQ WKH IFEKGRVPIR/)RP® WK
7KH FKDQFH RI D FKDQJH LV VR VPDOO BH¥R®WHLD WKL
ORVV Rl SUHYLRXVO\ HDUQHG ZRUN

2.3 Formulation of the Stress Constraints

7TKHROXPQ LV VXEMHFWHG WR WKH IROORZLQJ IRUFHYV
- WKH KRUL]JRQWDO IRUFH DFWLQJ RQ WKH ZLQG ZKH
- WKH IRUFH UHVXOWLQJ IURP WKH ZLRGX®PRDG DQG -

- DQG WKH FRPSUHVVLYH IRU#FAH UHKWK GRW VOKIHI W ZR B GN
JHQHUDWRU DQG WKH FROXPQ

YLIXUH
7KH WHGISRUWLQJ VWHHO FREEMQRQ@ DQG LWV FURVV

7KH IRUFH DFWLQJ RQ WKH ZLQG ZKHHORGDRZEKWIGHWH!
UHODWLRQVKLS > @

Fe A4V v
ZKHUA D?§4 DUHD RI WKH ZLQG ZKHHO
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Dk WKH GLDPHWHU RI WKH ZLQG ZKHHO

Va WKH D WHHODIRIFHL W\ IRQ WK H LDLUD @EHEIWMKHL QU Q G
ZKHHO

lDLU GHQVLW\
7KH RXWSXW YDOXH RI WKH ZLQG VSHHG

—_— \
v,=y1-
ZKHUH

LV WKH HIILFLHQF\ RI WKH ZLQG ZKHHO
7KH PRPHQW RI WKH IRUEKHAFOVNLQJ RQ WKH ZLQG

M, Fnh
ZKHUH
hLV WKH KHLIJKW RI WKH FROXPQ
7KH ZLQG SUHVVXUH FDQ IR GRMHUPH DX BWALRMK >WE& H
p g zc
ZKHUH

gp(z) WKH YDOXH RI G\QDPLF SUHVVXUH
c WKH VKDSH IDFWRU WKH YDOXH RI ZKLFK FDQ EH ¢

RI WKH 06= VWDQGDUG
JREBFWLQJ RQ W R HRIUR MHARRBRFD O
F, Dhp
ZKHUH

DLV WKH RXWHU G LD PH W(HEXR) WLKIK FIR O X P Q

7KLV IRUFH LV FRQVLGHUHG WR KHROG6WUQW RXW KWIOH WRH
DW FODPSLQJ

M. F

W w

N o

JReWH RI1 WK B XAKE U@

S, ¥¢c, Dh
rez 2 G
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ZKHUH
Vo« WKH FULWLFDO ZLQG VSHHG FDQ EHM EDOFXODWHG
CLV WKH GDPSLQJ IDFWRU
¢, LV WKH WUDQVYHUVH IRUP IDFWRU

7KH EHQGLQJ PRPHQUWHR DWKMKH FODPSHG HQG RI FROXP

h
M F_—.
hrez re22
7KH EHQGLQJ VWUHVV DW WKH FODPSHG HQG
l{ Mk Mw Mrez
W

ZKHUH
WLV WKH HODVWLRNVNHR®XRQ PRGXOXV

$W WKH ORZHHRWEBRRVR | WMKHH FRRRSXUAHYY VLY H VWUHVYV [URP \
WKH QBF HDOQOHWKH ZHLJKW, RD W.R/HWVROXPQ

G, G,
A

BN

ZKHUH
ALY WKRWMHWFWLRQDO DUHD RI WKH FROXPQ
B8QLGLUHFWLRQDO VWUHVVHY FDQ EH DGGHG

PD‘( b Nl
7KH PD[LRPIXWVYWUIRYRPKYW EH OR ZIHGP WASIBEEE @K H
-1 Q €@ 2

2.4 Formulation of the Stability Constraint

(OHPHQWV VXEMHFWHG WR FRPELQHG EHWIGLWDKHDQG DL
IROORZLQJ FRQGLWLREM\WQ HI852@& RKU FDVH LW LV D FROXI
FURMAFWLRQ DQG WKH EHQGLQJ WDNHV RROP®IFPMLRQRX QG
DFFRUGLQJ WR WKH VWDQGDUG ZLOO EH DV IROORZV
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I;BE" Ky Myeo® O OkéEd d1
Rk R
- _ YRK
M1 M1
Negg N kzy My et 1] 0vad dL 4
z$ Rkl - y,Rp
M1 M1

ZKHUH
Ne=GgtGois WKH GHVLIJQ YDOXH RI WKH FRPSUHVVLRQ 11

My emMiictMntMe; WKH PD[LPXP PRPH @\ \D DRORQ A WK H
PHPEHU

0Qe LV WKH PRPHGHWV & XINFWR WL MD & XU FDVH
l’:lQ/'E(FO

$ $DUH WKH UHGXFWLRQ IDFWRUV GXH WR IOH[XUL
$r LV WKH UHGXFWLRQ IDFWRRANGKRJWRUOBDWHHUDO WHF

$r

ky D@XGDUH WKH LQWHUDFWLRQ IDFWRUVKHVKH LQWH!
PHWKRGFK LV FKRVHQ 7KH LQWHUDFWLRQ IDFWRU
WZR DOWHUQDWLYH DSSURDFKHV 9BONHRP WKHVH

