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A B S T R A C T

Five full-scale reinforced concrete wall specimens with openings typical of the first story backside exterior walls
of row houses in Taiwan were tested using lateral cyclic loading to study their seismic behavior. The effects of
location and size of the window opening were studied. Test results showed that the wall with the window
opening on the side of the wall web showed a higher average lateral strength than that with the opening placed
around the center of the wall web. The increase of the opening length reduced more the lateral strength than the
increase of the opening height. A critical wall segment tended to show a lower lateral strength when the edge of
the segment is bordered by a door than by a boundary column. To estimate the lateral strength of the wall
specimens, a detailed and three simplified models are proposed. Comparison with the test results shows that
ignoring variation in the axial force among the wall segments and columns does not change the average pre-
diction but increases the scatter of prediction. Simply summing the lateral strengths of all the wall segments and
columns together further increases the scatter and greatly reduces the degree of conservatism. Summing the
lateral strengths of all the web segments requires the least computational effort but greatly increases the degree
of conservatism.

1. Introduction

Low-rise reinforced concrete (RC) row houses (Fig. 1) are a common
building type in Taiwan. During the Chi-Chi Earthquake in 1999, many
row houses collapsed due to a weak first story along the street direction
(Fig. 2). Today, row houses are built stronger than before with higher
material strengths, better reinforcement detailing and larger member
dimensions. However, the weak-story problem still exists. This is be-
cause walls with openings are usually used for row houses along the
street direction (Fig. 1). However, the strengths of such walls are ty-
pically ignored in design because the behavior of such walls is not well-
understood. Moreover, ignoring the strengths of such walls seems to be
on the safe side in design. However, this makes the weak-story check
unable to identify the weak story caused by abrupt change of such walls
between adjacent stories.

Previous experiment studies on squat walls with openings have
shown that when the opening area is small, the behavior of the wall
may not be significantly affected [1,2]. When the opening area is large,
the initial stiffness and strength of the wall can be significantly reduced

[1,2]. However, the ductility may be increased [2]. The reduction in
capacity of squat walls depends on the size, shape and location of the
opening [3,4]. For example, walls with openings close to the edge or
boundary of a wall tend to have lower stiffness and strength than those
with openings farther away from the edge or boundary [5]. Slender
walls with openings have also been studied [6,7]. The behavior of
slender walls with openings tends to be governed by flexure while that
of squat walls with openings by shear. An opening centered at the base
of slender walls does not significantly affect the lateral strength but can
greatly reduce the deformation capacity of the wall [6]. Despite of
many test data on squat walls with openings, there are few tests on
squat walls with design details similar to those used in exterior walls in
the first story and back side of row houses in Taiwan. Many such walls
suffered severe damage during the 1999 Chi-Chi earthquake (Fig. 2(b)).

Based on test observation, Ono [3,8] proposed a simple empirical
equation to calculate the reduction in shear strength of walls due to
openings. The reduction is related to the ratio of the effective area
based on an assumed diagonal compression field to the wall area. The
Japanese design standard for building structures [9] includes a
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reduction factor for shear strength that considers the effect of the
length, area and height of openings. Although these two methods are
simple and easy to use, they were developed empirically and cannot
realistically consider the failure mechanisms of individual wall seg-
ment. Sakurai et al. [10] proposed a simplified shear strength model, in
which the shear strength of the wall is the sum of the shear strength
contributions from diagonal struts assumed in each wall segment beside
openings. Strut-and-tie models have also been developed to predict the
strength of walls with openings [2]. While these models can better re-
flect the change of force transfer mechanism due to openings, they are
not easy to be used in design practice.

The objective of this research was to investigate the behavior of
squat exterior walls located in the first story and back side of reinforced
concrete row houses in Taiwan (Fig. 1(b)). The walls are typically
aligned along the street direction and each wall has a door and a
window. It may also have an opening for ventilation. However, the
opening is usually small and hence not considered in this research. Full-
scale wall specimens were constructed and tested using lateral cyclic
loading. Methods of calculating the lateral strength of the wall were
developed and validated with the test results.

