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ABSTRACT

Investigations of low-rise unbounded reinforced concrete shear walls with or without openings are performed with comparison
of analytical and experimental results. Theoretical analysis is based on nonlinear finite element algorithm, which incorporates Ottosen’s
concrete failure criterion and nonlinear constitutive relationships. Studies focus on the effects of height-to-length ratio of shear
walls, opening ratio, horizontal and vertical reinforcement ratios, and diagonal reinforcement. Analytical solutions conform well
with experimental results. Equations for cracking, yielding and ultimate loads with corresponding lateral displacements are derived
by regression using analytical results and experimental data. Also, failure modes of low-rise unbounded shear walls are theoretically
investigated. An explanation of change in failure mode is ascertained by comparing analytical results and ACI code equations.
Shear-flexural failure can be obtained with additional flexural reinforcement to increase a wall’s capacity. This concept leads to
a design method of reducing flexural reinforcement in low-rise bounded solid shear wall’s. Avoidance of shear failure as well
as less reinforcement congestion for these walls is expected.

Keywords: ACI building code, low-rise shear wall, inelastic, nonlinear finite element, shear-wall boundary element, crack, design, diag-

onal reinforcement, load-displacement relationship, opening ratio, reinforced concrete, ultimate, yielding.

1. Introduction

Low-rise reinforced concrete (RC) shear walls (i.e.,
height-to-length ratio not greater than 1.0) can be clas-
sified as bounded or unbounded. The former features con-
centrated vertical reinforcement near ends of the shear
wall supported with transverse reinforcement; the latter is
characterized by uniform distribution of both vertical and
horizontal shear reinforcement.

Low-rise bounded RC shear walls are widely used to
provide lateral stiffness for building structures. Consid-
erable interest has focused on their performance since the
1950s. The studies include shear-wall strength under mo-
notonically static loadings (Galletly, 1952; Benjamin and
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Williams, 1957; Wood, 1990), dynamic strength (Antebi ez
al., 1960; Anderson er al., 1964), development of design
code provisions (Cardenas et al., 1973), experiments on
RC perforated shear walls (Yamada et al., 1974), mono-
tonic or cyclic behavior with flanged boundary elements
(Barda er al, 1976, 1977), and load-deflection relation-
ships of low-rise column-bounded RC shear walls (Watabe
et al., 1989). The outcome of the research work has led to
the development of building code provisions for shear-wall
design, such as ACI 318-95 (ACI 1995).

Low-tise unbounded RC shear walls are used in box-type
buildings, nuclear power plants, and industrial structures.
Cardenas et al., (1980) tested seven low-rise unbounded
shear walls to determine their shear strength. Murakami er
al., (1989) experimentally demonstrated that unbounded
shear walls display adequate shear strength and defor-
mation capacity if boundary elements are eliminated.

From the viewpoint of structural analysis, unbounded
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shear walls are modeled as shear-wall elements due to
their uniform distribution of reinforcement; bounded shear
walls are modeled as column element and shear-wall ele-
ment. To establish shear-wall elements, however, scant test
results are available for shear-wall stiffness under mono-
tonic or cyclic loading. Since structural analysis cannot be
performed without proper modeling of shear walls, further
experimental and analytical work should be carried out.
Cheng and Sheu (2001, 1995, 1994, 1993, 1992, 1991 and
1989) have conducted extensive analytical and experimental
work on Jow-rise unbounded RC shear walls with or without
openings. They developed a macro-element model which
satisfactorily depicts shear-wall failure mechanism and its
hysteresis rules under earthquake-type loading. This model
separates shear and bending deformation which allows shear
and bending stiffness of a shear-wall element to be estab-
lished. The model is governed by backbone curve as a force-
displacement envelope under cyclic excitation. Backbone
curves need to be established for individual wall through
mechanics principle and numerical analysis, and then seis-
mic response of a system can be studied.

To simplify the determination of backbone curves for low-
rise unbounded shear walls with or without openings, an
algorithm of nonlinear finite element analysis (Lou and
Cheng 1994) is developed for reinforced concrete members
or structures. Computer solutions and test results by Vecchio
and Chan (1990) and Sheu (1988) are first compared to dem-
onstrate the reliability of the algorithm. Then the study of
low-rise shear walls focuses on the effects of wall height-to-
length ratio, opening ratio, horizontal and vertical rein-
forcement ratio, and diagonal reinforcement; these param-
eters are essential in the development of backbone curves.
After analytical and test results, mathematical equations for
cracking, vielding, and ultimate loads with correspondingly
lateral displacements are formulated through regression.
These critical points form the backbone curve, which can be
applied to nonlinear analysis of seismic-resistant structures
with shear walls macro-elements. In addition, these proposed
equations are useful in engineering practice to predict load
and displacement of a wall at any loading stage from elastic
through ultimate. Theoretical analysis also investigates the
failure modes of shear walls. Comparison between ACI 318-
95 building code provisions and analytical results leads to a
recommendation for designing flexural reinforcement to
obtain shear-flexural failure modes.

2. Nonlinear Finite Element Analysis

2.1 Implementation of Nonlinear Elements
Nonlinear finite element method (NFEM) has been

widely accepted as a powerfu] tool to analyze RC struc-
tures. It can successfully simulate test procedures and sat-
isfactorily predict locations of cracks, crack propagation,
reinforcement yielding, ultimate capacity, structural defor-
mations, and the like.