$QQH[ $ DOWHUQDWLYH PHWKRGYH FPHWKRRFG$ QQH ¢
(852&2'(

Nrk=fyA LV WKH FKDUDFWHULVWLF UHVLVWDQFH WR
FURMAFWLRQ

F\LHOG VWUHQJWK

Myrk W FKDUDFWHULVWLF YDOXH Rl WW\DEERXMQFH WR
\ D[LV

,Q RXU FDRAWURVWKWHFWLRQ LV QRW VHOWHKMLYH WR
UHFRPPHQGHG YDOXH RI WKH LQWHUDFWLRQ IDFWR

a

N «

K,=Cpn 1+(  —Eo«,
Y ™ ( y$ Rk&
«

[
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$FFRUGLQJ W R DAMKK HY $DKD)GH WG D Q.6 IURP WDEOH
.7KBRQLPHQVLRQDO &/ 5BQ EHIPBIONXODWHG DV IROOR:

- 0
O

£k

VOHQGHUQHVY UDWLR
| BQIJWK RI FROXPQ
CHIITHFWLY MnEWR& XP Q
i UDGLXV RI J\UDWLRQ
Il VHFRQG PRPHQW RI DUHD
ADUHD RVHBWYRQ
1 VOHQGHUQHVY YDOXH WR GHWHUPLQH WKH UHODW
EPRGXOXV RI HODVWLFLW\
A il WKH-WHRWVYRQ LV VW@DWWE RU UG
7KH VDIHW)\=1D bWiR-1.

ZKHUH

2.5 Formulation of the Objective Function
'H FKRRVH WKH PDVV Rl WKH FROXPDXDM WKH REMHFWLY
2 a
X 2% X_S
m h{ 2 8

ZKHUH
lx VWHHO GHQVLW\
xu LOQHU GLDPHWHU RI WKH SLSH
o SLSH ZDOO WKLFNQHVV
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2.6 Solving theOptimization Problem with Genetic Algorithm

$ ORW Rl RSWLPL]DWLRQ SUREOBB HFR®M RRPEDQ HJ MTDELKLL
DJDLQVW WKH SURGXFW RU WKH FRPSR®XHQMP HQRVNX Q FW
PXVW EH HTXDOO\ FRQVLGHUHG :KHQ VSHFQI\LQJ WKI
DSSURDFK SURGXFW DQG SURFHVV R SRSMWPLRDWMRLR QV ¢
FDQ EH VSHFLI®@HG IXUWKHU >

product optimization:

- WRSRORJ\ RS\WWLPL]DWLRQ >
- IRUP RSWLP@]DWLRQ >

- GLPHQVLRQ R®®/LPL]IDWLRQ >
- PDWHULDO RSWLPL]DWLRQ

SHFHQW \HDUV WKH HYROXWLRQXHQWNOJIRW\ WRKSPV/L BB V
SURFHGAUKYROXWLRQDU\ DOJRULWKPV DUHDWWRFKDVW.L
EDVHG RQ WKH SULQFLSOHV Rl WKH ERRORLUWHA BW LHRYQR/O X
Rl WKH HYROXWLRQDU\ DOJRULWKPV ZKUWRWEHYHORKHG |
HYROXWLRQDQY SWRHBUDPPAXWLRQ VWUDWKBVHVSDQG WKI
WKHVH PHWKRGV XVH WKH YDULDWLRWQL B Gi® WD\ W LRR G
WKH HYROXWEDRW WKRFIMLYVIHU LQ WKH GHYIB@RSPHQW R
7KH XVDJH RI WKHVH DOJRULWKPV ZOD W R FUKIHD WiD WIOR X
DSSOLFDWLRQ SRVVLELOLWEMAXDDK i HFAD/OW XFOMIVRLR ¥ DR X
FRPSXWHG LQ PDQ\ DSSOLFDWLRQV RQO\ E\ QXPHULF PH

,Q RXU @imansiomoptimizatioW KH G L P H Q V-LVRHIFWE)FEXM®E V V
DUH FRPSXWHG

7KH IROORZLQJ GDRVIWZRUMDWVYR®@ IRU

Dx Pia NJ P20 R& vy PV h POy(2)
N12 B VNB P & / Op(2) NP e=1;
Gy 1VWHHO Ty XDOLW DI\G 03D % A
E * 3 Dy NJ.P

‘H VROYHG WKH IRUPXODWHG R SWQP MW DR DRQ RULR\EKFH F7 L
VKRZV WKH RSW L PsCDQ GQATHUOGRK PHNEHEN. B H FROXPQ DV
DV WKHIP@MVXPYV IRU GLIIHUHGQWUHW HIHIDO K X IVQIDMLHHW W K H
FROXMQDW D IXQFWLRQ RI VWHHO TXDOLW\

7TDEOH
7KH UHVXOWY RI WKH RSWLPL]DWLRQ

6WHHO TXDOLWLU 6 6 6

'LQG YHORPL@/\ 8 8 8

,QQHU GEBPPB®WH

:DOWKLFN@A®YV
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2XWHU G:PPEAW H 925,6

