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Steel plate shear walls as lateral load resisting systems provide resistance to seismic and wind forces in buildings.
The partial length connection web plate to vertical boundary element steel plate shear walls, which lacks the
connection at the middle height of VBE has been recently introduced by researchers. This novel steel shear wall
was proposed as a key approach so as to reduce column’s significant demand due to resistance of web plate
diagonal yielding in conventional steel plate shear walls. In this survey the design of the proposed shear walls
with regard to large value of not connected length ratio of web plate to vertical boundary element was
considered. Development of the tension field action across the entire width of the proposed shear walls
considering different panel aspect ratios and various number of stories were investigated by establishing 27
numerical models (3 groups of 9 groups) using finite element Abaqus software. The available experimental data
was used to validate the modeling methodology. The pushover analyses were performed for all the models.
Finally, based on the presented numerical investigation, the equations governing the system, including panel
shear strength and the angle of inclination of the tensile field, which are valid for not connection length ratio
larger than thirty percent, were analytically developed.

1. Introduction

Steel plate shear walls (SPSW) have been utilized in buildings over
the world since early 1970s [1]. Experimental and numerical researches
on SPSW have revealed their ability to behave in a ductile manner as
well as their capability of dissipating significant amounts of energy
when subjected to cyclic inelastic loadings [2-8]. To achieve a ductile
global response from a steel plate shear wall, a significant yielding needs
to occur in web plate. The web yielding occurs due to the development of
a diagonal tension field, and buckling of the plate in the orthogonal
direction. The capacity design of Vertical Boundary Element (VBE) with
regard to the resistance of the web plate expected yield strength in this
diagonal direction could lead to substantial increase in column size
[9-10]. This key problem leads to a lack of wide spread implementation
of steel shear walls [9]. To address VBE significant demand due to the
diagonal yielding in web plate, several techniques have been proposed
by researchers, e.g., using low yield point steels and pure aluminum for
the infill panels

[11-13], reduced-beam section connections to reduce HBE size

without any concern about in-span plastic hinge formation as main
objective and as a byproduct reduction in HBE size due to decreasing
frame action demand, strategic placement of holes in the infill panels
[14], installation of pin-ended horizontal strut at mid-height of the VBE
in a SPSW [15], separating the VBE (secondary column) from the orig-
inal frame column (primary column) [16], using outrigger beams
[17,18], coupling beams [19], and irregular wall configurations such as
staggered arrangement of web plate [20] to reduce overturning forces
on VBE in high-rise buildings. As interest in this research, some of them
have tackled this problem by reconsidering the attachment of web plates
to a vertical boundary element [21-31] in two ways. The first approach,
i.e. the older one, was to exempt column from contribution in web plate
anchoring role and assign this role to beam elements. As a result, the
boundary columns were not subjected to the lateral forces due to tension
field development in the web plate. This approach was proposed for the
first time by Xue and Lu [21] by conducting numerical research, and
followed by Choi and Park [22], Guo et al. [23], and Vatansever and
Yardimci [24] by performing experimental studies. It was studied
comprehensively by Qian and Astane-asl [25] as well. Those studies
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Fig. 1. Steel plate shear wall with partial length connection of infill plate to VBE in comparison with the conventional steel plate shear wall; (a) partial length

connection steel plate shear wall; (b) conventional steel plate shear wall.

Table 1
The considerations in modeling methodology regarding the three laboratory
tests.

Laboratory test Panel aspect Story Description
ratio (L/h) number
Li et al. [32] 0.9 2 Two-story small aspect ratio
specimen
Vian et al. 2 1 Single-story average aspect
[33,34] ratio specimen
Choi and Park 2.05 3 Three-story large aspect ratio

[35] specimen

demonstrated that detaching web plate from connecting to VBE had
admissible merit in reducing the flexural demands on the columns of the
boundary frame, and permitting to adjust load-carrying capacity and
initial stiffness of shear wall by changing web plate thickness without
being concerned about the flexural demand of the column. Hence, SPSW
with infill plates attached only to the beams would be useful in retro-
fitting and strengthening the steel frames which have inadequate stiff-
ness and strength [24]. However, this kind of steel shear walls has some
disadvantages such as losing VBE ability in mobilizing web plate shear
strength and degrading the panel ductile behavior owing to the web
plate out of plane displacement at the vertical free edges adjacent to
VBE. The last item caused researcher to attach thick stiffener in this area
to eliminate out of plane deformation [22,25]. The Second approach
introduced by [26,31] using partial length connection between web
plate and VBE, which lacks the connection at the middle of the height of
VBE to compromise between merits and demerits. Fig. 1 illustrates the
idea of partial connection of web plate to VBE in a two-story steel shear
wall with pin connections of the boundary elements to each other and
VBE to the base, in comparison with the conventional steel plate shear
wall. In Fig. 1, hp. (nc = not connected) presents the length of the central
part of the infill plate, which was not connected to VBE; h denotes the
distance between HBE centerlines, L presents the distance between VBE
centerlines, and NCR stands for the not connected length ratio (NCR =
hpe/h). 1t should be noted that in determining NCR in this figure, the
beam height effect was neglected for simplicity.

