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SUMMARY:

The aim of this paper is, firstly, to present the experimental results of three reinforced concrete structural walls
tested under lateral reversed cyclic loading, two walls with different opening locations and one without opening.
The specimens were scaled to 40% single span three storied reinforced concrete structural wall. The main
purposes of the experimental tests were to evaluate their behaviour and to identify the influence of opening
locations on the cracks distribution and the shear strength. Secondly, to estimate the shear strength of the tested
specimens by combining the shear strength of structural wall without openings and the reduction factor due to
openings. The comparison between the experimental results and the analytical results showed that the shear
strength was different depending on the loading direction and the opening locations. A two-dimensional FEM
analytical model was constructed in order to predict the behaviour of the tested walls. A good agreement was
found between the test and the prediction in terms of lateral |oad-drift angle relations and damage distribution.

Keywords: multi-story RC walls; static test; shear behaviour; nonlinear FEM analysis.

1. INTRODUCTION

Reinforced concrete structural walls are one of the main earthquake-resisting components for RC
high-rise and mid-rise buildings. Experience from past earthquakes has shown that buildings with
well-designed structural walls can significantly reduce life and economic losses (AlJ, 1998 ; Bechtoula
and Oussalem, 2005). For functional reasons, the structural walls may have openings like windows,
doors and duct spaces. The opening sizes, locations and shapes of openings affect their seismic
performance by reducing the stiffness and the strength of the structural wall.

During the past severa decades, numerous experimental studies have been conducted on the behaviour
of RC structural walls with and without openings (Ono, 1995; Lopes, 2001, Sakurai et al., 2008,
Warashina et al., 2008, Kabeyasawa et al., 2009, Brun et al., 2011). However, the case of large and
eccentric openings was not deeply investigated in the past. More experimental data are needed to
clarify the shear behaviour of structural walls with eccentric openings under cyclic loading.

In such cases, finite element studies may be the only aternative to understand their behaviour.
Nowadays, and due to availability of powerful computers, numerical modelling approaches are able to
provide an accurate aternative to the experimental investigations of reinforced concrete structural
walls (Maekawa et al., 2003; Kim and Lee, 2003; Balkaya and Kalkan, 2004, Thomson et al., 2009;
Guan et al., 2010).

In the current design practice of AlJ standard (AlJ, 2010), the shear strength of a structural wall with
opening is estimated by applying a strength reduction factor on the strength of the structural wall
without opening. The applicability of this approach is limited for opening ratio less then 0.4. The
opening ratio, 7, expresses the size of the opening and it is given by:
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Where, | is the center to center spacing between two side columns, h is the center to center spacing
between the upper and lower beams and |, and hy are the length and height of the opening,
respectively, as shown in Figure 1. Asit can be seen from Eq. (1), the reduction factor is independent
from the opening | ocation.

2. EXPERIMENTAL PROGRAM
2.1. Test specimens

Three RC wall specimens were constructed and tested at Kyoto University. The specimens were three-
storied and 40% scaled models. As shown in Figure 2, specimen N1 was without openings, specimens
L1 was with eccentric openings and L3 specimen with centric openings, both with opening ratio of
0.46. The main test variables were the opening location. The main purposes of the experimental tests
were to evaluate the shear behavior and to clarify the influence of large opening location on the cracks
digtribution and the shear strength of structural walls under horizontal reversed cyclic loading. The
specimens were 4150 mm height and 2800 mm wide. To provide a fixed base at the bottom, a RC
foundation beam with 600 mm wide by 400 mm thick and 3600 mm in length was built integrally with
the body of the structural walls and post-tensioned to the reaction floor prior to testing. A hydraulic
actuator was attached to the specimen at mid-span of the loading beam to apply the horizontal reversed
cyclic loading. The third story was provided for releasing the confinement caused by the stiff loading
beam at the top. The structural walls were tested in a lateral reverse cyclic manner until their
maximum performances. All the specimens were designed to fail in shear and not in flexure.
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Figure 1. Specimen configurations and reinforcing bars arrangement.

2.2. Material properties

Table 1 shows the cross section dimensions and the reinforcement arrangement. Table 2 shows the
reinforcing bars around the openings as well as the opening ratios. Material properties of concrete and
reinforcement adopted for the specimens are listed in Tables 3 and 4, respectively.