$GPLVVLEGH3ID®@

*HQHUDWHG3IU® |

ODV¥NJ@ 3115,27| 7647,84| 2674,75| 6611,75| 2169,37| 5609,55

YLIXUH
7KH FKDQJH PQVWROMNBAQGLQJ RQ WKH VWHHO TXDOLW\

3 DesignResistance of-illet Welds

,Q WKLV PHWKRG WKH IRUFHV WUDQWPUWWRHIGLY EG D XWE
FRPSROQHQWWQ SDWDDOQVWOHUVH WR WKH ORQJLWXGLQDO C
DQG WUDQVYHUVH WR7WHKHSSUDIMH WK UL VD/'WWIKWHRD WK R X O

A I al

w 1 eff
ZKHUH
aWKURDW WKLFRIGIE&YV RI D ILOOHW
let WKH HIIHFW LDI HO@HHQW \& K CR3
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YLIXUH
BWUHVVHY RQ WKH WKURDW VHFWLRQ RI D ILOOHW ZHOG (!

7KH ORFDWLRQ RI WKH GHVLJQ WKURBQYWULHDHGK RX VK E
URBWQLIRUP GLVWULEXWLRQ RI VWURHY RILW DN \ZXIRHEG R
OHDGLQJ WRVWHHVYRIYVPD@QG VKHDU VWN\HYRBOGIORZWRZQ LQ

VALV WKH QRUPDO VWUHVV SHUSHQGLFXODU WR WKH WKUR
% LV WKH QRUPDO VWUHVY SDUDOOHO WR WKH D[LV RI WK
|4LV WKH VKHDU VWUHVV LQ WKH W®&DWKHRD WYX H WW KR XYW C

lﬂ/ LV WKH VKHDU VWUHVYVY LQ WKH SODYHKHREZWHEE WKURDW

7KH QRUPDY $WUB®®HO WR WKH D[LV LV QRW FRQVLGH
GHVLIJQ UHVLYMWD®FH RI WKH

TKBHVLIQ UHVLVWDQFH RI WKHLILWIOH WR DIORE LAL.IO D UEH EM
VDWLVILHG

2 f
wv: —— 20
\/ | g VEMZ"
f
|/Ad%” 21
2

ZKHUH
fu LV WKH QRPLYBQ WVAWILPWWHQJIJWK RI WKH ZHDNHU
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E LV WKH DSSURSULDWH FRUUHODWLRQ IDFWRU
J, LV WIRKRH.BO VDIHW\ IDFWRU UHVLVWDQFH RI ZHOG\

'HOGYV EHWZHHQ SDBWWHUMDKO G/AAWIHHUPIIWVK JUDGHYV VKR X
XVLQJ WKH SWRBHDMWHWLRDO ZLWK WKH ORZHU VWUHQJW

YLIXUH
7KH ILOOHW ZHOG RI WKH FROXPQ

7KH IROORZLQJ GDRIDOENKO B VWERHBGRRULOOH

tKH VL]H RI |20 OHWPIWKHGRXW HU G LD P{WIHHRaR| FROXPQ L
PP+2® P P= P PA= P

&DOFXODWLRQ RI HODVWLF VHFWLRQ PRGXOXV

_[(&+23* F &]e_ [(9456mm)* F(9256mm)?] e

32(&+2 3 32(945,6mm) 6,7995 @0"mm

7KH IRUFH DFWLQJ RY WKFRYIGQ® Z RHRHIOT X\OIW LR Q

7KH PRP Hi§VR BREF ¥R UBRTXD W LM,@551,5N M. )REBFWLQJ

RQ WKH SDBRIBIF WLRIEROXF@®OFFRUGLQ@FWR HTXDWLRQ
N17Kd PRPHQSWRRIBWKRUGLQJ WRNMN,TXDWLRQPKH

IRUFH RI \EXH @IKEBOGLQJ WRFK,TXDWNRTKH PIRPHQW

RI WKLV IRUFH DFFRU®ILQJ WR NIRDWLRQ LV

BWUHVVHV GXD @ E H i@ BE-BRRL®IHGE WR HTXDWLRQ

5,5150 @08Nmm + 3,3379 @08Nmm + 1,8932 @08Nmm
6,7995 @0°mms3

e = = 157,2MPa.

,Q WKOGIOHWKZHYW®UHVV FRPSRQHRVROWBRBYPVEH GHWHUPLQH!

N
& = l.= Pcos45° = 157,2 ——co0s45° = 111,2MPa,
mm

DQG
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W o.

6XEVWLWXWLQJ WKHOYDQRARHM YRVHWXDWLRQV

360 MPa
0,8 @25°

¥(111,2MPa)Z + 3(111,2MPa?2 Q

03D O03DWKH ILUVW FRQGLWLRQ LV PHW

WRHFFRGGLWLRQ LV PHW

Conclusions

‘H GHYHORSHG WKH RSWLPDO GHVLJQ RIQEKHHO®XSSRUW
ZLWK D WXEXODU VHFWLRQ WDNLQIHL@WERERAFRXQW WK
VWHHO VWUXFW XAKR WAV IMKGIDREBYY RI WKH FRQVWUXFWL |
IXQFWQRWKH UHVWULFWLRQV LRP DSIUGHWYIXRI U R GV E H QUGN
ZH DOVR WRRN LQWR DFFRXQW WK® WEW HFDNHWMLIRGLRIHW |
VWHHO TXDOLWLHV ZH GRDWRU RLIQH G RIOKH P LQVPXPOO [
RSWLPDO LQQHU GLDPHWHW DIQWOBWODHW&LRN QWKW FRO
DGMXDFAFREGLQJ WR WKH (852&2'( VWDQGDUG
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Comparison of Different Water Tank Leg Cross
Sectionswhen exposed t@ Fire