As it could be implied, the purpose of this idea is to shift the heavy
distributed loads created at mid span of VBE because of tension field
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formation to be closer to the support to reduce VBE flexural and stiffness
demands. This idea for the first time was implicitly introduced by Wei
et al. [26-29] in which a quarter of the height/width of the restrained
steel web plate (sandwiched between bilateral pre-cast RC panels
[26-28]) was attached to the surrounding boundary elements whereas
the mid-height/width was not connected to the boundary elements. The
experimental results of the studies carried out by the mentioned re-
searchers exhibit high initial stiffness, adequate ductility, excellent en-
ergy absorption capacity, and stable hysteresis loop. Paslar et al. [30]
numerically investigated the effect of various types of partial intercon-
nection between web plates and boundary frame elements. According to
their research, systems with lack of connection at the middle height of
VBE revealed desirable structural behavior. Furthermore, with connec-
tivity ratio of 80% with this type of connection, similar structural per-
formances were observed compared to the conventional system with the
steel plate shear wall fully connected to the infill plates. Exhaustive
analytical studies were conducted recently by Hajimirsadeghi and
Fanaie [31] based on numerical and experimental studies on partial
length connection web plate to VBE steel plate shear wall. They inves-
tigated experimentally and numerically the parallelism in tension field
strip inclination across the entire web plate for a case in which the not
connected length ratio for a single-story building with a fixed panel
aspect ratio (ratio of the length of the panel to its height: L/h = 1.33) was
less than 30%. Based on the achieved evidence they propose system
governing equation, including panel shear strength, the angle of incli-
nation of the tension field, and minimum stiffness requirements in ver-
tical boundary elements. In this study a supplementary numerical
investigation was conducted to consider the effect of various not con-
nected length ratio (larger than 30%), panel aspect ratios (L/h), and the
number of stories to study stress state in web plate. Based on the study,
the proposed system, analytical method, and the governing equations
were developed for a considered range of not connected length ratio
(NCR > 0.3). For this purpose, the finite element models were initially
established and validated based on the three laboratory tests. The lab-
oratory tests represented a variety of panel aspect ratios (L/h) and the
number of stories. Twenty seven FEM models were developed based on
the verified models, and various not connected infill plate length ratios
for each model were considered. The modeling was intended to inves-
tigate the quality of the formation of tension field across the entire width
of the wall. Finally, based on the assumptions confirmed by
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Fig. 2. The details of the normal column (NC) laboratory test specimen; (a) the overall dimensions; (b) the reduced beam section (RBS) details (Li et al. [32]).

Table 2
Material properties [32].
Member Section Flange Web
F, Fy F, F,
(MPa) (MPa) (MPa) (MPa)
Top HBE HA400 x 200 x 10 x 405 537 464 561
14
Middle H300 x 150 x 10 x 372 506 464 561
HBE 12
Bottom H400 x 200 x 8 x 390 502 430 509
HBE 13
VBE H320 x 310 x 16 x 386 547 389 564

25

aforementioned numerical modeling, the vertical boundary element
governing equations were analytically developed.

2. Verification of the modeling methodology

To explain the quality of tension field formation in the presence of
the infill plate without a connection in the middle height of the VBE,
three dimensional numerical parametric studies were performed using
the commercial finite element software, Abaqus 2016. The not con-
nected length ratio of the infill plates was utilized as a variable in the
parametric study. Three laboratory tests were considered to verify the
methodology of the numerical modeling. The verification of the labo-
ratory tests was performed based on the normal column (NC) specimen

4598

1500 - e
- -
~~ I"'
E 1000 - ,,’
E /
5 4
F U
500 A ’I
/’ ===== Present Study (Abaqus)
y Li et al. (Abaqus)
0 T T T T
0 0.005 0.01 0.015 0.02 0.025
Roof Drift Angle (rad)

Fig. 3. Push-over results from the finite element modeling in this study and the
study by Li et al.

by Li et al. [32], the S2 specimen by Vian et al. [33,34], and the FSPW 3
specimen by Choi et al. [35]. All of the above-mentioned studies were
selected from previous experimental researches on the behavior of the
steel plate shear walls. It should be noted that all of these three speci-
mens experienced cyclic loadings. In these investigations the corre-
sponding researchers used finite element modeling for push-over
loading analysis, which was in accordance with experimental results.
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(d): drift ratio = 3%
(Lietal))

(c): drift ratio = 3%
(this study)

Fig. 4. The verification of the yielding zone from finite element modeling in this study with the results from Li et al.

Because of these study modelling requirements, verifications were car-
ried out based on the results of the corresponding push-over modeling in
the original research. The aspect ratio variation was selected based on
the AISC341-05 [36] provisions for the design of SPSW, which limited
their applicability to wall panels with aspect ratios of 0.8 < L/h < 2.5.1t
should be mentioned that in recent AISC provision (341-16) [10] there
is no limitation for the aspect ratio. Furthermore, this range of aspect
ratio was used as a practical suggestion. These specimens were selected
to represent the various situations of the panel aspect ratio, and the story
number as presented in Table 1.

2.1. General considerations in the modeling

A typical steel plate shear wall panel generally consists of HBEs (edge
beams), VBEs (edge columns), web plate, beam-to-column connections,
and fish plates. The web and boundary elements for all considered cases
were modeled by S4R shell elements, which are quadrilateral shell ele-
ments with 4 nodes (linear shape function) and reduced numbers of
Gaussian integration points (1 point). The element has six degrees of
freedom (3 translational and 3 rotational DOFs) at each node of the el-
ements and considers both membrane and bending behavior. This kind
of element is appropriate for both material and geometric nonlinearity
[37]. Isotropic hardening rule (i.e., an expansion of the yield surface
while undergoing plastic strains) is generally true for uniaxial stress
state. Owing to the nearly uniaxial stress state experienced in the web
plates and the boundary elements, due to the applied monotonic push-
over loading, isotropic hardening rule was implemented. All mechani-
cal properties were included in the finite element model. The web plates
were welded at all edges to the surrounding boundary elements of all
specimens. In modeling the specimens, the connection tab, or “fish
plate”, which was utilized in the experiments to connect the web plate to
the surrounding boundary elements was neglected in the finite element
modeling. Instead, a direct connection was assumed to be between the
two structural elements. Driver et al. [38] proved that a fish plate could
be neglected in finite element model, and does not affect simulated
results.