Satisfactory solutions of NFEM mainly depend on the
selection of concrete failure criterion and constitutive rela-
tionships.Test observations indicate that the failore sur-
face of concrete under triaxial stress conditions exhibits
the following characteristics: (1) it is smooth and convex;
(2) its meridians in the principal stress coordinate system
are parabolic and do not intersect the negative hydrostatic
axis; and (3) its tracings in the deviatoric plane vary from
nearly triangular to a circular shape with increase of
hydrostatic pressure (Chen, 1982).

Concrete failure criterion proposed by Ottosen (1977)
satisfies the aforementioned requirements and is therefore
adopted in this study. Constitutive model by Ottosen
(1979) to determine secant modulus of concrete is also
employed herein. An elasto-plastic model is used for rein-
forcement. Failure criteria and constitutive relationships
for both reinforcement and concrete are incorporated into
a nonlinear finite element model (Cheng and Lou, 1995).
Nonlinear material behavior is accommodated by using
secant stiffness method. Concrete is considered as iso-
parametric hexahedral elements with eight nodes; rein-
forcement is assumed to be uniformly distributed over
concrete elements with a perfect bond between them
before concrete cracks. If concrete cracks, a smeared
cracking model is applied to deal with the subsequent
behavior of concrete. Computer program NARCS for non-
linear finite element analysis is developed for UNIX sys-
tem (Lou and Cheng, 1994). NARCS is further applied to
study RC bridge collapse under seismic excitation (Lou et
al., 2001).

2.2 Verification of NFEM results

To verify the reliability of the computer algorithm used
herein to predict behavior of low-rise unbounded RC solid
and perforated shear walls, comparisons are first per-
formed with test results by Vecchio and Chan (1990) and
Sheu (1988).

Vecchio and Chan (1990) tested nine shear panels,
divided into three groups. Each group has a solid panel, a
panel with a 150-mm square perforation in the center, and
a panel with the same opening additionally reinforced
around the sides. Load conditions are considered as pure
shear (group I), combined shear and biaxial compression
(group II), and combined shear and biaxial tension (group
IIT). Dimensions of each panel are 890 mmx890 mmx70
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mm. Two layers of reinforcement are evenly oriented par-
allel to the sides of the panel. Horizontal and vertical rein-
forcement ratios are 1.65% and 0.82%, respectively.
In this analytical work, 288 finite elements are employed
for the solid panel, and 280 finite elements for perforated.
Loading is incrementally applied until the panel reaches its
ultimate capacity. All shear-panel behavior under differ-
ent loading conditions is reflected in analytical solutions,
such as load-displacement relationships at various loading
stages of cracking, yielding, and ultimate, and relation-
ships between shear stresses and strains. Cracking, yield-
ing, and ultimate stresses are summarized in Table 1 to
compare NFEM and test results. Shear strains from NFEM
at cracking, vielding and ultimate stages are also included.
But corresponding shear strains from tests are not listed in
the table since they are not numerically presented by Vec-
chio and Chan (1990). Comparisons indicate that ana-
Iytical and experimental results are similar. It can be seen
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that NFEM as employed herein is capable of simulating
panel- test results. A good approximation of loading-
deformation curves for all the shear panels and a detailed
description of analytical results are reported elsewhere by
Cheng and Lou (1995).

Four low-rise unbounded shear walls tested by Sheu
{(1988) are selected for comparative studies of load-dis-
placement relationships. These walls are identified as SW-
0E, SWO-7E, SW-9E, and SWO-15E (see Fig. 1). All
specimens have a rectangular cross-section 100-mm wide
and 1000-mm long. Their height varies between 500 mm
and 750 mm, causing changes of height-to-length ratio
from 0.50 to 0.75. Dimensions of the center perforation
are 654 mmx125 mm for walls 500-mm high, and 654
mmx250 mm for walls 750-mm high. These openings
approximate the size of windows which are usually part of
shear-wall design. Horizontal and vertical reinforcement
ranging from D10 #3) to D13 (#4) is uniformly dis-

Table 1. Comparison of NFEM and Test Results of Vecchio and Chan (1990)

Cracking Stress o (MPa) Yielding Stress o (MPa) Ultimate Stress o (MPa)

Dimensions of

& Strain 7 (105)

& Strain 7 (10%) & Strain 7 (10-3)

Specimens  Specimen Loading Conditions

(rm) Test* NFEM Test™* NFEM Test* NFEM
c c T c o T g c T
899><890 PCIA Pure Shear 2.17 2.05 0.21 529 541 489 561 573 672
PC4  Shear and Compression  3.00 2.77 039 475 468 246 4384 501 3.91
PC7  Shear and Tension 1.50 1.63 0.18 334 401 403 365 411 618
890x§20
g PC2  Pure Shear 1.74 1.38 0.32 410 398 492 437 433 729
EQ PC5  Shear and Compression  2.32 1.87 0.48 384 379 251 3.84 421 432
Y PC8  Shear and Tension 1.10 1.16 0.29 241 267 381 279 285 476
150x 150
R PC3  Pure Shear 1.90 1.68 026 483 476 529 483 494 6.08
’g PC6  Shear and Compression  2.50 2.17 044 397 424 264 435 460 395
) N ]
Il [ PC9  Shear and Tension 1.35 1.03 023 286 319 389 309 335 522
Added Steel
l:—'
Pure Shear Shear and Compression Shear and Tension

