Steel Plate Shear Walls
Are Not Plate Girders

JEFFREY W. BERMAN and MICHEL. BRUNEAU

Steel plate shear wall(s) (SPSW) can be an attractive
option for lateral load resisting systems in both new
and retrofit construction. Prior to key research performed in
the 1980s, the design limit state for SPSW was considered
to be out-of-plane buckling of the infill panel. To prevent
buckling, engineers designed steel walls with heavily stiff-
ened infill plates that were not economically competitive
with reinforced concrete shear walls. However, several
experimental and analytical studies using both guasi-static
and dynamic loading showed that the post-buckling
strength of thin SPSW can be substantial (Thorburn, Kulak,
and Montgomery, 1983; Timler and Kulak, 1983;
Tromposch and Kulak, 1987; Roberts and Sabouri-Ghomi,
1992; Roberts and Sabouri-Ghomi, 1992; Caccese, Elgaaly,
and Chen, 1993; Elgaaly, Caccese, and Du, 1993; Driver,
Kulak, Kennedy, and Elwi, 1998; Elgaaly and Liu, 1997,
Elgaaly, 1998; Rezai, 1999; Lubell, Prion, Ventura, and
Rezai, 2000; Berman and Bruneau, 2003a). Based on some
of this research, the Canadian Standards Association steel
design standard CAN/CSA S16-01 has implemented design
clauses for SPSW allowed to buckle in shear and develop
tension field action (CSA, 2001).

In much of the SPSW literature, the analogy that the ulti-
mate behavior of SPSW is similar to a cantilevered vertical
plate girder has often been made. However, whether this
analogy is purely qualitative or whether it also has quanti-
tative merit, has not been thoroughly discussed. The pur-
pose of this paper is to review the shear strengths of both
SPSW and vertical cantilevering plate girders, compare
them with results from experimental studies, and show that
the tension field inclination angles for SPSW and plate gird-
ers are substantially different (due to their different associ-
ated boundary conditions) which leads to different tension
field strengths. These comparisons also demonstrate - that
designing SPSW following standard plate girder design
requirements, such as those of Appendix G of the American
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Institute of Steel Construction Load and Resistance Factor
Design Specification for Structural Steel Buildings (AISC,
1999), hereafter referred to as the AISC LRFD Specifica-
tion, can lead to walls with larger-than-expected strengths
(over-designed walls), which can negate the purpose of per-
forming capacity design and result in an uneconomical use
of steel.

REVIEW OF SPSW BEHAVIOR AND DESIGN

A typical steel plate shear wall (Figure 1) consists of-hori-
zontal and vertical boundary elements (that may or may not
carry gravity loads), and thin infill plates that buckle in
shear and form a diagonal tension field to resist lateral
loads. A review of SPSW behavior, and some of the exper-
imental and analytical work that led to this understanding,
is presented in Kulak, Kennedy, Driver, and Medhekar
(2001). Only a brief review is presented here. ,

Based on an elastic strain energy formulation, Timler and
Kulak (1983) derived the following equation for the incli-
nation angle of the tension field, &, in a SPSW infill plate:

4 i
1+
4 24,
o = tan 3 0
1+th (L+ h )
4, 3601L
where
t = thickness of the infill plate
h = story height
L bay width
I moment of inertia of the vertical boundary ele-
ment
A, = cross-sectional area of the vertical boundary ele-
ment
A, = cross-sectional area of the horizontal boundary
element

The flexural stiffness of the horizontal boundary ele-
ments was excluded in the derivation because the opposing
tension fields that develop above and below these interme-
diate horizontal members almost cancel out and induce lit-
tle significant flexure there. Using the inclination angle
given by Equation 1, an analytical model, known as a strip
model, in which the infill plates are represented by a series
of pin-ended, tension only strips, was developed by Thor-
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burn and others (1983), and subsequently refined by Timler

and Kulak (1983). A typical strip model representation of a -

SPSW is shown in Figure 2 and the accuracy of the strip
model has been verified through comparisons with experi-
mental results such as in Figure 3, which has been adapted
from Driver and others (1998).

