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Abstract:    Two experimental tests of three-storied reinforced concrete structural walls having large openings were performed. 
Based on an original macro model, a multiple modified macro-model was proposed to develop a simple method to design a re-
inforced concrete structural wall with large openings and various opening locations. The interaction between reinforcement ties 
and concrete struts formed along the perimeter of openings was neglected in the original model. However, the strut-and-tie node 
was proposed to take account of such interaction in the proposed model. The predicted behavior of two specimens using such a 
proposed model was compared with the experimental results. It is shown that the behavior of structural walls with large openings 
could be modeled well using the proposed model. Moreover, the study indicates that the proposed model is applicable even in 
cases of multi-story structural walls having large openings and various opening locations. 
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1  Introduction 

 
Structural walls have been usually adopted as the 

main earthquake-resistant components of reinforced 
concrete buildings. However, they usually have some 
openings according to the intention of the architec-
tural design, and the opening ratios, locations and 
shapes are often various. Therefore, some corre-
sponding structural details and restrictions have been 
provided in both national and international seismic 
design codes. In the current design code of Archi-
tectural Institute of Japan (AIJ, 1999), the minimum 
strength reduction factor of a structural wall due to the 
openings is limited to 0.6 by restricting the maximum 
ratio of opening dimensions to the corresponding wall 

length and height. And in the seismic code of China 
(GB50011-2001, 2008), the opening area is generally 
limited to less than 15% of the area of wall. These 
limits and restrictions are provided to make the con-
ventional method applicable to wall structures, where 
the method is based on the past experimental data and 
observation. If the opening dimensions do not satisfy 
the above restrictions, one is required to solve the 
structure as a frame having a finite rigid area for the 
beam column joint. If the opening locations are too 
eccentric and/or the shapes of large openings are not 
rectangular, the strain distribution is significantly 
non-linear and the finite element method (FEM) 
analyses are often used. During the past two decades, 
much work on FEM analyses of structural walls has 
been undertaken (Inoue et al., 1998; Fujita et al., 2001; 
Palermo and Vecchio, 2007), but it always takes more 
time for the design. From the above point of view, it is 
desirable to develop a simple but rational method. 
Schlaich and Schäfer (1991) proposed a strut-and-tie 
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model to design the strain distribution region which 
covered also the details consistently for all types of 
concrete structure, just like a beam-column joint or 
deep beam. And applications of such a strut-and-tie 
model to reinforced concrete structures with/without 
openings have been treated extensively (Hwang et al., 
2001; Tjhin and Kuchma, 2002; Tan et al., 2003), but 
there are only a few examples for reinforced concrete 
structural walls (Paulay and Priestley, 1992). In ad-
dition, much research on modeling a shear wall 
without openings has been done to represent the 
flexural behavior and the shear behavior (Ghobarah 
and Youssef, 1999; Orakcal et al., 2004; Orakcal and 
Wallance, 2006; Jalali and Dashti, 2008), but the 
influence of a frame column or beam was not taken 
into account. Takehara and Motitsuki (1993), pro-
posed a macro model of a single-story structural wall 
with opening to evaluate the strength and deformation 
based on a strut-and-tie model. Though good results 
were found, the applied examples were only a few, 
and also no method for applying these to the cases of 
continuous walls above the height of a multi-story 
building was exhibited. Moreover, the interaction 
between wall reinforcement ties and concrete struts 
formed possibly along the perimeter of openings was 
neglected in their model. The neglect of such inter-
action will result in an underestimate of strength ca-
pacity and stiffness of walls if the openings are 
comparatively large.  

In this study, a multiple modified macro model, 
which takes account of the possible interaction men-
tioned above, was proposed by modifying the original 
macro model of Takehara and Motitsuki (1993). The 
adequacy of the proposed model was testified by 
carrying out seismic loading tests on two of the 40% 
scale specimens of reinforced concrete structural 
walls having the same opening ratio and various 
opening locations. Moreover, the behavior predicted 
using the proposed model was compared with that of 
the experimental tests. 

