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Abstract

This paper describes a technique for comprehensive analysis of nonlinear response up to maximum strength of
heavily-reinforced concrete shear walls such as in a nuclear reactor building by the finite element method using three-
dimensional hexahedral and shell elements. The failure criteria for concrete and a nonlinear material model under multi-
axial stress states were the same as in the method used in analyses of PCRV test models presented at SMiRT-6 (H3/7) L)
In addition to this analysis method, a model for the shear failure mechanism of a heavily-reinforced concrete shear wall
was set up. Further, the results by the Finite element analysis were transformed into results equivalent to a multi-degree-
of-freedom (MDOF) model commonly used in earthquake response analysis at the design stage of this type of structure.

1. Introduction

Reinforced concrete (RC) shear walls of nuclear reactor buildings are composed of cylindrical, truncated cone-
shape, box-shape, and irregular polygonal walls or combinations of the above to be fairly complex in configuration, in
addition to which they are generally heavily-reinforced walls. The problem of shear failure of RC may be considered to
be an especially important factor for explaining nonlinear response of these types of shear walls. Although a number of
analytical models regarding shear failure mechanisms have been proposed'?), a generally recognized shear failure model
has not yet been established.

The numerical analysis technique by the finite element method (FEM) is the most effective way of computing in
detail the restoring force characteristics of nuclear reactor building shear walls, and this technique is widely used in
general. In the case here, a shear failure model of a heavily-reinforced shear wall was firstly set up for nonlinear finite
element analysis based on elastoplastic theory, and this was incorporated in the analysis program. Next, from among
the results according to FEM, the displacements of the various nodes were used to transform to equivalent curvatures
and equivalent shear deformations of members in the MDOF model, and examinations were made from the aspect of
restoring force characteristics (moment-curvature, shear stress-strain relations) in earthquake-resistant design.

2. Analytical model
2.1 Shear Failure Model of Heavily-Reinforced Concrete Wall

According to model experiments of heavily-reinforced concrete walls, when the maximum strength is attained,
there is a rapid strength loss due to occurrence of shear failure, and an ultimate state is often reached. As one shear

failure model, Ueda, Seya and Kei!?! have proposed a model with material properties of concrete immediately after
cracking varied using the experimental data of Vecchio and Collins '), as reference. Incidentally, Morita and Fujiils!,
in a study on the bond characteristics of RC beam-column members, experimentally investigated splitting bond strength
in the lateral direction of cover concrete in case of a large amount of longitudinal bars and proposed an equation for
evaluation of the strength.

Here, the work by Morita and Fujii are used as reference, and it is considered that in case of a heayily-reinforced
wall, the radial bond forces in the surroundings of reinforcement become large and these forces make it liable for side
splitting of cover concrete to occur.
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In short, a model where shear failure mechanism is due to local failure of the cover concrete is set up. This is a
model in which a heavily-reinforced wall is replaced by a 4-node multi-layered shell element (Fig. 1), the shear strain
(vpt) at the local coordinate system fixed in the direction of the wall reinforcement of the layer corresponding to the
cover concrete portion of the element when the angle (9 pw) formed by the direction of the wall reinforcement and the
direction of cracking is in a constant range, and the cover concrete portion shows local failure when the value of Ypt
reaches a certain constant level,

Referring to Fig. 2, the variables Opw and ypt are expressed by the following equations:

gpw = 0, — Opt
(1)

Ypt = 2cos fpw - sin Opw-(ex — ey) + (cos® Opw — sin® Bpw) « yxy
where,
6, : direction of cracking in relation to reference coordinate
Opt : direction of wall reinforcement in relation to reference coordinate
e€x, €y, Yxy : trespectively axial strains and shear strain in reference coordinate system

The two kinds of local failure models of cover concrete indicated below were set up in order to investigate the
propriety of this shear failure mechanism (see Fig. 3).
Analytical Case (I)
Cover concrete does not show local failure but conforms to ordinary stress-strain relationship