*Shear strains are not numerically listed by Vecchio and Chan
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Fig. 1. Specimen Details of Sheu (1988).
Table 2. Maierial Properties of Selected Shear Walls
i Vertical Horizontal i
Wall Height 1, 7/ MPa Diagonal £ MPa v
(mm) Bars p, (%) Bars (%) Bars

SW-0E 500 254 10D10 0.7133 5D10 0.7133 None 510 0.5
SWO-7E 500 32.8 10D10 0.7133 5D10 0.7133 D13 510 0.5
SW-9E 750 29.4 10D13 1.267 D13 1.183 None 461.7 0.75
SWO-15E 750 279 10D13 1.267 7D13 1.183 D13 461.7 0.75

tributed over specimens. D13 (#4) is chosen as diagonal
reinforcement. Material properties of these walls are sum-
marized in Table 2.

Specimens SW-0E, SWO-7E, SW-9E, and SWO-15E
are divided into 100, 104, 160 and 192 finite elements,
respectively. Displacement is prevented at the bottom of
the shear wall to simulate experimental conditions. Incre-
mentally lateral forces are evenly distributed at each node
on top of the specimen.

To depict the theoretical behavior of shear walls during
the entire loading procedure, specimen SW-9E is selected
for a detailed description of NFEM results. As shown in
Fig. 2(c), the displacement increment of wall SW-9E is
proportional to the loading increment at the beginning of
loading. During this pre-cracking stage, both finite ele-
ment analysis and test results present linear behavior.
When lateral loading increases to 52.0 kN, cracks occur at

the shear wall’s bottom where both concrete and rein-
forcement elements are in tension. As recorded, exper-
imental crack loading is 45.5 kN, approximately 90 per-
cent of the analytical result. As lateral load increases, more
cracks appear and propagate. Due to the uniform dis-
tribution of vertical reinforcement and the length of wall,
reduction of wall stiffness is prevented at the beginning of
cracking, But as loading increases, shear-wall stiffness
decreases and the load-displacement relationship deviates
from the straight line of pre-cracking stiffness. A sudden
increase in calculated displacement after the load of 168
kN is observed due to a reduction of wall stiffness. Vertical
reinforcement begins to yield around 290.0 kN, not far
from test data (283.7 kN). After vertical reinforcement
yields, a small increment of lateral load can lead to a large
increment of displacement. Ultimate loading for finite ele-
ment analysis reaches 336.0 kN, which is close to test data
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Fig, 2. Comparison of Test and Computer Results and Proposed Equations: (a) SW-0E; (b) SWO-7E; (¢) SW-9E; (d) SWO-15E.

(343.1 kN). Theoretical crack patterns at crack and ulti-
mate loading are similar to those recorded experimentally
(Cheng and Lou, 1995). Comparison of load-displacement
relationships of other specimens, SW-0E, SWO-7E, and
SWO-15E, is also shown in Fig. 2 which proves a good
conformation between analytical and test results, Again,
the reliability of the NFEM algorithm is demonstrated by
this comparison.

Note that shear walls with large openings have lower
capacity and larger ductility. However, this conclusion is
based on walls with the same material properties, such as
concrete and reinforcement strength, and reinforcement
ratio. If diagonal reinforcement is added in perforated shear
walls, its effects on wall ductility may be considered. Fig. 2
illustrates such a situation. For specimen SW-OE, ultimate
displacement is about 9.16 mm, while it is 3.14 mm for spec-
mmen SWO-7E. Since diagonal reinforcement is placed
around the opening of specimen SWO-7E, wall stiffness
greatly increases at the post-cracking stage. As loading
increases, the perforated shear wall fails with little dis-
placement. That is why specimen SWO-7E reaches it capac-
ity with relatively little displacement. The same phenomenon
is also revealed by specimens SW-9E and SWO-15E.

3. Theoretical Studies of Shear Wall Behavior

The behavior of low-rise unbounded shear walls with or
without openings is further investigated by applying
NFEM. Analytical solutions cover the effects of opening
ratio, height-to-length ratio of shear walls, horizontal and
vertical reinforcement ratio, and diagonal reinforcement.

To demonstrate that the load-displacement curve of
shear walls with openings will converge with that of solid
walls, three shear walls with different openings are con-
sidered. Wall dimensions are 1000-mum long, 500-mum
high, and 100-mm thick. A wall with zero opening ratio is
identical to specimen SW-0E. The other two walls have a
center perforation of 100x100 mm and 100x200 mm, with
ratios of 0.02 and 0.04, respectively. Both horizontal and
vertical reinforcement ratios are 0.7133%. Other material
properties are the same as specimen SW-0E (see Table 2).
A comparison of these three cases is shown in Fig. 3, from
which similar shapes of load-displacement curves are
observed. If the size of the opening is reduced, then ulti-
mate loading increases and ductility decreases. Note that
the load-displacement curve of perforated walls will con-
verge with that of solid walls. Thus a solid shear wall is
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Fig. 3. Load-Displacement Curves with Change of Opening.
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Fig. 4. Load-Displacement Curves with Change of Wall Height.

actually a particular case of a perforated shear wall with
zero opening ratio.

