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Capacity Design of Vertical Boundary 
Elements in Steel Plate Shear Walls

JEFFREY W. BERMAN and MICHEL BRUNEAU

Design requirements now appear in the 2005 AISC Seis-
mic Provisions for Structural Steel Buildings (AISC, 

2005b), referred to herein as The Provisions, for steel plate 
shear walls (SPSWs) that are designed such that their web 
plates buckle in shear and develop diagonal tension fi eld ac-
tion when resisting lateral loads. Energy dissipation and duc-
tility during seismic events is principally achieved through 
yielding of the web plates along the diagonal tension fi eld. 
Consistent with capacity design principles, The Provisions 
require that the vertical and horizontal boundary elements 
(VBEs and HBEs) of SPSWs, as shown in Figure 1, be 
designed to remain essentially elastic with the exception of 
plastic hinging at the ends of horizontal boundary elements. 
The commentary of The Provisions provides some guidance 
on how to achieve this requirement. However, the methods 
described in the commentary, as shown in this paper, do not 
necessarily lead to VBEs that meet the requirement of es-
sentially elastic behavior under the forces generated by fully 
yielded web plates.

This paper reviews the current approaches provided in 
The Provisions commentary for determination of capacity 
design loads for the VBEs of SPSWs and also describes how 
the capacity design objective may be achieved using nonlin-
ear static analysis. Then, a new procedure is proposed that 
uses a fundamental plastic collapse mechanism and linear 
beam analysis to approximate the design actions for VBEs of 
SPSWs for given web plates and horizontal boundary mem-
ber sizes. The proposed procedure does not involve nonlin-
ear analysis, making it practical for use in design. VBE de-
sign loads are estimated using both the current and proposed 

procedures for two example SPSW confi gurations. The re-
sulting design loads are then compared with the VBE design 
loads as determined by nonlinear pushover analysis. 

CURRENT VBE DESIGN PROCEDURES

Three methods for ensuring capacity design of VBEs 
and HBEs for SPSWs are described in the commentary 
of The Provisions, two of the methods are linear and one 
is nonlinear. These are: the combined linear elastic com-
puter programs and capacity design concept (LE+CD); the 
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Fig. 1. General SPSW Confi guration.
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the web panel be applied to the surrounding framing mem-
bers in the direction of α. However, without simultaneous 
application of the lateral loads that caused the web plates to 
yield, the frame member moment diagrams resulting from 
the application of just the web plate forces will be incorrect 
because equilibrium with the applied loads is not satisfi ed 
and the deformed shape of the system is incorrect for those 
loads. To illustrate this, consider Figure 2, which shows a 
SPSW with the web plate represented by strip elements sub-
jected to lateral loads (Figure 2a), and the model implied 
by step 4 of the LE+CD procedure where the strips have 
been replaced with plate yield forces, but no corresponding 
lateral loads have been applied. It is clear that the moment 
diagrams for the columns from these two cases will have 
different shapes regardless of the dimensions, geometry, or 
confi guration of the SPSW. Unfortunately, calculation of 
those lateral loads and displacements is complex and since 
the procedure is meant to provide a simple linear method 
for capacity design of framing elements it is not useful to 
recommend the addition of such calculations. However, the 
concept that the forces from the yielding web plates may be 
applied to an otherwise elastic model in lieu of using full 
nonlinear analysis is promising and is the motivation for the 
proposed capacity design procedure below.

Indirect Capacity Design Approach (ICD)

The indirect capacity design approach presented in Com-
mentary Section C17.4a of The Provisions is from the Ca-
nadian Standards Association steel design standard CAN/
CSA-S16-01 (CSA, 2001) and proposes that the loads in the 

indirect capacity design approach (ICD); and nonlinear 
static analysis (pushover analysis). Each is reviewed briefl y 
below and the steps in the two linear procedures that result 
in signifi cant inaccuracies are identifi ed. Note that nonlinear 
static analysis of SPSWs with web plates modeled as a series 
of strips oriented at α from the vertical, the angle of inclina-
tion of the tension fi eld as calculated per The Provisions, has 
been shown to adequately represent the behavior of SPSW 
(Driver, Kulak, Kennedy and Elwi, 1998; Berman and Bru-
neau, 2004; and Berman and Bruneau, 2005; among others). 
That strip model is also used in elastic analyses of SPSW in 
the two linear procedures described below. 

Combined Linear Elastic Computer Program and 
Capacity Design Concept (LE+CD)

The combined linear elastic computer program and capacity 
design concept as described in Commentary Section C17.4a 
of The Provisions consists of four steps (note that Ry is the 
ratio of mean to nominal yield stress of the web plate, As 
is the area of a strip in the strip model representation of a 
SPSW, and Fyp is the web plate yield stress):

1. Lateral forces: Use combined model, boundary elements 
and web elements, to come up with the demands in the 
web and boundary elements for the code required base 
shear. The web elements shall not be considered as 
vertical-load carrying elements.