2. Experimental program

2.1. Specimen design

Five full-scale wall specimens were designed based on typical design
characteristics of exterior walls in the first story and back side of row
houses in Taiwan. The design details of the specimens are shown in
Fig. 3. The measured material strengths are listed in Table 1. Each wall
specimen had two boundary columns. The length of the wall including
the boundary columns was 4600mm. The height of the wall excluding
the loading beam on the top of the wall was 3250mm. The boundary
columns had a cross-sectional dimension of 300×500mm. The short
side of the column was placed along the wall length. This is a typical
design practice to reduce the interference of the column with the living
space of the house. The column was designed based on the design
provisions for special moment frames of the ACI 318 code [11] and had

a longitudinal reinforcement ratio based on gross concrete area of
1.89% and a transverse reinforcement ratio of 1.82% based on the
volume of core concrete. The wall web had a thickness of 15 cm and
was designed with two layers of horizontal and vertical reinforcement.
The horizontal and vertical reinforcement ratios based on gross con-
crete area were the same and equal to 0.55%.

Each wall had two openings. The large one was intended to re-
present a door and the small one for a window. Based on the design
practice in Taiwan, the door openings of all the specimens were de-
signed to have a dimension of 2500×900mm and placed beside a
boundary column. The dimension and location of the window opening
were design variables. The window openings of specimens W1, W2, and
W3 had the same size (900×900mm) but were placed in different
locations as illustrated in Fig. 3 to investigate the effect of opening
location on the wall behavior. The left side of the window opening of
specimen W4 was placed in the same location relative to the door as
W3. However, the opening was taller (1400× 900mm) than that of W3
to investigate the effect of opening height on the wall behavior. The
window opening of specimen W5 had a larger length
(1400× 1500mm) than that of W4 to examine the effect of opening
length on the wall behavior. This size of opening approximately re-
presents the maximum size of a window opening typically seen in
Taiwan. The total area of openings to the wall area (3250×4600mm)
was 0.205, 0.235, and 0.291 for specimens W1-W3, W4, and W5, re-
spectively. Two D16 bars were placed in the wall web around the
openings as required by the ACI 318 code [11]. The bars were extended
beyond the corners of the openings for 60 cm.

2.2. Test setup

The specimens were tested by lateral cyclic loading to examine their
lateral load capacity. Fig. 4(a) and (b) show the test setup. The speci-
mens were fixed to a strong floor by post-tensioning the foundation of
the specimen to the strong floor. Lateral cyclic loading was applied to a
load transfer beam on the top of the wall by a 2000-kN actuator. The
loading was displacement-controlled to drift ratios as shown in
Fig. 4(c). The drift ratio is defined as the lateral displacement divided

(aa) (b)

Fig. 1. Low-rise reinforced concrete row houses in Taiwan: (a) front view and (b) back view.

(a) (b)

Fig. 2. Weak first story failure along the street direction of row houses in 1999 Chi-Chi Earthquake: (a) front side of a house; (b) back side of a house.
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by the distance from the loading point to the top of the foundation
(3575mm). Each draft ratio was repeated three times to examine de-
gradation of strength and stiffness under load reversals. No axial load
was applied to the specimens. This is because the axial compressive
load ratios in columns and walls of real row houses are typically small,
less than 10% of ′f Ac g, where ′fc =concrete compressive strength;
Ag =gross cross-sectional area. Under such a small axial compressive
load, it is more conservative in terms of strength to ignore the axial load

because a small axial compression is beneficial to flexural, shear and
slip resistance of a wall.

2.3. Damage observation

At the first drift level (drifts actually achieved ranging from 0.06 to
0.1%), horizontal cracks occurred in the boundary columns of all the
specimens. Some of them extended into the wall web and turned into
inclined cracks. At this drift level, cracks also appeared at corners of the
window and door. As the drift increased, more inclined cracks occurred
in the wall segments beside the boundary columns. Moreover, inclined
cracks gradually extended deeper into the center region of the wall
web. At drifts ranging from 0.33 to 0.38%, the wall segment in the
center region of walls W1 and W2 started to show extensive inclined
cracks. Peak lateral forces were reached at drifts of 0.58–1.09%. Fig. 5
shows the crack patterns of all specimens when the peak lateral force
had just been reached for both directions.

