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SUMMARY

Nuclear Power Engineering Corporation (NUPEC) has been conducting a project entitled "Model

Tests of Multi-axis Loading on RC Shear Walls" to clarify the elasto-plastic characteristics of an

RC box type seismic shear wall, and to develop a method of evaluating restoring force

characteristics under multi-directional seismic loads. This paper presents a summary of the

diagonal loading test which was performed as a part of the project, and proposes an evaluation

method for both shear and bending components of restoring force characteristics of an RC box

type seismic shear wall subjected to diagonal load. Through comparing test results and calculated

results of the proposed evaluation method, the applicability of the proposed method is

demonstrated.

INTRODUCTION

In the current seismic design of nuclear power plant (NPP) buildings in Japan, seismic design loads in the two

orthogonal, horizontal directions are obtained independently from seismic response analyses, whereas actual

seismic forces jolt the buildings in the three directions simultaneously. Therefore, it is important to upgrade the

seismic design methodology for NPP buildings from the viewpoint of multi-directional earthquake excitation.

Nuclear Power Engineering Corporation (NUPEC) has therefore been conducting a project entitled “Model Tests

of Multi-axis Loading on RC Shear Walls” since 1994. The objectives are to clarify the effects of multi-

directional input forces on the ultimate strength of reinforced concrete (RC) seismic shear wall, which is a main

earthquake resistance element in NPP buildings, and to predict nonlinear behavior of an RC seismic shear wall

under multi-directional loading. The project is commissioned by the Ministry of International Trade and Industry

(MITI) of Japan. In the test, we accumulated static and dynamic test data by multi-directional loading tests

firstly, and developed the evaluation method of restoring force characteristics of an RC seismic shear wall

subjected to multi-directional loads. This paper describes a summary of the diagonal loading tests which was

carried out as a part of the project, and proposes an evaluation method for the restoring force characteristics of an

RC box type seismic shear wall subjected to diagonal load.

TEST CONDITIONS

Test Specimens

Figure 1 shows the typical shapes and dimensions of the test specimens of box type shear walls . Table 1 gives

specifications of all specimens and test parameters for the diagonal loading test. As for the test parameters, shear

span ratios (M/QD) of 0.6, 0.8 and 1.0 for RC box type shear walls were taken based on a survey of actual NPP

reactor buildings in Japan. Horizontal loading angles (θ) of 0, 26.6, and 45 degrees (° ) were also taken. In case

of θ = 26.6° , the ratio of effective wall length working as web and flange walls becomes 1 : 0.5. In all

specimens, reinforcing bars, whose yield strength was 345N/mm
2
, were deployed in the vertical and transverse

directions with double-fold in 70 mm pitch, which were equivalent to 1.2% of reinforcement ratio. The walls

were made up of concrete of pea gravel to have design strength of 30 MPa. Concrete strength of each specimen

during the test is  shown in Table 1.
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Loading Plan

The load applied to the specimen was controlled with monitored force and displacement in the test to prevent

torsional deformation. Figure 2 shows the loading cycle. Lateral forces were increased gradually until specific

horizontal deformation reached 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0×10
-3

 radian twice both in the positive and negative

directions. The final loading was carried out at the ultimate point of the positive direction. Figure 3 shows

loading apparatus setup example used in the test. The axial stress is applied using an actuator to the loading slab

on the specimen. Constant axial stress of σV =1.47MPa, which was decided by survey of actual reactor buildings,

was applied. Photo-1 shows a schematic view of a specimen and loading apparatus.

TEST RESULTS

Typical test results  are shown in Figure 4 and Table 2. Figure 4 shows the relationship between load and overall

deformation of SD-08 series, and Table 2 gives the summary of all test results.

Crack Pattern

Figure 5 shows the final crack pattern of the SD-08 series specimens. In case of θ = 0° , shear sliding failure

occurred around the lower portion of faces C and A during the positive and negative loading of 8×10
-3

 radian.

After reaching that deformation, strength decreased rapidly. Also, in case of θ = 26.6° , the same failure occurred

around the lower portion of face C. In case of θ = 45° , shear sliding failure occurred around the lower portions

of faces A and D, and failure occurred around the lower portions of faces B and C simultaneously. It should be

noted that despite this damage, the strength of the walls decreased gradually. Similarly, different crack patterns

were generated corresponding to different loading angles in other test specimens having other shear span ratios.

Envelope Curves

Figure 6 shows a comparison of envelope curves between load and overall deformation. For all specimens of θ =

26.6° and 45° cases , the maximum load and its overall deformation became larger than those of θ = 0° .

Deformation Components

Using the displacement data, overall deformation was separated into shear, bending, and rotational components.