2. Gravity load (dead load and live load): Apply gravity 
loads to a model with only gravity frames. The web ele-
ments shall not be considered as vertical-load carrying 
elements.

3. Without any overstrength factors, design the boundary 
elements using demands based on combination of the 
forces from the above steps 1 and 2. 

4. Boundary element capacity design check: Check the 
boundary element for the maximum capacity of the web 
elements in combination with the maximum possible 
axial load due to overturning moment. Use the axial force 
obtained from step 1 above and multiply by the over-
strength factor, Ωo. Apply load from the web elements 
(RyFyp As) in the direction of α. For this capacity design 
check use a material strength reduction factor of 1.0. For 
the determination of the required strength of boundary 
elements and their connection to the web, neither the 
resistance factor (LRFD), nor the safety factor (ASD), 
are applied to the strength of the web. 

While this procedure may, in some cases, result in proper 
capacity design of boundary elements, there is an inconsis-
tency with respect to equilibrium. In step 4 the procedure 
requires that forces equal to the expected yield strength of 

 (a) (b)

Fig. 2. Conceptual difference between: (a) SPSW subject 
to lateral load and (b) SPSW boundary frame 

subject to only infi ll plate yield forces.
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VBEs of a SPSW may be found from gravity loads com-
bined with seismic loads amplifi ed by:

 B V V
e u

= /  (1)

where
Ve  = expected shear strength, at the base of the wall, 

determined for the web thickness supplied 
  = 0.5RyFyptwLsin2α, where L is the width of the 

wall
Vu  = factored lateral seismic force at the base of the 

wall

In determining the loads in VBEs, the amplifi cation factor, 
B, need not be taken larger than the seismic force reduction 
factor, R. 

The VBE design axial forces shall be determined from 
overturning moments defi ned as follows:

1. The moment at the base of the wall is BMu, where Mu is 
the factored seismic overturning moment at the base of 
the wall corresponding to the force Vu;

2. The moment, BMu, extends for a height H but not less 
than two stories from the base, and;

3. The moment decreases linearly above a height H to B 
times the factored seismic overturning moment at one 
story below the top of the wall, but need not exceed R 
times the factored seismic overturning moment at any 
story under consideration corresponding to the force Vu.

The local bending moments in the VBE due to tension fi eld 
action in the web shall be multiplied by the amplifi cation 
factor, B.

This procedure relies on elastic analysis of a strip model 
(or equivalent) for the design seismic loads, followed by 
amplifi cation of the resulting VBE moments by the factor 
B. Therefore, it produces moment diagrams and SPSW de-
formations that are similar in shape to what one would ob-
tain from a pushover analysis. Similarly, the determination 
of VBE axial forces from overturning calculations based on 
the design lateral loads amplifi ed by B results in axial force 
diagrams that are of the proper shape. However, the amplifi -
cation factor used in both instances is found only for the fi rst 
story and does not include the possibly signifi cant strength 
of the surrounding frame. This leads to estimates of VBE 
demands that are less than those required to develop full 
web yielding on all stories prior to development of hinges 
in VBEs. For example, it is conceivable that the ratio of web 
thickness provided to web thickness needed for the design 
seismic loads is larger on the upper stories than on the lower 
stories. In these situations, the indirect capacity design ap-
proach would signifi cantly underestimate the VBE design 
loads for the upper stories and capacity design would not 
be achieved. Additionally, frame members for SPSW may 

be large and the portion of the base shear carried by the sur-
rounding moment frame could be substantial. For example, 
a recent SPSW implementation detailed in Monnier and Ha-
rasimowicz (2007) had VBEs at the bottom stories that were 
W14×730, the second largest W14 shape available. Neglect-
ing the strength of the surrounding moment resisting frame 
in the ICD procedure when that frame has such substantial 
sections will certainly result in an underestimation of the ex-
pected SPSW shear strength, Ve, and VBE design loads that 
are underestimated for true capacity design. 

Nonlinear Static (Push-Over) Analysis

Nonlinear static analysis of VBE strip models has been 
shown to give reasonable results for HBE and VBE moments 
and axial forces. Capacity design may be achieved by ac-
counting for the actual thickness of the web plates and the 
ratio of mean to nominal web plate yield stress. However, 
as a design tool, nonlinear static analysis is time consum-
ing as several iterations may be necessary to ensure capacity 
design of VBEs. Additional complexity results from having 
to properly account for possible formation of fl exural-axial 
plastic hinges in the HBEs. Despite these issues, nonlinear 
static analysis of SPSW strip models generally gives accu-
rate results for VBE demands and will be used to compare 
the adequacy of the proposed procedure below for two ex-
ample SPSWs.