Méaté Petrik, Karoly Jarmai

Institute of Energy Engineering and Chemical Machinery, University of Miskolc,
H-3515Miskolc, Hungry
mate.petrik@unmiskolchu; karoly.jarmai@unimiskolc.tu

Abstract: The targetof theinvestigaion is a water tank witlan internal volume ol.5 m®.
This pressure vessel is supported by l&@s studycomparedour differentcrosssectiors
of the supportwhenexposed tdire. Different steel grades wergsed for the comparison.
During thefire, the temperatureises cortinuously,and withit, the yield strength of the
steel decrease§ he purpose of the calculation is to deterntiog longthe structurecan
withstandbuckling.

Keywords: pressure gssekupport fire load; budling

1 Introduction

Relatively smallwater tanksare widely usedn industry and househokland
uswally supported by legs. These leg supports are very simple stteetures
They areusually a circular hollow section CHS), rectangudr hollow section
(RHS) orl-section Under normal operating conditions, the load on the leg support
is due tothe mass of the vessel and tlgeiid, which causs a compressive force.
This meansthatthe legmustbe checke for buckling The load on the htom of

the vesselr the sipportenvironmentwhich superposethe membrane stress state
on the shell of th vessel shoull be checked according to the EN 13435
standard.

In the case of fireexposuretwo main featuresaffect the temperaturencrease:
The shape and the materiaf the leg supportThe materialproperties(yield
stress, Young modulusjequiredfor the calculationsdecreasewith increasig
temperature In this present papemdifferent types bstee| structural and pregese
steels have been investigatét]. The othermain parameter is the shape of the
supportmorespecificallytheratio of theperimeterto thecrosssectioral area

Many researchers are involved the investigation ofthe fire load d steel
structures. Silvaet al [2] investigated an-$ectbn usingfinite element method
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(FEM) and compare the resuts for different fire loads (four-sided fire, three
siddl fire). Xing et al [3] investicatedthe local bucklingmechanism of plates.
Andytical and numecal calculationsare established.aim et al [4] and Yanget
al. [5] performed expémentson compressedolumns.They both invesigated
cad-formed I-sectionsand demastratedthe typical failure mechanism with
buckling modesluringcompression load.

2 Mechanical andThermal Properties of theSteel
Grades

2.1 Mechanical Properties

The two imporant mechnical propertiesn the heatransferprocess ar¢he yield
strength androungs modulus of thesteel These valuearehighly dependnton
temperatureasshown in Figure 1.

Mechanical properties
250 . . ; . . 250

e S2350R

g 14301
o= = = =S2350R
200 | SOk o - @ =14301 _[200

150 | B {150

100 | \ 1 100

yield strength [MPa]
7’
7’
Young modulus [GPa]

L L L L L 0
0 200 400 600 800 1000 1200

temperature [°C]

Figure 1
Temperature dependence of steel gréles

2.2 Thermal Properties

On the other handk this casenot only the mechanical propertiésit also thermal
properties,specific heatdensity andthermal conductivityare important These
properties have great influeice on the heat transfeprocesstheir values affect
the rate ofheating In the solid state tempeaturehas no #ect on density its
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value is constarat 7850 kg/m. However,specificheat andhermal conductivity
highly dependnt on temperature andnicrostructure [6]. Thdollowing graphs
show the values athesetwo properties

Specific heat Thermal conductivity

2500

eat [IkgK]

h

uuuu

specific
thermal conductivy [JkgK]

Figure2
Tempeature dependence of the thermal propefigs

The specific heat graplshows that in the case ofcarbon steel, a phase
transformationoccursin the steel structurand value of specific heatincreases
significantly near this temperatur€his phenomeon slows downthe heaing of

the legsin thecaseof austenitic steel, there i® phase changand the valueises

slightly asa function & temperature The thermal coductivity also shows an
interestiy behavior At room temperaturethe themal conduativity of carbon
steelis morethan 3,5 times higher thanahd austenitic steelHowever as he

temperaturgises the value of theabon ste¢ decreasg while that ofaustenitic
will increass. Above 1000°C, the value afusteniticsteelis higher Both thermal
propertieshave astrong influencenthe temperature rise of the legs.

The value of the linear thermal expansion is an important material prdper
strengh. In this case, the two grades of $teehave similarlyjncreasingn value

with increasingiemperatureCarbon steel has a value 0291/K and austenitic
steel 0.33 1/K at room temperature. In this present study, thegtigarwas not
considered, sincao additional collateral load fronmhibited thermal expansion
was assumed.