Figure 7 shows a typical share of the deformation components at the peak of the initial loading cycle the SD-08

series. It was found that the ratio of each deformation component was not affected by the loading angle. The

ratios of shear deformation to total deformation decreased with incre ments of M/QD values. The values were

about 80 to 85% for M/QD=0.6 specimens, 70 to 75% for M/QD=0.8 and 60 to 70% for M/QD=1.0 specimens.

EVALUATION METHOD FOR RESTORING FORCE CHARACTERISTICS

Evaluation Method Proposal

The present evaluation methodology of restoring force characteristics of RC seismic shear walls for NPP

buildings was established in Japan in the "Technical guidelines for aseismic design of nuclear power plants”

issued by the Japan Electric Association (JEAG)" (hereinafter JEAG model) [2]. However, the JEAG model had

been constructed mainly based on the shear wall test data of a loading angle of  0° , and the effects of different

loading angles had not been explicitly taken into account. Therefore, we developed an evaluation method of

restoring force characteristics of an RC seismic shear wall by referring to the JEAG model and taking into

account the effect of loading angles on the restoring force characteristics to predict elasto-plastic behaviors of the

wall properly in multi-directional loading. Since the JEAG model was not established based on SI units,

conventional units system is used in the following process.

(1) Shear component

In the JEAG model, skeleton curve for shear component is idealized with a tri-linear model. In diagonal loading,

we propose the quarto-linear model whose four turning points are determined in the following manner.

a. First turning point (τ1 , γ1 )

The shear stress τ1 of the JEAG model was determined from average shear stress on the wall at the time the

initial shear crack is generated at the center of the specimen wall. The existing data obtained by in-plane shear

force loading test indicate that the shear cracks reduce shear stiffness of the RC shear walls . It is supposed that

the reduction rate varies with the change of loading angle. In order to understand the effect, the loads at the time

the initial shear crack was generated, are compared with those calculated using the JEAG model and shown in
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Table 3. It is found that the test results (Qcr) are smaller than the calculated results (cQcr). The reason is that τ1 is

determined from shear stress at the time when the initial crack was generated, not the time when the shear crack

was generated at the center of the wall. In the test results, there are no uniform trends related to the loading

angle. Based on the results, it is concluded that τ1 could be determined to be the same value with the JEAG

model despite the different loading angles. Shear strain γ1 could also be calculated by the following equation, in

the same manner as the JEAG model ;

        γ1 = τ1 / G                                                               (1).

b. Second turning point (τ2 , γ2 )

The values of τ2 and γ2 in the JEAG model were calculated using the value of γ1 and τ1 as;

        τ2 = 1.35 × τ1                                                         (2)

        γ2  = 3   × γ1                                                           (3).

The relationships were obtained by fitting the equations to the existing test data. Because there is no specific

contradiction for using the equations for diagonal loading, we will use the equations in our calculation.

c. Third turning point (τ3  , γ3 )

The maximum shear stress of τ3 in the JEAG model was expressed by combining the strength of reinforcing bars

and concrete. The contribution of reinforcing bars to the maximum stress is calculated using the reinforcing ratio

and axial stress of the wall, and the contribution of concrete is calculated using the concrete strength and shear

span ratio. When box type seismic shear wall is subjected to diagonal load, the effective cross section width (d')

to the loading axis becomes larger than the case of θ = 0° . Shear span ratio with d' (M/Qd') becomes smaller in

accordance with loading angle. In case of diagonal loading, we decide to evaluate τ3 based on the JEAG model

by replacing d and M/Qd by d' and M/Qd' respectively as ;

         d' = d × √ 2 × cos (45 – θ)                                                 (4)

         M/Qd' = (M/Qd) / {√ 2 × cos (45 – θ)}                                         (5)

where,         d : cross section width of θ = 0°
              d' : effective cross section width corresponding to the loading angle.

Figure 8 shows the maximum shear forces applied to the two horizontal orthogonal directions. In the figure, both

test and calculated maximum shear forces are normalized by the maximum shear forces obtained from the data

of θ = 0°  cases . The calculated results agree well with the test results. In general, the maximum shear forces

seemed to be hardly affected by the angle of applied load and shear span ratio. However, both test and calculated

results are plotted slightly outside of the arc which representing the combination of two orthogonal horizontal

loads. The fact indicates that maximum load for overall specimen increases a little bit for the case of diagonal

loading with the increment of the loading angle. Values of shear strain at the maximum shear stress, are not

affected by loading angle and shear span ratio. After that point, the shear strain increases with the increment of

the loading angle despite the fact that the shear stress keeps constant. Referring to this test results and

considering current practice, we decide that the value of γ3  should be 4×10
-3

 or the same value as the JEAG

model.

d. Ultimate point (τu  , γu )

In diagonal loading, stiffness reduction was not observed after reaching the maximum shear force (third turning

point), nevertheless deformation under the maximum force increased with the increment of the loading angle.