PROPOSED VBE DESIGN PROCEDURE

Objective

As discussed above there are two rather simple linear pro-
cedures for capacity design of SPSW VBEs given in the 
commentary of The Provisions. However, those methods, for 
different reasons, do not necessarily achieve the goal of VBE 
capacity design. Furthermore, the nonlinear static analysis 
procedure, which results in a more accurate estimation of the 
capacity design demands for VBEs, is tedious for broad use 
in design. Therefore, a need exists to develop a reasonably 
accurate and relatively effi cient method for estimating the 
demands in VBEs when full yielding occurs in web plates 
for SPSW. This method should preferably involve only lin-
ear computer analyses without development of the complete 
strip model, and should account for the strength of surround-
ing framing (in other words, include the strength demands 
associated with hinging at the HBE ends).

The procedure proposed below to estimate VBE design 
loads to ensure capacity design of SPSWs combines a linear 
elastic beam model and plastic analysis. A model of the VBE 
on elastic supports is used to determine the axial forces in the 
HBEs and a plastic collapse mechanism is assumed to estimate 
the lateral seismic loads that cause full web plate yielding and 
plastic hinging of HBEs at their ends. A simple VBE free body 
diagram is then used to determine the design VBE axial forces 
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and moments. For use in design, iteration may be necessary as 
certain parameters are assumed at the beginning of the process 
that may need revision as the design progresses.

Plastic Collapse Mechanism

Plastic collapse mechanisms for SPSWs subject to lateral 
loads have been proposed by Berman and Bruneau (2003) 
and have been shown to agree well with experimental results 
for ultimate capacity of single and multistory SPSWs. They 
examined two types of plastic mechanisms for multistory 
SPSW, namely, a uniform collapse mechanism and a soft-
story collapse mechanism which are shown schematically in 
Figures 3a and 3b respectively. For the purpose of capacity 
design of VBEs, it is conservative to use the uniform plas-
tic collapse mechanism as it will result in larger base shear 
forces and larger VBE demands. Furthermore, if a soft-story 
mechanism is found to be likely, it is recommended that the 
SPSW be redesigned to develop more uniform yielding of 
the web plates over the height. This can be achieved, even for 
web plates of equal thickness over the height, by adjusting 
the sizes and moments of inertia of the surrounding HBEs 
and VBEs. Therefore, the uniform collapse mechanism 
shown in Figure 3a will be used in the proposed procedure 
for determination of capacity design loads for SPSW VBEs.

Proposed VBE Design Procedure

Free Body Diagrams of VBEs

Assuming that the web plates and HBEs of a SPSW have 
been designed according to The Provisions to resist the 

factored loads (or, for the case of HBE design the maximum 
of the factored loads or web plate yielding), the required ca-
pacity of VBEs may be found from VBE free body diagrams 
such as those shown in Figure 4 for a generic four-story 
SPSW. Those free body diagrams include distributed loads 
representing the web plate yielding at story i, ωxci and ωyci; 
moments from plastic hinging of HBEs, Mprli and Mprri; axial 
forces from HBEs, Pbli and Pbri; applied lateral seismic loads, 
found from consideration of the plastic collapse mechanism, 
Fi; and base reactions for those lateral seismic loads, RyL, RxL, 
RyR, and RxR. The following describes how the components 
of the VBE free body diagrams are determined. Note that for 
the purpose of this discussion lateral forces are assumed to 
be acting from left to right on the SPSW of Figure 4.

Forces from Plate Yielding

The distributed loads to be applied to the VBEs (ωyci and 
ωxci) and HBEs (ωybi and ωxbi) from plate yielding on each 
story i may be determined as:

 
ω α  ω α

yci yp wi xci yp wi 
F t F t  = = ( )2 si n sin 2 

2 
 (2)

 
ω α  ω α

yb i y  p w  i x  bi yp wi 
F t  F t= ( )  = co s sin 

2 
2 2  (3)

These are found from resolving the plate yielding force, 
occurring at an angle α from the vertical, into horizontal and 
vertical components acting along the VBEs and HBEs as 
demonstrated for a VBE in Figure 5. In that fi gure, ds is an 
incremental plate width perpendicular to the tension fi eld, 

 (a) (b)

Fig. 3. SPSW Collapse Mechanisms: (a) Uniform Yielding Mechanism and (b) Soft-Story Mechanism.
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 (a) (b)

Fig. 4. VBE free body diagrams.