 
 

2  Experimental 

2.1  Specimens 

As analytical objects of this study, two speci-
mens named as L1 and L3 were used (Fig. 1). They 
were 40% scale models of concrete structural walls 

with eccentric openings (L1) or central openings (L3), 
and the experimental tests were conducted at Kyoto 
University, Japan (Warashina et al., 2007; 2008).  

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
The height and the span length of the specimen 

can be seen in Fig. 1. The sectional dimensions also 
some details of beams, columns and wall are listed in 
Tables 1 and 2, respectively. D and Ф present the 
different types of reinforcements, respectively. Mate-
rial properties of reinforcement and concrete adopted 
for the specimens are listed in Tables 3 and 4, re-
spectively. The opening ratio adopted as an experi-
mental parameter is 0.46 for two specimens, where it 
is defined as (h0l0/hl)1/2, where l0 and h0 are the length 
and height of the opening, respectively, l is the center 
to center spacing between two side columns, h is the 
center to center spacing between the upper and lower 
beams. The opening location of L1 is eccentric, while 
L3 is central.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Dimension of specimens (mm) 
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Table 1  Section and reinforcements of beam/column
(mm) 

 
Section 

 dimension 
Main rein-
forcement 

Hoop rein-
forcement

Side column* 300×300 8-D19 2-Φ10@75
Beam 200×300 2-D13 2-Φ6@100
Foundation beam 600×400 4-D25 4-D10@100
Loading beam 400×400 2-D25 2-D10@100
* For example, the side column section contains eight D19 bars, 
with Φ10 double closed stirrups spaced at 75 mm 

Table 2  Section and reinforcements of wall (mm) 

 L1 L3 
Thickness (mm) 80 80 
Wall reinforcement D6@100 D6@100
Reinforcing bar of opening (V) 1-D16 4-D13 
Reinforcing bar of opening (H) 2-D13 4-D10 

V: vertical; H: horizontal 
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As one of the aims of this study was to clarify the 

effect of openings on the shear behavior of a struc-
tural wall, both specimens were designed to fail in 
shear, not in flexure. 

Noted that the maximum opening ratio is limited 
to 0.4 in the design code of AIJ (1999) when the wall 
strength reduction factor due to opening is determined 
by the empirical equations specified in the code. 

2.2  Loading system 

Fig. 2 shows the loading system and the speci-
men L1. The lateral load Q was applied statically to 
the loading beam through the arm and the steel plates 
by two 2000-kN hydraulic jacks. Cyclic reversed 
horizontal loads were statically applied to the speci-
mens in both positive and negative directions,  
 

 

 

 

 

 

 

 

 

 

 
  

 
 

simulating earthquake forces. Loading was mainly 
controlled by measured displacement in terms of the 
story drift angle. The first cycle of loading was per-
formed up to 200 kN, subsequently two cycles of 
repeated loading were applied for each drift angle up 
to ±0.04%, ±0.1%, ±0.25%, ±0.5%, ±0.75% and 
±1.0%. 

During the cyclic horizontal loading, vertical 
axial loads were also applied by two 1000-kN hy-
draulic jacks assuming that the specimens are repre-
senting a part of the lower three stories of a typical 
reinforced concrete building with six stories. Hence, 
the vertical axial load was determined in accordance 
with the assumed long-term axial loads for a 
six-storied wall with one span. Thus, 488 kN (244 kN 
for each jack) was determined as the basic axial load. 
Moreover, controlling two hydraulic jacks, two ver-
tical axial loads were adjusted to each other so as to 
keep the apparent shear span ratio (M/(Qd)) always 
1.0, where M is the flexural moment applied to the 
base of the wall, Q presents the horizontal load ap-
plied to the loading beam, and d is the distance be-
tween the center to center spacing between two side 
columns. This is to make the shear damage in the wall 
precede the flexural yielding of the wall. However, 
the effect of the axial load on the shear behavior of 
each wall was insignificant as far as these test results 
were concerned, because the side columns were not 
damaged till the end of the tests. 