3 Thermal Calculation M ethod

The lumped heat capacity method was usedetemine thedurationof the load
limit state (the value of tim&shen thebuckling occurs) In fire loadng, heat from
the fireis transferredo thestructuralmaterialby convection andadiation If the
suppors are famg the fire load andthe vessels also faing, the question may
arisewhether the bottom of the vessel should be checkeehigh heatcapacity
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of the filled watercauses the shetemperatureo rise very slowly The water
coolsthe seel, so the present paronly deds with thebucklingmechanisnof the
supportdnvolved

3.1 Convetion and Radiation

In the caseof fire loads, heattrander is by convecton and radiatn. Since tte

velocity is negligible an empirical Nu number ocrelation must be used to
determineWKH FRQYHFWLYH KH D W HgeeQ tté alcuRforl il LFLHQW
cumbersomeand its value is almost neglectalbihen comparedo the radiative

heat transfecoefficient this value is20 WIm?K according to the literatuf@].

For thedetermiration of the radiative heat transfer coefficient, which is much
more decisive in this process, the modified form of St&altzmann lawis used,
which is

HoOH
— 5 D TPt TPtAT, tT tR, 1)
H

t
R H H,  H

s S|

where thdifferent tagshawe the folbwing meanings
e @is the emissivity of the fire], assurng 0.8
* Qis the emissivity of the surface of the suppétgsuming 1.0
» lis the StefarBoltzmann constant (5,67-F0N/(m2K4))
« Tiis the temperature of the fire [K]
« Tsis the temperatre of the leg suppofK]

Eqg. 1 showsthattemperatures vargver time, bumnotin the same way. The fire
temperature was determined using empirical correlation described in 1ISO 834
standard.

T, t 345log, & 1 20°C 2)

In EqQ. 2 the time is givenin minutes, ad T tempeature & givenin °C. Based on
these facts, the total heat flux from fire to legs is

gt gt gt tD t3 T DT § 3)
Each termin Eq. 3dependson the time parameteAt lower tempeaturesthe

convective heat transfer method daaties while at higher temperatureadiation
can takeorders of magnitude higher vakie
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3.2 LumpedHeat Capacity Method

Calculating the transient heat transfer can be difficult, especially for complex
geometies However, inthe caseof leg support, he crosssectioral area doesat
vary along itsaxis so the complex method can besed The simplificationis
basedon comparingconvectionand radiationheat fluxfrom fire to support and
conduction throughhe wall. For this purpose,the heat transfer system is
constructed in a similar way tan electrical network There is a potential
difference between the temperasir@nalogous to the electrical voltage
potentid), which indicaesthe heat flux from the higher temperature to the lowe
temperature (equivalemd electrical current). Theroportionalfactor is the value
of the resistance. The procedure described in the calculaiapplicable when
the Bi number, which is thatio of the resistancess lessthan0.1 [7].

S\Na\l
Bi Rond Qal\ (4)

R‘,OHV }/ . D .

In case when sonsectiors areinvestigated, Eqg. 4 changes to the following shap

Bi % (5)

In Eqg 5,theV/Avalueis a sectia factor, which is theatio of the cr@ssectioral
areato the surfaceerimeterexposed tahefire.

T -O l
T T T T
a) b) | c) d)

The investigated sections
a) kbeam, b) circular hollow section, c) square hollow section, d) Hetlrequéleg angles

Figure 3 shows theectionsunder considerationAll of them arestandardized
DIN 1025 for theams, EN 10212 for circular ad square hollow sectiorend
EN 100561 for equalleg angles.

This Bi number musbe lessthan 0.1.For a higher vhe, tre oulined model
camot be applied If the conditions arefulfilled, the average temperature
increment of the investigatesctioncan becalculatedas follows:
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<>

T
g ps
where s is the density of steel [kgffh ¢ is the specific heat ddteel [J(kgK)],

A/Vis the section factor [1/m]Jis the heat flux (calculatefdom Eqg. 3) and ( is
the time step [s].

q t (6)

o

4 Thermal Calculation M ethod

When a compressivdoad is appliedo along andthin (or slende) rod, there is
always a risk of buckling. The theory wdsveloped initiallyby Euler (1778)to
deal with this phenomenorand wasextendedby Tetmayer. The resutif their
researctwas the bucklingurve shownin Figure4.

ll

Ry Tetmayesstraight,
plastic buckling

Eulerhyperbola,
elastic buckling

Figure 4
The bu&ling curve

The is the slenderness ratio andam be calculatedin the equation below
describing the ratio between the length of the beam and the radmgation:

o £x, (7)
whereK is the effective lengh factor, describing the effect of the supports on
buckling (Lo often symbolizd by the K-L productand representshe length of the
beam after the buckling b is the elastic limit stres&, is the yield strength of the
steel The radius of gration is
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roa (8)

A

wherel is thesecondnoment of inertia of therosssection calculated according
to the axis of the bucklin@ndA is the area of therosssection

The value oK can be seeim Figure5.

“ & 7
N N N N
Yy
Yy Y
K=2 K=0,5 K=0,7 K=1
ST ST777 ST /7é>7
Figure 5

Buckling cases

The purpose of the calculation is taletermine the value oflimi and compare it
with the stress from theompressivdoad. The dassicaltheory distinguishes two
caseof plastic buckling, where the in this caseis betweenand g

lim a bV (9)
wherea and b are material constants. If the is above o then the buckling is
elastic,then the stress limit is

v, 2E (10)

whereE is the Young's modulus dfteel. The last possibility is whenis below
r. In this case the beam isstubby, thereis no ¢tance of bucklingand the limit
stress is equal to the yield strength of the steel.