Using the strip model as a basis, the ultimate strength of
steel plate shear walls can be found using plastic analysis
(Berman and Bruneau, 2003b). Assuming that the horizon-
tal boundary elements are simply connected to the vertical
boundary elements, the vertical boundary elements are sim-
ply connected to the base, and. that all the boundary ele-
ments are rigid until plastic hinge formation, the collapse
mechanism shown in Figure 4 can be used to establish the
ultimate strength of a single story SPSW as:

1 .
V= EtLFy sin 20, 2)
where
V= horizontal shear force applied to the wall
F, = vyield stress of the infill plate and all other

parameters have been previously defined
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Fig. 1. Typical Steel Plate Shear Wall.
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Berman «nd Bruneau (2003b) also give ultimate strength-
equations for different SPSW configurations (i.e. multistory
SPSW, and SPSW with rigid connections between the hor-
izontal and vertical boundary elements); however, for com-
parison with the shear strength of plate girders, where no
consideration is given to plastic hinging of the flanges, this
single story SPSW with simple horizontal elements is
appropriate. Verification of the collapse mechanism (Figure 4)
and the resulting ultimate strength equation (Equation 2) is
given by the comparison with ultimate strengths obtained
for SPSW in experimental studies in Table 1, where V,,,, is
the experimentally obtained ultimate base shear, V., is the
ultimate base shear predicted from Equation 2, and all other
parameters have been previously defined. These results
show that for SPSW with either simple or semi-rigid hori-
zontal boundary element (HBE) to. vertical boundary ele-
ment (VBE) connections, Equation 2 reasonably predicts
the ultimate strength. For SPSW with rigid HBE-to-VBE
connections, Equation 2 underestimates the ultimate
strength, which is expected since there is no consideration
given to plastic hinging of the boundary frame in the derivation.

N

AN

| L |

Fig. 2. Typical Strip Model.



Table 1. Comparison of Experimental and Predicted (Equation 2) Ultimate Strengths for SPSW.

Specimen | - No h L F V| Vi [ ErrOr
Case Study D Stories | (mm) | (mm) t(mm)| L/t | AL (MPya) o (°) (kﬁ‘)’ (kN) for
Eg.2 | Eg.2
(i) Simple {Physical Pin) HBE-to-VBE Connections
Timler and|
1 Kulak —° 1 2500 (3750 5 750 | 0.67 | 271 |42.7 (2698 | 2531 | -6.2
(1983)
2 Sw2 1 370 | 370 | 0.83 | 446 1 219 |45.0{35.1 | 33.6 | 4.2
Roberts . ,
3 and SW3 1 370 | 370 | 1.23 | 301 1 152 {45.0| 382 | 34.6 | -95
Sabouri - o
4 Ghomi SwW14 1 370 | 450 | 0.83 | 542 | 0.82 | 219 |45.0| 445 | 409 | -8.1
(1992) :
5 SW15 1 370 | 450 |'1.23 | 366 | 0.82 | 152 145.0| 453 | 42.1 | -71
(i) Semi-Rigid HBE-to-VBE Connections (Web-Angle or Other)
Berman
and , ,
6 Bruneau F2 1 1829 | 3658 | 0.91 | 4020} 0.50 | 221 45 | 364 | 368 | 1.05
(2003a)
b
7 Eigaaly SWT11 2 1118 ({1380 ( 2.28 | 605 | 0.81 | 239 (415 370 [ 373.1| 0.85
8 (1998) SWT15 2 1118 | 1380 | 2.28 | 605 | 0.81 | 239 (41.3} 426 | 3729 -12
9 Caccese S22 3 838 | 1244 | 0.76 {1637 | 0.67 | 256 |42.2| 142 | 1204 | -15
and others :
10 (1993) S14 3 ‘838 | 1244 1.9 | 655 | 0.67 | 332 [40.2| 356 | 386.8| 8.64
(iii) Rigid HBE-to-VBE Connections
11 |Lubell and| SPSW1* 1 900 | 900 | 1.5 | 600 1 320 |36.9| 210 |207.3 | -1.3°
others )
12 (2000) SPSwz 1 900 | 900 | 1.5 | 600 1 320 |36.9( 260 |207.3"-20.3°
Driver and
13 others —° 4 1927 {3050 | 4.8 | 635 | 0.63 | 355 {41.1]3080 | 2578 | -16.3°
(1998)