2.3  Test results 

Fig. 3 and Fig. 4 show the damage observed in 
two specimens at 0.75% drift and at the end of the 
tests, respectively.  

In both specimens, the shear cracks in the wall 
and the flexural cracks in the tensile side column were 
observed before a drift angle of 0.05%, and the cracks 
increased until a drift angle of 0.5%. When the drift 
angle increased from 0.5% to 0.75%, the load reached 
the maximum and the damage to the walls and the 
crack in the upper part of the openings progressed for 
further loading after the maximum load. Moreover, 
some parts of the main longitudinal bars of the beam 
and the reinforcements of the wall were revealed due 
to spalling of cover concrete, and the buckling of the 
wall reinforcements in the first story were observed.  

In the L1 specimen, the shear cracks in the wall 
of the first story and the flexural cracks in the tensile 

Table 4  Properties of concrete 

 Compressive 
strength (MPa) 

Tensile strength 
(MPa) 

Young’s modules 
(GPa) 

L1 28.9 2.2 26.0 
L3 32.7 2.9 23.3 

Table 3  Properties of reinforcements (mm) 

 Yield strength 
(MPa) 

Ultimate strength 
(MPa) 

Young’s modulus 
(GPa) 

D6 425 538 204 
D10 366 509 180 
D13 369 522 189 
D16 400 569 194 
D19 384 616 183 

Fig. 2  Loading system 
NW and NE are axial forces from west and east, respectively
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column of the first story were observed at a drift angle 
of +0.04%. At a drift angle of +0.25%, the cracks in 
the upper part of the opening (part A in Fig. 3a) pro-
gressed along the opening reinforcement. And the 
cracks were not formed much in the short span beam 
of the second and third stories. At a drift angle of 
−1.0%, shear sliding occurred in the wall of the first 
story (part C in Fig.3b), the lateral reinforcing bars of 
the wall were bent seriously and the cracks have been 
propagated greatly along the wall reinforcement. At a 
drift angle of +1.5%, the strength was decreased 
suddenly for the shear damage in the wall of the 
second story (part D in Fig. 3b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
In the L3 specimen, the cracks in the wall of the 

first story and in the upper comer of the opening (part 
A in Fig. 4a) were observed at a drift angle of 0.05% 
and then the stiffness was decreased. Since a drift angle 
of 1.0%, the strength was gradually decreased without 
shear sliding observed in the wall of the first story. 
Moreover, damage to the boundary beam between a 
couple of walls was negligible till the end of the load-

ing. For the central opening location and the difficul-
ties of composing the compressive strut over two sto-
ries, the shear cracks over two stories were only a few. 

Concerning the yield point of the wall rein-
forcements, most of the lateral reinforcements of two 
specimens yielded at a drift angle of 0.5%, while most 
of the vertical reinforcements yielded at a drift angle 
of 1.0%. However, at a drift angle of −0.5%, the ver-
tical wall reinforcements near the opening (part B in 
Fig. 3a) were buckled in compression. In case of 
negative direction loading, the above results indicate 
that the compressive stress will be concentrated at the 
opening corner. 

Fig. 9 (in subsection 4.2) shows the relationships 
between the lateral load and the drift angle. It can be 
seen that the maximum lateral strength of L1 is lower 
than that of L3 because the opening location of L1 is 
eccentric. It can be also found in both test specimens 
that the strengths attained during the positive direc-
tion loading are larger than those during negative 
direction loading. The strength degradation after the 
peak load can be seen more or less in both specimens. 
However, strength degradation is not sudden in L3.  

With respect to the failure mode, L1 failed in a 
comparatively ductile manner after flexural yielding 
of the short span beams and reached the final stage 
due to the shear slip damage of the wall. 