Fig. 3. Specimens design: (a) W1, (b) W2, (c) W3, (d) W4, (e) W5, and (f) section 1-1.

Table 1
Measured properties of materials.

Specimen W1 W2 W3 W4 W5

Compressive strength of concrete (MPa) 35.6 34.9 37.4 37.3 36.1
Yield strength of steel reinforcement

(MPa)
D10 312.8
D16 438.4
D19 479.2
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For each specimen, the peak lateral force was reached when one or
multiple inclined cracks suddenly became significantly wider than the
other cracks. These cracks are referred to as critical inclined cracks and
marked with thicker lines in Fig. 5. The angle to the vertical of the most
significant inclined crack is shown in Fig. 5. The angle ranged from 31
to 51 degrees as shown in Fig. 5. Critical inclined cracks tended to occur
in or pass through wall segments beside the window, which are referred
to as critical wall segments herein. W1 had only one critical wall seg-
ment. W2-W5 had two critical wall segments on the two sides of the
window. The net horizontal sectional area of the wall was the smallest
over the height of the critical segments and hence the damage in these
regions was the greatest.

At the drift level next to the peak lateral force (1.12–1.5%), crushing
and spalling of concrete was observed along the critical inclined cracks,

particularly at the intersection of the critical cracks of different loading
directions. As the drift was further increased, the extent of crushing and
spalling quickly increased. Tests of W1 and W2 were terminated at
drifts of 1.48–1.50% when the critical wall segments had clearly se-
parated into two parts (Fig. 6). The remaining resistance of the speci-
mens were mainly contributed by the two boundary columns. Tests of
W3-W5 were terminated later at drifts of 2.54–2.61%. Therefore, more
extensive spalling of concrete were observed (Fig. 6) than W1 and W2.
At the end of testing, the remaining resistance of W3-W5 was also
mainly contributed by the boundary columns. By comparing W1, W2,
and W3, it can be seen that the critical inclined cracks (Fig. 5) and
damage at the end of testing (Fig. 6) of W2 occurred mostly within the
critical wall segments. In contrast, many of the critical cracks and da-
mage of W1 and W3 developed beyond the critical wall segment. By

Fig. 4. Cyclic test of specimens: (a) test setup, (b) photo of test setup, and (c) loading protocol.
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reducing the size of the critical segment (W4 and W5 compared with
W3) and hence reducing the ratio of the strength of the critical segment
to those of the adjacent segments, the critical inclined cracks and da-
mage at the end of the testing were confined more within the critical
segment.

2.4. Behavior of lateral force and displacement

Fig. 7(a)–(e) show the force-displacement behavior of the speci-
mens. Fig. 7(f) shows the comparison of the envelope responses. The
peak lateral forces and corresponding drifts for each loading direction

are listed in Table 2. By comparing W1, W2 and W3, it can be seen that
the average peak lateral force (average of positive and negative peak
lateral forces) of W1 and that of W3 were larger than that of W2. It
appeared that moving the window opening from the side of the wall
web to the middle of the web reduced the wall resistance. In other
words, one large critical wall segment (W1 and W3) had a higher re-
sistance than two smaller segments with a similar total cross-sectional
area (W2). This is because the former had a lower height to length ratio
than the latter and hence can transfer lateral load more efficiently with
a diagonal strut that is less steep. The average peak lateral force of W4
was slightly lower than W3 by 9% even though the height of the

Fig. 5. Crack patterns at peak lateral force: (a) W1 at a drift of −0.92%, (b) W2 at a drift of −0.92%, (c) W3 at a drift of −0.92%, (d) W4 at a drift of −0.93%, and
(e) W5 at a drift of+ 1.09%.
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windows opening was increased by 56%. In contrast, with a 67% in-
crease in the length of the window opening, the average peak lateral
force of W5 was greatly reduced by 27% as compared with that of W4.
The impact of the length increase of the opening was clearly larger than
that of height increase. The height increase increases the height to
length ratio of the critical wall segment, which tends to reduce the
lateral strength due to load transfer through a steeper diagonal strut. In
comparison with the height increase, the length increase not only

increases the height to length ratio of the critical wall segment but also
reduces the horizontal cross-sectional area of the critical wall segment,
which further reduces the lateral strength.