2 Testing stopped due to failure of lateral bracing

® Testing stopped due to column buckiing

¢ Not applicable

 Larger error values here due to the presence of rigid boundary frame member connections
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It is worthwhile to briefly mention some other design
issues for SPSW which are addressed in CAN/CSA §16-01.
Horizontal and vertical boundary elements should be
designed to elastically resist development of the full
expected tensile capacity of the infill plates. This ensures
that the infill plate can yield in tension prior to plastic hing-
ing of the boundary elements (providing for substantial
energy dissipation in seismic applications). Such capacity
design can be achieved by designing the boundary elements
for the forces found from pushover analysis of the strip
model, or indirectly from the procedure in CAN/CSA S$16-01.
The connection of the infill plate to the boundary elements
should also be designed for the expected tensile capacity of
the infill plate and can use either a welded or bolted config-
uration. Four different connection details were developed,
tested, and found to be equivalent by Schumacher, Grondin,
and Kulak (1999). Furthermore, the vertical boundary ele-
ments should satisfy a minimum stiffness requirement

_ (given in CAN/CSA S16-01) to prevent excessive deforma-
tions under the tension field action of the web plate. Finaily,

stiff horizontal boundary elements should be provided at the
top and bottom of a SPSW to anchor the tension field.

THE PLATE GIRDER ANALOGY

Throughout much of the literature regarding SPSW that are
allowed to buckle in shear and form a diagonal tension
field, there is reference to similarities witp cantilevered ver-

tical plate girders. In this analogy, the horizontal boundary
elements of the SPSW are similar to stiffeners in a plate
girder, the vertical boundary elements are similar to the
flanges, and the infill plates are similar to the web of a plate
girder. Using this analogy, the story height of a SPSW (k)
is analogous to the stiffener spacing of a plate girder (a),

.and the bay width of a SPSW (L) is analogous to the plate

girder depth (#). While this analogy is useful in visualizing
the behavior of SPSW (especially since many structural
engineers are familiar with plate girder behavior) it is mis-
leading to assume, for reasons given in the next sections,
that plate girder shear strength equations, such as those of
Appendix G of the AISC LRFD Specification (AISC, 1999),
accurately assess the strength of SPSW.

REVIEW OF PLATE GIRDER SHEAR BEHAVIOR

The shear strength of plate girders (when tension field
action is included) is governed by the summation of two
components, namely, the buckling strength (V,) and
strength due to tension field action (V). Salmon and John-
son (1996) give a thorough review of the shear strength of
plate girder webs; what follows is a brief summary of key
behavior and modeling relevant to the context of this paper.
It should be noted that in the following section the nomen-
clature used is that consistent with plate girders; 4 is the
web depth, 1, is the web thickness, and a is the stiffener
spacing.

Story Shear (kN)
o

—o— Abhamar
Al =S
~+0 - — Framm Ouly

20 30 40 50 60 70 80

Story Deflection (mm)

Fig. 3. Comparison of Strip Model Analysis with Experimental Results (Driver and others, 1997).
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Plate Girder Shear Buckling Strength

In general, the elastic shear buckling strength of a plate
girder web (Timoshenko and Woinowski-Krieger, 1959) is
given by:

2
TCT = kV n E 2
12 (l— V2 ) (short dimension ) 3
t .
where

E = Young’'s Modulus
v = Poisson’s Ratio
t = web thickness

short dimension = smaller of / (the web depth) and a

(the stiffener spacing)

k, = plate buckling coefficient given by:
hort dimension \’
k, = 5.34+4.0(-————————-s sk ,’"’e"SfO") e
long dimension

where
long dimension = longer of the web depth, A, and the
stiffener spacing, a
In Appendix G of the AISC LRFD Specification the equa-
tion for k, has been modified so that only one equationis
used regardless of which dimension (h or a) is larger. This
modified equation is:
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Fig. 4. Single Story Steel Plate Shear Wall Collapse Mechanism.

and, as discussed in Salmon and Johnson (1996), there is a
negligible difference between Equation 5 and Equation 4
for typical plate girder and SPSW web slenderness ratios.