 
 

3  Multiple macro model 
 

As shown in Fig. 5, the original macro model 
proposed by Takehara and Motitsuki (1993) corre-
sponds to a situation where diagonal cracks have been 
formed and significantly developed in the wall. In this 
model, it was assumed that each of the objective walls 
can be treated as a single-story wall which was taken 
out from the whole wall structure, and the beams were 
treated as rigid elements without axial springs and 
shear springs.  

 
 
 
 
 
 
 
 
 

Fig. 3  Observed damage of L1 at (a) 0.75% drift and 
(b) end of the tests 
The solid lines show the cracks and the painted parts show
the severely damaged area 

(a) (b) 

B 

A 

D

C

Fig. 4  Observed damage of L3 at (a) 0.75% drift and (b) 
end of the tests 
The solid lines show the cracks and the painted parts show the
severely damaged area 
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Fig. 5  Original macro model (Tokehara and Motitsuki, 
1993) 
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3.1  Multiple original macro model (O-M model) 

In this study, a multiple original macro model 
(O-M model) shown in Fig. 6 was assembled based on 
the original macro model. N1 and N2 present the axial 
load applied to two side columns, respectively. 

It is composed of an upper and a lower beam 
(that is, loading beam and foundation beam), the side 
columns, the compressive concrete struts and the 
tensile reinforcement ties of the wall. The angle of the 
inclined compressive struts is assumed to be a con-
stant degree against the horizontal axis. The com-
pressive struts and the vertical/horizontal tensile ties 
which are placed in the direction passing through the 
openings are assumed to be ineffective and hence 
neglected. The loading beam and the foundation beam 
are treated as a rigid element. The side columns and 
beams are represented by a model composed of the 
rigid elements, the elasto-plastic axial springs and the 
shear springs. The height of the beam and the width of 
column could be taken as the dimensions of these rigid 
elements, respectively. The struts and the ties could be 
connected to corresponding rigid elements with an 
inclination of 45°. The axial springs are placed at the 
center of the main reinforcement of one side. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

The strength and the rigidity of the axial spring 
and the rigidity of the shear springs are expressed as 
follows: 

Axial strength of the spring in tension: 
 

cNnt=Ag×gσy/2,                             (1) 

where Ag is the main bar area of side column and gσy is 
the yield strength of side column main bar. 

Axial rigidity of the spring in tension:  
 

cKnt=EsAg/(2Δh),                               (2) 
 

where Es is the reinforcement Young’s modulus and 
Δh is the distance between two rigidities. 

Axial strength of the spring in compression:  
 

cNnt=(Ag×gσy+bDσd)/2,                         (3) 
 

where bD is a section area of side column and σd is 
the concrete compressive strength. 

Axial rigidity of the spring in compression:  
 

cKnc=(EsAg+EcbD)/(2Δh),                   (4) 
 

where Ec is the concrete Young’s modulus. 
Rigidity of the shear spring: 

 
cKs=(cKn/cKnc)×(GbD/Δh),                (5) 

  
where cKn is an average of the rigidity of two axial 
springs at the same loading cycle which is determined 
taking account of the progress of the horizontal cracks 
in the column, and G is the concrete shear modulus. 
Hence, the term of cKn/cKnc in Eq. (5) expresses the 
reduction in the shear rigidity due to such cracks. 

The model ties are substituted for the vertical/ 
horizontal reinforcements placed within the strip 
element with width bw, and their strength and rigidity 
are expressed as follows: 

Tie strength: 
 

bNt=ρs×sσybwt,                           (6) 
 

where ρs is a reinforcement ratio of wall, sσy is the 
yield strength of wall reinforcing bars,  bw is the width 
of a strut, and t is the thickness of a wall. 