Fig. 4 compares analytical results in terms of varying
wall height. Length and thickness of the three walls are
1000 mm and 100 mm. Height differs at 500 mm, 750 mm
and 1000 mm. Horizontal and vertical reinforcement ratios
are 0.75%. Compressive strength of concrete is 25.4 MPa,
and tensile strength of reinforcement is 510 MPa. The fig-
ure shows that load-displacement curves are similar in
shape, and an increase in ultimate loading with a decrease
in ductility is observed due to reduction of wall height.

A group of load-displacement curves for three perfo-
rated shear walls with changes in horizontal and vertical
reinforcement ratios is shown in Fig. 5. Reinforcement
ratios are 0.25%, 0.5% and 0.7133%. Opening size is 654

120
po = po = 0.7133%
100- /
: pr= pe = 0.50%

2\ 804
X
w604 pr=p.=0.25%
g
2

8 5
125
8
al
1y
500

0 2 4 6 & 10 12 14
Displacement (mm)
Fig. 5. Effects of Reinforcement Ratio.

300

250+

200+

150+

Load (kN)

100+

50

Displacement (mm)
Fig. 6. Effects of Diagonal Reinforcement.

mmx125 mm. Compressive strength of concrete is 25.4
MPa, and tensile strength of reinforcement is 510 MPa.
Before concrete cracks, the stiffness of these three cases is
almost the same. Reinforcement thus plays a small role in
resisting lateral force at the pre-cracking stage. After con-
crete cracks, the stiffness of shear walls is enhanced as
reinforcement ratio increases. This suggests that an
increase in both horizontal and vertical reinforcement
effectively reduces propagation of cracks and carries the
forces released by cracked concrete. Therefore, a reduc-
tion in horizontal and vertical reinforcement leads to an
increase in ductility and a decrease in wall capacity.
Comparison of changing diagonal reinforcement for per-
forated shear walls is shown in Fig. 6. Overall dimensions
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are 1000-mm long, 500-mm high and 100-mm thick with
2 400 mmx125 mm opening; 0.5% of horizontal and ver-
tical reinforcement ratios are selected for all cases. Diag-
onal reinforcement, 530-mm long, varies from none to
71.33 mm? (D10) to 126.7 mom? (D13) to 197.93 mm?
(D16), and is placed at a 45° angle to the horizontal direc-
tion. Compressive strength of concrete is 25.4 MPa, and
tensile strength of reinforcement is 510 MPa. The results
show that at the pre-cracking stage, enlargement of diag-
onal reinforcement scarcely increases the walls stiffness.
But at the post-cracking stage, stiffness of the shear wall is
greatly increased with more diagonal reinforcement. This
indicates that diagonal reinforcement has a significant
effect on wall capacity. A reduction of diagonal rein-
forcement results in a decrease of stiffness after the
appearance of cracks, and leads to a lessening of wall
capacity.

All the shear wall behavior, as presented here, is derived
from NFEM and conforms to experimental observations.
Note that some theoretical results are self-evident, such as
a reduction of wall capacity due to a decrease of rein-
forcement ratios. Overall, the behavior of shear walls is
important in theoretical solutions since it is indispensable
for examining the reliability of NFEM itself.

4. Load-displacement Relationships

Further investigation is conducted to develop load-dis-
placement relationships for low-rise unbounded shear
walls with or without openings. For solid shear walls, the
effects of height, horizontal and vertical reinforcement
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shear strength than horizontal reinforcement. ACI 318-95
building code (ACI, 1995) takes the effects of vertical
reinforcement into account and provides the following
equations.

h
p, = 0.0025+0.5(2.5—1—Wj(p,1—0.0025) 1)

0.0025<p, <p, (2)

where p,, p,=vertical and horizontal reinforcement ratio,
respectively, A, =height of shear wall, and [ =length of
shear wall.

Results of these equations to determine vertical rein-
forcement ratio by using horizontal reinforcement ratio as
a basis are shown in Table 4. Note that, while height-to-
length ratio changes from 0.5 to 1.0, there is little dif-
ference between horizontal and vertical reinforcement
ratio. Thus the same ratio for horizontal and vertical rein-
forcement is adopted here for further investigation.

Table 5 presents dimensions of perforated shear walls,
opening ratio, and material properties as well as hori-
zontal, vertical, and diagonal reinforcement.

There are 16 cases of solid walls and 132 cases of per-
forated shear walls based on Table 3 and 5. For a 1000 mm
x500 mmx100 mm solid shear wall with concrete com-
pressive strength of 25.4 MPa and reinforcement tensile
strength of 510 MPa, four cases are analyzed in which hor-

Table 3. Parameters of Solid Shear Walls
p=p, (%) fMPa) f,(MPa)  AJL,

I xh xh (mm)