The classical theory assumthatthe beam is perfectlgtraight the crosssection
is free from deformation andthe resilud stressis 0. Nowadays the buckling
calculations are performed according thfferent standads for example
Eurocode3, JRA, API, AISC etcln this study,calculationshave been carried out
according taeurocode3 part 1 (EN 1993.1.12005).This ssandad considerghe
effect m initial inaccuracythetheorydeveloped by Ayrton and Perry (1886), and
the effect of the residual stresses from the welding, the tlitswsgioped byBeer
and Schulz (1970)These were the first and the seond additions to Euler's
classical theoryThe third andastadditionwascarried out byMaquoi and Rondal
(1978), which resuled in a complex pamaeter descriling the effect of initial
curvature andesidualstresse$8].
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EC-3 classifiexrosssections into fouclassesthe curvesare showrin Figure6:

a) Welded tbeans, wheref,>420 MPa andthe flange platehicknessis
lessthan 40 mm Curve ag)

b) Hot-formed holbw sectiongCurvea)

c) Cold-formed hollowsections, welded boxeamsandweldedl-beams
for buckling around the saxis if the flange plate¢hicknesss less than
40mm (Curveb)

d) Welded tbeams for buckling arourttie y-axis (this is the axis Wwich
is paraltl to the web fate) whenthe flange pate thicknesds less than
40 mm,and I-beams forbuckling aroundhe x-axis when the flange
platethicknesds above 40 mnmoreoverJ, L and T beams and solid
bars(Curvec)

e) Welded tbeams for buding arourd the y-axis whenthe flange plate
thicknesds above 40 mniCurved)

Figure6
The reduction factor as a function of the slenderness ratio

The imperfection factor. is alsogivenin Eurocode3, andits valueis shownin
Table 1.

Table 1
The value of the imperfection factor

Bucking curve ao a b c d
Imperfection factor | 0.13 | 0.21 | 0.34 | 0.49 | 0.76

For the leg supportghe Curve ¢ apples so the imperfection factorfor the
calculationss 0.49.Although theEN 19931-1 standard recommendurve b for
angle steels, this study us€drvec as a uniform arve due to the comparability
of the significantly different geometries.

Thefollowing quantitesshould be introducefibr the calculations:
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E

.o [ (11)
-, 0
o0 — 12
) 12
According to the standarthe net step is ¢ calculae thefactor -
/ta 1" " m2 0" (13
The buckling factor:
F—r (14)
e
The inequaliy of theverification process
F
" Vv id (15

The maximal value offis always 1, and it is below 0.2as $1, thenthe beanis
squat and there is no e possibility ofbuckling The equationsare valid for
crosssectionclases 1,2and 3 but not for class 4. Theeslasses are

Class 1: Those crosssectionswhich can formthe plastic joint with the
rotatioral capacity requiredy the plasticanalysis withoutoss of
the resistance

Class 2: Those cross-sectionswhich are capable of formingtheir plasic
momentcapacty but have limited rotatioal capady dueto local
buckling

Class 3: Crosssectionsin which, assuming an astic stressidtribution, the
stress in the extreme comegsve strength ofte steel structure can
reach theyield strength, but local buckling may prevent the
development of plastic moment resistance.

Class 4: Crosssectionsn which bucklingoccuss in one or more parts of the
crosssectionbeforereaching the yield potn

For crosssectionClass 4 the effective area is uséastead ofA in equation (6)
The calculation method is described in EN 1993.1.5 200&. calculationsre
performedunder the assumption that thgess can reach the yighdint without
local budling.

4.2 Buckling during the Fire Load

In the calculdions, theyield strengthand Young's modulusmustbe calculated at
a given temperaturdue tothe fire load Eurocode3 does not iye anexact value
for theyield strength at a givelemperaturginstead,it uses a factork multiplied
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by the yield strengthwhich is given 520 °C. The value of the factorare show
in Table 2andaregivenin EN 1993.1.2.

Table2

Values of the modification factors

The redution The reduction| The reduction| The reduction
factor of factor of the factor of
Steel factor for the ; . .
. Young's yield strength Young's
Temperature| yield grengthof
1.4401 steel modulus of of carbon modulus for
) 1.4401 steel steel carbonsteel
20°C 1 0.05 1 1
100°C 0.88 0.04 1 1
200°C 0.76 0.047 0.807 0.9
300°C 0.71 0.045 0.613 0.8
400°C 0.66 0.03 0.42 0.7
500°C 0.63 0.025 0.36 0.6
600°C 0.61 0.02 0.18 0.31
700°C 0.51 0.02 0.075 0.13
800°C 0.4 0.02 0.05 0.09
900°C 0.19 0.02 0.0375 0.0675
1000C 0.1 0.02 0.025 0.045

A linear interpolation between thvalues of the factors at a given temperature is
used. The interpolation equation is as follows:

T T .
ky Tz 'I'1 k)’z le Kfl (16)
In the equationT is the temperaturat which the calcubtion ismade ard it is
betweenT; andT,. At thesetemperaturetheyield strength an®ounds modulus

aregiven;these values arepresentetby ky: andky,.