Tie rigidity: 
 

bKn=ρsEsbwt/L,                           (7) 
 

where L is the length of a wall. 
The compressive concrete struts follow the 

concrete constitutive law of Popovics (1971) below: 

Fig. 6  Multiple original macro model (L3)
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σ =nξ/(n−1+ξn)×σ'B,                            (8) 
 

where σ'B=0.63σB, n=0.57×10−2σ'B/9.8+1, ξ=ε/ε0, 
ε0=4.29×10−4(σ'B)0.25. The first term, σ'B, is the effec-
tive concrete compression strength of the wall where 
the parallel shear cracks are ideally formed and de-
veloped and the coefficient 0.63 was proposed from 
the experiment without openings by Takehara and 
Motitsuki (1993). ε and ε0 is the strain of concrete and 
the strain corresponding to the concrete maximum 
compression stress, respectively. 

3.2  Multiple modified macro model (M-M model) 

Fig. 7 shows the multiple modified macro model 
(M-M model) which was assembled by modifying the 
original model. In this model, the effect of the tensile 
ties placed around the openings is taken into account. 
The main modified items are as follows: 

1. As shown in Figs. 6 and 7, the beams were 
modeled using the rigid elements, the elasto-plastic 
axial springs and the shear springs like the side col-
umn. The compressive struts and the tensile ties in 
two adjacent story walls were connected by the beam 
rigid elements. 

2. The O-M model did not take account of the 
effect of the reinforcements around the openings. 
However, the M-M model considered the effect of the 
vertical reinforcements around openings, on the 
premise that they were sufficiently anchored in the 
upper and lower beams. Moreover, it also considered 
the effect of the horizontal reinforcements around the 
openings, on the premise that they were anchored to 
the side columns and/or the vertical reinforcement 
placed near the perimeter of the opening. Therefore, 
the vertical and horizontal reinforcements around the 
opening were modeled as the ties and they were 
connected to the struts which were assumed to be 
formed in the direction passing through the opening. 
In this model, the force as the resultant of stress 
transferred from the struts can be equilibrated with 
that of the stress in ties at the CTT node (ACI Com-
mittee 318, 2008). 

3. Popovic (1971)’s concrete constitutive law 
was used to solve the O-M model, while the Vecchio- 
Collins concrete constitutive law (Vecchio and 
Collins, 1986) was used instead in the M-M model. 
The concrete tensile stress has not been considered in 
both macro models. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4  Analysis 

4.1  Analysis detail 

The side columns of two models were divided 
into 5 segments, and the compressive struts were 
arranged in the form of strip elements with a width of 
about 25 cm. The material constants were determined 
according to the measured mechanical properties of 
materials. The mechanical properties of axial spring, 
the shear spring and the reinforcement tie were de-
termined in accordance with the original macro model 
by Takehara and Motitsuki (1993). However, the 
concrete constitutive law based on the Vecchio- 
Collins (1986)’s model was modified as follows: 

Ascending branch: εd≤ε0/λ, 
 

2

d d
d c

0 0

2 .f
ε ε

σ λ
ε ε

⎡ ⎤⎛ ⎞ ⎛ ⎞
⎢ ⎥= −⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

                         (9) 

 
Descending branch: εd>ε0/λ, 

 
2

c d 0
d

/ 1 /
1 ,

2 1/
f ε ε λ

σ
λ λ

⎡ ⎤−⎛ ⎞= −⎢ ⎥⎜ ⎟−⎝ ⎠⎢ ⎥⎣ ⎦
                        (10) 

 
where ε0 is the strain corresponding to the concrete 
maximum compression stress and is assumed to be 

Fig. 7  Multiple modified macro model (L3)
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0.002. λ is a constant (Belarbi and Hsu, 1994) when 
applied to a wall without opening and can be ex-
pressed as 
 

λ=1/cosα,                               (11) 
 

where the angle α was assumed to be 45° based on the 
observed damage of the specimens. 

As shown in Fig. 8, three concrete constitutive 
laws were used in macro model analyses for this 
study. 
 
 
 
 
 
 
 
 
 
 
 
 

The stress-strain relationship of reinforcement 
was expressed by a bi-linear model where the tan-
gential stiffness in the post-yield stage was assumed 
to be 1% of the initial stiffness. However, the com-
pression stress induced in the reinforcement was ne-
glected. As the boundary condition, each side central 
node connected to the load cells was treated as a pin 
support.  