. . . 0.25, 0.5,
ratio, compressive strength of concrete, and tensile 1000x500x100 7 5 10 254 510 0.5
strength of reinforcement are considered. These param- 0 25’ 0'5
eters for each wall are summarized in Table 3. 1000x750x100 0'7 5’ 1' 0’ 254,294 510,461.7 0.75
Experimental results (Barda et al., 1977) show that, for B
low-rise shear walls with flanged boundary elements, ver- 1000x1000x100 ggg (1)(5) 254 510 1.0
tical reinforcement plays a more important role in a walls itk
Table 4. p,, p, with Change of Height-to-Length Ratio
hw/lw:o.s hw/lW:O-75 hw/lw=1 0
o} 0.0025 0.0050 0.0075 0.0100 0.0025 0.0050 0.00755 0.0100 0.0025 0.0050 0.0075 0.0100
Dn 0.0025 0.0050 0.0075 0.0100 0.0025 0.0047 0.0069 0.0091 0.0025 0.0044 0.0063 0.0081
Table 5. Parameters of Perforated Shear Walls
1 xh xh (mm) Opening Ratio p, p=p, (%) Diagonal Bars £ (MPa)  f=f,(MPa) hJL,
1000x500x100 0.1,0.1635,0.2 0.23, 0.5, 0.7133 254 510 05
None, D10(#3),
1000x750x100 0.1,0.15,0.218 0.25,0.5,0.75, 1.0 DI13(#4), D16(45) 27.9 461.7 0.75
1000x1000x100 0.1,0.15, 0.2 0.25,0.5,0.75, 1.0 279 461.7 1.0
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izontal and vertical reinforcement ratios change from
0.25%, 0.5%, 0.75% to 1.0%. For a 1000 mmx750 mmx
100 mm solid shear wall, two material groups (f/=25.4
MPa, f=510 MPa, and £,’=29.4 MPa, f,=461.7 MPa) com-
prising eight cases are analyzed: horizontal and vertical
reinforcement ratio change from 0.25% to 1.0%. For a
1000 mmx500 mmx100 mm perforated shear wall with
0.1 opening ratio (rate of opening area to product of wall
height and length), and 0.25 horizontal and vertical rein-
forcement rafio, four cases are obtained with diagonal
reinforcement varying from none to D16 (#5). Changes of
dimension, opening ratio, horizontal and vertical rein-
forcement ratio, and diagonal reinforcement result in 132
cases for perforated shear walls. Based on NFEM solu-
tions for the above cases and test results by Sheu (1988),
cracking, yielding and ultimate load with corresponding
displacements are obtained by regression and presented as
follows.
Cracking load P, (N)

P, =1[6.233+10.827p,—101.780p>+(6.398 +9.834p,)

! 2 :
(h—’“)+(1.542_24.618p0) G—W) 1x107°1,4f.  (3)

Cracking displacement A (mm)
A, =[1+4.4705p,+125.81220.

=

+(6.493-99.8875p, + 174.0799p§)(

7

~
=

2

—(6.5325-98.0783p,+273.52902) ]

(1 3EIK)
A h G Bp
X 3E] w- oer
Yielding load P, (N)

P, =[1-44.366p,—249.074p’

TN
A
—

=

“)

2 (1
+(15.433-129.775p,+ 1103.385,3;)(}1—”)

l 2
+(1.650—26.705p0+461.869p§)(h—“’) ]
x 1071 hf, +[0.272-8.151 p, +34.180p

+(0.092+11.279p,~52. 171p0)( )+(ooo1 _4.106p,

+17.96002) f(hw) 101, hf, +[0.758 -0, 667(hw)
+0. 169( ) 1nA f,c080 )

Yielding displacement A, (mm)

= {0.0024-0. 0408pa+0 207007 +(0.7442
+O 0085p,—-21. 5337po)p+ [0.4639-6.0695p,

+ 19.1698po— (9.537-1.9278p,— 339.1297pa)p

10p ’
~(0.4590- 68013p0+227969p0( » 01) };
y

+(6.2330+32.8707,— 120.6860p§)j} o)L (6)

Ultimate load P, (N)
P, =[1+505.033p,~2118.820p> + (11.843

—601.298p,+2564. 563pa)( )+45 3410

+(0.024+13.269p,— 62. 696p0)( )+(0 001

I,
—4.529p, +20.497p* )( ) 1011, +10. 024(2")

W

+0. 094( ) 1nA f,,c08¢ (7

Ultimate displacement A, (mm)
= {0.0178-0.0564p, +0.2050p2— (0.9243
+0.0173p,—52.3631p2)p+[0.3008 - 0.8848p,
~24.19240% +(4.6108 +62.9711p,— 1209.9000p2) p

2, 10p]fc'
—(0.2844 - 1.3419p0—25.9565po)(l——0.1) 7
¥

“Kpat b,
®)

—(0.8176-4.9281p, +20. 4290p§

where p,=A /A, opening ratio; A,~opening area (mm?); A,
=arca of shear wall [ xA,, (mm?); A =height of shear wall
(mm); I =length of shear wall (mm); f,’=compressive st-
rength of concrete (MPa); p=reinforcement ratio (smaller
value is selected if difference between horizontal and verti-
cal reinforcement ratio is slight); A=thickness of shear wail
(mm); J=tensile strength of reinforcement (MPa); A =

area of one piece of diagonal reinforcement (mm2); f ten-
sile strength of diagonal reinforcement (MPa); =45
angle between diagonal reinforcement and horizontal
dmacﬂon G—z(1 5 shear modulus of concrete (MPa);

Ag

py=75-cosp, equivalent diagonal reinforcement ratio;
n=number of diagonal reinforcement at cross section
I xh; E=initial modulus of concrete (MPa); v=Poisson’s
ratio; /=moment of inertia (mm?); K=numerical factor
(1.2). These notations are illustrated in Fig. 7. Note that
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Fig. 7. Definition of Symbols for Shear Walls.

Table 6. Coefficient for Determination of R 2in Egs. (3) through ()
Equation  (3) 4) (%) (6) M (8)
R 0.9916 0.9988 0.9753 0.9108 0.9760 0.8278

Eqgs. (3) through (8) can also be applied to solid shear walls
assuming the opening ratio equals to zero.

