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ABSTRACT :

Static loading test was conducted on four 40%-scale specimens in order to evaluate the shear transfer mechanisms of
structural walls with eccentric openings. Specimen configuration was determined from a typical six-story building in
Japan. The experimental variables were the size and location of openings. From experimental results, shear strength
of specimens were estimated using the existing codes and reduction factors. It was shown that the shear strengths of
specimens were estimated combining the shear strength of structural walls without openings and Ono’s reduction
factor. The employed computing method well simulated the test results. It was proved that the method may be
applied to structural walls with the opening ratio less than 0.46. Then a two-dimensional FEM analytical model was
constructed to simulate the behavior observed in the experiment. The model well ssimulated lateral load — drift angle
relations and damage distribution of wall panels.
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1. INTRODUCTION

Multi-story structural walls are frequently adopted as a main seismic resisting element in reinforced concrete
buildings. In many cases, they have openings for architectural reasons. However, it is difficult to evaluate the shear
capacity and stiffness of structural walls with openings. Evaluation is even more difficult if the openings are
eccentrically located. It is a common practice to model structural walls with eccentric openings with a strut and tie
model. However, the modeling procedure is not straightforward and necessitates some skills. The Japanese building
design standard[1] and guidelines [2] employ reduction factors, which are the function of opening size only. The
reduction factor is multiplied to the shear strength and shear stiffness of structural walls without openings to obtain
those values with openings. Although the reduction factors are very easy to use, they do not reflect the location and
number of openings. It is necessary to build more experimental data to clarify the shear resisting mechanisms.

It is important in this paper to understand the index, n, which — ,-f-J--f-------mmm oo Frid
expresses the size of the opening and is called the opening ratio. The : Y4 |
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Figure 1 Graphical representation of
an opening in a structural wall



th
The 14  World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

2. EXPERIMENT
2.1. Specimens

Four specimens were a 40% scale moddl of a lower three-story structural wall system taken from the transverse
direction of a typical six-story residential building in Japan. The third story was provided for releasing the
confinement caused by the stiff loading beam at the top as shown in Figure 2. Test variables were the size and
location of openings. N1 had no openings (n=0.0), S1 had small openings (n=0.3), and L1 and L2 had large openings
(n=0.46). L2 had a small boundary column at the right side of the openings and this column confines the structural
wall panel to increase shear strength and deformation capability. Table 1 shows the section size and reinforcement
arrangement common to four specimens. Experimental variables were listed in Table 2. The shear strength reduction
factor due to openings was the experimental variable and expressed as follows.

y=1-n @

AlJ standard [1] requires that the ultimate shear strength of structural wall with opening shall be computed by
multiplying y to the shear strength of structural wall without openings. This reduction concept can be applied as long
as the opening ratio is less than 0.4 in AlJ standard. This means that the ultimate shear capacity of N1 and S1 can be
obtained in this manner but that of L1 and L2 are required to be computed as a frame composed of columns with a
standing wall. Material properties of reinforcement and concrete are listed in Table 3.
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Figure 2 Specimen configurations and reinforcing bar arrangement



th
The 14  World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

Table 1 Section size and reinforcing bars in common

L Longitudinal bar Shear reinforcement
Memb: Sect - -
ember on 8iz€ Type Steel ratio Type Steel ratio
Boundary column i 0 i 0
' olated column 300x300mm 8-D19 2.55% 2-¢ 10@75 0.63%
Beam 200x300mm 2-D13 0.47% 2-¢ 6@100 0.32%
Small Boundary column(L2) | 160x160mm 4-D19 4.48% 2-D6@75 0.53%
_ D6@100(Staggered) 0.4%
wall t=80mm in both vertical and horizontal shear reinforcement

Table 2 Reinforcement arrangement around the openings

Specimen | Opening | Reinforcement around the opening
designationf ~ ration Vertical | Horizontal | Diagonal
N1 0 - - -

Sl 0.30 1-D13 2-D10 1-D13
L1 0.46 1-D16 2-D13 1-D16
L2 0.46 - - -

Table 3 Mechanical Properties
(a) Reinforcing bars

(b) Concrete

Compressive| Tensile | Young’s
Specimen strength strength | modulus
(MPa) (MPa) (GPa)
N1 25.9 2.3 21.0
S1 25.1 2.2 21.7
L1 28.9 - 26.0
L2 22.0 2.0 225