The push-over analyses were conducted with a 
horizontal displacement increment of D=0.5 mm. As 
the first step, the long term axial loads of 244 kN were 
applied to each of the side columns. For further 
loading, these axial loads were varied with ±0.42 kN 
in two specimens, per 1 kN of the horizontal load 
change in accordance with the increase in lateral dis-
placement. The horizontal force was applied to the 
center of the loading beam in the same manner as the 
actual testing. 

4.2  Analysis results 

The relationships of lateral load vs. drift angle 
for L1 and L3 are shown in Fig. 9. Table 5 and Table 6 
show the comparison of maximum strengths and 
initial stiffness between the results of each model and 
the experimental test, respectively.  

The envelope curves of lateral load-drift angle 
relationships obtained from the M-M model agree 
well with those of the experimental results in both 
positive and negative loadings of two specimens 
(Fig. 9). In the cases of L1 and L3, the tensile ties 
above the opening of the first and the second stories 
yielded at drift angles of about 0.5% and 0.4%, re-
spectively. But other horizontal ties did not yield for 
shear redistribution unlike the experimental results. 
As shown in Fig. 10, the compressive struts connected 
to the foundation beam of the first story yielded at 
drift angles of ±0.6% and ±0.5%, respectively. The 
load carrying capacity started to decrease after the 
struts had yielded. However, any sudden decrease or 
crushing of the struts was not observed because of the 
shear redistribution and the assumption of the con-
crete constitutive law. Moreover, the M-M model 
predicted well the behavior in the post-peak regions, 
although the computed value is a little bit bigger than 
the experimental value. This is because the strength 
deterioration of concrete struts was comparatively 
prompt due to the cyclic reversed loading in the actual 
test specimens, while the analyses were conducted in 
the manner of a one way push-over. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Concrete constitutive law 
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Fig. 9  Lateral load-drift angle for (a) L1 and (b) L3 
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The computed ultimate strengths of the O-M 

model are much smaller than experimental values, 
while the ratios between strengths of the M-M model 
and that of experimental value show a high degree of 
precision in both positive loading and negative load-
ing (Table 5). However, the stress of the axial spring 
in the side columns did not reach the yield strength. 

As listed in Table 6, the initial stiffness of the 
O-M model is much smaller than the experimental 
results, because the macro model corresponds to a 
situation where the diagonal cracks have been formed 
and significantly developed, and the dowel action of 
reinforcement and the aggregate action of concrete 
was neglected. However, the initial stiffness of the 
M-M model is much closer to the experimental val-
ues. 

 
 
 
 
 
 
 
 
 

These model results corresponded well with the 
experimental observation, except for the behavior 
after the shear sliding of the walls. 

4.3  Shear distribution 

The shear of wall and columns was not directly 
observed in the experimental tests, while the analyses 
can take out the shear of each component by a simple 
method. Figs. 11 and 12 show the shear distribution 
between the top/bottom section of the first story wall 
and that of two side columns. The total shear of the 
top/bottom section of the first story wall and side 
columns used here was taken to be the same value of 
the lateral load. 

The shear of the first story wall gradually de-
creased while the drift-angle increased in two speci-
mens, and that of the side columns has an opposite 
tendency.  

As shown in Fig. 11a, the shear carried by the 
bottom section of wall was only about 20% of total 
shear, yet that of the top section of the wall was about 
80% in the post-yield stage. Because the large open-
ings interrupted the shear transfer path to the founda-
tion beam, the main part of the shear transferred di-
rectly from the beam to the side column through the 
diagonal struts. The tensile ties around the openings 
are effective in the shear transfer, but limited.  

As shown in Fig. 11b, for the lateral load applied 
from the side having no openings, the main part of the 
shear was transferred to the foundation beam through 
diagonal struts for the definite shear transfer path. In 
the post-yield stage, the shear carried by the bottom 
section of wall and columns was about 50%. 