Table 1. Cross section dimension and reinforcement arrangement

Element Dimension (mm) Main bar Stirrup
Column 300300 8-D19 2-D6@100
Beam 200%300 2-D13 2-910@75
wall Thickness 80 Vertical: D6@100 Horizontal: D6@100
Loading beam 400%x400 4-D25 2-D10@100
Foundation beam 400x600 8-D25 4-D10@100




Table 2. Reinforcing bars around opening

Specimen Opening ratio \_/ert|cgl H_orlzorytal E?'ag"”_d
reinforcing reinforcing reinforcing
L1 0.46 1-D16 2-D13 1-D16
L3 0.46 4-D13 4-D10 -

Table 3. Concrete material properties

Specimen Compressive strength | Tensilestrength | Young’s modulus
(MPa) (MPa) (GPa)
N1 25.9 2.3 21.0
L1 28.9 25 26.0
L3 32.7 2.9 23.3
Table 4. Reinforcements properties
Nominal Yield strength Maximum strength Young’s modulus
diameter (MPa) (MPQ) (GPa)
D6 425 538 204
D10 352 496 186
D13 362 529 188
D19 411 605 189
D25 387 541 194
010 1033 1221 204

2.3. Experimental setup and testing procedure

Figure 2 shows the details of loading system and the loading history, respectively. The lateral load, Q,
was applied statically to the loading beam by two 2 MN hydraulic jacks. Cyclic reversed horizontal
loads were statically applied to the specimens in both positive and negative directions. During the
cyclic horizontal loading, vertical axial loads were applied to columns by two 1 MN hydraulic jacks
assuming that the specimens are representing the lower three stories of a typical six stories RC
building.
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Figure 2. (a) Experimental setup, loading system and (b) loading history

The vertical axial load levels were determined in accordance with the assumed long-term axial 10ads
for a six-story wall with three spans. The two vertical hydraulic jacks were adjusted to apply two
vertical forces, Nw and Ne, that vary as a function of the applied lateral load, Q, in order to keep the
shear span ratio (M/QI) equal to 1.0. This will insure that the shear damages in the wall will precede
the flexura yielding of the wall. The influence of the axial load level on the shear capacity of each
wall was insignificant since the side columns were not damaged until the end of the tests. L oading was



mainly controlled by measured displacement in terms of the story drift angle. The same loading
history was used to test al specimens. The loading history was divided into two parts: The first cycle
of loading was performed up to 200 kN, after that, two cycles of repeated loading were applied for
each drift angle, R, of £0.05, £0.1, £0.25, £0.5, £0.75, +1.00 and +1.5%.

3. INTERPRETATION OF EXPERIMENTAL RESULTS
3.1. Damages and crack pattern

Figures 3(b) to 5(b) show the observed damages at the end of the tests on specimen N1, L1 and L3,
respectively. For all specimens, the cracking started with the apparition of diagonal cracks in the wall
panels at 0.05% drift angle. Flexura cracks in the tensile side column were also observed. As the
applied drift angle increased, the number of shear cracks increased in the wall panels and showed a
downward trend illustrating the stress transfer path. For specimens with opening, the formation of a
shear transfer truss mechanism was prevented, and the shear stress trended to concentrate at the
bottom corner of the openings. When the drift angle increased from 0.5% to 0.75%, the latera load
reached its maximum. Excessive damage was observed after reaching the peak load. At this stage,
some longitudinal bars of the beams and reinforcement of the wall were exposed due to the spalling of
cover concrete, and buckling of some of the wall and openings reinforcement at the first story were
observed. The above mentioned cracking progress was common to all specimens. For specimen N1, at
+0.5% drift angle, spalling of concrete at the boundary between wall panel and beam of the first story
occurred; while, severe damage was observed at the base of the compression side column of the first
story. At the drift angle of +0.75%, shear diding occurred at the top of the first story wall pand,
followed by sudden strength degradation. For specimen L1, the shear cracks in the wall of the first
story and the flexural cracks in the tensile 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 progressed along the
opening reinforcement. At drift angle of -0.5%, buckling of longitudinal reinforcement around the
opening of the first story took place and severe damage of concrete was observed at -0.75 drift angle.
At the drift angle of +1.5%, shear sliding occurred in the wall of the first story. The lateral reinforcing
bars of the first story wall panel were bent severely, and cracks have propagated extensively along the
wall reinforcements. The strength degradation after the peak load did not drop suddenly like observed
for the case of specimen N1. As for specimen L3, the cracks in the wall of the first story and in the
upper comer of the opening 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 dliding
observed in the wall of the first story. Moreover, damage to the boundary beam between walls was
negligibletill the end of the loading. For the central opening location and the difficulties of composing
the compressive strut over two stories, the shear cracks over two stories were only afew.