Fig. 5. Resolution of plate forces applied to a VBE.
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dy is an incremental VBE height corresponding to ds, and Ps, 
Px and Py, are forces from plate yielding summed over ds in 
the tension fi eld, horizontal and vertical directions, respec-
tively. Note that the inclination angle, as determined per The 
Provisions, depends on the VBE cross-sectional area and 
moment of inertia and will have to be assumed at the begin-
ning of a design procedure and then revised once VBEs have 
been selected. An initial assumption of 45ο is suggested. 

HBE Axial Forces

As part of estimating the axial load in the HBEs, an elastic 
model of the VBE is developed as shown in Figure 6. The 
model consists of a continuous beam element representing 
the VBE which is pin-supported at the base and supported 
by elastic springs at the intermediate and top HBE locations. 
HBE spring stiffnesses at each story i, kbi, can be taken as 
the axial stiffness of the HBEs considering one-half the bay 
width (or HBE length for considerably deep VBEs), in other 
words:

 k
A E

Lbi
bi=
/ 2

 (4)

where 
Abi  =  HBE cross-sectional area 
L  = bay width
E  = modulus of elasticity 

This VBE model is then loaded with the horizontal compo-
nent of the forces from the web plates yielding over each sto-
ry, namely, ωxci. An initial VBE size will have to be assumed 
for use in this model and some iteration may be required 
once that VBE size is revised. Additionally, it is reasonable 
to neglect the rotational restraint provided by the HBEs. 
This assumption has been observed to have a negligible im-
pact on the resulting spring forces, Psi. Note that it is also 

reasonable, although less accurate, to estimate the HBE axial 
forces from the horizontal component of web plate yielding 
on the VBEs, Psi, considering VBE lengths tributary to each 
HBE, in other words:

 P
h h

si xci
i

xci
i= + +
+ω ω

2 21
1  (5)

Regardless of the method used, the spring forces are used 
below to determine the HBE axial forces. Note that these 
spring forces correspond to compression forces in the HBE, 
and can be of signifi cant magnitude. Physically, one can en-
vision the SPSW VBEs as being pulled toward each other 
by the uniformly distributed forces applied by the yielding 
webs, and the HBEs acting as regularly spaced “shoring” to 
keep the VBEs apart. 

The axial force component in the intermediate and top 
HBEs resulting from the horizontal component of the plate 
yield forces on the HBEs, ωxbi, is assumed to be distributed 
as shown in Figure 7. Note that for the bottom HBE, this 
distribution is the reverse of that in the top beam. These axial 
force components are then combined with the spring forces 
from the linear VBE model, resulting in the following equa-
tions for the axial force at the left and right sides of the inter-
mediate and top HBEs (Pbli and Pbri respectively):

 P
L

P
bli xbi xbi si

= − −( ) ++ω ω 1 2
 (6)

 P
L

P
bri xbi xbi si

= −( ) ++ω ω 1 2
 (7)

where the spring forces should be negative indicating that 
they are adding to the compression in HBEs. As mentioned 
above, the axial forces from ωxbi and ωxbi+1 in the bottom HBE 
may be taken as the mirror image of those shown in Figure 7, 
where ωxbi is zero in that case as there is no web below the 
bottom HBE. Furthermore, there are no spring forces to con-
sider at the bottom HBE location as the horizontal component 

Fig. 6. Elastic VBE model with HBE springs.
Fig. 7. Assumed HBE axial force distribution due to horizontal 

component of plate yield forces on the HBE.
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of force from web plate yielding on the lower portion of the 
bottom VBE is added to the base reaction determined as part 
of the plastic collapse mechanism analysis, as described be-
low. Therefore, the bottom HBE axial forces on the right and 
left hand sides, Pbr0 and Pbl0 are:

 P
L

P
L

br xb bl xb0 1 0 12 2
= − =ω ωand  (8)

HBE Reduced Plastic Moments and Corresponding 
Shear Forces

Once the HBE axial forces have been estimated it is pos-
sible to determine the plastic moment that will develop at 
the HBE ends for the assumed collapse mechanism, reduced 
for the presence of axial load. Note that it is conservative 
to assume that this reduction is negligible; however, since 
substantial axial loads may develop in the HBEs, resulting 
in signifi cantly reduced plastic moment capacities, it can be 
advantageous to account for the reduced plastic moments at 
the left and right HBE ends, Mprl and Mprr, respectively. 

The intermediate and top HBEs will have free body dia-
grams similar to that shown in Figure 8, except that there 
will be no plate forces acting above the top HBE. For the 
bottom HBE, the axial forces at the HBE ends will be in 
the opposite direction to those shown in Figure 8 and there 
will be no plate forces acting below the HBE. The reduced 
plastic moment capacity at the HBE ends, given here for the 
left end, can be approximated by (Bruneau, Whittaker and 
Uang, 1998):

1 1  8 1  1.18 1. − 
⎛ 

⎝ 
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⎠
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(9)

where 
Fyb  =  HBE yield strength 
Abi  = HBE cross-sectional area for story i
Zxbi  = HBE plastic modulus for story i. 