Yield [Maximum| Young’s

Type strength | strength | modulus
(MPa) (MPa) (GPa)
D6 425 538 204
D10 366 509 180
D13 369 522 189
D16 400 569 194
D19 384 616 183
¢ 10 985 1143 197
Separator | 1260 1461 759
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Figure 3 Loading System
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2.2. Loading System

Figure 3 shows the loading system. The cyclic reversal lateral load, Q, was applied statically at the midspan of the
loading beam through two 2MN hydraulic jacks. Loading was controlled by displacement at P in Figure 3(a) located
at the mid-height of beam B3. The loading protocol was two cycles each at drift angles of £ 0.05%, + 0.1%, +
0.25%, £ 0.5%, £ 0.75% and = 1.0%. During the cyclic loading, two vertical IMN hydraulic jacks were adjusted
to keep the contraflexure point at 2500mm above the foundation beam.

N, =0.42Q +400kN and N, =-0.42Q+400kN for N1and Sl 3)
N, =0.42Q+244kN and N, =-0.42Q+244kN  for L1and L2 (4)

2.3. Experimental Results

Figure 4 shows the damage observed in the specimen. The shear cracks in the wall and the flexural cracks in the
tensile column were observed at R=0.05%, and the number of cracks increased until R=0.5%. The load reached the
peak between R=0.5% and 0.75% and damage progressed further after the peak load. At this stage, some longitudinal
bars of the beams and the reinforcement of the wall were exposed due to the spalling of cover concrete. The buckling
of the wall reinforcement in the first story was also observed. At the final loading stage, the shear dliding of the wall
occurred and the strength dropped suddenly. The descri ption above was common for four specimns.

In S1, the shear reinforcement of B2 right above the opening yielded at R=+0.16% and that of B3 yielded at
R=-0.46%, and then these beams failed in shear. At R=-0.5%, the concrete at the bottom left corner of the first story
crushed, and shear dliding along the foundation took place at R=-1 %. In L1, the shear cracks did not form as much as
Sl in the span next to openings. At R=0.5%, the vertical wall reinforcing bars along the opening buckled at the wall
base. At R=-1.0%, the shear sliding occurred at the first story but the strength degradation was not as severe as S1. In
L2, damage next to the opening was well controlled until the small boundary column at the second story failed in
shear below B3 in positive loading, and the failure propagated to the wall panel of the second floor. Higher load was
carried before this shear failure but the load level quickly approached to that of L1 after the failure of the small
boundary column.

Figure 5 shows the lateral load - drift angle relations until R=1%. Drift angle, R, is defined as the ratio of relative
lateral displacement between the top surface of the foundation beam and Point P in Figure 3(a) to its height
(2650mm). The peak loads were reached between drift angles of 0.42% and 0.76% in both loading directions as
summarized in Table 4. Four specimens showed pinched loops after formation of shear cracks at the wall panels. The
intensity of pinching increased as the drift angle increased. It is interesting that the peak load of L2 was reached at
larger drift angle compared to the other specimens since the small boundary column next to the openings effectively
confined the wall panel and enhanced the deformation capahility of the overall structure. Although the peak load was
larger in the order of N1, S1, L1, the degradation of load carrying capacity after the peak was also larger in the same
order.
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Figure 4 Observed damage of the south face
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Table 4 Summary of loading tests and computed results

(a) Pasitive Direction (b) Negative Direction
Experiment Analysis Experiment Analysis
. Maximum . Maximum P Maxil L Maxil .
Specimen | strength Drift Stlmtnlglss Strength Drift Stlmﬂglss Qe/Qc | | specimen S?él:gut? Drift Stlir}g:glss S?lfelwgut? Drift Stlir;;gglss Qe/Qc
Q,‘j Angle %1 o%insrad) Q,ﬁ Angle % |3 g% srad) Qe Angle % 1 o5k /rad) Qo Angle % |9 05kN/rad)
N1 1179 0.47 16 1140 0.49 8.0 1.03 N1 -1039 -0.42 13.4 -1140 -0.49 8.0 0.91
S1 967 0.46 9.8 929 0.39 6.3 1.04 S1 -838 -0.44 11.7 -857 -0.41 6.2 0.98
L1 686 0.68 59 752 052 5.0 091 L1 649 -0.74 6.7 -690 -0.53 5.0 0.94
L2 963 0.76 6.0 766 0.49 5.3 1.26 L2 -810 -0.75 5.3 -686 -05 53 1.18
Average 1.04 Average 0.98
Standard Deviation 011 Standard Deviation 0.09
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Figure5 Lateral load — drift angle relationship

3. PREDICTION OF SHEAR CAPACITIES

In Japan, a simple estimation is used to estimate the shear strength of structural walls with openings, Qs, asfollows.