The huckling calculationsvith the edudion factorat theelevated émperature are
asfollows. The ¢ slenderness ratio at a given tenmptire is

Ky

— 5 Ky
T kE

(17)

where the © is the slenderness ratigiven by Eq. 10, ky is the yieldstrength
reducton factor, andtheke is theredudion factor of theelasticmodulus

The . modification ratio(this is similar to the(factor in case of buckling):

D 0.65 235fM Pa
y

The reduced Jae ofthefactor 3

(18)
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TM% 1~ D 2 (29

The modifiedreduction factor:

1

K —— (20)
At elevatedemperaturs, the limitfor bucklingis as follows:
L Vo f, KA (21)

This factorreduceghe dlowable gress onthe support. This value is a function of
thetemperaturgwhich is a function ofime, just as the yield strength efeelsis a
function of temperature and time. Thelationshipbetweentime andtemperature
is given byEq. 2 When the two curvegield strengtkitime andlimit stresstime)
cross this pointis the point of cdapsedueto the buckling

5 CasesStudied and the Results

This section contains the results of the investigations. The lumped aesfietr
anaysis was seto the following functions:

X Materil propertesof the leg (which can b8235JRcarbon steel gradar
austenitic 1.4301 steel grade)
x Crosssectionof the leg §hownin Figure 2)

Geometic dimensios of the sections (diameter, height, width, wall
thicknes}

Thelength of tte legswasthe @me,1000mm, and the diameter of the plate pads
was also constanat 140mm. This present study compares the effect of the eross

sedion of the legsinderfire load for astandardvater \esselkothat allother parts
of the vesselare identical to notaffectthe esults.
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5.1 TheInvestigated Vessel

L¢yi=2000 mm

Lieg=1000 mm

d;=140mm -

d,=750 mm

De=1000 mm

Figure7
Schematic drawing of the investigated vessel

Figure 7 shows the geomietrdimensionsof the investigated water vessel.
The vesseis made of P235GH stegrade, which izongant thoughoutthe cass
(andhasno effect on the buckling of the legs). The external diameter is 1060
the height is 200éhm, the ends arthorisphericabnd are related to DIN28011
standard and the nominal wall thickness igv8n. With these di, the weidnt of
the vesskis 550kg, the volume of the vessie 157 m®, andthe weight of the
water is 1570kg. While three legs were investigated, the forcen one lg was
6935N. This load was also constdiort all leg crosssectiors.
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5.2 Results

5.2.1 Circular Hollow Sections

DN40 tube ¢48.3x2.6 mm)

o 52350R steel rade, CHS 0t 14301 stcel grade, CHS
0 X 1000 w X 1000

9 %0 B - 900

, o , o
. w . w
z ER £
£ w § 3 o

%0 a 0
1 0 1 0
o o

Figure8
Forcetime diagrams for DN40 tubes

DN50 tube @60.3x2.9 mm)

S2350R steel grade, CHS . 14301 steel grade, CHS

0 X 1000 0 X2 1000
- w
g H
2 w0 § -
N 0 £ 3 0
-
-
. .
o 600 1200 1800 2400 3000 3600 o
oM
Figure 9
Forcetime diagrams for DBO tubes
DN65tube (@76.1x2.9 mm)
w0 . .
z w B = sw o B
E w § £ w §
H
300 3 300 .

Figure 10
Forcetime diagrans for DN65 tubes
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5.22  SquareHollow Sections

40x25 mm

© 2353 stol grace,SHS o 14301 st grade, SHS

0 X 1000 w0 X 1000

. a0 s -

. ™ . o

o , 0

. w0 . w0
z ° 500 =z R
H

s - B o

’ o 800 1200 1800 2400 3000 »JU“ ° 0 600 1200 1800 2400 3000 3600
e ] ime s

Figurell
Forcetime diagrams fod0x2.5 square hollowestions

o S2350R seel rade, SHS 0* 1.4301 steel grace, SHS

9 %0 o 900
o 0 8 a0
6 &0 6 a0

s s 50 s

g 4

£ w0 € .
3 x0 3
2 20 2 E
o o o o

o o 1200 1500 200 000 00 0 ) 1200 1900 2400 00 500
mes) mes)

Figurel2
Forcetime diagrams foB0x2.5 square hollowestions

60x25 mm

10 X 1000 10 X 1000
. - ,
. w .
: s L w §
¢
. w0 . o
et et

Figurel3
Forcetime diagrams fo60x2.5 square hollowestions
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5.23 SquareHollow Sections
180 secipn

S2350R steel rade,  secton . L4301 seel rade, 1 secton

w x _00000000000000000O0O0OOOOO0O0O0O0O0O0OoO@@@000@ _wm 10 X 1000
. o . o
. - . o
- o
. w0 . o
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: o
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o @ o ) 3 o = > =
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Figurel4
Forcetime diagrams fol80 sections

1100 sectim

« S235)R steel grade, | section X1 ‘ 1.4301 steel grade, | section
z * I z w T
. - . |
Figurel5
Forcetime diagrams fol 100 sctions
- . ‘S2350R steel grade, equal leg angle . o X0 ‘ 14301 steel grade, equal leg angles.
. w0 .
.
e L O 600
z w g s w T
w0 3 300
= 0 ERAN 200
.
e e o 800 1200 1800 2400 3000 3600
ot

