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Abstract

Steel plate shear walls (SPSWs) are a lateral force-resisting system in which thin infill plates
(web plates) are connected to the boundary frame (i.e., beams and columns) along four edges.
Despite shear buckling of thin plates upon lateral loading, web plates still provide lateral
strength and stiffness in the post-buckling range owing to a mechanism called tension field
action. The boundary frame (particularly columns) needs to satisfy stringent strength and
stiffness requirements to anchor the inclined forces in web plates resulting from tension field
action. An alternative system to conventional SPSWs, steel plate shear walls with beam-
connected web plates (B-SPSWs), is proposed in the literature where web plates are connect-
ed to beams only. Therefore, high flexural and axial load demands in columns induced by ten-
sion field forces are eliminated. However, due to the difference in boundary conditions of web
plates, the load path of steel plate shear walls with beam-connected web plates significantly
differs from that of conventional SPSWs. In this study, a simplified strip model of beam-
connected web plate is proposed to simulate the cyclic behavior of beam-connected web
plates. As it is typical and conservative to ignore the compressive strength of strips, strip
models underestimate the strain energy dissipated under cyclic loading. An equation for the
compressive strength of strips is proposed to accurately capture the energy dissipation capac-
ity of beam-connected web plates. A three-way comparison between the proposed strip model,
a strip model from the literature, and a validated continuum model is provided. The results
reveal that the proposed strip model is capable of successfully estimating the boundary frame
demands, lateral load capacity, and energy dissipation of beam-connected web plates.

Keywords: Steel Plate Shear Walls, Beam-connected Web Plates, Strip Model, Partial Ten-
sion Field, Compressive Strength.
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1 INTRODUCTION

Steel plate shear walls (SPSWs) are a reliable lateral force-resisting system with high duc-
tility, high lateral stiffness, and stable hysteretic behavior [1-7]. SPSWs comprise thin infill
plates (web plates) connected to beams and columns on all four edges. Under lateral loads,
web plates experience shear buckling; however, they are still capable of resisting lateral loads
and providing lateral stiffness in the post-buckling range due to diagonal tension stresses de-
veloping in web plates called tension field action (TFA) [8]. As the current design practices
rely on TFA for the design of SPSWs, diagonal tension stresses in the web plates must be an-
chored to very stiff beams and columns to utilize TFA efficiently. This diagonal tension might
cause significant force demands in beams and columns and require stringent stiffness re-
quirements. It is worthwhile noting that the vertical component of TFA in the web plates of
the adjacent stories acting on the intermediate-story beams are in the opposite direction. Con-
sequently, except for the base and roof beams, the flexural demands in the beams of SPSWs
might be minimal. However, as diagonal tension stresses in the web plates are exerted on the
columns of SPSWs on one side only, the significant internal force demands develop in the
columns, which is a design challenge. To mitigate high flexural and axial demands in the col-
umns due to TFA and to facilitate field installation of web plates, an alternative SPSW con-
figuration called SPSWs with beam-connected web plates (B-SPSW) is proposed, in which
the web plates are connected to the beams of SPSWs only and the vertical edges of the web
plates are free. Within the scope of this paper, the focus is on the modeling of beam-connected
web plates. Details of B-SPSWs system design and seismic performance can be found in Oz-
celik and Clayton [9-12].

The web plate behavior is typically simulated using two modeling techniques, namely, the
continuum model and the strip model. In the former technique, the web plate is modeled using
shell-based finite elements with specified initial out-of-straightness to explicitly simulate the
shear buckling behavior and to capture the development of TFA under lateral loads. In the lat-
er approach, the strip model, the web plate is modeled using a series of inclined tension-only
truss elements connected to beams and columns to represent the diagonal tension field of the
web plate. The strip model has been utilized successfully by many researchers [2,8,13-17] to
simulate the cyclic response of fully-connected web plates (i.e., web plates connected to
beams and columns). However, there has been little work done on the development of a strip
model for the simulation of cyclic behavior of beam-connected web plates in B-SPSWs.