As shown in Fig. 12, in the post-yield stage, the 
main part of shear was carried by the wall. The bot-
tom section of wall carried 50%–60% of shear stress 
before reaching the maximum lateral load, while the 
top section of wall carried 80% of shear or more. 
Since the drift angle of 0.4% for the main concrete 
struts yielded, the shear carried by the wall starts 
decreasing. After reaching the maximum lateral load, 
the shear stress carried by the bottom section of wall 
was less than 50% and that of the columns started 
increasing. At the end of the test, 30%–40% of shear 
was still carried by the bottom section of wall for the 
ductility, and the top section carried about 60% of 
shear. 

(a)                                            (b) 

Fig. 10  Deformation and damage of M-M models for (a) 
L1 and (b) L3 
● represents struts reached the maximum strength 

Table 5  Comparison of ultimate strength between ex-
periment, O-M model, and M-M model (kN) 

L1 L3 
 

Positive Negative Positive Negative
Experiment 686 −649 701 713 
O-M model 540 (0.79) −496 (0.76) 536 (0.79) −536 (0.75)
M-M model 632 (0.92) −589 (0.91) 691 (0.99) −691 (0.97)

Note: the value in parenthesis is the ratio of the analytical results to 
experimental value 

Table 6  Initial stiffness between experiment, O-M 
model, and M-M model  

L1 L3  
Positive Negative Positive Negative

Experiment 6.17 6.72 4.50 4.52 
O-M model 2.60 (0.42) 2.05 (0.31) 1.87 (0.42) 1.87 (0.41)
M-M model 4.17 (0.68) 4.26 (0.63) 3.72 (0.83) 3.72 (0.82)

Note: the value in parenthesis is the ratio of the analytical results to 
experimental value 
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From mentioned above, in such cases having 

large openings, close relationships between the 
opening location or the loading direction and the 
shear carried by the wall are revealed. If the loading 
direction is negative, whatever the opening location, 
the main part of shear is carried by the bottom section 
of the first story wall. If the loading direction is posi-
tive, the main part of shear is carried by the bottom 
section of first story columns and there is little  
 

contribution from some parts of the wall in loading 
transfer. This behavior is worth studying for the 
seismic design of multi-story structural walls with 
large openings. 

 
 

5  Discussions and conclusions 
 
In this study, two experimental tests of 

three-storied structural walls with openings were 
performed, and an M-M model was proposed by 
modifying an original macro model to obtain more 
accurate load-deformation relationships and behav-
iors in the case of multi-story walls with various large 
opening locations. The main discussions and conclu-
sions are summarized as follows: 

1. Behaviors of a structural wall with eccentric 
openings become different depending on the loading 
direction, and the ultimate strength becomes different 
depending on the opening locations. However, the 
opening locations and/or loading direction are not 
taken into account in the current design code. The 
calculation formula of lateral strength capacity using 
the opening ratio in the current design code needs to 
be improved, based on the shear resistance mecha-
nism and the extensive experimental studies. 

2. Although the specimens were designed ac-
cording to the current design code, the shear slip 
failure in the first story wall with eccentric openings 
still occurred at the final stage. This result suggests 
that the details of the seismic design code in such a 
region need to be improved. 

3. It is confirmed by the comparison between the 
analytical results and the experimental results that the 
M-M model could predict the different behaviors of 
the structural walls with various opening locations 
and different loading directions well, and the M-M 
model is applicable to structural walls even in the case 
of the opening ratio exceeding 0.4. 

4. Comparison of strength, stiffness, lateral 
load-drift angle relationship between M-M model and 
the O-M model indicates that the M-M model is more 
adequate. 

Some extensive studies are expected for the ap-
plication of the efficient method proposed in this 
study to account for the shear behavior of structural 
walls with various opening ratios. 

 

Fig. 12  Shear distribution (L3) 
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Fig. 11  Shear distribution (L1). (a) Positive loading; 
(b) Negative loading 
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