3.2. Lateral load—-drift anglerelation

Figures 3(a) to 5(a) show the relationships between the lateral load and the drift angle. Table 5
summarizes the maximum lateral load and the corresponding drift angle. It can be seen that specimen
N1 has the highest shear strength, and that the shear strength of L1 islower than that of L3 because the
opening location of L1 is eccentric. It can be aso found, in both tests for specimens with openings,
that the strengths attained during the positive direction 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 for L1 and 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.
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Figure 3. (a) Hysteresis curve and (b) observed damage at the end of test - specimen N1-
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Figure 4. (a) Hysteresis curve and (b) observed damage at the end of test - specimen L1-
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Figureb. (a) Hysteresis curve and (b) observed damage at the end of test - specimen L3-

Table 5. Maximum lateral loads and corresponding drift angles

Positive direction Negative direction
Maximum load Drift angle Maximum load Drift angle
(kN) (%) (kN) (%)
N1 1179 0.48 -1039 -0.42
L1 686 0.68 -649 -0.74
L3

701 0.71 713 -0.74




4. PREDICTION OF THE SHEAR STRENGTH

A simple method was used to estimate the shear strength, Qg,, of a structural wall with openings based
on shear strength of a structural wall without openingswhich is given by:

Q. =1V, 2

Where, r, is the shear strength reduction factor and V,, is the shear strength of a structural wall without
openings.

4.1. Shear strength reduction factor of AlJ standard
In the design practice of the Architectural Institute of Japan standard (AlJ, 2010), the strength

reduction factor, r,, adopted to calculate the shear strength of a structural wall with openings was
defined as follow:

r, =min(r,r,, 1) ©)

Where, r, =1-1.11,/1, r,=1-1.1/(h1,)/(h]) ad r,=1-05(1+l,/1)h,/h. The maximum opening ratio

is limited to 0.4 in the AlJ standard when the wall strength reduction factor due to openings is
determined based on the shear strength of a structural wall without openings.

4.2. Ono’s shear strength reduction factor

Considering the effective diagonal compression field of the concrete panel, as shown in Figure 6,
strength reduction factor, r,, was proposed by Ono (Ono and Tokuhiro, 1992; Ono, 1995) asfollow:

ru=‘lz A/hl (4

Where, A is the area of the effective diagonal compression field, h is the distance between the upper
and lower beams and | is the distance between the two boundary columns. Ono’s strength reduction
factor takes into account the opening location as well as opening dimensions. For multi-story wall with
openings, Ono’s reduction factor is taken as the minimum of Ono’s reduction factor of each story.
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Figure 6. Area of the wall panel forming a compression field
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4.3. Shear strength of structural wall without openings

In this study, two methods were used to estimate the shear strength, V,, of a structural wall without
openings. The first method is based on truss and arch mechanism given by (AlJ, 2004):

Vu = twlwb psaw cot ¢ +tan ‘9(1_ 18)’[w|anGB/2 (5)

with,
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Where, t,, is the thickness of the wall panel, h,, is the height of the wall, I, and |, are the equivalent
lengths of the wall pand in the truss mechanism and arch mechanism, respectively, og is the
compressive strength of concrete, oy, is the yield strength of the shear reinforcement within the wall
panel, psis the shear reinforcement ratio within the wall panel, ¢ isthe angle of the compressive strut in
the truss mechanism and v is the effectiveness factor for the compressive strength of concrete.

The second method is based on Arakawa’s equation given by (JBDPA, 2001):

_[0.053pp”(17.6+F,) | 8
VGl roz2 O Py +017,,chi. ®)

Where, py is the equivalent tensile reinforcement ratio, F. is the concrete compressive strength, (M/QI)
is the shear span rétio, ps is the transversal equivalence ratio, oy is the yield strength of the transversal
reinforcement, ope IS the axial stress, b is the equivalent wall thickness and |, is the stress center
distance.

4.4. Results of the shear strength prediction

Comparison of the calculated shear strengths using the mentioned methods given by Eq.(5) and Eq.(8)
to the experimenta results is summarized in Table 6 and Table 7, respectively. In these two tables,
Qexpy Qaiz, Qono a@re the shear strength obtained from the test, using the AlJ standard reduction factor
and the Ono’s reduction factor, respectively. Arakawa’s equation gives conservative values of shear
strength because the formulais based on lower limit of shear strength. Shear strength prediction based
on truss and arch mechanism agreed well with the experimental values of shear strength. Using truss
and arch mechanism equation, shear strength calculated using AlJ’s reduction factor agree well with
the experimental results in negative direction. While in the positive direction, the shear strength is
underestimated. This difference is due to the fact that AlJ’s reduction factor is the same in the positive
and negative loading direction and does not reflect the opening position. Ono’s reduction factor method
gave a better estimation of the shear strength either in positive and negative loading direction, because
the effective area of wall corresponding to the compressive field in positive direction and negative
direction was taken into account.