In the strip model, it is essential to determine the extent and inclination angle of TFA and
the hysteretic behavior of individual strips to simulate the cyclic behavior of web plates and to
obtain member demands accurately. For fully-connected web plates, design codes [18,19]
provide an equation for the inclination angle of tension field. In addition, recent research
[20,21] proposed an inclination angle of 45 degrees for fully-connected web plates provided
that beams and columns have sufficient stiffness to anchor the web plate to develop full TFA,
i.e., diagonal tension stresses develop in the whole plate. As the beam-connected web plates
are not restrained by columns along their vertical edges, the extent and inclination angle of the
tension field differ from these of fully-connected web plates due to the formation of partial
TFA (Figure 1) instead of full TFA. In addition, recent research [20,21] revealed that the ten-
sion-only strip behavior is not in alignment with experimental findings and the fully-
connected web plates have non-negligible compressive resistance upon loading and unloading.
As the compressive strength of the strips depends on the web plate connectivity and thickness,
it should be investigated for beam-connected web plates.
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Figure 1: A test photo of partial tension field (adapted from Clayton et al. [16])

In this study, to simulate the beam-connected web plate behavior, a strip model is proposed,
providing equations for the inclination angle of tension field and the compressive strength of
strips. The details of the strip model are explained and a three-way comparison between the
proposed strip, a strip model in the literature, and a continuum model is presented.

2 STRIP MODEL FOR BEAM-CONNECTED WEB PLATES

Thorburn et al. [8] was proposed a strip model for fully-connected web plates with infinite-
ly flexible columns. In this model, Thorburn et al. [8] assumed that partial TFA would form in
the web plate between the beams over the partial TFA length (L) as the columns could not
anchor the diagonal tension stresses in the web plate. Assuming the PTF orients itself to resist
the maximum shear force, Thorburn et al. [8] proposed an equation for the inclination angle of
partial TFA (Equation 1), where yis a non-dimensional inclination angle parameter given as
0.5.

0 = y tan Y(L/H) (1)

Thorburn et al. [8] defined L, based on web plate geometry and an assumed & (Equation 2),
where L and H are the web plate length and height, respectively:

_ _ tan @
Lp—L—Htanﬂ—L(l—L/H) )

The strip model proposed by Thorburn et al. [8] can be extended to beam-connected web
plates as partial TFA is observed in beam-connected web plates under lateral loads. Character-
izing thin beam-connected web plate behavior adopting a mechanics-based analytical model
and a validated detailed finite element of a beam-connected web plate, Equation 3 is proposed

for y. Details of Equation 3 can be found in Ozcelik and Clayton [22,23].

y = 0.55—0.03 (L/H) = 0.51 (3)

As discussed herein, compressive strength of SPSW web plates is typically neglected since
it is assumed that web plates have limited shear buckling strength. A parametric study was
conducted by Ozcelik and Clayton [22] to quantify the compressive strength of strips repre-
senting beam-connected web plates. A parameter, £, is defined as the ratio of compressive
strength of the strip to the yield strength, Fy, of the web plate material, given by Equation 4,
where ty is the web plate thickness:
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2.75 =0 (4)

VH/tw

B = —0.04+0.02 (L/H) +

Adding an elasto-plastic material with a compressive strength determined by Equation 4
(Figure 2(b)) to the tension-only pinched material for which tensile stresses do not develop
until reaching the maximum plastic strain from previous cycles (Figure 2(a)) in parallel, a par-
allel material (Figure 2(c)) can be used to simulate the strip behavior under cyclic loading.
The normalized stress and strain diagrams of the materials are given in Figure 2, where o is
the stress in strips, ¢ is the normal strain of strips, and & is the yield strain of the web plate
material.
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Figure 2: Material models for strips: (a) pinched tension-only material, (b) elasto-plastic tension-compression
material, and (c) resulting strip response when (a) and (b) are used in parallel. (adapted from Ozcelik and Clay-
ton [22])