Statistical measurement of the coefficient of determi-
nation (R?) for Eq. (3) through (8) is shown in Table 6.

Though Egs. (3) through (8) are derived from math-
ematical curve-fitting, the selection of variables for regres-
sion has a rational basis in shear wall behavior. These
equations thus fully reflect the characteristics of shear wall
at the cracking, yielding and ultimate stages.

Experimental and computational results indicate that the
load-displacement relationship stays linear until concrete
cracks. Low stresses in reinforcement mean that concrete
mainly resists applied load at the pre-cracking stage. The role
of reinforcement under cracking load can be neglected with
satisfactory accuracy. Therefore, cracking load of Eq. (3) is
proportional to the shear-wall cross-section and concrete
compressive strength. An increase in opening ratio and wall
height results in the reduction of cracking load.

For solid shear walls, lateral displacement at the crack-
ing stage can be easily determined applying the principle
of mechanics of material with consideration of shear de-
formation. A coefficient, which reflects the influence of
opening ratio and the wal’s height-to-length ratio, is intro-
duced to revise the lateral displacement of a solid shear
wall. Thus the application of cracking displacement in Eq.
(4) is extended to perforated low-rise shear walls.

Equations (5) and (7) for yielding and ultimate load are
based on the sum of contributions of concrete, horizontal
and vertical reinforcement, and diagonal reinforcement.
Each term is modified by the length-to-height ratio. Terms
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of concrete as well as vertical and horizontal reinforce-
ment are also considered in the effect of opening ratio,
because the existence of an opening reduces the walls
cross-section and the amount of vertical and horizontal
reinforcement,

Both experimental and analytical results show that an
increase in vertical, horizontal, and diagonal reinforce-
ment will reduce shear wall ductility. An increase in open-
ing ratio and wall height will increase ductility. These
findings provide the basis of Eqs. (6) and (8).

From analytical and experimental results in Fig. 2, the
slope of a load-displacement curve is not greatly reduced
at the beginning of vertical reinforcement yielding. This is
due to uniform distribution of vertical reinforcement and
relatively sizeable length [, of cross section. Thus yielding
load is defined as the beginning of significant change in
the slope of a load-displacement curve.

To establish the load-displacement curve, a straight
line is used to depict the relationship between lateral
load and displacement before concrete cracks. Stiffness
of the curve at the pre-cracking stage is determined by
P_/A,. Then pre-cracking load can be obtained by the
stiffness times given displacement. The load-displace-
ment relationship between the yielding and ultimate
stage of a wall is also represented by a straight line. For
the region between a wall’s cracking and yielding load,
the load-displacement relationship is described by a sec-
ond-order polynomial.

P=oA +BA+y 9

In Eq. (9), load P reaches cracking load P, with cor-
responding displacement A, and the load becomes
yielding load P, when A equals yielding displacement
A, The slope at A is assumed to be equal to that of a
straight line for post-yielding load in order to achieve a
smooth transition from a second-order polynomial to a
straight line at the point of yielding load. Parameters ot J3,
and ¥ in Eq. (9) can be derived as

A—4,
Aa —L—(P,~P)+P,~P,
o= (10)
(4,-4,)"
2_ A2
ZAy(Py_Pcr) Xu_Air(Pu"Py)
B= : (11)
(A,~4.)
— (P _Pcr)(ZA -4,,)
( Ay“‘ Acr)z y v

—(P,-PA)

Y= Pcr—

A—

vy A (12)
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Table 7. Properties of Solid and Perforated Shear Walls

1,5k, >k (mm) Opening Area (mm,) P, f(MPa) p=p,(%) A (mm?) f=f,(MPa) I/l
None 0 None

5486.4x30657.6x152.4 0.67
2194.56x914.4 0.1 4x129

28.148 0.55 42222

None None

5486.4x4876.8x152.4 0.89
2194.56x1219.2 0.1 4x129

400 S4864,1 2194 56x1219.2
200 % ‘i£$*
. a b
0 10 20 30 40 50 60 70 80
1800
16001 -

a /"""_'-X'-‘—‘
-

Equations

Equations

Load (kN)

5486.4.

400 2194.5(?)(914.4
200- 5 XEx
Ot B
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Displacement (mm)
Fig. 8. Prediction of Load-Displacement Curves for Shear Walls,

These proposed load-displacement equations of low-
rise unbounded shear walls with or without openings
dem-onstrate that: (1) shear walls with larger openings
have lower capacity with greater ductility; (2) an in-
crease in wall height leads to an increase in ductility and
a recduction in capacity; and (3) a decrease in horizontal
and vertical or diagonal reinforcement leads to an in-
crease in ductility and a reduction in wall capacity.
These characteristics hold true for low-rise shear walls
with or without openings. Comparison of test results,

computer solutions and proposed equations (see Fig. 2)
shows a good conformation.

Through the proposed equations, further comparisons
are presented to predict the behavior of four large-scale
low-rise shear walls with or without openings, selected
from a three-story commercial building in Pleasant, Cal-
ifornia (Calif. Dept- of Conservation, 1989). Dimensions
and material parameters of these walls are shown in Table
7. Fig. 8 compares results of NFEM and proposed equa-
tions. In general, they conform well with each other at
cracking, yielding and ultimate stages. The largest devi-
ation of proposed equations and NFEM results is observed
from the solid shear wall 3657.6-mm high. Ultimate load-
ing values from NFEM and the proposed equations are
1755 kN and 1596 kN, respectively. The latter is approx-
imately 91% of the former. Such an error is acceptable.