The shear buckling strength of plate girder webs, V,,, can
then be written as:

V,, = 06F,,A,C, (6)
where
Fo yield strength of the web
A, = web area (ht,)
C, = ratio of buckling stress to shear yield stress and
is given by the AISC LRFD Specification
Appendix G equations:
C,=10 for —h—_<_1.10 kE
t F

w yw
1.10 fk,E/F, 2
C,=—X " for 1.10 by [RE
hit, \Fp 0 \F,,
Cv=——1;5—1—k—vE—- for t—h->1.37 ’%E—

The first C, expression represents compact webs that can
yield in shear prior to buckling, the second expression rep-
resents a linear transition from elastic buckling to shear
yield, and the third expression represents the elastic buck-
ling curve for slender webs. Figure 5 shows C, versus the
web slenderness, #/t,,. This plot is extended to values of web
slenderness outside the range typically used in plate girders

Fig. 5. C, versus Web Slenderness Ratio (ht,,).
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Table 2. Sensitivity of C,.
hAf Scenario” C’(Eq.7) k' (Eq. 5) C/(Eq.7)
3658 mm long walt
144 5.4 mm thick k /24 10.0 0.42
3658 mm iong wall
576 5.4 mm thick k /379 10.0 0.026
5486 mm long wall ;
864 5.4 mm thick k, /850 72 0.0084
2 h, in this table is the bay width of the SPSW or depth of the plate girder.
b a constant height of 3658 mm (12 ft) was assumed.
¢ a steel yield stress of 345 MPa (50 ksi) was assumed in the caiculation of these values.
to demonstrate that for thin, unstiffened, SPSW (which typ- v = angle of inclination of the tension field stress

ically have slenderness ratios of 300 to 1000) the shear
buckling strength is approximately zero. Table 2 shows this

trend for some typical wall configurations (recall that the

bay width, L, of a SPSW is the web depth, &, of a plate
girder). Note that the first row of Table 2 represents a
SPSW that is not thin and is not likely to be found in prac-
tice unless shear buckling is used as the design limit state.
The second and third rows of Table 2 represent more typi-
cal and economical SPSW that would be designed to allow
shear buckling and the formation of tension field action.
Figure 5 and Table 2 demonstrate that the buckling strength
of thin, unstiffened SPSW can be neglected.

Plate Girder Tension Field Strength

Plate girder webs can exhibit significant post-buckling
strength through the development of a diagonal tension
field. The tension field strength, Vy, of plate girder webs (as
it appears in the AISC LRFD Specification) was derived by
Basler (1961). From horizontal and rotational equilibrium,
as well as the trigonometric identity sin(y)cos(y) = sin(2y),
for the free body diagram of Figure 6, the tension field
strength of a single plate girder web panel is:

nt, .
Vy- =0'th1[12'¥ 8)
where
O, = membrane tension stress in the web

100 / ENGINEERING JOURNAL / THIRD QUARTER / 2004

measured from the horizontal

and the other parameters have been previously defined. The
maximum membrane tension stress can be determined from
the energy-of-distortion failure criterion theory described in
Salmon and Johnson (1996) and depicted in Figure 7. The
principal stress, G;, can be expressed as 1., + O, and the
maximum strength is reached when o, reaches the tension
yield stress of the web, F,,. Therefore, the limiting equa-
tion for shear strength from tension field action is:

A )@fsmzy ©)

~ Fig. 6. Free Body Diagram of Stiffener Region
(Salmon and Johnson, 1996).



For thin webs, in other words, webs in which the buck-
ling strength is negligible (as in typical SPSW), Equation 9
becomes:

ht, .
v, =.F}w-?£—su12y (10)

The angle of inclination of the tension field stress in a
plate girder web, 7, can be found using the force distribution
shown in Figure 8a. Considering only the tension field
forces tributary to the stiffener (in other words, in the band
of width s) the partial shear force, AV, developed as com-
pression in the stiffener is:

AV, =0,st,8in2y (11)

From the geometry of Figure 8b, s = & cos(y) —a sin(y).
Substituting this into Equation 11 and taking the derivative
with respect to v, ieads to the equation for ¥ which produces
the maximum partial tension field force:

1
tan2'Y=m (12)

Using the trigonometric relationship of Figure 9, this
equation can be expressed as:

.
Sin2Y = ————
1+ (a/h)? (13)

- Ellipse

(@)

®

Fig. 7. Energy-of-Distortion Failure Criteria
(Salmon and Johnson, 1996).