The area of a strip, As, can be calculated using Equation 5, where ns is the number of strips
in each direction:

tan 6
L/H

Ag = t, L,cosf /ng; =t, L (1 — )cos@ /N (5)
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Figure 3: Strip model. (adapted from Ozcelik and Clayton [22])

The step-by-step modeling of the proposed strip model is described as follows:
e Determine yand @ using Equations 3 and 1, respectively.
e Calculate Lp using Equation 2.

o Select the number of strips (at least 10 strips to improve accuracy) and calculate As from
Equation 5.
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e Estimate £ from Equation 4.

¢ Define the strip material as a combination of materials in parallel given in Figure 2(a) and
Figure 2(b).

o Create a series of evenly-spaced inclined strips using truss elements as shown in Figure 3.

3 COMPARISON OF B-SPSW MODELS

A three-way comparison between the proposed strip model, a strip model in the literature,
and the continuum model is provided. B-SPSWs with various aspect ratios (L/H) between 0.8
and 2.5 keeping H constant (4 m) and height-to-thickness ratios between 160 and 3200 are
analyzed under a cyclic drift history in ABAQUS [24] adopting the continuum model ap-
proach where the web plates are represented by shell elements (S4R) with an initial imperfec-
tion and beams and columns are modeled using very stiff line elements (B31). These models
will be referred to as finite element models (FEM). The same B-SPSWs are modeled in
OpenSEES adopting the strip model approach proposed herein. As the proposed strip model
accounts for the compressive strength of the strips, it will be referred to as tension-
compression strip model (TC). In addition to the proposed strip model, B-SPSWs are modeled
in OpenSEES adopting the strip model proposed by Thorburn et al. [8], in which »is 0.5 and
S s 0 (i.e., tension-only strips). The strip model proposed by Thorburn et al. [8] will be re-
ferred to as tension-only strip model (TO). Similar to FEM, the beams and columns of the TC
and TO models are modeled using very stiff line elements. Further details on the modeling of
FEM, TC, and TO can be found in Ozcelik and Clayton [22].

The analysis results from the strip models (TC and TO) and FEMs are compared in terms
of base shear capacity of beam-connected web plates, beam and column demands, and energy
dissipation capacity of B-SPSWs. Figure 4 shows the comparison of the base shears, V, nor-
malized with respect to the web plate lateral load capacities, Vy, of three models with an as-
pect ratio of 1.5 for various H/ty ratios. Vy can be calculated from Equation 6:

V, = 0.5 E,t,,L, sin 26 (6)

As depicted in Figures 6(a) and 6(b), for thinner web plates (higher H/tw), both TO and TC
match the FEM results closely as the strips representing thinner web plates have limited com-
pressive strength. The normalized base shear capacities and the normalized unloading base
shears are closed to 1 and 0, respectively, for all models, as expected. For thicker plates (Fig-
ures 6(d) and 6(e)), TC still shows a very similar response to FEM while TO does not match
FEM. As thicker plates are used, TC is able to predict peak capacities accurately; however, it
does tend to underestimate the web plate strength during unloading and loading. The loading
and unloading strengths might have a substantial impact on the energy dissipation capacity;
however, they do not affect the peak beam and column demands as will be discussed.

By integrating the area under the base shear vs. displacement response for each model, en-
ergy dissipation (E) is determined. For a L/H of 1.5 and H/tw of 213, Figure 5 shows E for
each model normalized with respect to the total energy dissipated in FEM (Emax). AS men-
tioned, the TC model underestimates the unloading and loading strengths; consequently, the
TC model underpredicts E by approximately 25% for thicker plates with respect to the FEM
results. On the other hand, the TO model underestimates E by approximately 75% for the
same plate thickness with respect to the FEM results.
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Figure 4: Comparison of normalized base shear vs. drift ratio for an aspect ratio of 1.5
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Figure 5: Normalized strain energy for a L/H of 1.5 and H/ty of 213

For various L/H and H/tw, the normalized strain energy (E/Emax) values are tabulated in Ta-
bles 1 and 2 for TC and TO models, respectively. For the thinnest and the thickest plates con-
sidered in this study ((H/tw of 1600 and 160, respectively), TO can dissipate approximate 50%
and 25% of Emax (0N average), respectively. However, TC can dissipate as high as 84% of Emax
on average. Despite underprediction of energy dissipation, TC shows a great improvement in
simulating beam-connected web plate behavior compared to the existing TO in terms of ener-
gy dissipation capacity.