Using the reduced plastic moment capacities and the HBE 
free body diagram shown in Figure 8, the shear forces at 
the left and right ends of all HBEs, Vbl and Vbr can be found 
from:

 V
M M

L

L
bri

prri prli

ybi ybi
=

+
+ −( )+ω ω 1 2

 (10)

 V V L
bli bri ybi ybi

= − −( )+ω ω 1  (11)

Applied Lateral Loads

The fi nal forces necessary to complete the free body diagram 
of the VBE are the applied lateral loads corresponding to 
the assumed collapse mechanism for the SPSW (Figure 3a). 
Following the derivation in Berman and Bruneau (2003) the 
governing equation for that collapse mechanism is:

 F H M M
i

i

n

i prli
i

n

prri

s s

= =
∑ ∑= +

1 0 i

ns

0=
∑  

(12)

    t t F
wi wi++ −( )1

1

2 yyp i i
i

n

LH
s

sin 2
1

α( )
=
∑

where 
Fi  = applied lateral load at each story to cause the 

mechanism 
Hi  = height from the base to each story 

and other terms are as previously defi ned. Note that the indi-
ces for the HBE plastic moment summations begin at zero so 
that the bottom HBE (denoted HBE0) is included. 

To employ Equation 12 in calculating the applied lateral 
loads that cause this mechanism to form, it is necessary to 
assume some distribution of those loads over the height of 
the structure; in other words, a relationship between F1, F2, 
etc. For this purpose, a pattern equal to that of the design 
lateral seismic loads from the appropriate building code may 
be used. This is an approximation that is simple and that has 
been observed to provide reasonable results for SPSW. It 
would also be appropriate to use the deformation pattern of 
the fi rst mode of vibration of the structure for this purpose 
(obtained from a modal analysis), but this more sophisticat-
ed approach is unnecessary given that the code specifi ed dis-
tribution of lateral seismic forces vertically on a lateral force 
resisting system is meant to simulate fi rst mode characteris-
tics. Once a load pattern is assumed and a relationship be-
tween the applied collapse loads at each story is determined, 
Equation 12 may be used to solve for those collapse loads. 

The base shear force, V, for the collapse loading is found 
by summing the applied lateral loads. Horizontal reactions at 
the column bases, RxL and RxR, are then determined by divid-
ing the collapse base shear by 2 and adding the pin-support 
reaction from the VBE model, Rbs, to the reaction under the 
left VBE and subtracting it off the reaction under the right 

Fig. 8. HBE free body diagram.
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VBE. Vertical base reactions can be estimated from over-
turning calculations using the collapse loads as:

 
R

F H

L
R R

yl

i i
i

n

yr yl

s

= = −=
∑

1 and  (13)

Determination of VBE Design Loads

The moment, axial, and shear force diagrams for the VBEs 
are established once all the components of the VBE free 
body diagrams are estimated. The diagrams give minimum 
design actions for those VBEs such that they can resist full 
web plate yielding and HBE hinging.  

Additional Considerations

Though not explicitly considered in the above formulations, 
use of the ratio of the expected yield stress to the specifi ed 
minimum yield stress, Ry, may be incorporated into the 
procedure when determining the distributed loads from 
plate yielding and when determining HBE plastic moment 
capacity. Additionally, when deep VBEs are used, the length 
between VBE fl anges, Lcf, may be substituted for the column 
centerline bay width, L, when applying the plate yielding 
loads to the HBEs. Furthermore, using the schematic struc-
ture shown in Figure 3 for which structural members have 
no width, the HBE plastic hinges are assumed to form at the 
VBE centerlines, which is not the actual case. HBE hinges 
will typically form db /2 from the column face, where db is 
the HBE depth. This can be accounted for by either including 
in the VBE free body diagrams the distance from the column 
centerlines to the HBE hinge locations or by calculating the 
projected column centerline moment as is done for moment 
frames. This calculation is not included here for simplicity 
and because the increase in moment applied to the VBE is 
generally small relative to the magnitude of the moments 
generated by web plate yielding and HBE hinging. Gravity 
loads are another consideration that has not been included; 
however, they can easily be added to the vertical components 
of the web plate yield forces that are applied to the HBEs in 
Figure 8. They will then be accounted for in the resulting HBE 
shear forces and VBE axial forces. Finally, this procedure 
will provide reasonable VBE design forces for SPSWs that 
can be expected to yield over their entire height—typically 
shorter SPSWs. This procedure will likely be overly conser-
vative for tall SPSWs where nonlinear time history analysis 
indicates that simultaneous yielding of the web plates over 
the entire SPSW height is unlikely. In those situations it may 
be acceptable to reduce the VBE axial forces obtained from 
this proposed procedure (following a procedure similar to 
that proposed by Redwood and Channagiri, 1991) to account 
for some web plates remaining partially elastic while others 

yield. However, at each story the VBEs should be designed 
to resist the moments generated by yielding of the web plates 
at that level and the corresponding frame moments. 

