Chapter 4. Development and Validation oFE model

4.1 Introduction

This chapter presents the development of the detailed finite element 1Beketionof
both material and geometric proped has been described in detail. Selection of element in
detailed FE model analysis has also been justifiétis chapteralso describes the details of
validation of the finite element model (FE model) by comparing the results from-sjaasi
experimental program with finite element analysis resile developed detled FE model is
used to studyeveralmulti-storeysteel plate shear waditructures.Static and dynamic results
obtained fronthedetailed FE model are used for validation of simpligegiivalent bracenodel

in chapter 6

4.2 Finite Element Modeling Technique

For detailed thredimensional Finite Element Analysis (FEA), standard available
commercial packag@baqus (Hibbitt, 201)Lhas been used. Abaqus is one of the most popular
finite element modeling softwasavhere detailed modeling can be easily caroed using its
pre-defined material models, element library and solver techniques. In the current scenario owing
to buckling of thin plates, severe geometric #iaearity is expected. Also, material nron
linearity is unavoidable to make this study compl@teus, with so many complexities in ron
linearity convergence problem is expected. Severe convergence problems have also been

reported in published literatureM¢hammad et al.,, 2003 Abaqus has both the option of
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carrying out Explicit or Implicit analis. Abaqus/Explicit is at times used to escape the
convergence problem. With proper control on kinetic energy, the explicit approach can be used
for quasistatic loading analysisBhowmick et al., 2010 In Abaqus/Explicitinstead of using
iterative methd, central difference method (which is conditionally stable) is used. However, the
time increment needs to be extremely small to achieve reliable reBtwifick et al., 2010

Also, if stiffness damping is included then the situation worsens. SoyfibdqugStandardin

which the solver follows implicit formulation, with quastatic loadingwas chosen for the
analysis. The method uses the HilbtrghesTaylor operator, which is an extension of the
trapezoidal ruleHilber et al., 1978 This operatois unconditionally stable, which is of great
value when studying nonlinear structural systems. With implicit time integration, sometimes it is
difficult to obtain a solution for a static analysis when the system is highly nonlinear. However,
nonlinearites are usually more easily accounted for in dynamic analysis than in static analysis
because the inertia terms provide mathematical stability to the system, making the method more
robust. In the implicit dynamic analysis, to have reliable results, at exgogmnatic time step
increment the work done by the external forces were nearly equal to the internal energy of the
system, whereas the kinetic energy remained bounded and Ardalailed description on each
individual items of the modeling technique ds®r this study in Abaqus has been described
through the set of subtopics. This three dimensional modeling is regarded as the detailed FE

modeling which is highly accurate but at the price of excessive computational time consumption.

59



4.2.1 Geometry and initial conditions

Attempts have been made to construct FE models dhatclosely represent some
available experimental studieghis has been done talidate the models and then use them for
further studies. For validation, the geometric dimensions and otrexall experimental
environmenthave been maintaineds close to real experimahsetupas possible. The fish plate
required in practical experimentation for connecting the thin plate with the boundary has not
been considered since their influence irer@a¥ structural strength is almost insignificant. In
practice it is almost impossible to have a perfect geometry. So, in the model some imperfection
in geometry was required to be added. This initial imperfection for the FE model was introduced
by the debrmation due to the first buckling mode of the plate due to similar loading conditions.
For multistorey structures imperfection was assigned based on the buckling shape of the first
mode of every plate i.e. instead of assigning a particular imperfectiore ¥o a plate set of
imperfection was assigned for plates at every storey. The magnitude of initial imperfection in all
cases is assumed tm®e two times the thickness of the plate being considered. Some other
imperfections close to thigalue have beerested to have no significant impact on the output
pushover curves. So, for all the models an initial imperfection of twice the thickness of infill
plate is considered. Also, study with no imperfection assigned to plates showed slightly higher
initial stiffness but a sudden fall of stiffness was observed when the plate suddenly starts to
buckle under higher lateral loads. This study of initial stiffness without imperfection i.e. without

any geometric notinearity will be required for making a parametriady on SPSW systems.
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4.2.2 Element selection