Table 6. Comparison of the shear strengths using Eq. 5
Positive direction Negative direction

QExp QAI J QOno QExp QA 1J QOno
(kN) | (kN) | (kN) | (kN) | (kN) | (kN)

N1 | 1179 1120 -1039 -1120

L1 686 582 784 -649 -582 | -717

L3 701 619 638 -713 | -619 | -638

Table 7. Comparison of the shear strengths using Eq. 8
Positive direction Negative direction

QExp QAI J QOno QExp QA 1J QOno
(kN) | (kN) | (kN) | (kN) | (kN) | (kN)

N1 | 1179 854 -1039 -854

L1 686 461 598 -649 -461 | -547

L3 701 463 487 -713 -463 | -487




5.NONLINEAR FEM ANALYSIS
5.1. Analytical model

A two-dimensiona static nonlinear FEM analysis was carried out for the tested specimens. The validity
of anaytica model is examined to investigate the stress transfer mechanism of RC shear wall with
openings. The finite element mesh for specimen L1 is shown in Figure 7. The element size of the mesh
in the wall panels was 50x50mm. Each node at the bottom of the foundation beam had pin support to
restrain vertical and lateral displacement. Loading beam and foundation beam were assumed to be
elastic. Horizontal and vertica reinforcement was smeared assuming a perfect bond but diagonal
reinforcement was neglected. The FEM non-linear analysis software FINAL was used in thisanalysis.
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Figure 7. Finite element mesh (specimen L1)

5.2. Element M odel

Mechanical properties of material model used in the anaysis are thus given in Table 3 and Table 4.
Quadrilateral plane stress elements were used for concrete. Reinforcing bars were substituted
equivalent layers with stiffness in the bar direction and superposed on the quadrilateral elements
assuming a perfect bond. For Reinforcing bars material, The von Mises yield surface is employed to
judge yielding under a multi-axial stress field along with the associated flow rule for isotropic
hardening. The stress-strain relationship under stress reversal follows Ciampi’s model (Ciampi et al.,
1982). Asfor the stress-strain relationship of concrete, a modified Ahmad model was adopted for the
compressive stress-strain curve (Ahmad and Shah, 1982). The model by Kupfer and Gerstle (1973) was
adopted as the fracture criterion of concrete under biaxial stress state, and the compressive strength
reduction factor was adopted from Naganuma (Naganuma, 1991). The concrete tension stiffing model
and the shear transfer model after cracks proposed by Naganuma was adopted (Naganuma and
Ohkubo, 2000).

5.3. Analysisresults

Analytical lateral load-drift angle relations are compared with the experimental results in Figure 8.
Table 8 shows a comparison between the experimenta and the FEM peak |oads with the corresponding
drift angle. The analytical envelop curves matched well with the experimental results for all specimens
as illustrated in Fig. 12. The FEM peak loads agreed well with the experimental ones. As for the
corresponding drift angles, a good agreement is observed for specimens N1 , while for specimens L1
and L1, with larger opening ratio, the model underestimate this value. This can be explained by the fact
that, for specimens with large openings, the flexural component became more important than in the
case of specimen without openings.
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Table 8. Comparison of the maximum lateral |oads

Positive direction Negative direction
Maximum load Drift angle Maximum load Drift angle
(kN) (%) (kN) (%)

Qep | Qrem | Qe/Qrem | Rep | Reem Qexp Qrem Qexp/Qrem Rexp Rrem

N1 | 1179 | 1183 1.00 048 | 044 | -1039 | -1183 0.88 -042 | -0.44
L1 686 649 1.06 068 | 038 | -649 -573 1.13 -0.74 | -0.46
L3 | 701 615 114 071 | 044 | -713 -610 117 -0.74 | -0.44

6. CONCLUSIONS

Cyclic loading tests were conducted on three 40%-scale specimens in order to evaluate the shear
behaviour of RC structural walls with and without openings. The specimens represented the lower
three stories of a six-story reinforced concrete building. The following conclusions can be drawn.

Shear strength of a structural wall was different between positive and negative loading directions due
to the opening location and the damage state. For L1 specimen, shear strength obtained while loading
from the opening side was larger than that obtained from the opposite side. The raison was due to the
existence of eccentric openings that affected the formation of concrete strut. Shear transfer mechanism
was interrupted and the concrete damage at the corner of the opening caused the dliding failure of wall.
It is recommended that this phenomenon should be assessed carefully through other tests and should
be taken into account in the future design standard.

Since Ono’s reduction factor method considered the effective concrete compressive field of the
structural wall, the calculated shear strengths using this method agreed well with the experimental
ones and at the same time confirmed the shear transfer mechanism. It is worth to mention that, damage
to the compressed concrete of the first story wall, was the principal factor which influenced the shear
capacity of the multi-story structural walls.

In order to simulate the behavior of the specimens, a cyclic nonlinear finite elements analysis was
carried out using a two-dimensional model. The analysis gave a good agreement for the maximum
peak loads.
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