The initial shapes of the web plates used in three test specimens were
not recorded prior to the tests. However, all webs were not ideally flat,
but had insignificant out-of-plane deviations from perfect flatness. These
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deviations occur due to various reasons such as improper transportation
and installation, which are expected in construction. Those minor im-
perfections finally helped precipitate global panel buckling, and needed
to be considered in the FE analysis. Eigenvalue buckling analyses were
performed on the perfect structures (i.e. the undeformed models, prior
to applying the push-over load) so as to account for the initial imper-
fections. Finally, the distributions of the imperfections were determined
using the superposition of the selected buckling mode shapes. The
buckling mode shapes were added to the perfect model using the
imperfection command. The effect on the stiffness and strength of the
SPSWs is very small and can be neglected as long as the magnitude of the
initial imperfections is less than 1% of \/Lh, where Ly presents the
length of the panel between column flanges, and h denotes the panel
height [38].

The solution strategies for physical problems via nonlinear FEM are
divided into two categories, namely implicit and explicit methods. The
implicit method solution is employed for static and quasi-static analyses
[37]. Therefore, due to the quasi-static type of SPSWs monotonic
loading, for nonlinear analysis of FE models, an implicit method (quasi-
static) was implemented. The implicit dynamic analysis was carried out
in all simulations. Because of numerical instability and convergence
problems due to buckling analysis, dynamic solver was used rather than
static one, and the load was gradually applied so as to minimize the
dynamic effect. To monitor the dynamic effect, ratio of kinetic energy to
total energy was controlled in all analyses, and was observed to be
negligible. There was a good consistency between the results of this
study and those of the aforementioned researches, which confirms that
the dynamic effect was insignificant. The Newton-Raphson method was
used to solve the nonlinear equations of FE models. Further description
regarding the details of the specimens utilized in the test, including the
model geometry, the material properties, the mesh size, the loading
protocol, and the imperfections applying techniques are explained
below to ensure the reproducibility of the models.

2.2. The study by Li et al.
The first verified steel shear wall system was a single bay, two-story

steel plate shear wall. The detailed dimensions of specimen are shown in
Fig. 2. The four dimensions for H-shape sections, which are illustrated in
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Fig. 5. Vian et al. S2 laboratory test specimen; (a) Overall dimensions, (b) Built -up W18x65 Beam Section, (c) Built-up W18x71 Column Section, (d) Reduced Beam
Section detailing. [14,34].

Fig. 2 represent depth, flange width, web thicknesses, and flange material specified as A572Gr50 steel [32].

thicknesses (in millimeter), respectively. The web plates were made of Fig. 2(b) illustrates the details of the reduced beam section (RBS),
2.7 mm thick steel with a low yield strength and with a measured yield which were adopted for the

stress of F,;, = 220 MPa. The boundary elements and the stiffener plates HBE-to-VBE connections of TBs and MBs. The material properties
used in the specimen were built-up sections, fabricated from plate were presented in Table 2.
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Fig. 7. FSPW3 laboratory test specimen (Choi and Park. [35]).

Table 3

Material properties [35].
Grade Thickness (mm) F, (MPa) F, (MPa) Member
SS400 4 299 372 Infill panel
SM490 8 385 542 VBE (Web)
SM490 12 377 527 HBE (Web)
SM490 20 353 538 VBE-HBE (Flange)

A bilinear curve was considered to describe the stress—strain diagram
of web plates and boundary elements. This bilinear stress—strain dia-
gram extends from the origin to value of the coupon yield stresses. A
post-yield stiffness of 0.01E (E is Young’s modulus) was considered after
yield stresses. All mechanical properties were included in the finite
element model. Both VBEs were clamped at their bases. In addition, the
HBEs were prevented from any out-of-plane displacement. The initial
distribution of the imperfection was determined using the superposition
of the first two buckling mode shapes nodal displacement, multiplied by
a small displacement amplitude of 2 mm using the Edit-Keywords in the
Abaqus software.

A set of mesh sensitivity analyses were conducted, and a 50 x 50 mm
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Fig. 8. Push-over results from finite element modeling in present study and
Choi and Park.

Table 4
Numerical model codes according to the not connected length ratio.

Ref. Model Not connected length ratio (NCR) model codes
Li et al. 0% Lo
Vian et al. Vo
Choi and Park Cco
Li et al. 10% L1
Vian et al. \21
Choi and Park C1
Li et al. 20% L2
Vian et al. V2
Choi and Park Cc2
Li et al. 30% L3
Vian et al. V3
Choi and Park Cc3
Li et al. 40% L4
Vian et al. V4
Choi and Park C4
Li et al. 50% L5
Vian et al. V5
Choi and Park Cc5
Li et al. 60% L6
Vian et al. V6
Choi and Park Cc6
Li et al. 80% L8
Vian et al. V8
Choi and Park Cc8
Lietal 100% L10
Vian et al. V10
Choi and Park C10

refined mesh was selected for the shell elements following a trade-off
between the computational cost and the desired accuracy in accor-
dance with reference load-displacement results. Finally, the displace-
ment controlled push-over loading was applied at the top beam in a left
to right direction. Fig. 3 shows that the results of the load-displacement
behavior from the finite element analysis in this study corresponds to the
results of Li et al. [32] with a proper accuracy (Fig. 3). Fig. 4 compares
yielding zone achieved from the modeling used in this study with the
results from the modeling used by Li et al. in total drift ratio of 1% and
2%, respectively. As the figure shows, similar behavior was observed in
both models.
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Fig. 9. The effect of the various not connected length ratios on the quality of the tension field formation in 1% total drift ratio.

