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1 INTRODUCTION

Reinforced concrete(RC) shear walls are main elemenis of a reactor building for earthquake-
proof design. Characteristics of nonlinear behavior have been o light by a number of
cxperimental studies. At the same time, the reliability of nonlinear analysis of RC swuciures
by the finite element method (FEM) has been improving thanks to studies on the constitutive
equation of concreie and simuladon analysis of test results, However, analytical efforis o
estimaie characteris tics of RC shear walls made of ulirahigh strength materials discussed in this
paper have been fallen behind.

This paper deals with a nonlinear analysis of RC shear walls made of ulirahigh strength
materialg. Based on resulis of aseries of wesis (maierial tests and pure shear ©sts) on ulirahigh
strength materials, the simulation analysis of bending shear tests are performed using a three-
dimensional nonlinear finite elemeni method.

2 QUTLINE OF ANALYSIS
2.1 Specimens for analysis

Specimens used in the bending shear tests conducted under this study are single-story, single-
span model shear wall with loading stubs, as shown in Fig. 1.

The bending shear iests are conducted on nine s pecimens introducing concreie siren gih, rebar
quandty Ps - s ¢ y and rebar grade as parameters, as shown in Table 1. Simulation analysis is
performed on four out of the these nine specimens (W4816, WASME, W72M6 and W72ZME)
which enable the comparison of these parameters. Data on these specimens are given in Tablé
2.

2.2 Analytical method

The three-dimensional nonlinear FEM analysis is conducted using RC multi-layer shell models
which allowed the evaluation of the flexural effect of flange walls of H-shaped bending shear
specimens. Multi-layer shell elements are wiangular plate elements which consist of layered
shell elements representing concrete and rebar and have common nodes on all layers, so that
they can express nonlingar material characteristics in the direction of the thicknéss of shells
under bending force.

Basically, nonlinear characieristics of RC s ruciures considered in the analysis are as follows.

a) Stress-strain relationship of concrete and rebar.

b) Reduction in the compressive strength of cracked concreie, in the direction of cracking
(expressed by an effective facior).

c¢) Tension-stiffening.
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d) Shear modulus in the cracking surface.

3 ANALYTICAL MODEL
3.1 Finite element model
3.1.1 Modeling of concrete and rebar

The finite element model is defined as mulii-layer sheli elemenis in the middle plane, as shown
in Fig, 2, taking account of the symmetry of the specimens,

Concrete is replaced by 12 layered shell elements divided in the directons of thickness.
Rebars are replaced by anisoiropic shell elements w hose thicknesses are determined so that the
rebar raiios of vertical and horizontal direction become equal.

Since the deflection of loading stubs is considered @ be ignorably small, web and flange
elements located in the loading stubs are assumed o be rigid.

3.1.2 Modeling of rising at the bottom of wall

In the bending shear tests, web and flange were rising from ihe foundation slab as horizontal
load increases. In the analysis, such risings are expressed by linear spring elemenis under the
lowest nodes of the web and flange. Spring properties of cach specimen are determined, as
shown in Fig. 3, from the relationship observed during the iest between the rising and the
horizontal Ioad.

3.2 Material properties
3.2.1 Material properties of concrete and rebar

For the compressive strength and Young's modulus of concrete, valnes obtained from material
tesis are used. The tensile sirength of concreie is set for each concrete strength on the basis of
shear cracking stress obtained from the pure shear test.

The yield swength and Young's modulus of rebar are also determined {rom resulis of the
material test.

Cons tanis used in the analysis are summarized in Table 3.

3.2.2 Stress-strain relationship of concrete and rebar

For purposes of this study, an experiment system which is able to catch the characierisiics of
concrete after the maximum sirength is developed, so that the compressive sirength-sirain
relatonship of vltrahigh strength concrete could ge determined. Based on resulis of ests using
this system, the compressive strength-s wain relations hip is modeled for each concrete swengih,
as shown in Fig. 4.

Afwer cracking, the compressive sirength in the cracking divection decreases. Iiis said that the
rate of this decrease (ef?ective factor) lowers as the stength of concrete increases, but the
effective facior for all strengths is fixed, from results of parameter study, as 0.45.

Since tension-siffening characteristics which determine the ensile stess-sirain relationshi
of ulirahigh strength concrete are not avaiable in this smdy, those of ordinary strengtﬁ
concrete, as shown in Fig. 3, are used.

