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Abstract—Composite steel shear wall is a latd@dd resisting
system which consists of a steel plate with coecvetll attached to
one or both sides to prevent it from elastic buakliThe composite
behavior is ensured by utilizing high-strength &olThis paper
investigates the effect of distance between balid, for this purpose
14 one-story one-bay specimens with various bgiacisg were
modeled by finite element code which is developgdHhe authors.
To verify the model, numerical results were comganéth a valid
experiment which illustrate proper agreement. Resulepict
increasing the distance between bolts would imprthes seismic
behavior, however, this increase must be limitesbase of large
distances will cause widespread buckling of thelspdate in free
subpanels between bolts and would result in no orgmnent. By
comparing the results in elastic region, it walsserved initial
stiffness is not affected by changing the distance.

Keywords—Composite steel shear wall, bolt, buckling, finiten

element.

|. INTRODUCTION

A. Arabzadehet al. studied extensive experimental of one
and three-story composite steel plate shear w&lSPEW).
The results depicted a proper agreement for thenmeended
values of (b/t) by an AISC code for preventing elatickling
(b is the spacing of bolts) [4].

In the case of both-sided concrete having conaptboth
sides of the panel, XB. Mat al. suggested an equivalent
simplified model, based on eccentric cross-braciuglel, for
this composite system. Generally, using concretbath sides
of steel plate would improve system behavior, altfoit is
uneconomical than the one-sided case [5]. Furthexmgsing
high-strength concrete would reduce the damageQ@dver,
although it would not seriously affect the strength the
system [4]. Attaching concrete to just one sidettaf steel
plate would provide a kind of buckling problem name
contact probleth in which the plate is restrained in the
direction of the stiffeners, but free in opposi®e. Seide was
the first researcher to study this kind of problemho
achieved about 33% increase in compressive bucktieggth

OMPOSITE Steel Shear Wall (CSSW) is a developedf a simply-supported long plate, by using rigichstaints

orm of stiffened steel shear wall, in which corereover
is manipulated instead of metal stiffeners. Thisarete cover
must have a minimum longitudinal reinforcement aatf
0.0025 which is necessary for controlling out-cdnm
displacement of the system under cyclic loading fidwever,
the limited thickness of the cover implies that ecunfining
shear reinforcement would be applicable. The frgmihthe
system is also prepared by using relatively stéais and
columns. The experimental project carried out byAstaneh-
Asl, and as well his project is the most importaark in the
field of CSSW system, so the aim of the project wasest
traditional and innovative CSSWSs cyclically (undeyclic
loading) and to propose seismic design recommetiatiThe
difference between traditional and innovative wallas the
presence of a gap around the concrete cover itatter one.
Results demonstrate that this gap leads to a mootilel
behavior [1]. Another investigation on the behavwdiICSSW
system has been conducted by F. Hatami and A. Rahaih
includes both numerical and experimental workq32],These
researchers finally proposed a formula for optimihiokness
of concrete cover [3].

A. Ayazi is with the Department of Islamic Azad WMaeisity Shahre-Ghods
branch, Iran, (phone: +9802146896000; fax: +980828600; e-mail:
a.ayazi86@gmail.com).

H. Ahmadi is graduated Master of Tarbiat Modaresvehsity (TMU),
Iran, (e-mail: hamed_ahmadiO111@yahoo.com).

S. Shafaei is a Master student in Structural emging of Islamic Azad
university Islam-Shahr branch, Iran, (e-mail: Sbrsiafaei_ch@yahoo.com).

(Foundation) instead of unrestrained condition [Ghis
increase is about 26% and 34% for shear bucklirepgth of

a rigid-constrained long plate with respectivelymgly-
supported and clamped boundary conditions [7]. €egid
research was also extended numerically to accoont f
different material properties and boundary condgiby K.W.
Shahwan and A.M. Waas [8] and contact problem betwe
two adjacent delaminated plates of different thedses and
material properties has been formulated by #&faal. [9].
Using connectors between the plate and its fouodatiould
make the problem more complicated. J. Cai and Ydng
estimated the effect of binding bars on the bugkiaf steel
plates in rectangular concrete-filled tube (CFTuoms [10].