5. Capacity of Low-rise Shear Walls

Low-rise unbounded RC shear walls, especially without
openings, feature equal vertical and horizontal reinforce-
ment ratios. Due to this state of equality, shear-wall failure
modes, whether shear or flexure, are dominated by rein-
forcement ratios and wall height. However, Eq. (7) gives
only shear-wall theoretical capacity, and does not indicate
which failure mode occurs at the ultimate stage. A fuller
understanding is needed for shear-wall failure behavior.
Toward this end, further study is presented below based on
a comparison of NFEM solutions and ACI 318-95 build-
ing code provisions (ACI 1995) for a wall’s shear strength.
This endeavor may help to judge the possible failure
modes of a shear wall, and offer a method to evaluate
shear wall capacity. Discussion of capacity here focuses on
low-rise solid shear walls since no specific provisions for
the design of perforated shear walls in ACI 318-95 are
available for comparison.

Shear Strength Based on ACI Building Code

ACI 318-95 building code provides the following equa-
tions in Chapter 11 to calculate shear strength V (in metric
units).
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Fig. 9. Comparison of Shear Capacity.
vl [ ASd 13 crete f,” is 25.4 MPa, and tensile strength of reinforcement f,
= gulfehd+ = (I3) 5 510 MPa. Note that Eq. (7) can be simplified as follows
11~ f{ I Afd since the opening ratio is zero for solid wall.
or Vzﬁ) EA/]:C'I'MCIW hd+—vL (14) ; [\
w - w w ~3 ’
L P =[]+1].843(—)+6.177(—) ]xlo L,
vV 2 H hw hw w' ¢
57 L, Iy
VezJf.hd (15) +| 0.388+0.024 3 |+0.001( 2= | |pl,hf, (16)
W w.

where d=distance from extreme compression fiber to cen-
troid of longitudinal tension reinforcement, or 0.84 (mm);
s=spacing of horizontal shear reinforcement (mm); A=
area of horizontal shear reinforcement within a distance s;
M=moment at the section above the height of [, Other
notations are the same as Eqs. (3) through (8).

Shear strength comes from the least value in Eqs. (13),
(14) and (15). For low-rise shear walls, %‘EW is negative
and Eq. (14) does not apply. Shear strength is determined
by Eqgs. (13) and (15). Vertical shear reinforcement is cal-
culated from Egs. (1) and (2).

Failure Modes of Solid Low-Rise Shear Walls

For low-rise unbounded solid shear walls (100-mm wide
and 1000- mm long with height varying from 500 mm to
1000 mum), Fig. 9 summarizes comparisons of computer
results, solutions from Eq. (7), and both shear and flexural
strength of ACI building code. Compressive strength of con-

In ACI code, the flexural strength of shear walls is
mainly controlled by concrete and flexural reinforcement.
The method of determining flexural strength is based on
(1) static equilibrium, (2) linear distribution of concrete
and reinforcement strains, and (3) material constitutive
laws. However, this method cannot be applied to low-rise
shear walls because lower wall’s height-to-length ratio
results in nonlinear strain and stress distribution. Since
ACI 318-95 does not provide a specific method to eval-
uate low-rise shear-wall flexural strength, Fig. 9 presents
only the flexural strength for shear wall’s with a height-to-
length ratio of 1.

Results in terms of ACI 318-95 indicate that shear
strength based on Eqgs. (13) through (15) is independent of
wall height if the shear reinforcement ratio of low-rise
shear walls is constant. If the height-to-length ratio
decreases to 0.5, then the wall capacity in Eq. (16) is close
to shear strength based on ACI code regardless of rein-
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forcement ratio. This implies that shear walls will exhibit
the shear failure mode. If height-to-length ratio increases
to 1, then the wall capacity in Eq. (16) is much lower than
shear strength obtained from ACI code. But wall capacity
is close to flexural strength at a height-to-length ratio of 1,
where flexural failure occurs. This conclusion gives a the-
oretical demonstration that an increase in wall height may
change the failure mode from shear to flexure, a phe-
nomenon already observed from tests.

Flexural Reinforcement in Low-Rise Bounded Shear Walls

Figure 9 indicates that if a low-rise shear wall is
designed to have identical strength in shear and flexure,
additional flexural reinforcement is required. This rein-
forcement is usually placed at both sides of the wall as an
efficient way of giving the wall maximum resistance. This
concept leads to an effective design method for low-rise
bounded shear walls.

To determine flexural reinforcement, use Egs. (13) to
(15) to calculate horizontal shear reinforcement based on
shear-wall design requirements. Then determine vertical
shear reinforcement by using Egs. (1) and (2). To make a
wall’s flexural strength and shear strength the same, the
contribution of flexural and vertical shear reinforcement
involves two parts of flexural strength. The first part, from
by vertical shear reinforcement, is the ultimate load of Eq.
(16) multiplied by wall height. The second part, from flex-
ural reinforcement, is the difference between (a) required
flexural strength and (b) flexural strength of the first part.
If the difference is greater than zero, then flexural rein-
forcement can be computed using an internal lever arm
equal to 0.6 h,, as proposed by Park and Paulay (1975) for
deep beam; since ACI code does not provide a method to
calculate flexural reinforcement for low-rise shear walls.