The tensile siress-sivain relationship of ultrahigh s rength rebar is replaced by a perfect elasto-
mastic model based on results of the material fest.

3.2.3 Reduced shear modulus of concreie after cracking

It is generally known that shear modulus decreases as concrete develops cracks. Past studies
have deali with this subject to the exient that it concerned ordinary sirength concrete.
However, the effect of the swength of concrete on these characieristics are vet o be
determined. In the analysis, therefore, characteristics proposed for ordinary strength concrete,
as shown in Fig. 6, are ernployed.
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3.3 Load

As for loading, horizontal increment loads are given monotonously after the vertical loading of
20.0 k(%f/cmZ[l.%MPa]. The effect of cyclic load on the characteristics of shear walls are
ignored.

4 RESULTS OF ANALYSIS
4.1 Specimen W72MS5
4.1.1 Load-deflection relationship

The load-deflection relaionship for specimen W72M6 is given in Fig. 7. Envelopes
determined from results of the tests are also shown. At the load of 40 tonf, the iension flange
developed bending cracks and the web developed shear cracks. At the load of 90 tonf, shear
cracks occusred over the entire surface of the web. Later, web concrete and compression
flange concrete at bottom yielded. At the load of 170 wnf , shear failure ocourred at the center
of the web, anc the vertical rebar for both the web and the tension flangs yielded. Afier the
vielding of the vertical rebar of the iension flange, the compression flange failed due 1o
compression, and shear failure occurred at the center of the web, when the maximum sirength
of 205 tonf s reached. The condition of concreie at the maximum strength and a legend are
illustrated in Fig. &. Deflection at the maximum strength is 7.42/1000 rad.

The initial stffness, the stiffness afier cracking, maximum sirengih and the failure mode
obtained from the analysis agreed well with results of the tests. From this, it is thought that
the analytical method used is valid.

4.1.2 Deflecdon mode

Fig. 9 shows the ratios of shear deflection, bending deflecton to the total deflection. The
dotted line in the figure represents the shear deflecton ratio during the tests, and the solid line
represent the shear deflection ratio. At deflection from around 1/1000 rad and around 4/1000
rad, resulis of the analysis and the test showed good agreement.

Ttis assumed in the analysis that rising which is acmally nonlinear o horizonial load is linear.
Ai deflection of 5/1000 rad and above, therefore, shear deflection ratios caleulated in the
analysis are greaier than those obiained in the test.

4.2 Influence of concrete strength

Fig. 10 gives the load-deflection relationship, along with results of the est, of two specimens,
WAELL6 (Fc=40WMPa) and W48M6 (Fc=70MPa), which have the same rebar guandty and the
same rebar grade, but have different concrete strengih, There is some difference in, mainly,
shear cracking stress due to the difference in concreie strength, but their maximum sirengths
are almost same. This agrees well with the resulis of the test, indicatng the closeness of
simulation in the tw o analysss.

4.3 Influence of rebar quantity Ps's ¢ y

Fig. 11 shows the load-deflection relagions hip, along with results of the test, of two
specimens, W48M6 (Ps's o y=4.8MPa) and W72M6 (Ps's o y=7.2MPa), whose only
difference is the rebar quanidty. The figure shows that there is a considerable difference ir,
mainly, the siiffness after shear cracking and the maximum strength due o the difference in the
rebar quantity.

4.4 Influence of rebar grade

Fig. 12 shows the load-deflection relationship, along with resulis of the test, of two
specimens, W72M6 (s ¢ y=600MPa) and W72ME (s & y=800MPa), whose only difference is
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rebar grade. Because of the difference of rebar grade, there are some differences in, mainly,
the stilfness after shear cracking, and deflection at 2 reduced stiffness due 1o the vielding of the
vertical reinforcement of the wension flange. The load-deflection curves intersect around when
the maximum strength is reached. These characteristics are observed in the test, too. This
indicates that the analysis could simulate the test resulis well,

5 CONCLUSION

In order to investigate the feasibility of analytically determining the characieristics of RC shear
walls made of ulwahigh sirength material, the authors camied out simulation analysis of
bending shear tests by a three-dimensional nonlinear finite element method on the basis of
results obtained from a series of iests.

By introducing concrete swength, rebar quantity and rebar grade as parameters, four
specimens were analyzed and resulis of the analysis were compared with test resulis. From
this, 1t was confirmed that by properly modeling the material properdes , it is possible to
analyticﬁﬂy determine the characteristics of RC shear walls made of ulirahigh strength materials
accurately.
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