By conducting a theoretical study, they determired
relationship between the distance between the bars
(connectors) and elastic bucklisgrength of the steel tube. A.
Arabzadeh and his colleagues investigated the coptablem
for CSSW system where they determined the elasi&ling
coefficient for stiffened plates for different nuerbof bolts.
They concluded that the influence of concrete caidt is
more highlighted in case of using a small numbebaifs, as
the interaction between steel and concrete pameuch larger
and less likely to provide stiffness with the cater cover
[11].

In spite of the some papers were mentioned, sthéae is
little information about CSSW in seismic codes, lmven
these limited specifications about steel or corcretll are
mentioned without taking into account their intéi@c in
composite behavior.
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This necessitates more research in order to improveAs suggested by A. Astaneh-Asl [12], this assunmptio

understanding of this complicated structural system

In this paper the distance between bolts, as aroritzpt
parameter is investigated numerically and for ghspose, a
finite element analysis has been conducted by tileoa The
concrete wall which study in this paper has no gapnd it
and is merely attached to one side of the ste&t.pldhe plate
is assumed to have continuous connection to th@wsuding
frame. Also, the connections between beams andmare
considered rigid in which the stiffeners of the wbhs
connected to the top beam have been fully modeted
studying specimens. Furthermore, surrounding fraraes
assumed to be interior frames of a generic stractso that
they only contribute to resisting lateral loads foyming a
dual system together with infill walls, in additiomost of the
gravity loads are carried by relatively stiff corneolumns
built in concrete-filled tube sections with litlead remaining
for interior frames. Hence, the effect of gravibadl is not
taken into account in the model analysis.

II. NUMERICAL MODELING AND ANALYSIS METHOD

In the developed Finite Element (FE) code, an emgle
brick element was used for surrounding beams ahgdrots
and also for stiffeners attached to the webs ofctiiemns on
both sides of the top beam. This brick element wgized for
concrete cover as well, since it can absolutely ehtide two
important interactions of this covefirst, connection to the

bolts andsecond, frictionless normal contact with steel plates

which both applied via the adjacent nodes in déffiérparts.
Although there is no gap around the concrete cavethe
model, however an infinitesimal space (2%&@n) has been
considered between the frame and infill concret as well
as between the steel plate and concrete wall t@airolat more
realistic condition for contact problem. For stpkite a four-
node quadratic shell element was selected to nsam#l a thin
component. A two-node linear beam element withdsigrees
of freedom per node (i.e. three translational comepés and
three rotational components) was selected for bdhe nodes
of this element were coupled with the same nodesomcrete
cover and steel plate, so
deformations in the location of these nodes. Tiedfiziency
of the brick element for the concrete cover in nliodethe
rotational degrees of freedom has provided a dasira
situation, because bolts should be released inr doddave
free in-plane rotation in connection to the cow&milar to
what was observed in experiments. In analysis efrtiodels,
smaller meshes are used for concrete and steed (mdbide
the surrounding frame), in order to attain an aauresult
where free subpanels and bolts are located. Tmdilewialls
(steel plate with concrete cover) must have theesamesh
sizes, so they bind together on the location ot nodes
due to supply precise Finite Element (FE) analysis.

A schematic illustration of meshing condition
demonstrated in Fig. 1. The effect of rebar hasibeeluded
in analysis by using bilinear elasto-plastic (withbardening)
behavior for the concrete element, which elimindbes need
for modeling concrete cracking and helps get riditifculties
raised by separate reinforcement modeling.

that they have consistent

is The materials used

would not lead to considerable errors and the tgsubuld
have proper consistency with experimental data.

Loading of the model was carried out by pushingesodt
the top beam laterally and incrementally in a dispment
controlled manner. As far as nonlinear static asialpf the
models is concerned, an iterative solution basedwelfi-
known Newton-Raphson method was employed whichstake
into account nonlinear geometry.

Fixed boundary condition has also been appliethé¢obase
fof the model, in accordance with real conditions¢hematic
illustration of loading condition is shown in Fi.