Figure16
Forcetime diagrams foB5x4 mmequal leg angles
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40x4 mm

0 X 1000 0

14301 steelgrade, equalleg angles

9 %0 o

force ]
force IN]

Figurel?7
Forcetime diagrams foA0x4 mmequalleg angles

45x4.5 mm

0 S2350R steel rade, equa leg angie 0t
0 X 1000 0 1000

force IN]

force ]

Figurel8
Forcetime diagrams fod5x4.5 mmequal leg agles

0 S2350R steel rade, equa g angie ot 14301 steel grade, equalleg angles

force [N]
force [N]

o 00 1200 1600 200 000 00 o

Figure19
Forcetime diagrams fo60x5 mm equal leg angles

From Rgure 8 to Figure 19he red lines are tHerces in the legs, the yellow lines
are the forces in the shedindthe greenihes are the buckling limits. Thebelong
to the leftaxis. The black a@shedlines are the fire temperaturdbe red dashe
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linesare the temperature of the legsd thesdelong to the right axis. It is clear
from the figureghat austenitisteels argreferablen all casa, but the us of this
gradeof steé is not recommended his depends otthe steel grade of the vets
If the vesseis madeof carbonsteel, the reiforcing plae and the leg shoulalso
be made ofcarbonsteel In the caseof austeniticvessed, both shouldalso be
austenitic The explanation is the difficultyelding the two types of steel grade.
Making a nixed carbonraustenitic weld is alsdifficult, andthis weld will likely
betheweak poin of the device.

Furthermore,hollow sections aremore favorable than open sections. This is
becauséhollow sectionshave the smallest sectidiactar, so thatthe tenperature
dependence will béhe slowest inthese hollowsections.The section factors will
be much higher for-$ectims or equalleg sectionsThesewill reachthe buckling
limit fastest From Figuires14 and 15I-sections seerto bethe soluion but note
that theyhave a much larger csssectioral area aswe used standard sectigrod
which these were the smallesiThe following, Fgure 20, simply compares these
sectiors according to thir degree of heatin@].

1000

90 |

temperature [C]

L L L L
0 600 1200 1800 2400 3000 3600

time [s]

Figure 20
Comparison of section factors

5.25 Buckling Time

Figures 8419 show the load @ the legs, the bucklinginhit of the leg andthe
temperate of the fire and theg suppot. At this point, the temperature of the
vessel andhe water init were not calculatedecause the Ia&ively high value of
the specific heat of the wateould cool the shelltemperatureThis 1-hour period
is not long enoughto cau® considerable mblens inside thevessel (high
temperature, high value, phase change or BLEWEch is the abbreviatiofor
boiling liquid expandingvapor explosior). The following table shows the time
interval atwhich the bucklingoccuredand the crossection areaassociated ith
them.
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Table3
Comparison of the buckling times

S235JR 1.4301 crosssecton area
CHS
DN40 1214s 3509s 3.73 cm
DN50 1775s 3600+s 5.23 cm
DN65 2802s 3600+s 6.67 am?
SHS
40x25 1166s 3482s 3.75 cn}
50x2.5 1394s 3600+s 4.75 cn}
60x2.5 2074s 3600+s 5.75 cn}
| section
180 2291s 3600+s 7.57 cn}
1100 3600t s 3600+s 10.6 cnd
equal leg angle
35x4 547 s 2207 s 2.67 cm
40x4 664 s 2596 s 3.08 cnid
45x45 868 s 337 s 39 cn?
60x5 1655 s 3600+ s 5.82 cm

It is clearfrom Table 3that austeniticsteel isin all casesmore favorablehan
carbongeel, evenif the yield strengtlat room temperature is lowdn practice,
CHS sections are thmostcommony used sincethe vesselsare connectedwith
pipelinesand the leg support coulde madefrom the remais of thesepipes
I-sectionshould be used for higher vessels and other steel structures, veujlel
leg angles are the weadt sections. Byididing the huckling timeby the aea of
the crosssectionfor nearly egal crosssectiondor carbonsteel,the results aras
follows.

Table4
Comparison of the effectiveness offdient sections
CHS SHS equal right angle
secton DN50 60x2.5 60x5
t/A 33942 s/cnd 36069 s/cnd 284.36 s/cnt

Conclusions

Based on theexperimentalstudy on different leg sectiors of the water tank
exposedo elevated temperatiggas described earliethe following conclusions
can be draw:

X Thesmalkr the crossedional view factorexaminedthe slowe the raw
material heas up. This implies that the hollow sectiors are more
favourable tharthe opensectionsand that the rate of heating can be
reduced by the applicatiori some protedte material(paintings, hollev
encasement, therd insulation,andthermallyfoaming pant).
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x In case of bucklingit does not matter how the foot westalled it will
bendalong ts weakest axisin this respect, theircular hollow sections
(CHS) and square hollowsections(SHS are the bestas tlese do not
have protuding axes

X In the function of the steel structyure¢he temperaturdependent
mechanical propertiegary differently. In this respect, austenitic steels
are much more suitable to withstand fire lioad

x Using themahematical malel presented, we can gigevery accurate
predction of the expected failur&®y drawing upa protection plan, we
can guarantee \idh protection devices are recommendedfor fire
penetration
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