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Absfruct

The reinforced concrete walls constitute the principal earthquake-resisting components of strue-
tures in nuelear power facilities such as reactor buildings and containments. It is, therefore, an
important subject to clarify the mechanism of shear resistance of the reinforced concrete wali which
is subjected to in-plane shear force.

This study aims at the observation of behavior of reinforced concrete walls subjected to in-
Plane shear force and the examination of the applicability of existing theories to the subject problem,

Orthogonally reinforced concrete hollow cyiinders w;re subjected to alternating torsional force
and constant axial force simultaneously up to failure.

The following results were obtained from this study.

{1} Shear stiffness after cracking, maximum shear strength and a capacity of shear deformation
in the reinforced concrete walls subjected to in-plane shear force are strongly influenced by the
difference of reinforcement ratio and axial stress. Increase in reinforcement and axial force gives
the reinforced concrete walls larger shear stiffness after cracking, larger maximum shear strength
and smaller capacity of shear deformation.

(2) Maximum shear strength of the specimens in which reinforcing bars yield can be estimated by
a criterion derived based on the truss analogy. In the specimens whose maximum strength was governed by
failure of concrete, the maximum shear have an upper limit which is given by, irrespective of the rein-
forcement,4.2+/Fc when axial tensile force or no axial force was applied. But, when the compressive
axial force is appiied, the maximum strength appreciabiy increases according to the increase of the
reinforcement ratio,

{3) The diagonal compression field theory proposed by M.P .Cotlins [1] predicted adequately the
ultimate shear strength and deformation with regard to the Present test series, though further advance-
ment in the shear field theory seems to be required to explain the degrading paths of the stress-strain

curves after cracking,
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1. Intoroduction

The reinforced conerete walls constitute the principal earthquake-resisting components of struc-
tures in nuclear power facilities such as reactor buildings and containments. It is,there.fore,an impor-
tant suhject to clarify the mechanism of shear resistance of the reinforced concrete wall which is sub-
jected to in-plane shear force.

Many studies have been published on shear failure in reinforced concrete walls, but the rationmal
shear theory comparable to the bending theories of beams has not yet attained.

For the purpose of obtaining basic data to clarify the shear transfer mechanism, the anthors ecar-
ried out a series of expermer}.ts, in which tweive R.C. hollow cylinders were subjected to alternating
torsion together with constant axial force, Parameters being reinforcement ratio and axial stress.

This paper reports thé outlines of the experimental series, Also, the diagonal compression field
theory proposed by M.P.Cnfr!ins {13 is applied to the exPerimental cases to examine its applicability

to the R.C, walls in in-plane shearing force.

2 Qutline of Test

The shape and reinforcement of the typical test specimen are shown in Fig,1. The hollow cylinder
is subjected to pure shear by the application of twisting moment.

A list of parameters for the specimens is shown in Table 2. The behavior of a reinforced con-
crete wall under the in-plane shearing foree is to be influenced by quantity of reinforcement, intensity
of axial stress, ratio of vertical and horizontal reinforcements, direction of reinfercement and so on,
In this study, the reinforcement ratio and the axial stress were chosen as the parameters as these
two were thougth to have a dominant influence. The same amount of reinfercement was provided both in
the axial and the hoop directions and three grades of reinforcement ratio were adopted,i.e., 1.01%,
1.75%and 2.44% . The axial stress of four levels was sbecified,i.e.,-25(tensile), 0, 50 (compres-
sive) and 100 kg/tf . The property of deformed bar used, D8,is given in Table 1 and the strength of
conerete in Table 2.

Loading system is shown in Fig.2., An alternating twisting moment was applied to the specimen
through a loading stab. The moment was produced by tensionning a pair of wire strands by centerhole
0il jacks equipped in reaction frames. The constant axial load is imposed to the stab directly from
an oil jack.

I tems of measurement were loads, circumferential, axial and radiai displacement and strains of

reinforeing bars and concrete.

3. Results of Tests

The principal figures of test results for each specimen are listed in Table 2, As an index of
the shearing force intensity, the 'mean shear stress in the sectional area of the cylinder was used in
these results, Fig.3 shows the envelopes of shear stress-strain hysteresis eurves for all of the speci-
mens for each group having the indentical reinforcement ratio. Some hysteresis curves for the specimens
having an specific ratio of reinforcement of 1.75% are shown in Fig.4, Fig.5 shows shear stress-axial
strain relations for representative specimens, and Fig.6 shows the relation between shear stress and

strain of a hoop bar of a sPecimen.

4. Consideration on Test Results

4.1 Stress-Strain Relation in Shear

As seen in Fig.3, the envelopes of shear stress-shear strain curves indicate that every specimen
of the same axial stress shows the same stiffness before cracking regardless of ratio of reinforcement,

The stiffness after eracking is primarily governed by the amount of reinforcement.
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The axial stress in tension lowers the initial stiffness to shear and cracking shear siress. As
the axial stress varies from tension to high compression, cracking shear stress hecomes higher and
the transition to the reduced stiffness occurs at the higher stage of loading.