N

Stiffener

Fig. 1 A schematic illustration of meshing conditio

Tor displacemeant
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z ;
Fived base
Fig. 2 A schematic illustration of loading conditio

To investigate the validity of the modeling, thessimen
used by Astaneh-Asl (one without gap) [1] was medeind
results were compared with experimental data.
in this experiment include:
A572Gr50 steel with yield stress of 3515.34 kgf/d®0 ksi)
and A36 steel with yield stress of 2531.05 kg/¢B6 ksi) for
respectively boundary frame and steel plate, (bR5ABoIt
with tensile strength of 6327.62 kg/eng90 ksi) and (c)
normal-weight concrete with of 281.22 kg/crh(4000 psi).

@
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Fig. 3 (a) and fig. 3 (b) illustrate numerical

experimental models.
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Fig. 3 (b) two-dimensional meshed numerical mofigls

and Cracking of the concrete cover is the reason fa thop

which is not considered in the numerical modeldascribed
before. However, the smooth numerical curve obtdhes
ultimate load and ultimate deformation in the ekpent with
proper accuracy. In addition to consistency of ¢beves, the
steel wall edges and corners of the concrete Wedipecially
in the lower full story) around beam to column ceciions at
the top and bottom of the lower story have shovgh halues
of equivalent Von Mises stress (show in detailig. 5 (a) and
Fig. 5 (b)), while cracking of concrete wall, sexgfielding of
steel plate and yielding of beams close to conoectb the
columns have been observed in experiment, all oiclwh
occurring at the same time of having high value¥ai Mises
stress.
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Fig. 4 Comparison of Experimental and analyticalzes of Astaneh
specimen

The share in the base shear carried by each compohe
the system (steel plates, columns and concreter€oveas
also plotted in Fig. 6. From this figure, the follog can be
easily indicatedfirst, the steel plate has played the main role
in providing ductility for the specimen.

While both the concrete cover and the columns tend
decrease load sharing in inelastic domain at hegtels of
loading, the steel plate continues to carry loadhouit
reduction in strengthSecond, the contribution of concrete
cover to stiffness and shear resistance of thesyst limited.

This matches well with the experimental data, where
contribution of less than 20% (in both stiffnesl aftimate
strength) was extracted from this covéhird, evaluating the
numerical results show the decrease in load-shaiing

In Fig. 4 the load-displacement curve for the amedy columns is undoubtedly related to bending effeetissed by
model is plotted"push-over'curve of test hysteresis. It is @pplying displacement at the top of this relativeligh
clearly shown from the figure that there is propegpecimen, which led to columns yielding near theeba

compatibility between these curves, although thertglel is

This was clearly observed and notified on the erpental

a little stiffer. It is interesting to see that thes a small drop specimen. All the evidence clearly points to theifies
in the middle of the experimental curve (in toppti€ement modeling procedure used for numerical analysihefsystem.

interval of 10.16- 15.24 centimeters) which doeskist in the

numerical curve.
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Fig. 6 Proportion of base shear carried by eachpoment of the
system

I1l.  DESIGN OF THENUMERICAL SPECIMENS

To investigate the effects of distance betweensbdhe
specimens were first designed as described beléovebbeing
analyzed and the results were finally compared witferent
cases. The arrangements of bolts considered inrésisarch
are shown in Fig. 7 (a) and Fig. 7 (b). These waamely
four-bolt and nine-bolt arrangements by which thagls were
divided in to the same number of subpanels in bottizontal
and vertical directions. The parametbf in this figure would
be used later to introduce different distances betnbolts.

As far as the design of the specimens is conceB1sV
with modulus of elasticity and Poisson’s ratio e§pectively
2x10 Mpa and 0.3 and nominal yield and ultimate stresse
240 Mpa and 400 Mpa (Fig. 8) was used for steesgaxcept
bolts) and concrete with specified compressivengitie of 28
Mpa and Poisson ratio of 0.2 was used for concveé
(modulus of elasticity is equal to 50(:~25000 Mpa). A490
High-strength bolts with yield stress and ultimateength of
respectively 900 Mpa and 1000 Mpa were used asemors.
This type of heavy hexagon-head bolt is usuallyduséen
diameters over 38.1 mm (1.5in) up to 76.2 mm (3}
needed [13], similar to bolts studied herein.