Test results also showed that the peak lateral force in the negative
loading direction tended to be higher than that in the positive loading
direction (W1, W2, W3, and W5). This is likely because of the confining
effect from the boundary column on the right side of the wall web when
the wall was loaded in the negative direction. In contrast, when the wall

Fig. 6. Damage of specimens at the end of test: (a) W1, (b) W2, (c) W3, (d) W4, and (e) W5.
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was loaded in the positive direction, the confining effect from the
boundary column on the left side of the wall was greatly reduced by the
door opening. It was also noted that W1 in the negative direction
showed the highest peak lateral force among all the specimens. It is
likely because the openings did not entirely block the diagonal load
path from the upper left corner to the lower right corner of the wall
web, which is the most effective strut load path. These observations
provide a useful guideline in selecting the window location in terms of
reducing the effect of the opening on the lateral resistance of the wall.

2.5. Strain measurement

Fig. 8 shows the strain readings of reinforcement in the wall web at
the peak lateral force for each loading direction. The strain gauges in
the transverse reinforcement tended to show large tensile strains
around critical inclined cracks. Several of them in the critical wall
segments showed strains exceeding or close to the yield strain. Large
tensile strains were also found outside the critical wall segment as the
critical inclined cracks were not limited within the critical wall seg-
ment. Yielding of longitudinal reinforcement was also observed, parti-
cularly in the region when the boundary column nearby was subjected
to tension under lateral load.

3. Lateral strength prediction

3.1. Structural model

The calculation of the lateral strength of walls with large openings
such as those examined in this research is more complicated than solid
walls or walls with small openings. This is because large openings se-
parate a wall into members that tend to behave independently to each
other. In such a case, it is more appropriate to model the wall with a
structure composing members separated by openings rather than to
model the wall as one wall member with the section area reduced by
openings. As stated previously, critical wall segments between openings
or between an opening and the wall edge tended to show greater da-
mage (Figs. 5 and 6) and higher reinforcement strains (Fig. 8) at the
peak lateral force than the other part of the wall. Based on this ob-
servation, a structural model as shown in Fig. 9 was proposed to cal-
culate the lateral strength of the walls. In the proposed model, the
critical wall segment and the part of the boundary column beside an
opening are modeled using vertical frame elements, which are fixed at
the top and bottom to rigid elements representing the other regions of
the wall. Under lateral load, the vertical elements will have the same
lateral displacement at the top and are assumed to have the moment
point of inflection at the midheight of the element. The strength and
deformation characteristics of each vertical element are calculated
based on models presented in the following sections.

3.2. Flexural strength

The flexural strengths of each vertical frame element are calculated
for the flexural cracking, yielding and ultimate conditions. The flexural
cracking strength is the strength when the maximum tensile stress equal
to the modulus of rupture. The flexural yield strength is the strength
when the first yielding of longitudinal tension reinforcement occurs.
The flexural ultimate strength is the nominal flexural strength Mn as
defined by the ACI code [11] when the maximum concrete compressive
strain reaches 0.003. Concrete is assumed to be unconfined and re-
inforcement is assumed to have elastic-perfectly plastic behavior. When

Fig. 7. Hysteretic behavior of specimens: (a) W1, (b) W2, (c) W3, (d) W4, (e) W5, and (f) response envelopes of all specimens.

Table 2
Peak lateral forces and corresponding drifts of specimens.

Specimen Positive loading Negative loading

Force (kN) Drift (%) Force (kN) Drift (%)

W1 1401.7 0.68 −1989.4 −0.77
W2 1519.5 0.77 −1540.8 −0.74
W3 1593.3 0.85 −1737.7 −0.85
W4 1539.4 0.84 −1493.8 −0.76
W5 1074.4 0.90 −1128.8 −0.58
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calculating the yield and ultimate strengths, concrete is assumed to take
no tension.