Abaqus provides a wide range of element selection options and user defined element if
the standard element library does nwave the elementrequired Since, the expected
deformations of the plate can be best cagatby shelelement,generalpurpose four node shell
element (Abaqus element S4R) with reduced integration has been chosen from its library. Finite
member stains and large rotations are accounted for by the shell element. It has six degrees of
freedom dahed in its global cerdinates (three translations and three rotations defined along
the X, y, z axes). To report the strsgin component default local directions are usegufe
3.1). These local directions rotate with average rotation of surfdeepdsitive normal for these
elements are usually given by right hand thumb rule. The top and bottom surface of the shell
element is defined by the positive and negative direction of the normal respectively. This
element has the capability to model botim thnd thick shell behavior i.e. under given conditions
it can handle both Kirchhoffds <classical pl af
S4R element is based on an-marametric formulation which indicates that the same shape
function is usd for interpolation of displacement fields. It uses one integration point on its mid
surface to form the element internal force vector. The number of integration point along the
thickness is chosen as fiv€igure 4.1), which is also the default value fdinis element in
Abaqus. With fine meshing the chance of local distortion of elements become negligible, so to
have less number of iterations with accurate result reduced integration elements are used. This
element has been used not just in developingrifiéplate but also for the flanges and webs or

boundary beam columns.
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4.2.3 Material properties

Abaqus offers a wide range of options on the type of material to be defined. For
validation of the test results, material properties used were as described by the tension coupon
test results reporteid the original research. For other analysis, a theoretical giesttc stress
versus strain curve was adopted. However, the stress and strain data reported for any experiment
is usually engineering stress and engineering stain based on the initsaseotisn and initial
gauge length of the coupoAbaqususes true stress or Cauchy stress and logarithmic strain for
stressstrain formulation, regardless of the type of analysis bdimge True stressiue) and
logarithmic plastic strain®((}) can e obtained by using the relations indicatedguation4.1
and Equation4.2., respectively. The VoMises yield criterion with associated flow rule was
used in the analysis. For the monotonic pushover analyses, a nonlinear isotropic hardening model
was ugd. Additional to the defined materialsprf dynamic analysis the densityeeds to be
defined Since, to account for the masslditional masseare defined in dynamic analysis so,

densityof materialwas kept sufficiently low such that the final results aot affected by it.
lojtrue = lo'Inorm(l + Loilorm) 4.2)
pll:h = In (1 + Lvorm) T (Cltrue/ E ) (42)

where,E is the modulus of elasticityiom and Gom are the respective nominal stress and strain

obtained experimentally.
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4.2.4  Analysis controls

Displacemat control solution strategy is usually preferred for static analysis of SPSW
systems. For pushover analysis, where the objective is to find the stiffness and capacity of the
shear wall, the desired displacement is applied in steps as boundary at thg po@at. To make
correct estimation of the capacity, the solution strategy should be able to trace response at and
just more than the limit point. Since, load displacement is almost flat near the limit point so a
very small change in load will result imrge change in displacementith a load control
scheme,sometimes it is not possible to obtain the complete pushover curve including the
descending brancihusa displacement contra@nalysis scheme is adopted for all the pushover
analysis. For cyclic analysis the total drift of the structure is increased by integer multiples of
drift when first significant yielding is observed. With load control capturing the yield points and
achieving the correct drift is almost impossible once the elastic limitsxaeeded. Within
elastic limit however, load control strategy would make analysis faster. Both cyclic and
pushover analysis was carried out in St&eneral module of Abaqus with defined smooth step
amplitude for the displacement control point. Also, woid local effect at loading points the
load was distributed to three adjacent nodes. This was done by connecting the loading nodes to
an external reference point, located very close in the lateral direction, by rigid bearpomuti
constrain. Abaqus/$&ndard allows the application of acceleration as a boundary condition.
Releasing the support condition in the direction of application of ground motion and applying the
scaled acceleration data of selected ground motion would finally achieve the respunse

history for the concerned structure. Dynamic Implicit analysis was used for time history analysis.
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Frequency analysis was carried out on rmtibrey structures before a response spectrum

analysis with hazard spectrum.

4.3 Validation of detailed FE models

The finite element model developed has been validated by comparing the results of the
available testsAs, already reported in chapter 2, very fexperimental tests have been
performed with lighigauge steel plate shear waleilson (2010, Kharrazi(2009 being two of
those people who performed experiments with single storey-damige SPSW systems.

Ne i | sneestiation was mainlgoncentrated on the development of welding technology for
working with lightgauge SPSW systemkharrazi (200% studied lightgauge SPSW systems
using HSS sections for columns to avoid local failure. Both the tests conduct€ubbpzi
(2005 and Neilson (2019 have been used for validating the detailed FE madeeshover
analysis has been carried out and the regulturves are compared with the experimental ones

already reported. These validated models have been used for further studies.