The above procedure of determining flexural reinforce-
ment is illustrated by the following case. Take a solid wall
5486.4-mm long, 152.4-mm wide and 4876.8-mm high,
part of a three-story comuercial building in Pleasant, Cal-
ifornia (Calif. Dept. of Conservation 1989). Horizontal
and vertical shear reinforcement ratios are both 0.55%.
Compressive strength of concrete £ is 28.15 MPa, and
tensile strength of reinforcement f, is 422 MPa. Based on
Egs. (13) through (15), the wall’s shear strength is 2440
kN. Lateral force from Eq. (16) equals 1395 kN. Thus the
flexural strength is (2440-1395)x4876.8x10-% =5096 kN-
m in order for shear and flexural failure to occur in the
wall simultaneously. Using the intemal lever arm of 0.6 £,
flexural reinforcement is 5096x106/(0.6x4786.8x422)=
4127 mm? ; which is placed in the shear-wall boundary
element. This method leads to a great reduction of flexural

reinforcement. Usually flexural strength due to uniformly
distributed vertical shear reinforcement is not considered
in design practice. Thus required flexural reinforcement in
the boundary element is 2240x10°x4786.8/(0.6x4786.8x
422)=9637 mm?2. A 42% (4127/9637=0.42) reduction of
flexural reinforcement is achieved if the flexural strength
of vertical shear reinforcement is taken into account.

Advantages of this method are clear from the viewpoint
of designing low-rise bounded shear walls: (1) consid-
eration of flexural strength provided by vertical shear rein-
forcement can decrease the use of flexural reinforcement;
(2) reduction of flexural reinforcement does not lead to a
decrease in wall flexural strength, and may prevent the
occurrence of shear or brittle failure; and (3) less rein-
forcement congestion in walls is expected.

6. Conclusions

Systematic studies of low-rise unbounded RC shear
walls with or without openings are presented based on
nonlinear finite element analysis and test comparison. To
verify the reliability of NFEM algorithm presented by the
authors, experimental results selected for comparison
include nine shear panels tested by Vecchio and Chan, as
well four low-rise unbounded shear walls tested by Sheu.
These shear panels, with or without openings, are sub-
jected to pure shear, combined shear and biaxial com-
pression, and combined shear and biaxial tension, while
low-rise unbounded shear walls, solid or perforated, rep-
resen those normally used in shear-wall design. Computer
solutions successfully predict the failure mechanism of
shear panels and shear walls, and conform well to test
results. Also studied is the influence of a shear wall’s
height-to-length ratio, opening ratio, and horizontal and
vertical reinforcement ratio as well as diagonal rein-force-
ment. Based on computer solutions and test data, equa-
tions to predict cracking, yielding, and ultimate load with
corresponding lateral displacement are established by
regression, and give load-displacement curves for low-rise
unbounded solid or perforated shear walls. These empir-
ical equations, having a rational basis of shear wall behav-
ior, (1) reflect shear-wall characteristics observed from
analysis and tests, (2) express the relationship between
solid and perforated shear- wall capacity, (3) establish
backbone curve for inelastic analysis of shear-wall stroc-
tures, and (4) display a good approximation to numerical
and test results. Using these equations, practitioners can
conveniently evaluate load-displacement relationships for
low-rise unbounded shear walls.

Also, failure modes of low-rise unbounded shear walls
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are theoretically investigated in order to judge the shear-
wall failure mechanism during structural analysis. Com-
parison of analytical results and corresponding ACT 318-
95 building code provisions indicates that an increase in
wall height changes the failure mode from shear to flex-
ure, a phenomenon already reported from test results.
Shear-flexural failure can be obtained by adding additional
flexural reinforcement in order to increase a wall’s capac-
ity. This concept is further extended to designing low-rise
bounded shear walls and results in a design method to
reduce flexural reinforcement. Use of this method can
lessen the congestion of reinforcement in low-rise
bounded shear walls and avoid unexpected shear or brittle
failure.
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Appendix I. Notations

The following symbols are used in this paper:

A, =area of shear wall [ xA, (mm?)

A, =area of one diagonal reinforcement
(mm?)

A, =area of opening (mny?)

A, =area of shear reinforcement within a
distance s

d = distance from extreme compression

fiber to centriod of longitudinal tension
reinforcement (mm)

E, = initial elastic modulus of concrete (MPa)
IA = compressive strength of concrete (MPa)
f, = tensile strength of reinforcement (MPa)
S = tensile strength of diagonal reinforce-

ment (MPa)

= shear modulus of concrete (MPa)

= thickness of shear wall (mm)

=length of shear wall (mm)

=moment of inertia (mm*)

=numerical factor (1.2)

=moment at cross section above height

of [,

n =number of diagonal reinforcement

P, P_. P, P =load, cracking, yielding and ultimate
’ load, respectively (N)

s = spacing of shear reinforcement (mm)

1% =shear capacity (N)

o, B = parameters in Eq. (9)

AA = displacement, cracking, yielding and ulti-
mate displacement, respectively (mm)
o) =45° angle between diagonal reinfor-

cement and horizontal direction

Sx~F 0

Y = parameters in Eq. (9)

p =smaller horizontal or vertical rein-
force-ment ratio

JoF = equivalent diagonal reinforcement ratio

D P, = horizontal and vertical reinforcement
ratio, respectively

o, = opening ratio

v = initial Poisson’s ratio