2.3. The study by Vian et al.

The second verified steel shear wall system consists of a single-bay,
single story frame, with reduced beam section type beam-to-column
connections. The web plate was made of a 2.6 mm thick low yield
strength steel LYS100 with a measured yield and ultimate stresses of 165
and 305 MPa, respectively resulted from the uniaxial tensile test. The
web plate was welded at all edges to the surrounding boundary ele-
ments. The boundary frame members are made of ASTM A572 steel with
the yield stress of 345 MPa and the ultimate stress of 448 MPa. The
detailed dimensions of specimen are illustrated in Fig. 5. The hinge at
the base of each column specimen was not explicitly modeled in the
Abaqus software. Instead, the “CONN3D2” connector elements were
employed to connect a reference node at the location of the hinge center
to the nodes at the tip of each flange and the intersection of the flanges
and web. All degrees of freedom, with the exception of rotation about
the out-of-plane axis, were restrained at the reference node located at
the center of the hinge to indicate the hinge rotation, which was allowed
during the test. The out-of-plane resistance provided by the lateral
supports at the top of the columns during the experiments was modeled
by restraining displacements in that direction. The exterior nodes of the
flange elements around the perimeter of the panel zones were restrained
against movement in the z-direction.
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The initial distribution of the imperfection was determined by the
first buckling mode shape nodal displacements, multiplied by a small
displacement amplitude of 1 mm using the Edit-Keywords in the Abaqus
software. A set of mesh sensitivity analysis were conducted, and a 50 x
50 mm refined mesh was selected for the shell elements following a
trade-off between the computational cost and desired accuracy in
accordance with reference load-displacement results. Finally, the
displacement controlled push-over loading was applied at the middle of
the top beam in a left to right direction. Fig. 6 shows a good accordance
between the load-displacement behavior from the finite element
modeling in this study and the results of Vian et al. [34], which confirms
the proper accuracy of the modeling used in the current study.

2.4. The study by Choi and Park

The third verified steel shear wall system was a one-third model of a
single-bay, three-story steel plate shear wall with fully restrained beam
to column moment connections. The web plates were made of the 4-mm
thick mild steel SS400 (Korean Standard) with a measured yield and the
ultimate stresses of 299 and 372 MPa, respectively resulted from uni-
axial tensile test. The detailed dimensions of specimen are presented in
Fig. 7. The boundary elements and the stiffener plates used in the three
specimens were fabricated from plate material specified as SM490 steel
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Fig. 10. The effect of the various not connected length ratios on the quality of the tension field formation in 1% total drift ratio.
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Fig. 11. The effect of the various not connected length ratios on the quality of the tension field formation in 1% total drift ratio.

(Korean Standard). The material properties were presented in Table 3. The material properties adopted for shell elements were bilinear,
The flange and the web elements of all beams and columns satisfied incorporating the coupon yield stress and a post-yield stiffness of 0.003E

the requirements for the seismic compact section according to the AISC [39] for web and 0.01E for boundary element material.

seismic provisions (AISC341-2005). Isotropic hardening rule was used for the analysis of both the web-
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Fig. 12. Identification of two zones with different inclination of tension field
strip (If NCR < 0.3 a3 = ap [31]).
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plate and the boundary frame members. All mechanical properties were
included in the finite element model. Both VBEs were fixed at their
bases. In addition, the beams were prevented from out-of-plane
displacement. It should be noted that the initial distribution of the
imperfection was determined by the first buckling mode shape nodal
displacement, multiplied by a small displacement amplitude of 1 mm
using the Edit-Keywords in the Abaqus software. A set of mesh sensi-
tivity analysis were conducted and a 25 x 25 mm refined mesh was
selected for the shell elements following a trade-off between the
computational cost and the desired accuracy in accordance with the
reference load-displacement results. Finally, the lateral displacement
control push-over loading was applied at the top beam in horizontal
direction.

Fig. 8 shows compatibility with the proper accuracy of the
load-displacement behaviors between the results of the finite element
modeling performed in this study and those of Choi and Park [35].

3. Numerical program

Based on the previous validated FEM models, twenty seven numer-
ical finite element models with various not connected length ratio were
developed for further studying the effect of this ratio on the quality of
the tension field formation across the infill plate. Table 4 presents nu-
merical codes according to the models and various not connected length
ratios.