EXAMPLE ESTIMATION OF VBE DESIGN LOADS

Two examples of the proposed procedure for estimating VBE 
design loads for their capacity design are described below. 
Since the primary inelastic elements in SPSWs are the web 
plates and the web plate strength is a function of thickness, 
the two examples explore the cases of variable and constant 
web plate thickness over the height of a four-story SPSW. 
In the SPSW with variable web plate thickness, a different 
thickness is used at each story and not limited to those avail-
able for common plate stock. For the case of constant web 
plate thickness over the height of the SPSW, the web plates 
were designed for the required story shear at the fi rst story 
and that thickness is used over all four stories. Furthermore, 
that thickness was constrained to be available from common 
plate stock.

Structure Description and SPSW Design

The MCEER (Multidisciplinary Center for Earthquake En-
gineering Research) demonstration hospital was used as the 
prototype structure (Yang and Whittaker, 2002) for which 
the SPSWs were designed. For simplicity, four SPSWs were 
assumed to carry equal portions of the seismic load resulting 
from the active seismic weight of the structure of 9,800 kips 
(2,613 kips, 2,542 kips, 2,542 kips, and 2,103 kips at the 1st 
story, 2nd story, 3rd story and roof HBEs, respectively). The 
geometries of the two SPSWs are shown in Figure 9 and the 
structure is assumed to be located on Class D soil. Design 
seismic loads were calculated using FEMA 450 (FEMA, 
2003) and the associated spectral acceleration maps. Design 
short and 1-second spectral ordinates, SDS and SD1, were cal-
culated to be 1.17g and 0.44g respectively. The period of 
the structure was estimated using the FEMA procedures as 
0.38 sec and using a response modifi cation coeffi cient, R, 
of 7 and importance factor, I, of 1.5, the base shear for the 
structure was found to be 2,450 kips, or 612.5 kips for each 
SPSW. Distribution of the base shear up the height of the 
structure resulted in lateral loads of 215 kips, 195 kips, 132 
kips and 71 kips, at each story from the roof down to the 
level of HBE1 for each SPSW. 

Figure 9 shows the web plate thicknesses selected for the 
two SPSWs designed for the above loading in accordance 
with The Provisions, and it also shows the selected HBE and 
VBE sizes. As mentioned above, cases of variable and 
constant web plate thickness, denoted SPSW-V and SPSW-C, 
respectively, have been considered. SPSW-V uses plate 
thicknesses that may not be available but correspond to the 
minimum required for the design story shear forces and 
SPSW-C uses the assumed minimum available plate thickness 
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of 0.1875 in. Note that ASTM A36 steel has been assumed 
for the web plates and ASTM A992 for the HBEs and VBEs. 
VBE selection was done after a fi rst iteration of the proposed 
procedure for evaluation of design loads with an assumed 
tension fi eld inclination angle of 45ο. Described below are 
the calculations for a second iteration of the proposed pro-
cedure. Additionally, for simplicity and to provide a direct 
comparison between design loads resulting from the cur-
rent and proposed procedures, the effects of gravity loads 
and vertical ground motion were neglected (in other words, 
only VBE design loads resulting from the horizontal seismic 
loading will be calculated). 

Calculation of VBE Design Loads

The proposed procedure for evaluating VBE design loads 
was employed for the SPSWs shown in Figure 9. Calcula-
tion results for the tension fi eld inclination angle and dis-
tributed loads from web plate yielding given by Equations 2 
and 3, are shown for both SPSW-C and SPSW-V in Table 1. 
Note that the inclination angle, as given by The Provisions, 

depends mostly on the aspect ratio, h/L, of the bays and 
therefore, does not show substantial difference between 
SPSW-C and SPSW-V. 

Table 2 shows the HBE spring stiffnesses, kb, used in the 
linear VBE models for each wall and the resulting spring 
loads, Ps, where the entry for the bottom HBE is the horizon-
tal reaction at the pin base of the VBE. The HBE axial forces, 
Pbl and Pbr, reduced plastic moments, Mprl and Mprr, and shear 
forces, Vbl and Vbr, at each HBE end are then calculated per 
Equations 6 through 11. Results for all HBEs in both exam-
ple walls are given in Table 2. For comparison purposes, the 
HBE spring forces were also estimated by considering the 
horizontal component of web plate yielding forces applied to 
the VBE tributary to each HBE, as given by Equation 5. The 
results given in Table 2 show some deviation relative to the 
spring forces from the VBE model, although for preliminary 
design of VBEs the difference may be insignifi cant.