The specimen designed based on CAN/CSAISQ6 was tested byeilson(2010. The
objective of his work was td\eilson (201Q investigated the behavior under cyclic load
displacements of a large scale steel plate shear wall with a thin infill plate welded to the
boundary frame using fish platielore stress was given on the development of suitable welding
technologydevelopmentThe size of beams and columns were so chosen that they were capable
of developing the full tension field in the plate at the same time do not impart additional lateral

stiffness to the system. The specimen tested\Nbijson was modeled in Baqus using the
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detailed FE modeling technique already descritdddterial properties are choselentical tothe

one reported by the tension coupon test I n
380Mpa and that of thin infill platas 275MPaHowever, the engineg stress and strain were
converted to true stress strain as already described in chapidiBonally, an imperfection of

2*b (= 1.96) whereb is the thickness of the infill platevas usedAs in the test, displacement
loading has been applied tlugh the center line of the top beam level. The displacement was
increased to a maximum value of 70 mm as obtained from the envelope of hysteresis curve of
physical test. The geometof the test specimen was presented earlier in Chapter 2 (Fig. 2.10).
Figure 4.2 presents tha~E element mesh of thepecimen tested bieilson (2010. The
measured (as obtained from physical experimentation) and predicted (from FEA) base shear
values are plotted against the storey driftsFigure 4.3. The figure indicates thahe finite
element model predicts the initial stiffness and {yosid response of the shear wall very well.

The ultimate capacity of the specimen is over estimated by less than 2%.

Figure 4.2: Meshed geometry of detailed FE modéNeilsord €010)specimen
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Kharrazi (200% tested two single storey SPSWs (designated as DSPW1 and DSPW2)
with light-gauge infill plates as described in more details in chapter 2. Instead of using W
sections for their columngiollow Steel Sections (HSS) were used. The primary reason for this
was to avoid local buckling. However, for beamsséétion was used. A monotonic pushover
analysis was conducted with a lateral load applied along the dieretesf the top beam. As
earlier, initial imperfection oR*b (=1.4mn) was used. For both specimens, tension coupon tests
were conducted and the exact material properties were obtained. For-D8fWield strength
of the thin plate was considered as 200 MPa and for D3Pihe yieldstrength was 150 MPa.
The material properties obtained by physical experimentation have been used here for
developing the FEA model. The displacement of a nodmtevel was monitored and the
analysis was terminated when the maximum lateral defleb@#srreached 115mm for DSPW
and 95 mm for DSPW2, obtained from the envelope of hysteresis curves of the physicéloest.
failure criterion for the model was defindeélgure 44 presents the pushover curves generated for
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both DSPW1 and DSPW2. For botpesimens (DSPWL. and DSPW2), the analysis results
show excellent agreement for the initial stiffness. For DSEWhe ultimate capacity obtained
from the experiment agrees well with the FEA model. However, in DSPW1, the FEA model

underestimates the capgcby a maximum of 3.4%.
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4.4  Design of multi-storey structures

Fourstorey, sixstorey and tesstorey buildings are considered here to evaluate the
performance of the proposed daing technique for SPSW systems. All buildings have identical
plan with a total plan area of 2014°mnd represent hypothetical office buildings which are
assumed to be located in VancouvEne plan of the building and location of gravity columns,
beamsand SPSWs are shown kiigure4.5. The building has two identical shear walls to resist
lateral forces in each directi@andthus each shear wall will resist one half of the design seismic
loads. For simplicity, torsion is neglected. Each shear wall parveb m wide, measured from
centre to centre of columns, and has an aspect ratio of 2.0 (i.e. storey height of 3.8 m). The
building is assumed to be founded on soil of site class C accordMiB@& 2010 A dead load
of 4.26kPa is used for each floor ahd 2kPa for the roof. The live load on all floors is taken as
2.4kPa and no live load is assumed for the roof. The nominal yield strength and the modulus of
elasticity of steel used in the beams and columns are assumed to be 350 MPa and 200000 MPa,
respetively. Steel plates used here are assumed to be similar to the specimen téstdddoy
(2010) which has yield strength of 173 MPa and the modulus of elasticity of 210000 MPa. Test
results have shown that welded shear walls have a very high dudtilitg, a ductilityrelated
force modification factorRy, of 5.0 and an ovestrength force modification factdR,, of 1.6 are
used in the design of the liggauge shear walls. The equivalent static lateral loads due to the
design seismic event have besmmputed using the seismic provision MBCC 2010 (NRC
2010) The lateral forces determined for eaektdrey shear wall are52.1 KN, 304.3 N, 456.4
KN, and 212.8 i at the ¥ storey, 2% storey, & storey and roof respectively. For thes®rey