All panels have 3m height and 4m width and have Sanoh
8mm thicknesses for steel and concrete walls réispéc
These infill walls were designed based on the aptiomthat
the shear force is entirely carried by the steateylwithout
any prior-to-yield buckling. Next, the concretedkiess was
determined based on the initial stiffness or thémaite
strength (whichever results in thicker cover) egoahat of a
metal-stiffened steel wall, with no elastically kied
subpanels.

An I-section IPB600 profile was used for columngl am
IPE550 profile for beams, which were designed based
satisfying the width to thickness ratio requirensetd avoid
buckling, in accordance with AISC seismic provisja].

However, since the unilateral inelastic bucklingnisvitable
in steel plates, the frame of the model shouldhecked to be
able to withstand the tension field action of theelding plate,
similar to a thin steel plate shear wall [15].
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In despite of this, utilizing the same proceduresiiffened
case would be conservative because buckling ot plate
is postponed and consequently the effect of tengieiad
action would be weakened.

In analyzing each different arrangement of distandeis
crucial to have stiff bolts which do not reach yiedding point
limit in order to achieve a desirable ductile maxfefailure.
For this purpose, the bolt diameter required faisteng the
minimum capacity of steel and concrete walls warst fi
calculated but then a commonly-used bolt with ladjameter
from the one calculated was manipulated as a safegsure.

In evaluating the shear capacity of the concreteicashear
resistance of reinforcing bars was ignored as these only
expected to distribute stress uniformly throughthg panel
and control crack propagation. The shear capactisyerl and
concrete walls were calculated based on part 17.218C
seismic provision [14] and part 11.9.6 of ACI-31&de [16]
respectively.

p Strain
Fig. 8 Stress-Strain curve for steel parts of tleelefs (Frames and
steel walls)

IV. RESULTS ANDDISCUSSIONS WITHSPECIMENS
1. Models with four-bolt arrangement

From these provisions, values of 37ton and 288tenew The distance between bolts considered in this geraent

obtained for shear capacities of concrete coversteel plate
respectively. The minimum required diameter wouddldmm

(parametef’b” in fig. 7 (a)) contains 8 values of 200 mm, 500
mm, 667 mm, 1333 mm, 2000 mm, 2667 mm, 3000 mm and

and 10mm for four-bolt and nine-bolt arrangement3200 mm.

respectively. Therefore, the 24mm diameter higbrgith
bolts were used for the studied specimens.

— L
& @
L L

Fig. 7 (a) Arrangements of 4-bolts studied

b

® [ [

® [ [
Center bolt

® L] [

Fig. 7 (b) Arrangements of 9-bolts studied

Results depict that despite these specimens haty riba
same elastic behavior up to the shear force ofta®titon at
the base with almost the same initial stiffnessaédo 70
ton/mm, their differences appeared in inelastic avédr.
Maximum values of lateral displacement and basersire
different specimens of four-bolt arrangement haweerb
compared in bar chart 1.

It can be obviously seen from the bar chart 1 tinet
specimen with distance of 500mm between bolts as t
distinguishing desirable behavior.

This is due to it has reached the largest inelastic
deformation and the most ductile behavior, whildiexing
the same ultimate strength as the others. Gengrahcrete
covers in specimens with this arrangement, expeeértwo
different phases of behavidirgt, at initial phases of loading,
in which they carried the shear load through diadon
compression.Second, out-of-plane lifting of the concrete
cover at high levels of loading resulted in widelytended
smooth distribution of stress throughout the cowéh some
stress concentrations in vicinity of the bolts.

More or less, the steel plate buckles unilatertiyard its
free side in all specimens. Furthermore, after uhéateral
buckling of the steel plate, the bolts became umdktively
large tension, in order to prevent the steel piaim free out-
of-plane displacement at the location of the bolts.

The maximum tensile stress of the surrounding biits
different specimens with this arrangement is coregan bar
chart 2. It can be concluded from this bar chaat thcreasing
the distance between bolts up to a specified I{hgt distance
of 2667mm) would increase the maximum tension enttblts,
but no more increase is observed by further inereasthe
distance.