QS = rU ‘VU

()

where T, isthe reduction factor due to openingsand V, isthe shear strength of a structural wall without openings

[1]. In this paper, the reduction factor, r,, proposed by Ono et a. [3] was used based on the compression field of the
concrete panel as shownin Figure 6.



th
The 14  World Conference on Earthquake Engineering

October 12-17, 2008, Beijing, China 14 )WCEE

r=1- (ZAE)/hI ©6)

where, A, is the area of a diagonal compression field as shown in Figure 6, and h is the distance between the upper
and lower beams and | is the distance between two boundary columns. Ono’s reduction factor takes into account the
location of openings as well as their size. Computed shear strengths, Qs, are compared with experimental results, Qeyp,
in Figure 7. Both axes are normalized by the flexural strength, Qs, computed based on the ACI stress block. It can be
seen that the simple estimation using Eq. (5) agrees well with the test results.
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Figure 7 Comparison between the analytical and
experimental shear strengths

Qexp/Qf

45°
(b) Loading from right to left
Figure 6 Assumed area of diagonal compression field

4. FEM ANALYSIS
4.1. Analytical model

In order to simulate the restoring force characteristics and damage, a pushover analysis was carried out using a
two-dimensional FEM analysis program. Figure 8 shows the finite element mesh which employed eight-node
quadrilateral isoperimetric e ements with nine gauss points. The el ement size was 200x 200mm in wall panels, 200x

60mm in beams, 200x 100mm in columns. Horizontal and vertical reinforcement was smeared assuming a perfect
bond but diagonal reinforcement was neglected. The loading beam and the foundation beam were assumed to be
elastic. The concrete constitutive law adopted for cracked concrete is based on the tension stiffening model [4], the
compression model [5] and the shear transfer model [6]. Stress-stain relationship of reinforcement was assumed to be
bi-linear as shown in Figure 10. Local discontinuities, such as pulling out of reinforcing bars from thicker elements,
shear dipping of thinner elements with respect to thicker elements, take place as a result of abrupt changes in the
section stiffness at the interface connecting two elements of different thicknesses. Hence, reinforced concrete joint
elements were introduced at a boundary between wall panels and columns as well as between wall panels and beams.

4.2. Analytical Results

Analytical lateral load - drift angle relations are compared with test results in Figure 5. The analytical results agreed
well with the envel ops of experimental results except L2. The simulated peak loads and the corresponding drift angles
are compared with the test results in Table 4. Computed initial stiffnesses were smaller than the experimental results.
However, the trend of reduction of stiffness with the increase of opening size was well captured. The simulated shear
strength of L2 was smaller than the experimental value because the confining effect of small boundary column on the
wall panel was not accurately modeled. The analytical smulation of L2 is basically identical to that of L1.

Figure 11 shows simulated damage distribution at the peak load for L1 and L2. The most damaged element was
enclosed in a circle. Shear strain concentrated at the first story of wall in L1 but shear strain concentrated at the
second story in L2. In experiment, the shear diding of wall panel occurred at the first story in L1 and at the second
story in L2. It is considered that the analytical model well simulated damage as well.
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5. CONCLUSIONS

Static loading test was conducted on four 40%-scale specimens in order to eval uate the shear transfer mechanisms of
structural walls with eccentric openings.

* Analytical shear strengths were computed combining the shear strength of structural walls without openings
and Ono’s reduction factor. The employed computing method well simulated the experimental shear strengths.
This method may be applied to structural walls with the opening ratio less than 0.46.

* Inorder to simulate the behavior observed in the experiment, a two-dimensional FEM model was constructed.
The analytical model well simulated lateral load — drift angle relations and damage distribution of wall panels.
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