Equation 13 represents the assumed tension field orienta-
tion implicit in the design equations of Appendix G of the
AISC LRFD Specification. Note that no consideration is
given to flexibility of the boundary elements (in other
words, the flanges and stiffeners) contrary to what is done
in Equation 1 for the tension field orientation angle of
SPSW. Although the derivation of Equation 13 is based on
a partial tension field, Galambos (1998) noted that Gaylord -
(1963), and Fujii (1968) have shown that Equation 9 gives
the shear strength for a full tension field.

The equations for the strength of plate girders with ten-
sion field, V,, as they appear in Appendix G of the AISC
LRFD Specification are as follows:

i, E
V, =06F,, 4, for --<1.10 2L
yw t, F,,
1-C h i E
V,=06F, 4| C+——r | for 5110 |
n w v
L15y1+ (a/ kY b F

(14)

where all parameters have been previously defined. This is
obtained by summation of Equations 6 and 9 (with the shear
buckling stress, T.,, not assumed to be zero), and some alge-
braic manipulation. V, from Equation 14 is normalized by
the shear yield force (V, = 0.6F),;, A,,) and plotted in Figure 10
versus the web slenderness (n/%,) for different values of
panel aspect ratio (a/h) and steel yield stress of 50 ksi. At
large values of web slenderness, the shear strength of plate
girders is essentially provided by the tension field strength
developed at the angle of inclination, vy, which is effectively
equivalent to values given by Equation 10. In fact, for val-
ues of C, near zero, Equation 14 reduces to Equation 10
with the approximation of 0.6/1.15 = 0.5. Note that the lim-
its on the web slenderness and panel aspect ratio have not
been included in Figure 10 because they are not applicable
to SPSW, as described later.

-
-

M .
@ (b)

Fig. 8. (a) Force Distribution Near Stiffener (b) Geometry of Tension
Field Band (Salmon and Johnson, 1996).
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COMPARISON OF SHEAR STRENGTH
OF PLATE GIRDERS AND SPSW

Upon examination of Equation 2 and Equation 10 (which is
plate girder shear strength for thin webs) it is observed that
the only difference between them is that Equation 2 uses the
angle of inclination of the tension field (o) as given by
Equation 1, while Equation 10 uses the angle () as given by
Equation 13. Table 3 gives values of @ and 7y calculated for
the different SPSW test specimens of Table 1, and the dif-
ference between them is significant (note that the nomen-
clature for SPSW is being used now, in other words, a in
Equation 13 is 4, and & in Equation 13 is L). Figure 11
shows how the two different inclination angles change for
the same two test specimens as a function of the SPSW
story aspect ratio (/L). Note the dependence of o on
whether the story height, A, or the bay width, L, is varied.

\/1+(a/h)2

1.0

ah

Fig. 9. Triangle Implied by Eq. 12
(Adapted from Salmon and Johnson, 1996).

0.3 4.
0 500 1000 1500 2000 2500 3000 3500 4000 4500

w

Fig. 10. Plate Girder Shear Strength versus Web Slenderness
Ratio for Different Panel Aspect Ratios.
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This dependence is due to the fact that when # is increased,
the vertical boundary elements get longer and more flexible,
while when L is increased the horizontal boundary elements
are getting longer. Since ydepends only on the aspect ratio,
#/L, and is not influenced by the stiffness of the boundary
members, there is no difference between varying # or L in
Equation 13.