The characteristics of the hysteresis loops are strongly influenced by the axial force. As shown
in Fig.4, when the axial force is tensile , the loops take the pattern of "slip” type, the width of
the loop being narrowed in the rieinity of the origin in the diagram. As the axial forces increase in
eompression, the "s1ip” action decrease in the hysteresis and the ioops take the more elastic type
with less amount of the residual deformation.

4.2 Ultimate Shear Strength and Capacity of Shear Deformation

As seen in Fig.7, the increase of the reinforcement brings the inerease in the maximum shear
stress for the lower range of reinforcement ratio.

Basing on the truss model of shear transfer, the foilowing criterion for determining the ulti-
mate shear stress can be derived.[2]

Tu=min [ (ptoy Yh, ( ptoy ) v ] W

where 7r ! maximum shear strength

(pt oy)h = ptey ! average tensile stress in hoop direction corresponding the yielding of rein-

forcement

{pt dy)v = ptoy — 0o : the same in vertical direction

pt : ratio of reinforcement
dgy @ yield stress of reinforcement
dgo : vertieal stress due to axial loading (tensile stress is taken positive)

As indicated in Fig.7, the maximum shear stress of the specimen whose reinforcement yielded
before failure, i.e. SP—10—-0, S8P~10-50, SP—10—{(-25) and 8P—1.7~(-25) can be well
pPredicted by eq.(1).

On the other hand, for the specimens in tensile axial force and for those without axial force,
there is a eritical Iimit of the reinforcement ratio beyond which the inerement of reinforcement does
not give any rise in the shear strength. For the specimens reinforced beyond this 1imit gave almost
constant value of shear strength, This limiting value of the shear strength for the over-reinforced
sPecimen can be represented by

Tu=42yFc 2

For the other over~reinforced specimens subjected to compressive axial force showed a different
tendency. In this case, even beyond the eritical reinforcement ratio, the increase in the reinforcement
brings the increase in the shear stremgth, though the rate of inerement is small.This observation sug-
gests a change of failure mechanism of concrete under the existence of the axial compression.

For the specimen under axjal tension and for those withont axial force, the capacity of shear
deformation has a tendency to decrease as the ratio of reinforcement increases, lfar the sPecimen under
axial compression, the ultimate deformation is kept almost constant regardless of the reinforcement
ratio. The limiting values of the mean shear strain are F=4.29~641 % 107% rad,

Also,specimens having the heavy reinforcement of 2.44% shows almost constant values of the ulti-
mate deformation regardless of the axial force, the iimiting values in this case being r==4.86~5.27x 10" rad.

4.3 Character of Strain

As seen in Figs,5 and 6, axial mean strain and the strain of horizontal reinforcement exhihit
the same types of hysteresis. The behavior symmetrie to the loading in both direction is their chara-
cteristic feature. The strain hysteresis of the axially tensjoned specimen is characterized by the rapid
growth of strain amplitude and residual strain caused by the cyclie loading. On the contrary, the axia-
1ly compressed specimen shows little degrading of hysteresis, which corresponds to the rather elastic

behavior of the compressed specimens.
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5 Application of the Diagonal Compression Field Theory

The diegonal compression field theory DProposed by M.P. Collins [1] has been successfully used
for reinforced and prestressed concrete beams. As this theory is constructed in terms of the average
shear stress in neglect of the variation of shear stress across the beam section, it is expected to be
appiied to the plane field of constant shear stress in the Present tests,

The stress-strain curves for the tested specimens were constructed by the step-by-step analysis
of Collins' theory , where the vertical reinforcement was taken as the longitudinal steel in beams,
hoop bars as the stirrups.

l The deformaetion up to cracking was estimated by the theory of elasticity excluding the stiff-
ness of reinforcement, Cracks were assumed to occur when the principal stress reached the tensile
strength of concrete.

The results of the analysis are presented in Fig.8 in comparison with the experimental stress-
strain curves, For the latter, both the hysteretic envelopes and the last loops just before failure are
represented, The followings can be observed in Fig.8: |) the analysis predicts adequately both the
stress and strain in the ultimate state, i) the analysis overestimates the deformation at the early
stage after cracking but the estimation gradually approaches the experimental values toward the ulti-
mate state, i) the predicted tangential slope of the stress-strain curve after cracking is more
coincident to the one of the last loop than of the envelope.

From the above observations, it can be concluded that the Collins’theory seems to be a theory
representing the behavior of a reinforced concrete structure in shear in which the cracks has fully
developed such as the present specimens after some cycles of the alternating load. In spite of the
above comments, the Collins' theory pPresents a valuable tool of design which is able to prediect both

the strength and deformation capacity of the reinforced conerete walls in in-plane shear,

6. Conclusion

The series of tests on hollow cylinders was carried out to know the actual behavior of rein-
forced concrete walls subjected to both shear and axial forces. The method and the results of the
experiment were described., Also, it was examined how the diagonal compression field theory by M.P.
Collins could be applied to each case of the Dresent tests, While the analysis by the theory provided
adequate Predictions of both the strength and the deformation,further studies are required to know the

mechanism of progressive failure of cracked walls in shear.
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