SPSW, the lateral forces were determined as 106\, 210.2KN, 315.4KN, 420.5KN, 525.6
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KN, and 220.6KN at the 1st storey, 2nd storey, 3rd storey, 4th storey, 5th storey, and roof
respectively. For the 16torey lightgauge SPSW, the lateral forces were aeteed as 46.5

KN, 93.1KN, 139.6KN, 186.1KN, 232.6KN, 279.2KN, 325.7KN, 372.2 KN, 418.7KN and
162.7KN at the 1st storey, 2nd storey, 3rd storey, 4th storey, 5th storey, 6th storey, 7th storey,
8th storey, 9th storey and roof respectivé&ynce thee are no design guidelines for design of
light-gauge steel shear walls, for this research, the-fighge shear walls were designed
according to the capacity design concepts used for conventional ductile SPSWs. Thus, boundary
members are designed to deyelfull capacity of lightgauge infill plates. The probable shear

resistance of the wall,c is given by (CSA 2009):

V,.=0.4 FbLsin2a (4.3)

whereb is the infill plate thicknessy is the bay width;a is the angle of the tension

field developed in the infill plate and is obtained from CAN/CSF6-09.

Table 4.1: Details of structural elements forsforey, 6storey and 1&torey SPSW systems

10-storey wall 6-storey wall 4-storey wall
Storey _Plate Plate Plate
thickness Column thickness Column thickness Column
(mm) (mm) (mm)

1 5 W360x900 3 W360x744 2.75 W360x634

2 5 W360x900 3 W360x744 2.5 W360x634

3 5 W360x677 2.75 W360x382 2 W360x382

4 4.5 W360x677 2 W360x382 1 W360x382

5 4 W360x509 1.5 W360x262

6 3.5 W360x5® 1 W360x262

7 3 W360x463

8 2.5 W360x463

9 1.5 W360x463

10 1 W360x463
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The boundary members are designed accordir@S&-S1609 (CSA, 2009 to develop
the full capacity of lighigauge infill plates. For-4torey and &torey shear wis (Figure4.6), a
beam sizef W610x372 hadveen selected at the base of the walls to anchor the forces developed
due to the yielding of the bottom storey infill plates and for all other storeys, the beam section of
W460x158has been utilized. For the -Borey structure the base beam is selected as W690x419.
From first to sixth storey the beams are W610x372 and the top four storeys have W460x286
beams.CAN/CSA-S1609 (CSA, 2009 also has provisions for the stiffness of the columns to
ensure the developnt of an essentially uniform tension field in the infill plaiable 4.1

presents the final columns sections and plate thicknesses for the four, six and tehgstisrey

gaugeSPSWs.
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4.5 Selection of ground motion

The hypothetical buildings have been assumed to be located in the region of Vancouver,
Canada. To carry out time history and response spectrum analysis, the paztmhs for that
region provided in NBCC 2010 has to be considered. Also, the set of ground motions selected
should be compatible with the defined hazard spectfmmund Motions Records (GMR) has
been selected from the database of real earthquake res@itible at th&€€anadian Association
for Earthquake EngineeringNaumoski, 2008 NBCC 2010 andFEMA356 recommend a set of
minimum seven ground motiort® be considered for analysis if the average value of each
response parameter is used in desigrthoge different records are enough if the maximum
response is selected. So, eight historical crustal ground motion records are sékuied.Z)
with all having magnitude in between 6.4 to 7.6. For the selected ground motions, the ratio A/V
(A, peak accelation in scale of g and V, peak velocity in m/s, where g is acceleration due to
gravity in m/$) are within range of 0.8 to 1.2 which is close to the A/V ratio expected for an
earthquake in VancouveN&umoski et al., 2004 Other than ground motion recordimber#2,
#3 and #6, which are ground motions on rock, all others correspond to soil type C (according to
the shear wave range specified by NBCC 2010). Sintatahof eight ground motionsvhich
are more than requirechave been used in this studg modifications has been dorte ground
motions on rock type of soihlso, their shear wave velocitiese in close proximity to the shear
wave velocity forsoil typeClassC. The selected GMRare scaled to match thumiform hazard
spectrum of VancouveFigure4.7) over a period of 0.2T to 1.5T (where T is the fundamental
time period of the structureuring inelastic behavior, stiffness of the structure degrades and the