3.3. Shear strength

The shear strengths of each element are calculated for cracking and
ultimate conditions. The shear cracking strength is the strength at the
diagonal cracking, which is the shear strength of concrete Vc based on
the ACI code [11]. For walls under axial compression and tension, theVc
is equal to the lesser of Eqs. (1) and (2) (from Table 11.5.4.6 of ACI 318-
14 [11]). For columns under compression, the Vc is equal to the lesser of
Eqs. (3) and (4) (from Table 22.5.6.1 of ACI 318-14 [11]). For columns
under tension, theVc is calculated by Eq. (5) (Eq. 22.5.7.1 of ACI 318-14
[11]). In this research, the vertical frame element that is formed

entirely by a boundary column is considered as a column. The other
vertical elements are either formed entirely by the wall web or formed
in part by the wall web and in part by the boundary column. They are
considered as walls. Other types of equations of Vc are available in the
ACI code for walls and columns. Eqs. (1)–(5) are selected because they
include the axial force effect.
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Fig. 8. Ratios of measured strain to yielding strain of web reinforcement at peak lateral force: (a) W1, (b) W2, (c) W3, (d) W4, and (e) W5.
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where ′fc =compression strength of concrete; bw =width or thickness
of a vertical element, mm; d =distance from the extreme compression
fiber of the section of a vertical element to centroid of tension re-
inforcement, taken as 0.8 times of the length lw of a wall element or
depth h of a column element; Nu =axial force which is taken as positive
for compression and negative for tension; Mu =moment at the critical
section; Vu =shear force at the critical section; ρw =ratio of the area of
tension reinforcement As to b dw ; h =overall depth of a column ele-
ment; Ag =gross area of the section.

When using Eqs. (1) and (2) for the critical wall segment that in-
cludes the wall web and the boundary column, the bw is the width of the
wall web and lw is the length of the web plus the overall depth of the
column. In Eqs. (3) and (4), the moment Mu and shear Vu are obtained
from the critical section away from the ends of the member at a dis-
tance, the lesser of l /2w and l0.5 /2 for walls [11] or the lesser of d and

l0.5 /2 for columns [12], where l =height of a wall or a column. When
the value of −M V l/ 0.5u u w in Eq. (2) or − −M N h d[(4 )/8]u u in Eq. (4)
is negative, Eqs. (1) and (3) should be used, respectively. The shear
ultimate strength Vn is calculated by Vc plus shear strength contributed
by shear reinforcement Vs, which is determined by Eq. (6).

=V
A f d

ss
v yt

(6)

where Av =area of transverse reinforcement within spacing s;
fyt =specified yield strength of transverse reinforcement; s =center-
to-center spacing of transverse reinforcement. Based on the ACI code
[11], the Vn has a upper limit of ′f0.83 c (MPa) for walls and the Vs has

an upper limit of ′f b d0.66 c w (MPa) for columns.

3.4. Shear friction strength

The shear friction strength is calculated by Eq. (7) based on the ACI
318-14 code [11]. The second term in Eq. (7) is to reflect the effect of
compression across the shear plane. The shear friction strength should
not exceed the least of ′f A0.2 c c, + ′f A(0.33 0.08 )c c, and A11 c (MPa)

= +V μ A f N( )fr vf y u (7)

where μ =coefficient of friction; Avf =area of shear-friction re-
inforcement; fy =specified yield strength of shear-friction reinforce-
ment.

3.5. Deformation

The deformation of each vertical frame element consists of flexural
and shear deformations. The flexural deformations corresponding to the
flexural cracking, yielding, and ultimate strengths are calculated from
curvatures. Each element is assumed to be bent in double curvatures
with a point of zero curvature at the midheight of the element. At the
cracking and yielding conditions, the curvature is assumed to have a
linear distribution along the element. At the ultimate condition, the
concept of plastic hinge length is used to calculate the plastic de-
formation. The deformation is contributed from a linear curvature
distribution along the element with the maximum value equal to the
yield curvature and from a maximum plastic curvature uniformly dis-
tributed over a plastic hinge length [13]. The value of the plastic hinge
length is calculated by Eq. (8) [13].

= ⎛
⎝

⎞
⎠

+l l d f0.08
2

0.022 (MPa)p b y (8)

where lp =plastic hinge length; l =height of a wall or a column;
db =diameter of longitudinal reinforcement; and fy =specified
yielding strength of longitudinal reinforcement.