Mmax Pmax V E

H/tw H/tw H/itw H/tw
L/H 160 320 1600 160 320 1600 160 320 1600 160 320 1600
11 116 1.06 1.06 096 098 1.04 0.89 092 096 0.75 0.76 0.81
14 1.03 116 1.04 094 1.05 1.03 092 098 099 0.78 0.79 0.84
1.7 117 114 104 108 1.03 104 096 098 099 0.80 0.80 0.1
2.0 112 112 1.03 106 1.07 1.03 099 101 100 0.83 0.83 0.84
2.3 1.07 116 105 105 1.06 1.03 1.01 102 099 0.95 0.92 0.90
Average 109 1.09 1.04 101 1.03 1.04 094 098 098 0.82 0.84 0.85
Std. Dev. 0.07 0.06 0.02 0.06 0.04 0.01 0.07 0.04 0.02 0.08 0.06 0.04

Table 1: Beam Moment, Column Axial Load, Base Shear, and Energy Ratios (TC Model to ABAQUS Ratios)

Mmax Pmax V E

H/tw H/tw H/tw H/tw
L/H 160 320 1600 160 320 1600 160 320 1600 160 320 1600
11 145 124 115 109 1.08 110 0.64 0.80 094 0.24 030 0.54
1.4 131 137 113 107 115 109 0.76 082 094 0.23 0.30 051
1.7 148 137 114 123 115 110 0.77 087 095 0.27 033 051
2.0 144 135 114 121 119 109 0.79 088 095 0.27 0.33 0.50
2.3 136 136 112 121 117 109 0.82 088 096 0.28 0.35 0.53
Average 139 131 114 115 113 110 0.75 0.84 094 0.25 0.33 0.52
Std. Dev. 0.10 0.09 0.02 0.08 0.06 0.01 0.08 0.04 0.01 0.02 0.03 0.03

Table 2: Beam Moment, Column Axial Load, Base Shear, and Energy Ratios (TO Model to ABAQUS Ratios)

Tables 1 and 2 tabulate the ratios of maximum moment in beams (Mmax), maximum axial
compressive load in columns (Pmax), and V of strip models to those of FEM. TO overestimates
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Mmax and Pmax conservatively for all H/tw values; however, TO becomes overly conservative as
plate thickness increases. TO successfully predicts V for thinner plates while V of TO can be
as low as 60% of V of FEM for thicker plates. These differences stem from the negligible
compressive strength assumption for TO. TC predicts the Mmax Pmax, and V accurately regard-
less of the plate thickness as TC accounts for the compressive strength of strips. For the cases
in which TC deviates from FEM, the member demands are typically conservatively overesti-
mated and base shear tends to be conservatively underestimated for TC. In brief, TC can be
used to model beam-connected web plates for a wide range of L/H and H/tw values.

4 CONCLUSIONS

In this study, a simplified model called strip model is proposed to simulate the behavior of
beam-connected web plates under cyclic loading. An equation is presented for the inclination
of tension field action observed in beam-connected web plates and another equation is provid-
ed that estimates the compressive strength of strips. A three-way comparison between the
proposed strip model, the strip model proposed by Thorburn et al. [8], and the shell-based fi-
nite element model is presented. The results of the comparative study appear to indicate that
the proposed strip model matches the finite element results and shows a significant improve-
ment in simulating beam-connected web plate behavior compared to the strip model proposed
by Thorburn et al. [8].
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