Fig. 9 to Fig. 11 shows the formation of the tension field in twenty
seven numerical models in 1% total drift ratio. The red and the blue

1F Drift = 0.1%

Yy

o/t

o/ fy

y

o/t

—— Lee and Tsai (2008)

—+— Driver (1997)

00 01 02 03 04 05 06 07 08 09 1.0 X/l

(b)

Fig. 13. Priority of plasticity development in central zone over corner zone of the first-story web plates in Lee and Tsai (2008) and Driver (1997) fully connected
SPSW [40]. (a) Schematic of tension fields across the first-story web plates; (b) uniformity of panel stresses (1st) vs. percent of interstory drift ratio.
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Fig. 14. Single band tension field mechanism (a) Proposed model; (b) Choi and Park [22] proposed shear wall; (c) Porter et al. [43] model for plate girder.

color represents the yield zone and the elastic zone, respectively. As it is
clearly observed, the tension field’s strips were formed almost parallel to
each other in the first four models (NCR = 0% to NCR = 30%) regardless
of aspect ratio and the number of the stories. Based on this numerical
study, it can be concluded that when the not connected length ratio was
less than %30, the parallelism in tension field can be used across the
entire infill plate. It should be mentioned that this case was thoroughly
investigated by the authors’ previous study [31] for four small-scale test
specimens with one story and constant aspect ratio.

However, as the not connected length ratio increased, the deviation
in parallel formation of tension field’s strips was clearly observed.
Regarding the Fig. 9 to Fig. 11 two zones with different inclination of
tension filed strip could be identified as illustrated in Fig. 12. The central
zone (CE) was specified with a blue boundary line and the corner zone
was shown with a red boundary line.

Qu and Bruneau [40] based on the Driver et al. (1998) [41] and Lee
and Tsai (2008) [42] test specimens, showed that plasticity development
in central zone occurs earlier than corner zone as depicted in Fig. 13.
Fig. 13 shows stress distributions across the first-story web plates (i.e.,
along the direction perpendicular to the tension diagonals: I, Path) for
these two tested specimens. As it can be seen, in the middle of the path
(X/1,~0.5), which approximately represent web plate central zone there
is hill, which shows priority of stress mobilization in this zone. It should
be mentioned that as these two specimens were designed based on
continuous connection of web plate to vertical boundary elements,
therefore, as drift ratio levels progressively increase, both cases will
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ultimately develop uniform tension fields.

Generally, diagonal tension strips in central zone act almost the same
as a single brace between two opposite corners of the boundary frame,
and make vertical truss. This truss action mechanism, prioritize plas-
ticity development in this zone without special concern about VBE
moment of inertia about an axis taken perpendicular to the plane of the
web plate.

But the situations in corner zone is different, as the web plate tension
is distributed across the entire vertical boundary elements length
(except not connected part), so the boundary elements are subjected to
bending forces. Development of plasticity in corner zone has significant
dependency on several parameters such as the not connected length
ratio, interstory drift ratio demand, the model’s geometry, and the
required VBE moment of inertia, etc. Generally, large not connected
length ratio, force corner strips to mobilize in more horizontal orienta-
tion, which dramatically decreases the corner strips stiffness. Also large
in-plane deflection of the VBE at the connected edges, which are located
far from the central tension diagonal strips, increase this stiffness
reduction. Finally this stiffness reduction leads to lower plastic strain
growth, and furthermore the achievement of smaller yield zone, as
illustrated in Figs. 9-11 for NCR larger than 0.3. So, it can be concluded
that the increase of the not connected length ratio leads to a severe
reduction in plasticity development in corner zone, which reduces the
contribution of this zone in the damping of seismic input energy.
Therefore, in this study it is conservatively assumed that load bearing
capacity share of this zone is negligible regardless of aspect ratio and the



M.R. Hajimirsadeghi and N. Fanaie

J br3

Vi3

- Py .t
=g e
Viiz Vi /
g RF s | | |
i}.—/ ’ Priz l/; P,, IM—
AP e Y
g R,“[:.\" w2 \
£ /' _Por_ I/' "PPPPP J' ’/Lpﬂj |
| Vi l},',/ AAAAAA N /—
' R,F\t,, ?
/
’ X

(@)

Structures 34 (2021) 45964615

h

RlE Ty Sin:( o)

Il

h

R F,t,, R\F, Ly SIN*( 0t )

NT

SONNSS

=
=

|
h \

R\ F,t,sin*(a )

T

(©)
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Fig. 16. Free-body diagram of the first story horizontal boundary element of
Fig. 15 (a) shear wall.

number of the stories. According to Fig. 9 to Fig. 11, the conservative
aspect of this assumption is more concerned with the intermediate range
of the not connected length (0.3 < NCR < 0.5), but for larger NCR this
assumption becomes more reasonable. Effect of ignoring the corner zone
contribution in load-carrying capacity are quantitatively investigated in
section 5.1.

Based on the above-mentioned explanation and analogy to Choi and
Park [22] work on partially connected infill plate steel shear wall and
Porter et al. [43] work on plate girder, single band tension field mech-
anism model was proposed in this study to analyze and design of
partially connected steel shear wall, which has NCR value larger than
0.3. The similarity in this analogy is that marked tension field mobili-
zation in the corner zone of web plate is impossible owing to insufficient
flexural stiffness in the central part of the flange between two stiffeners

4606

in the plate girder [43] and the central part of the secondary boundary
element in Choi and Park [22] proposed shear wall. Fig. 14 depicts
single band tension field mechanism model for a three -story partially
connected steel shear wall, with pin connections of the boundary ele-
ments to each other and VBE to the base.

But it should be mentioned that the model proposed by Choi and
Park and Porter et al. concentrate mainly on the boundary element (End
stiffener in Choi and Park proposed shear wall or flanges in Porter et al.
plate girder), which does not have sufficient strength and stiffness to
allow complete tension field formation across the web. This weak
boundary element allows the formation of in-span plastic hinge, and
therefore, are different from this study shear wall which has strong VBE,
which was designed based on capacity design approach. Thus it can be
concluded that the formation of single band tension field in this three
models are similar, but the global mechanism, which includes plastic
hinge location in boundary element is not the same.