The shear deformation before diagonal cracking is calculated by
Eqs. (9) and (10) [14]. After diagonal cracking, the shear deformation is
calculated by Eqs. (11) and (12), which were first derived from a
simplified truss model for beams [14] but were later successfully ap-
plied to walls [15]. Note that the angle of diagonal cracks are assumed
to be 45 degrees in Eq. (12).
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where V =applied shear; Δsuc =shear deformation of an uncrack ele-
ment; Ksuc =shear stiffness of an uncracked element; Ec =modulus of
elasticity of concrete; f = factor to account for the nonuniform dis-
tribution of shear stress, for rectangular sections f =1.2, and for T or I

Fig. 9. Proposed structural model: (a) critical segments and (b) analytical model.
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sections f =1.0; Δsc =shear deformation of a crack element;
Ksc =shear stiffness of a cracked element; ρh =ratio of area of trans-
verse reinforcement As to sbw; Es =modulus of elasticity of transverse
reinforcement.

3.6. Axial force

In addition to the shear and moment, the axial force in each vertical
frame element also has to be determined as it affects the flexural, shear
and shear friction capacities of the element. To solve for the axial force
acting on each vertical element under a lateral load, the cantilever
assumption is adopted. All the vertical elements of the proposed
structural model are assumed to form a cantilever column. The axial
stress on the cross section of the cantilever column, formed by the cross
sections of the vertical elements, is distributed linearly from the tension
zone to the compression zone and is assumed to be zero at the neutral
axis of the cross section. With this assumption, for a given lateral force
on the wall, the axial force in each vertical element can be determined
by equilibrium.

3.7. Experimental verification

To calculate the lateral strength of the wall, the force-deformation
curve of each vertical frame element of the structural model of the wall
is established first with an assumed distribution of axial force in each
vertical element. The vertical element that fails first is then identified
and the corresponding top displacement determined. With the same top
displacement, the shears acting on the other vertical elements are de-
termined from their force-deformation curves. The lateral strength of
the wall can be found by summing the shears of all the vertical ele-
ments. Meanwhile, the axial force in each vertical element is calculated
based on the cantilever column assumption. If the axial force dis-
tribution is close to the assumed one, then the analysis is terminated
and the strength of the wall is found. Otherwise the calculation is re-
peated with the obtained axial force distribution as the assumed axial
force distribution in the next iteration of calculation.

Fig. 10(a)–(b) and (c)–(d) show the relationship between the top

lateral displacement and shear in each vertical frame element for W3
and W4, respectively. For both walls, the lateral strength is governed by
the shear strength of element P1, which has the highest lateral stiffness
and strength. From the displacement and shear relationships, it can be
seen that when element P1 fails in shear, other segments have not
reached their ultimate states. At this condition, the shear in element P2
of both W3 and W4 has exceeded the diagonal cracking strength. In
contrast, the shear in element C1 is low and does not exceed the di-
agonal cracking strength but exceeds flexural cracking strength. It ex-
ceeds more in the negative direction than the positive direction. This is
because tensile stress from flexure is increased by axial tension in the
negative direction while decreased by axial compression in the positive
direction. These analysis observations are consistent with experimental
observations shown in Fig. 5, in which clear diagonal cracks were ob-
served for element P1. In contrast, no significant diagonal cracks were
observed for element C1 as shown in Fig. 5. Almost all the cracks were
close to horizontal and occurred mostly during negative loading when
the element was subjected to axial tension in addition to flexural ten-
sion.

The ratios of the experimental lateral strength and the lateral
strength calculated by the proposed model of all the specimens are
shown in Fig. 11(a) and listed in the second column of Table 3. The
ratios are all larger than one with a mean value of 1.62, meaning the
proposed calculation is conservative for all the specimens. The ratio for
the positive direction of W1 is much lower than those of the others. It is
likely because the critical wall segment W1 in the positive direction
receives much fewer confinement from the boundary column or other
wall segments than the other direction and the critical wall segments of
other specimens. The critical wall segment in the compression side is
bordered by a large opening, the door, and is bordered by the window
in the tension side.