Next, the applied seismic lateral loads at each story were 
found for the assumed collapse mechanism, similar to that 
shown in Figure 3a, using Equation 12. Note that it was as-
sumed that those applied loads to cause collapse were in the 

 (a) (b)

Fig. 9. Example SPSWs: (a) SPSW-V and (b) SPSW-C.
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same pattern of distribution as the design lateral loads given 
above. Resulting lateral loads, F, are given in Table 3 and 
Table 4 gives the corresponding base shear, V, and base reac-
tions, Rxl, Ryl, Rxr, and Ryr, for each of the example walls.

Axial, moment and shear force diagrams for the VBEs of 
the two SPSWs are shown for the left VBE of SPSW-C in 
Figures 10a, 10b and 10c, respectively. The resulting forces 
at the bases of the columns, where they are a maximum, are 
given in Table 5 for both SPSWs. Assuming lateral brac-
ing of the columns at each story, the moment-axial capac-
ity interaction equation values, given by Equation H1-1 of 
the AISC Specifi cation for Structural Steel Buildings (AISC, 
2005a), were 0.96 and 1.0 for the VBE sizes for SPSW-C and 
SPSW-V respectively, considering the VBE sections shown 

Table 1. Distributed Loads from Yielding Web Plates

Wall Story α
(deg)

ωyc

(kip/in.)
ωxc

(kip/in.)
ωyb

(kip/in.)
ωxb

(kip/in.)

S
P

S
W

-C

1

2

3

4

46

48

48

48

3.37

3.35

3.35

3.35

3.49

3.75

3.75

3.75

3.26

3.00

3.00

3.00

3.37

3.35

3.35

3.35

S
P

S
W

-V

1

2

3

4

46

48

48

48

3.24

3.06

2.23

1.13

3.36

3.42

2.49

1.26

3.13

2.74

1.99

1.01

3.24

3.06

2.23

1.13

Table 2. Linear VBE Model Parameters, Results and 
Corresponding HBE End Actions

Wall HBE
kb

(kip/in.)
Ps 

(b)

(kips)
Ps (c)

(kips)
Pbl

(kips)
Pbr

(kips)
Mprl

(kip-in.)
Mprr

(kip-in.)
Vbl

(kips)
Vbr

(kips)

S
P

S
W

-C

0

1

2

3

4

(a)

4242

4242

4242

19235

-277

-540

-622

-537

-277

-283

-564

-563

-563

-281

496

-543

-622

-537

-770

-496

-537

-622

-537

216

71500

4811

4095

4864

68030

71500

4862

4095

4864

71500

965

-5

28

33

915

8

71

28

33

34

S
P

S
W

-V

0

1

2

3

4

(a)

8582

8582

8582

8582

-250

-542

-463

-295

-71

-272

-529

-443

-281

-95

477

-569

-585

-456

-237

-477

-515

-341

-134

95

70500

20860

20650

22320

25000

70500

21560

23820

25000

25000

940

86

42

17

22

19

202

261

305

319
(a) Not applicable, in the linear VBE models there are pin supports at the bottom HBE locations.
(b) Values at the bottom HBE locations are the horizontal reactions at the pin supports.
(c) Spring forces approximated by Equation 5.

in Figure 9. Note that SPSW strength and VBE demand are 
proportional to the bay width, L, and in the case considered 
here the bay width is large. Lower SPSW overstrength and 
VBE demands may be achieved by reducing the bay width, 
however, the aspect ratio of the bay, L/h, must be greater than 
0.8 and less than or equal to 2.5, as specifi ed in The Provi-
sions Section 17.2b. 

Comparison with Current Procedures

To judge the adequacy of both the current and proposed ap-
proximate procedures for determining VBE design loads, 
nonlinear static analysis of strip models of SPSW-C and 
SPSW-V are used. The strip models had tension only strip 
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Table 3. Seismic Loading for 
Assumed Collapse Mechanism

Wall Story
F

(kips)

S
P

S
W

-C

1

2

3

4

236

440

649

716

S
P

S
W

-V

1

2

3

4

197

367

541

597

Table 5. Actions at Column Bases from Proposed Procedure

Wall Column Side
Axial
(kips)

Moment
(kip-in.)

Shear
(kips)

SPSW-C
Left

Right

2142

-3115

71500

71500

802

248

SPSW-V
Left

Right

1651

-2610

70500

70500

624

164
(a) Positive x and y directions are right and up, respectively.
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 (a) (b) (c)

Fig. 10. Force diagrams for the VBE of SPSW-C: (a) axial, (b) moment, and (c) shear.