4. Prediction of structural capacity

4.1. Load-carrying capacity

To obtain shear capacity of web plate in proposed shear wall, plastic
analysis can be employed.

Fig. 15(a) indicates the boundary elements internal forces shown in
Fig. 14(a), and Fig. 15 (b) shows the analytical model developed by
Berman and Bruneau [44] which considers the VBEs to act as a
continuous member over a series of supports (HBEs) spaced at story
height, where a concentrated axial force component caused by
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horizontal boundary element (HBE) shear force and distributed loading
due to the formation of a diagonal tension field in the infill plate are
applied to VBE. This distributed load occurs at angle o from the vertical
axis, with an intensity of Ry Fy t,, (where Ry is the ratio of mean to
nominal yield stress of the web plate, F) is the web plate yield stress and
ty is the infill plate thickness). This distributed loading can be decom-
posed to horizontal and vertical components acting along the VBE.
Fig. 15(c) depicts horizontal component of this distributed load which is
acting along the connected part of VBE. Fig. 16. illustrates free-body
diagram of the first story horizontal boundary element of Fig. 15(a)
shear wall.

Using equilibrium equation in horizontal direction (Eq. (1)), and
manipulating the related term, finally the first story applied lateral force
(F7) could be calculated as presented in Eq. (2).

h+ Ry .
> Fy = 0=F) + Py + (O‘SR).F).tW (LC_, - ( +2 >tana>sm2a>
2nd

h+ hye .
= (0‘5R).Evtw (Lc — (%) tana)sta) + Py
st
h+ h,.
F, = <0.5R)‘thw (L(f — ( +2 )tana)sinZa)
st

h+h
— (0.5RyFytw (L(f—( ( +2 )tana)si:ﬂa) + Py — Py
2nd

Based on this approach we can derive similar equations for other
stories applied lateral forces as follows:

h+ hye .
F, = <0.5R}»F Vb (ch — (%) tana) sm2a>
2nd

h hn(‘ .
- (O.SRyF),tW (ch - ( +2 )tana) sthar) + Pu2 — P
3rd

h+ hye
2

@

(2)

ne

3

F3 = (0.5RvatW(L‘{f - (

Vtana)sin2a),, + Pp3 — Py (©)]

As similar structural sections are used in left and right vertical
boundary element in steel shear wall, by using Berman and Bruneau
[44] approach presented in Fig. 15(b) and (c), the difference between
the value of HBE right and left axial force (Pp;-Pp,) could be calculated
by applying the principle of superposition as illustrated in Fig. 17(a). To
simplify final formulation, extra assumptions below are made.

e Considering the top and bottom column end to act as a member with
fixed support.

e Two adjacent story earthquakes induced shear action (F;) for usual
load cases have minor differences as a result, distributed loading due
to the formation of a diagonal tension field in this two adjacent story
infill plates (Ry Fy t; & ;) can be considered equal (Similar to Timler
and Kulak [45] study).

Taking these assumptions into perspective, according to Fig. 17 (b),
regarding to symmetric structure and anti-symmetric loading, it can be
concluded that, above-mentioned value (Pyj;-Pyr;) is almost equal to zero
for intermediate story, and conservatively could be neglected for top
story owing two strut action of top HBE. Finally probable shear strength
of web plate can be obtained by summation of stories applied lateral
forces.

V=F+F+F = (O.SRyFyl‘w(LLf — ( (5)

h+ Ry .
%) tana)sin2a)

The nominal shear strength of web plate can be calculated without
the material factor Ry as presented in Eq. (6).

hnc

h
Vi=F +F,+F;=(0.5F,(Ly — ( tana)sin2a) 6)
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Fig. 19. Schematic representation of stress mobilization (shear flow) in web plate of under study steel shear wall (P.M.).

4.2. Inclination angle of tension field

A derivation for the inclination angle of tension field within the infill
plate of an unstiffened shear wall subjected to transverse loading was
first introduced by Thorburn and Kulak in 1982 [1], using least work
method. According to their study, infill plates, which buckles early
under cyclic shear load can be modeled as a series of parallel pin-ended
tension strips inclined at angle a. This investigation was followed by
Timler and Kulak in 1984 [45]. The CAN/CSA-S16-94 [46], and the
AISC-341 2005 [36] adopt Timler and Kulak work presented by Eq. (7).

twl
1+2AL

- @
3
1+t,h (A% + 360z L)

tan*(a) =

where h = story height; L = center-to-center distance between the
boundary columns; t,, = thickness of the infill plate; A, and A, = cross-
sectional areas of the beam and column, respectively; and I, = moment
of inertia of the boundary column. As beam and column cross-sectional
area (Ap & A.) and moment of inertia of the column (I) increase, the
inclination angle of the tension field (a) converges to 45°.

Work expression derived by Timler and Kulak [45] includes stored
strain energy caused by axial forces within the system and column
bending considering an assumed uniform tension field within the plate
(series of parallel tension strips). But generally, in steel plate shear walls
with thin infill plates, beams and columns are designed to have sufficient
stiffness and strength to resist the tension field force of the infill plates.
Therefore, the frame members can be modeled as rigid boundaries.
Thus, the inclination angle of the tension field can be calculated by
considering merely the effective tension field area of the infill plate [22].
On the other hand, in the steel plate walls with partially connected infill
plates or a wall opening, the tension field is not uniformly distributed
across the infill plate. The inclination angle of the tension field should be
determined by considering the effective tension field area.
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Fig. 18 shows an idealized tension-strip model for the prediction of
the inclination angle of the steel plate shear walls with partial length
connection to vertical boundary element with NCR value larger than 0.3.
In this model hinge connections were used at the beam-to-column
connections. This is because rigidity of the connection between the
beam and column does not affect the internal work of the tension strips
of the infill plate [22]. As mentioned, the infill plate can be modeled
with a series of tension strips inclined at an angle a.