Figure 12 shows the difference between the plate girder
shear strength equations from Appendix G of the AISC
LRFD Specification (Equations 2 and 14), the SPSW ulti-
mate strength equation. The strengths are normalized by the
shear yield force (0.6F,tL) and plotted against the infill
plate slenderness ratio (L/f) for several values of story
aspect ratio (h/L). Here the angle of inclination of the ten-
sion field used in Equation 2 and found from Equation 1 has
been bounded between 35° and 45°, which are reasonable
bounds based on the results of testing and finite element
analysis. The additional parameters necessary to make use
of Equation 1 were assumed as follows: L = 3048 mm, A, =
18190 mm?, I, = 347x10° mm*, and A, = 16320 mm?. Table 3
gives a-comparison between experimentally obtained uiti-
mate strengths, and analytical values calculated using the
plate girder equations (Equations 2 and 14). Figure 12 and
Table 3 illustrate the poor match of experimental results
with values obtained from the plate girder shear strength
equations. Underestimating SPSW strength in the perspec-
tive of seismic design can be detrimental, as the resulting
designs may suffer failure of boundary members (which
may or may not carry gravity loads), connections, or foun-
dations prior to yielding of the web plate and hysteretic

- energy dissipation.

80 : :
— 0. Tromposch (Change h)
0 - - o Driver (Change h) I
- o Tromposch (Change L)
— o Driver (Change L)
60
=50+
]
e
o
ﬁ 40F N ST
~
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2 3
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Fig. 11. o. and vy versus Steel Plate Shear Wall Story Aspect Ratio.



Tabile 3. Ultimate Strength Comparison.

%
Ve 4 % Error
upred
Case | Study |Specimen ID St':?iés Ut [ WL o) | ye) <‘§"ﬁ”5 (kR0 Efr(:‘r” (kN) for
: Eq.2 Eq.14 | Eq.14
Eq. 2
(i) Simple (Physical Pin) HBE-to-VBE Connections
Timier and :
1 Kulak — 1 750 | 0.7 | 42.7 | 28.2 | 2698°| 2531 | -6.2 | 2213 -18.0
(1983) '
2 sw2 1 446 | 1 |450|225| 351 | 336 | 42| 25 -27.8
Roberts
3 and Sw3 1 301 | 1 [45.0(225!382 | 346 | -95 | 27 -28.6
Sabouri-
4 Ghomi SwWi14 1 542 | 0:8 | 45.0|25.3| 445 | 409 | -8.1 33 -25.1
(1992)
5 SWi1s5 1 366 | 0.8 |45.0|253| 453 | 421 | -71 35 -22.4
(i) Semi-Rigid HBE-to-VBE Connections (Web-Angie or Other)
Berman '
and
6 Bruneau F2 1 4020 | 0.5 | 45 |31.7| 364 | 368 | 1.0 | 343 -5.7
. | (2003a)
b
7 Elgaaly SWT11 2 605 [ 0.8 |41.5(255| 370 | 373.1 | 0.8 | 307 -16.9
g | (1998) | gwris 2 | 605 |08 |41.3|255( 426 | 3729 |-125| 307 | -27.8
9 | Caccese S22 3 1637 | 0.7 | 42.2128.0| 142 | 120.4 | -15.2| 105 -26.2
and others
10 (1993) S14 3 655 | 0.7 | 40.2 |28.0| 356 | 386.8 | 8.6 | 341 -4.2
(iii) Rigid HBE-to-VBE Connections
11 |Lubelland| SPSW1* 1 600 | 1 |36.9(225| 210 | 207.3 | -1.3° | 161 -235
others
12 (2000) SPSW2 1 600 | 1 |36.9{225| 260 | 207.3 |-20.3"| 161 -38.2
Driver and -
13 others - 4 635 | 0.6 |41.1 1 28.9| 3080 | 2578 |-16.3"| 2304 | -25.2
(1997) '