Seeking the reason, results from different specérshiow
that the unilateral buckling of the steel platstfioccurred on
unrestrained corners rather than in interior subjzan
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This is especially so, when the distance betweéts lane
short (such as 200 or 500 mm) which facilitateskbing on
the corners, but simultaneously stiffens the intesubpanels.
The corner buckling tends to spread into centralspavhile
high-strength bolts strictly limit out-of-plane dlacement of
the plate and therefore prevent the buckling frgreading
into the interior subpanels (inwards). This prei@ntcreates
tension in the bolts. When the distance betweets intreases
up to a certain limit (i.e. 2667mm), the restriatitom bolts
would become more severe and the tensile stredsold
would consequently increase. On the contrary, tame
interior spaces between bolts (like what occurrespecimens
with 3000 or 3200mm spacing) would lead to the tingkof
the plate. This takes place only in the interidoganels with
infinitesimal out-of-plane displacements on theexj@nd as a
result restriction at the location of bolts andsien in the
surrounding bolts would decrease.

600

. B Maximum lateral displacement (mm)

o B Maximum base shear (ton)
450 433 430 436 430 430 430 430
00
350
300
50
200
150

100

8 g
5 5

26667
2060
133333
666,57
Soo
200

Distance between bolts (mm)
Bar chart 1 Comparison of Maximums of Lateral casgiment and
base shear for different distance between bolfsunrbolt
arrangements

:

,x

) I
Il

Spacing aof bolts (mm)

Bar chart 2 Comparison of maximum tensile stresh@forner bolts
in different specimens of four-bolt arrangement eiod

Maximum tensile stress of Serrounding bolts (Mpa)

2. Models with nine-bolt arrangement

The distance between bolts considered in this geraent
(parametefb” in Fig. 7 (b)) contains 6 values of 250 mm, 500
mm, 750 mm, 1000 mm, 1250 mm and 1500 mm. In Fig. 9
The buckling pattern of the steel plate for thecgpen with
1000 mm of distance between the bolts is compaiéd that
of the specimen with 1333mm of distance betweenbtits
with four-bolt arrangement.

The reason for choosing these specimens for cosgrars
that the panel is divided into equal parts in thgsecimens,
one to nine subpanels and the other one to sixfiges.figure
obviously demonstrates that for a certain paneleiasing the
number of bolts would increase the buckling coristray
bolts, since smaller free subpanels would form. il&imo
four-bolt arrangement, result indicates that thmesaelastic
behavior occurs with similar initial stiffness fatifferent
distances between bolts, though different valuesltimate
strength and inelastic deformation were obtained.
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Fig. 9 Patterns of unilateral buckling in differemtangements
studied in this paper

(Specimen with distance of 500 mm in four-bolt arrangement & one
with distance of 1250 mmin nine-bolt arrangement)
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In bar chart 3, Maximum values of lateral displaeetmand
base shear are compared for different specimens miite-
bolt arrangements. The comparison of tensile sireserner
bolts for different specimens is also shown in &f@art 4. Bar
chart 3 demonstrates that the specimen with distafid 250
mm between its bolts had a more ductile behavian tthe
others. In addition, bar chart 4 is in agreementhwhe
conclusion mentioned and justified for four-boltaargement
regarding tensile stress of surrounding bolts. @fiethe
interesting results observed in nine-bolt arrangenie that
the small value of tension in the center bolt @dtrced in Fig.
6 (b)), compared to its surrounding bolts. In bhart 5, the
ratio of tension created in the center bolt, respeaverage
tension in other bolts is compared for differenstainces of
nine-bolt arrangement which illustrates that théia has
never exceeded 50% in the studied specimens. mtisates
that the interior subpanels are stiffer in protagtbuckling
than surrounding subpanels. This is guaranteedsimgstiff
surrounding bolts which prevent corner buckling niro
spreading into central subpanels. This stiff betraig more
severe, when the distance between bolts is smallgin(such
as specimens with distances of 250 mm and 500 nom)
entirely avoid buckling in the interior subpanels.

w0 B Maximum lateral displacement (mm)
Maximum base shear (ton
550 . ( )
49 501
500
50 448 440 440 e
400
350
300
250 230
207
200
152 152
150 B3O 15
100
50

S 8 g g 8
5 8 s d g N
B 5 5

Distance between bolts (mm)

Bar chart 3 Comparison of Maximums of Lateral casgiment and
base shear for different distance between bolténe-bolt
arrangements

400

A0

Mecimum tensile stress of bolts (Mpa)