Based on the Eq. (6), o is calculated and presented as follows:

1%

t(L — (M) tana)sinacosa

o=

(®

It should be mentioned that the total shear V induced by lateral load
is assumed to be merely withstood by the infill plate.

The strain energy stored in infill plate due to membrane force is as
follows:

62
Wroat = Wweb—ne = / itwdA 9)
where A = effective tension field area, which is defined below:
e ( (bt 2
PR O e L L N L5 (10)

2

Finally, the internal work done by the panel under a tension field
stress is calculated as follows:

V2 (Lh -
2
2FEt, (L — (%) tana) sin(a)cos2a

According to the least work principle, the critical value of a is ob-
tained by minimizing the work done by differentiating with respect to o

hthae)?
(HZU tana

Wroat = Wweb—ne = (11)
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and equating the result to zero.
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After deriving differentiated terms and manipulating them (pre-
sented in Eq. (13)) into achieving a simplified equation, a fourth order
equation (Eq. (14)) is obtained in terms of tan (a) with constant co-

efficients (Eq. (15)).
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+ ( (lz‘) (4.5 +0.5NCR)(0.5 + 0.5N CR)) tan(a) =2 (é> 2

L
(0.5 + 0.5NCR)’tan*(a) — 3 (Z) (0.5 + 0.5NCR)*tan’ (a)

- (3(0.5 +0.5NCR)’ —2 <%) 2) tan® (at)

Atan*(@) + Btan*(a) + Ctan* (@) + Dtan(a) + E =0

(13)

14)
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Table 5

Comparison with mobilized web plate shear force based on finite element model (Actual) and proposed model distribution.

NCR (%) Li et al. Vian et al. Choi and Park

P.M.(kN) FEM (kN) Error (%) P.M. (kN) FEM (kN) Error (%) P.M. (kN) FEM (kN) Error (%)
40% 564 531.5 —-6.1 634.2 636.3 0.3 1094.8 1026.1 —6.7
50% 513.5 488.1 -5.2 609.2 615.6 1 1049.2 1001.0 —4.8
60% 463.8 418.3 -10.9 584.9 635.4 7.9 1004.8 962.1 —4.4
80% 372.8 350.4 —6.4 537.7 556.0 3.3 918.5 890.5 -3.2
100% 327 317.5 -3.0 491.3 527.9 6.9 833.6 801.1 —-4.0

5. Proposed analytical model

Based on the aforementioned description, Fig. 19 schematically
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depicts stress (shear flow) distribution in infill plate of previously
described steel shear walls (NCR > 0.3) in time of web plate plastic
mechanism formation. This simplified proposed model (P.M.) assumes
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Table 6
Value of tension field inclination angle and interstory drift ratio in time of
yielding.
NCR Li et al. Vian et al. Choi and Park
a (deg) Ty a (deg) Ty a (deg) Ty
40% 28.8 0.0026 37.6 0.0017 37.8 0.003
50% 28.2 0.0026 37.3 0.0017 37.5 0.0031
60% 27.6 0.0027 37.1 0.0017 37.3 0.0031
80% 26.7 0.0027 36.5 0.0017 36.9 0.0031
100% 26.3 0.0027 36.5 0.0017 36.7 0.0031

that almost uniform distributed shear load was mobilized along the
effective length of web plate central section (Legy) which is called single
band model in this article. It should be mentioned that this proposed
model assumes that there is plastic plateau after yield stress of steel
material to postpone hardening effect.

Fig. 20 to Fig. 22 illustrate the distributed shear load intensity due to
tension field stress (615 X ty = shear flow) along the web plate cross
section cut (Section 1-1 in Fig. 19) with respect to percent of interstory
drift ratio. As it can be obviously witness, shear flow follows the plateau-
shaped distribution, which means that the lion’s share of stress is
mobilized in width of this plateau, and an increase in drift ratio leads to
complete this distribution shape.

To validate Fig. 19 representation of stress distribution, Table 5
compares the mobilized web plate shear force (Section 1-1 in Fig. 19)
based on finite element models (Fig. 20 to Fig. 22) which equals to
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covered area under shear flow graph and proposed model distribution in
0.3% interstory drift ratio. It should be mentioned that proposed model
mobilized shear force is equal to effective length of web plate central
section (Leg) multiplied by average value of shear flow (Fy = Fy.qye in
Fig. 19), which is calculated based on Eq.

Vwev—pm. = (Ley — Lygpr) % (Fysin(a)cos(a)t,,) (16)

Table 6 represents the value of tension field inclination angle based
on Eq. (14), which is utilized to calculate P.M. mobilized shear forces in
web plate central section (Table 5) and the interstory drift angle in
which the web plate would start to yield based on Eq. (17) [47].

2¢,

- sin(2a) an

7y

According to Table 6, 0.3% drift ratio (equal to 0.003 drift angle) led
to yielding in web plate of all models and, therefore, was an appropriate
value to verify the proposed model mobilized shear force.