period of the building may exterathd thughe upper limit of the hazard spectrisrincreased up
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to 1.5T. For scalingheresponse spectruof each GMR, th&eismoMatcl{Abrahamson et al.,
2009 software has beemsed.Further details on the selected ground motion characteristics are

given inAppendix |

Vancouver

Spectral acceleration (Q)
o
I

Peri%ds (sec) 1.5

Figure 4.7: Uniform Hazard Spectrum fafancouver NBCC 2010

Table 4.2: Description and peak ground motion parameters for selected ground motions

Rec. ) Max. Acc. Max. Vel.
Earthquake Date Mag’ Site
No A(g) V(m/s)
Imperial Valley May-18,
6.6 El Centro 0.348 0.334 1.04
California 1940
Kern County Juk21, Taft Lincoln School
7.6 0.179 0.177 1.01
California 1952 Tunnel
Kern County Juk21, Taft Lincoln School
3 7.6 0.156 0.157 0.99
California 1952 Tunnel
Borrego Mtn. Apr-08, San Onofre SCE Powe
4 6.5 0.046 0.042 1.1
California 1968 Plant
BorregoMtn. Apr-08, San Onofre SCE Powe
5 6.5 0.041 0.037 1.11
California 1968 Plant
San Fernando Feb. 9, 3838 Lankershim
6 6.4 0.15 0.149 1.01
California 1971 Blvd., L.A.
San Fernando Feb. 9, Hollywood Storage
7 6.4 0.211 0.211 1
California 1971 P.E. Lot, L.A.
San Fernando Feb. 9,
3407 6th Street, L.A. 0.165 0.166 0.99
California 1971
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4.6 Time History analysis with detailed FE model

The designed foustorey and the sigtoreyhavebeen subjected to time history analysis

with detailed FE model with|\shedlement in Abaqudetailed analysis on the performance of
the ductile SPSW structwses discussed ichapter7. It is worth mentioning that with an average
efficient computer and @se mesh takes few days drtanes weeks to complete the time
history analysis with a set of eight selected and scaled ground mosansnalysis of the ten
storey was intentionally avoided\with this detailed FE model. A simplified model developed in
next chapters used to analyze the\tetoreylight-gauge SPSWThe timehistory graphsKigure

48 to Figure 4.23) obtained fromthe detailed analysis will not only be used to test the

performanc systems but algglittate the simplifiedbracedmodel.
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(b) Top Displacement

Figure 4.12: Response of-4torey structure from Abaqus for Earthquake Re&b6r

4000 -

3000 - o

(KN
S
8

I |: l: . I'I .
51000 - TR
[3] |'|I‘I ::I:II::'II: I‘II:‘I A .
8 ‘. ’“‘:I:II :','::l ' :I‘I :: ,"I .': |,", :.\’ll B ,”u . A R
o 0 “."vl',' -.‘I,'\u“'"':::I:;;::.:”“‘I 4, \ o \|| :n A 2 \‘\’ . \/l VI v B T N !
3 0 dnmda N 20 30 40 50
21000 - RN i
y! 0 v y
N :|
-2000 - b
-3000 - :-E '.‘: ————— Plate model-Abaqus
H 1}

-4000 - _
Time (s)

(a) Base Reaction



60 -
i
§oo
L
40 - :: ::
E non n
< 20 - :'. :': i .:“‘
c danh A I TR
2 N R
= |"I|n|'||:|ll:l:l,|| I T N W
8 LR, R II/‘:'.‘."\ NV A DA A
R 0 A ”‘\"'l;ll:lu‘l:l::i::llll:: ' ’1" ',I n '”'llln‘,'“I "‘,‘ '\,' ra H" KAy Vi W )
g 0 dndQu L 20y g 40 50
a R I '
. ,:.'l:: :. ] .:.:
-20 - b O
o
l|f ‘
-40 1 e e Plate model-Abaqus
-60 - .
Time (s)

(b) Top Displacement

Figure 4.13: Response of-4torey structure from Abaqus for Earthquake Record#6
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Figure 4.14:

(b) Top Displaceme

Response of-4torey structure from Abaqus Ter Earthquake Record#7
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