Table 4. Base Shear and Reactions for Assumed Collapse Mechanism

Wall
V

(kips)
Rxl (a)

(kips)
Ryl (a)

(kips)
Rxr (a)

(kips)
Ryr (a)

(kips)

SPSW-C 2041 -1298 -3107 -744 3100

SPSW-V 1702 -1101 -2591 -601 2600
(a) Positive x and y directions are right and up, respectively.
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elements with elastic-perfectly-plastic behavior. Flexural-
axial hinges were also added at all possible HBE and VBE 
locations. The HBE and VBE hinges were defi ned to have 
moment-axial interaction per FEMA 356 (FEMA, 2000) and 
a low strain hardening level (in other words, 0.5%) intro-
duced to ensure numerical stability but close to zero because 
none of the design procedures that will be compared con-
sider strain hardening. Resulting pushover curves for the two 
SPSWs are shown in Figure 11. The analyses showed that all 
web elements yielded and many HBEs formed hinges prior 
to yielding of any VBEs. Note that linear analyses of the strip 
models for the design seismic loads were also performed for 
use in the LE+CD and ICD approaches as described below.

VBE design loads were calculated again using the LE+CD 
procedure as per the commentary of The Provisions. The dis-
tributed loads from web plate yielding given in Table 1 were 
applied to linear models of the surrounding moment resist-
ing frames for each SPSW and resulting VBE moments were 
recorded. VBE axial loads were then found by multiplying 
the axial loads from the linear strip model analysis factored 
by the 2.5 overstrength factor.

The indirect capacity design approach (ICD) was also used 
to estimate the VBE design loads for each SPSW. Moments 
from the linear strip models were factored by B, which was 
2.10 and 2.03 for SPSW-C and SPSW-V, respectively. Axial 
loads were found from B times the overturning moment as 
described in the commentary of The Provisions. 

Figures 12 through 15 compare axial loads and moments 
from the three procedures for approximating VBE design 
loads (in other words, LE+CD, ICD, and the proposed pro-
cedure) with those from pushover analysis for both SPSW-
C and SPSW-V. As shown, the proposed procedure agrees 
well with pushover results in terms of both VBE axial force 
and moment. Furthermore, the proposed procedure is able to 
capture the important aspects of SPSW behavior that effect 

the VBE force diagrams, such as moment-axial interaction 
in HBEs, and proper distribution of HBE axial load to the 
right and left VBEs.

The LE+CD procedure agrees well with pushover analy-
sis for VBE axial force as shown in Figures 12 and 14. How-
ever, because the procedure neglects the application of the 
lateral loads to cause web plate yielding when evaluating the 
VBE moments, the moment diagrams in Figures 13 and 15 
are not in agreement. Neglecting the applied loads to cause 
infi ll yielding (recall Figure 2), results in moment diagrams 
that do not include the signifi cant contributions of frame 
action under those loads, which in these cases are actually 
large enough to not only change the magnitude but also the 
sign of the VBE moments. Although it appears the VBE mo-
ment diagrams from the LE+CD for the VBEs from SPSW-
V may simply be reversed, that is not the case, and those for 
SPSW-C would not agree even if they were converted into 
their mirror image. 

Finally, the ICD approach reasonably estimates the VBE 
axial forces; however, because the overstrength is very large 
for these SPSWs, it is not able to adequately estimate the 
VBE moments. As shown in Figure 13 and 15, the ICD re-
sults in VBE moment diagrams that have similar shape to 
those from pushover analyses but signifi cantly underesti-
mates the values. Therefore, the proposed procedure is the 
only one of the three methods available for estimating design 
loads for VBEs that ensures web plate yielding is able to 
fully develop prior to hinging in VBEs.
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Fig. 11. Pushover Curves for Example SPSW.
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Fig. 12. Comparison of VBE Axial Forces from Various Methods 
for SPSW-C.
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Fig. 13. Comparison of VBE moments from various methods for SPSW-C.
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Fig. 14. Comparison of VBE axial forces from various methods for SPSW-V.
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CONCLUSIONS

A procedure for estimating the design loads for VBEs of 
SPSWs has been proposed. The procedure does not involve 
nonlinear analysis and is based on an assumed plastic collapse 
mechanism and linear model of one of the vertical boundary 
elements. Moment and axial force diagrams from the pro-
posed procedure were shown to agree well with results from 
pushover analyses of two example steel plate shear walls. 
Furthermore, defi ciencies in the two approximate methods 
for capacity design of VBEs in the commentary of the The 
Provisions were identifi ed and they were found to result in 
moment diagrams that differed signifi cantly from those ob-
served in pushover analyses.
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