Thus, the maximum shear stress was retained after the third turning point until the value of τ reached the

ultimate shear stress τu . It was reported that the ultimate shear strain of cylindrical test specimens tended to be

greater than that of box type test specimens [3]. The reason may be that the stress in each wall is transferred

smoothly in a cylindrical seismic shear wall compared with a box type seismic shear wall. Figure 9 shows the

relationship between loading angle and the maximum shear strain at the point of maximum shear stress

generated. In this figure, the data of θ = 90° and 63.4° are plotted by assuming that they are equivalent with

those of θ = 0° and 23.6° . The ultimate shear strain increases, with some variance, with the increment of the

loading angle from 0° to 45°. Although the accuracy of separated deformation components decreases near the

ultimate condition, the ultimate shear strain increases apparently with the increment in the loading angle.

Based on the test results, ultimate shear strain γu  of proposed method is expanded from γ3 . The value is proposed

as a function of loading angle (θ) as follows ;

        γu  =  α × γ3  =  α × 4 × 10
-3

                                             (6)

where,         α =  1/ cos θ  :   0° <  θ   ≤ 45°
                α =  1/ sin θ  :  45° <  θ  ≤ 90°.

Figure 10 shows the maximum shear strain at the maximum shear stress determined from the test data. The data

are plotted on the axis of two horizontal orthogonal directions. Equation (6) shows the squared shape in this

figure. Each test result is equivalent or larger than the value of γu  obtained by Equation (6). Thus, the results

demonstrate the adequacy of the proposed method with some margin.

(2) Bending component

When we evaluate bending stiffness of a box type RC seismic shear wall under the diagonal loading accurately,
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it is necessary to use a detailed model where the cross section of the wall is divided into small pieces in the

direction perpendicular to the loading axis. However, this method is very complicated and impractical for use in

design analyses. Therefore, we decide to evaluate the skeleton curve for bending component after the JEAG

model (M-φ relationship). The area used is determined by projecting the cross section to the axis perpendicular

to the loading axis . Although the method has a weak point in the accuracy in evaluating the bending stiffness of a

box type RC seismic shear wall, it is still applicable because the bending component share is very small as

compared with the shear component as shown in Figure 7.

Evaluation Method Applicability

Skeleton curves obtained from the proposed evaluation method are compared with the test results. The

evaluation of rotational deformation (Rθ) is very difficult particularly for diagonal loading, because reinforcing

bars were pulled out from the base mat. Therefore, we defined each deformation component as follow ;  RT :

overall deformation obtained from test result,  RT – Rθ (RT minus Rθ) : overall deformation, RS : shear

deformation, and RT – RS – Rθ: bending deformation. Figure 11 shows the comparison of test and calculated

results of the relationship between each deformation component and shear force. In the shear deformation

component, calculated first, second and ultimate points agree well with the test results, while in the bending

component, calculated stiffness becomes greater than the test results. As for the reasons, it is pointed out that all

flange area are applied in the proposed method using the JEAG model, the effect of out-of plane bending

moment is eliminated in this evaluation, and the Navier’s assumption of plane holding for the bending load may

not be applicable in diagonal loading. However, in the NPP buildings, shear deformation is dominant and the

effect of bending components is relatively small. Consequently, the restoring force characteristics on the overall

deformations correspond well and the applicability of the evaluation method is confirmed. Judging from above

mentioned results, the proposed method can evaluate both shear and bending components restoring force

characteristics of an RC box type seismic shear wall subjected to diagonal loading. However, applicability of the

M-φ relationship of the proposed method tended to be inferior to that of the τ-γ relationship. It will be necessary

to make an effort to improve the accuracy of the M-φ relationship. The Proposed evaluation method of restoring

force characteristics is summarized in Table 4.

CONCLUSIONS

(1) The diagonal loading test was conducted to understand the elasto-plastic characteristics of an RC box type

seismic shear wall as a part of  “Model tests of multi-axes loading on RC shear walls ” project.

(2) The maximum load and overall deformation at the maximum load were affected by loading angle. The data

of all specimens of θ = 26.6° and 45° indicated that the maximum load and the overall deformation at the

maximum load became larger than those of θ = 0° .

(3) Different crack patterns were observed in different loading angles. The proportion of shear deformation to

overall deformation decreased with the incre ment of shear span ratio. The proportion became almost constant

despite of the difference of the loading angles.

(4) The evaluation method of the restoring force characteristics for an RC box type seismic shear wall subjected

to diagonal load was proposed based on the test results.

(5) The comparison between test and calculated results  demonstrated the adequacy of the proposed evaluation

method both in shear and bending component restoring force characteristics of an RC box type seismic shear

wall subjected to diagonal load.
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