It is worthy of mention that Eq. (17) was developed based on the
assumption that all active strips mobilized simultaneously in the same
stress level, but actually as described before (Fig. 13) when drift ratio
levels gradually increase, uniform tension fields will ultimately develop
across the active area of infill plate. Therefore, it can be concluded that
above equation predicts the occurrence of yielding in mid part of the
central zone, which mobilizes truss action. Thus the development of
fully yield single band requires time for increase in drift as well as stress
redistribution. As a result, in lower drift, the proposed method may does
not have good shape accordance with plateau shape distribution, which
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V8 for 1st story.

4612



M.R. Hajimirsadeghi and N. Fanaie

1000
800
Z o0 f
o
3 I
Lg 400
200 F L4-Web  woeeeeeeeese Yield
----Eq6
0 : M .
0 40 80 120 160 200
Displacement (mm)
1000
800
£ o0 f
[}
2
S 400 f=fmm e m e e e e - =
a9
200 } L6-Web  weeeeverenene Yield
----Eq.6
0 M - .
0 40 80 120 160 200

Fig. 24. Actual value of shear strength in web plate resulted from Abaqus, in comparison with predicted value (Eq. (5)) based on Li et al. reference model; (a) L4; (b)

L5; (¢) L6; (d) L8.
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Fig. 25. Actual value of shear strength in web plate resulted from Abaqus, in comparison with predicted value (Eq. (6)) based on Vian et al. reference model; (a) V4;

(b) V5; (c) V6; (d) V8.

assumes that almost uniform distributed shear load was mobilized along
the effective length of web plate central section (L), but as drift in-

creases, shear flow,
distribution.

almost complies with the corresponding

To consider the effect of increase in interstory drift on improved
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compliance, as an example, Fig. 23 illustrates the accordance between
proposed and finite element model shear flow distribution in line with
1st web central section (arbitrary selection) for 0.3% & 0.6% inter story
drift ratio. As it can be obviously observed, increasing interstory drift
ratio from 0.3% to 0.6% led to better conformance between distribution
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Fig. 26. Actual value of shear strength in web plate resulted from Abaqus, in comparison with predicted value (Eq. (6)) based on Choi and Park. reference model; (a)

C4; (b) C5; (c) C6; (d) C8.

Table 7

Comparison between web plate shear strength based on finite element model (Actual) and predicted value (Eq. (6)).
NCR (%) Li et al. Vian et al. Choi and Park

Eq. (6) (kN) FEM (kN) Error (%) Eq. (6) (kN) FEM (kN) Error (%) Eq. (6) (kN) FEM (kN) Error (%)

40% 442.5 569.4 —22 393.2 486.2 -19 935.7 966.8 -3.2
50% 421.7 515 -18 385.1 469 -17.9 914.8 928.5 -15
60% 402.1 462.9 -13 376.8 448.8 -16 894.1 893.9 0
80% 364.6 356.2 2 361.1 413.6 —-12.7 853.6 823.4 3.7
100% 326.8 327.6 0 344.8 392.9 —-12.24 812.8 760.2 6.9

shape of shear flow in proposed and finite element model. Ultimately it
should be mentioned that regardless of shape distribution conformity,
proposed method predicts mobilized shear force in web central section
with proper accuracy.

Based on the above-mentioned description, it can be concluded that
proposed model shows reasonable error in presenting of tension field in
web plate central zone of this study steel shear wall (NCR > 0.3).

5.1. Verification shear strength derived

In this section the ability of derived shear strength relation (Eq. (6))
to predict structural capacity of partially connected steel shear wall with
large value of not connected length ratio (NCR > 0.3) were investigated
based on finite element modeling results. Seismic design provisions [10]
mandate the web plates to provide100% of the required shear strength
and save a boundary frame capacity as a compensator of web plate
improper seismic behavior (tension only). Thus in this study numerical
web plate force-displacement diagrams were derived by subtracting
wall force-displacement diagrams from that of frame force-displace-
ment as illustrated in Fig. 24 to Fig. 26. Actual yield strength is defined
by intersecting vertical dotted lines (which is determined based on Eq.
(17)) and web plate force-displacement diagrams. As it can be visually
observed, the predicted (Eq. (6)) and actual yield strength value based
on numerical model are in reasonable accordance. Table 7 quantita-
tively compares this value. As it can be seen Eq. (6) determines the shear
yield strength of the proposed steel wall with a good accuracy. Ignoring
the contribution of corner zone to load-carrying capacity does not have
significant effect on this prediction, but as expected, this prediction is to

4614

some extent conservative for the intermediate range of the not con-
nected length (0.3 < NCR < 0.5).

6. Conclusions

In this research project analytical studies were conducted based on
numerical evidence so as to investigate the effects of large value of not
connected length ratio of infill plate to middle height of vertical
boundary element (NCR > 0.3) on the quality of tension field formation
in presence of panel aspect ratio and number of stories variation. The
most important results of this research project are outlined below.

(1) Based on numerical evidence and analogy to previous work of
steel plate shear wall and plate girder, simplified proposed model
named “single band tension field mechanism” was introduced.
Relative accordance between proposed and finite element model
shear flow distribution corroborates that panel aspect ratio and
the number of stories variation have no significant effect on
proposed method and corresponding governing equation.

Shear strength of the infill plate (with the limit state of shear
yielding) was determined, and numerically validated. The pro-
posed equation was derived using the plastic analysis of the single
band tension field mechanism model.

Inclination angle of the tension field within the infill plate of an
unstiffened shear wall subjected to transverse loading is derived
using the least work principle, and was numerically validated.

2

—

3

-
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