100

Spacing of boits (mm)
Bar chart 4 Comparison of maximum tensile stresh@forner bolts
in different distance between nine-bolt arrangemeodels

L]
o6

08

74 verage of tensile stresses in other bolts

0z

% A £ “a, G, i,
Spacing of bolts (mm)

Tensile stress in center bolt

Bar chart 5 Comparing the ratio of tensile stresseinter bolt divided
to average of tensile stresses obtained in oth&s bo

V.CONCLUSION

In this paper the numerical model for compositelspdate
shear wall (CSSW) with two different arrangemeritbalts,
namely four-bolt and nine-bolt arrangements, eacith w
different bolt spacing, has been analyzed by usinfjnite
element code. The following were concluded:

» Results of the study arrangements depicts thaeasing
the distance between bolts up to a specified p@iat 500
mm in four-bolt and 1250 mm in nine-bolt arrangethen
would improve system behavior by stiffening the
surrounding subpanels while simultaneously prewenthe
interior subpanel from buckling. But further incseain
spacing would create too large interior subpanetschv
would facilitate buckling of the steel plate in $eeareas.
Hence no more desirable behavior could be anteghat

* Increasing distance between the bolts up to a Bpeci
value (i.e. 2667 mm in four-bolt and 12.50 mm inebolt
arrangement) would increase the maximum tensiothén
surrounding bolts. This occurs when the distandevéen
the bolts is lower than above-mentioned values and
buckling of the plate effortlessly takes place omaestrained
corner subpanels. The bolts located at the corsieosild
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prevent this outer casing in a buckling from spiegdo the
central part of the panel. The closer the distaac® the
mentioned limits, the more restraint is expectemmfrthe

corner bolts and more tension would be obtainedt Bu

beyond that the corner subpanels are small enaugiake
buckling impossible at the corners and instead king
would occur in the central subpanel. As a resudssl

constraint is needed at the location of bolts wiilebreases [12]

tension in the bolts

Regardless of the distance between bolts, thelddted at
the center of the panel in nine-bolt arrangementnder a
relatively small

amount of tension compared to the

X. Ma, J.W. Butterworth, C. Clifton, Compressiveckling analysis of
plates in unilateral contact. International jourafbolids and structures
44,2007, 2852-2862.

Jian Cai, Yue-ling Long. Local buckling of steeht#s in rectangular
CFT columns with binding bars. Journal of Consinral Steel
Research. 65, 2009, 965-972.

A. Arabzadeh, H. Moharrami, A. Ayazi, Local elastlouckling
coefficients of steel plates in composite steelepthear wall. Journal of
Scientia Iranica A, 2011, 18(1), 9-15.

C. Salmon, J. Johnson, Steel structures Design heldavior,
emphasizing load and resistance factor design, #tiition,
HarperCollins College Publisher Inc., 1996, New K or

Q. Zhao, Experimental and analytical studies oficymehavior of steel
and composite shear wall system. Ph.D. Thesis, ,2@8il and
environmental Engineering, University of Californigerkeley.

Surrounding bolts. This illustrates that interiubpane|s are [14] AISC. Seismic provisions for structural steel bimfgh. American

subjected to less unilateral buckling than the oaeshe

corners, which highlights the important role of Hrig

strength bolts in stiffening the central subpanélis
therefore leads to a decrease in tensile restnigteeded in
the center of the panel to prevent out-of-planpldement.

This stiffening becomes more severe when the distan

between bolts is small enough (such as 250 mm @n%0)

to make buckling of the steel plate at interior [Fautels
completely impossible. In this paper an upper liofi©.5 is
obtained for the ratio of tension in the centett belative to
average tension in other bolts.

The same initial stiffness is obtained from othge@mens
with different distances between bolts, either aurfbolt

arrangement or in nine-bolt one. This seems reddeme
to the fact that in the elastic region, the reltimovement
between the steel and concrete walls is small dntubelp
high-strength bolts (help/force) different specimdehave
with similar stiffness.

Finite element modeling is able to predict the ébraof

the system precisely and accurately. This is evidiem

comparing load-displacement curves and locationth wi

high stress in Astaneh's experimental specimen siittilar
numerical model analyzed by the authors.
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