2 Testing stopped due to failure of lateral bracing

b Testing stopped due to column buckling

¢ Not applicable

¢ Larger error values here due to the presence of rigid boundary frame member connections
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Also shown in Figure 12 are three experimental points
(Driver and others, 1998; Roberts and Sabouri-Ghomi,
1992; and Berman and Bruneau, 2003a) for which the ulti-
mate strengths observed during testing are normalized by
the shear yield strength, 0.6F, L, and plotted against the
web slenderness ratios for the experiments (only the first
‘story strength and geometry are used in the case of the Dri-
ver tests, and the Roberts test refers to specimen SW2).
Note that the aspect ratios (h/L) for the Driver, Roberts, and
Berman tests were 0.67, 1.0, and 0.5 respectively. The
experimental results and strengths predicted by Equation 2
agree well (although Equation 2 gives slightly conservative
results because it does not include the strength contributions
of the boundary frames), while the plate girder equations
significantly underestimate the ultimate strength. Note that
for capacity protection of foundations, the additional
strength provided by the boundary framing (Berman and
Bruneau, 2003b) should be considered even when Equation 2
is used to predict the ultimate capacity of a SPSW.

WEB SLENDERNESS

The AISC LRFD Specification prescribes the following web
slenderness ratio limits for plate girders:

* <260 for %:0

tW

P eng L for Z<is
t, F, h (15)

b 048E
tw  JFy(Fy +16.5)

T £>1.5
h

where

F, = flange yield stress

All other parameters are as previously defined (note that
plate girder notation rather than SPSW notation is used in
Equation 15).

These limits prevent vertical flange buckling in plate -
girders due to the forces shown in Figure 13, and their der-
ivation is given in Tall (1974). Furthermore, to ensure safe
fabrication, handling, and erection, the AISC LRFD Speci-
fication limits the web slenderness ratio of plate girders
relying on tension field strength to (Salmon and Johnson,
1996):

2
a 260
—-< <3.0
h [h/tw) (16)

‘The above web slenderness limits do not apply to SPSW.
In the case of Equation 15, the flanges of SPSW are
columns, and buckling is prevented through appropriate
column checks. Equation 16 is not necessary because
SPSW will be either assembled in place or fabricated in
multistory lifts; in either case they are not subject to the
same stability concerns during the construction process.
For these reasons, and the fact that SPSW with web slen-
derness ratios of up to 4020 (see Table 3) have been tested
and performed satisfactorily, it appears that no web slen-
derness ratio limits are warranted for SPSW.

CONCLUSIONS

Steel .plate shear walls designed to buckle in shear and
develop a diagonal tension field are similar to vertical plate
girders in a qualitative manner only. The analogy that the

4| — a/h = 0.50 Plate Girder

e a/h = 1.75 Plate Girder

1| - - ah=1.00 SPSW

0.3}

1| a/h = 1.75 SPSW

-~ afth = 1.00 Plate Girder
-~ ah=1.50 Plate Girder

— a/h =0.50 SPSW .
- - ah=150 SPSW
m  Timler and Kulak (h/l. = 0.67)

A Berman and Bruneau (WL = 0.5)
® Roberts and Sabouri-Ghomi (SW2 h/L = 1.0)

htt

w

0 1000 2000 3000 4000

Fig. 12, Comparison of Eq. 2 and Eq. 14 versus Infill plate Slenderness Ratio.
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. vertical boundary elements of a SPSW are similar to the
flanges of a plate girder, the horizontal boundary elements
are similar to stiffeners, and the infill plate of a SPSW is
similar to the web of a plate girder, is useful in developing
a general understanding of SPSW behavior, but it does not

fully represent the behavior of this structural system. The

underlying difference results from the stiffnesses of the
boundary elements. Where plate girder flanges are typi-
cally plates with little in-plane bending stiffness, the verti-
cal boundary elements of a SPSW are typically wide flange
shapes or hollow structural sections which have a substan-
tial in-plane bending stiffness. The angle of inclination of
the diagonal tension field that forms in SPSW depends on
the stiffness of these boundary elements; whereas in plate
girders, the stiffness of the boundary elements is typically
neglected in determining this angle due to their low in-plane
stiffnesses (as implicitly assumed in the tension field equa-
tions of Appendix G of the AISC LRFD Specification). As
a result, plate girder shear strength equations considerably
underestimate the strength of SPSW. For reasons described
in this paper, and particularly in the case of seismic design,
it. is recommended that the strip model be used to model
SPSW, with Equation 1 used to calculate the angle of incli-
nation of the tension field and strips, and Equation 2 used to
assess the ultimate strength of SPSW.
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