In addition to the proposed model, three simplified models are also
examined herein. Simplified model 1 is the same as the proposed model
except that the change of axial force is not considered. Therefore,
iteration effort for axial force is not needed. Simplified model 2 is the
same as model 1 but calculates the lateral strength of the specimen
simply by summing the strengths of all the vertical elements. Therefore,

Fig. 10. Calculation of lateral strength: (a) W3 under positive loading, (b) W3 under negative loading, (c) W4 under positive loading, and (d) W4 under negative
loading.
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the calculation of stiffness and deformation of each element is not re-
quired. Only the ultimate strength is calculated for each element.
Computational effort can be further reduced. Simplified model 3 is the
same as model 2 except that only the wall web is considered in the
strength calculation. This is to consider the fact that shears taken by the
boundary columns are not as significant as that taken by the wall web.
Calculation results for simplified models 1, 2, and 3 are shown in
Fig. 11(b), (c) and (d) and listed in the third, fourth and fifth column of
Table 3, respectively. It can be seen that the mean value of the ratios of
experimental to calculated strengths is 1.62 for simplified model 1,
same as that of the proposed model. However, the covariance is in-
creased from 0.083 to 0.090, meaning the scatter of the prediction is
increased. For simplified model 2, the mean value of the ratios is re-
duced to 1.40. This is expected as all the vertical elements in the model
are assumed to reach their lateral strengths simultaneously, but in fact
the shears taken by columns or slender wall webs when the wall reaches
the lateral strength are small as shown in Fig. 10. The covariance is
0.094, greater than the original model and simplified model 1. For
simplified model 3, a significant increase of the mean value to 1.89 can
be seen. The covariance is 0.093. With the least computational effort,
simplified model 3 shows the most conservative and relatively large

scatter prediction among all the models examined.

4. Conclusions

Five full-scale reinforced concrete squat walls with openings typical
of the first story backside side exterior walls of row houses in Taiwan
were tested using lateral cyclic loading to examine their seismic beha-
vior. To estimate the lateral strength of the walls, a detailed model and
three simplified models were proposed and verified by the experimental
results. Major conclusions are summarized as follows.

(1) It was observed that the wall with the window opening on the side
of the wall web (specimens W1 and W3) showed a higher average
lateral strength than that with the opening placed around the center
of the wall web (specimen W2). This is likely because the critical
wall segment of the former had a lower height to length ratio than
the latter and hence can transfer lateral load more efficiently with a
diagonal strut that is less steep. The increase of the opening length
reduced more the lateral strength than the increase of the opening
height. This is because the former not only increased the height to
length ratio of the critical wall segment (same as the later) but also

Fig. 11. Experimental to calculated lateral strengths: (a) proposed model, (b) simplified model 1, (c) simplified model 2, and (d) simplified model 3.

Table 3
Experimental to calculated lateral strengths.

Specimen Proposed Simplified 1 Simplified 2 Simplified 3

Positive Negative Positive Negative Positive Negative Positive Negative

W1 1.35 1.85 1.34 1.90 1.08 1.53 1.63 2.32
W2 1.59 1.54 1.55 1.57 1.39 1.41 1.78 1.81
W3 1.71 1.87 1.67 1.82 1.46 1.60 1.87 2.04
W4 1.69 1.54 1.64 1.59 1.44 1.40 1.86 1.81
W5 1.59 1.58 1.54 1.62 1.31 1.37 1.83 1.92
Mean 1.62 1.62 1.40 1.89
CoV 0.083 0.090 0.094 0.093
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reduced the cross-sectional area of the critical wall segment. A
critical wall segment tended to show a lower lateral strength when
the edge of the segment is bordered by a door than by a boundary
column due to the confinement effect provided by the column.

(2) A lateral strength model is proposed for the wall specimens tested.
Comparison with the test results shows that the proposed model can
be conservatively used to predict the lateral strength of the wall
specimens. Three simplified models with less computational effort
are also proposed. Comparison with the test results shows that ig-
noring the variation of the axial force among the wall segments and
columns of the model does not change the average prediction but
increases the scatter of prediction (simplified model 1). Simply
summing the lateral strengths of all the wall segments and columns
together and without considering the variation of axial force further
increases the scatter and greatly reduces the degree of conservatism
(simplified model 2) as compared with original model. Summing
the lateral strengths of all the web segments only and without
considering the variation of axial force requires the least compu-
tational effort but greatly increases the degree of conservatism and
the scatter of prediction as compared with the original model.
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