Analytical Case (IT) - -+ <+ v« - First shear failure model
The cover concrete portion is completely split when vpt reaches a certain constant value.
Analytical Case (IIT) - -+ - ... .. Second shear failure model

When ypt reaches a constant value the cover concrete portion maintains the stress prevailing up to that point,
while the stiffness of this portion under subsequent load is made zero for a completely elastoplastic body.
Further, as a result of collation with experimental data, it was hypothesized here that the concrete portion would
fail locally when the two parametric values of vpt and 0 py satisfy the following equation:

Rl s
pt 2 0.0025, g = gpw = . -

2.2 Transformation to MDOF Model
The method of obtaining curvature (¢) and shear strain () in a MDOF model using the vertical and horizontal node
displacements (8, 8 H) at the various load levels from among the nonlinear FEM analysis results, referring to Fig. 4 was

as follows:
1) The average value (U;) of the horizontal displacements (5 I—lI) of all nodes in a single cross section is obtained.
2) The member end deflection angle (8;) is obtained employing the method of least squares from the vertical
node displacements on the cross section, and by Euler-Bernoulli’s postulate and assumption of constant curvature
between mass points on the member cross section, the equivalent curvature (¢1) is calculated by the following
equation:

i=(8i — #;_1)/ AHi
¢i = (0i 1) AHi ()

where,

AHj: length of member i of MDOF model
3) The shear strain (yj) of the member is obtained as follows using the curvature, member length, member end
deflection angle, and average horizontal displacement (see Fig. 5):

T A A i i
auy = (Ui = Ti-y (E; au)

4
Yi = AUy [AHi )
where,
AUl = AHi04. displacement increment due to deflection at member end
AU{7 = gi. AHZiH/2 i displacement increment due to bending
AU;h: displacement increment due to shear
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The above steps are repeated for all members of the MDOF model at all loads to caleulate the curvature and
shear strain. Further, by using curvature and shear strain, the flexural and shear deformations of each mass point of
MDOF model can be obtained readily.

3. Numerical examples

Numerical calculations were made for the two examples of test specimens for PWR Type 4LOOP reactor build-
ings. The first was a P2-1 test model (pressurizer, refueling canal) out of a partial model of an inner concrete structure
(I/C)'¢, this being a case of a box wall at the web location, and the second was a P1-4 test model (secondary shield wall)
of a partial model of I/C, this being an octagonal tube!®],

In the analyses of P2-1 and P1-4, parametric studies of shear failure criteria were carried out to judge the effective-
ness of the assumptions concerning the shear failure mechanism.

3.1 P2-1 test model ¢!

FEM analyses are first performed here on three cases with the local failure model of cover concrete set up in 2.1
as the parameter.

The configuration of P2-1 composed of a heavily-reinforced wall of complex shape is shown in Fig. 6. The rein-
forcement ratio (P¢) is fundamentally 2.0 percent, while the reinforcement arrangement is double D10 w1th equal
amounts longitudinally and transversely. The web wall of thickness 14 em has Py = 1.57%. The material properties are
shown in Table 1. A one-half FEM analytical model of the specimen considering symmetry is shown in Fig. 7. Respec-
tively, the wall and loading slab were replaced by a shell element, the foundation slab concrete by a hexahedral element,
and the foundation slab reinforcement by an anisotropic membrane element. As for the cover thickness of the wall, it
was made double the reinforcing bar diameter.

The load-deformation (Q-5) relationship is shown in Fig. 8 compared with experimental values. When exceeding
the load at which local failure of the web portion is produced (Q = 120 t), the results for the individual analytical cases
differ considerably because of the differences in the failure models. The result of Case (III) is closest to the experimental
value, while regarding the ultimate strength of Q me = 264 ton, adequate agreement was obtained with the experimen-
tal value of Q e)g)( = 960.1 ton. The principal progressive failure patterns at the outer surface of the Case (III) model
specimen is shown in Fig. 9. Failures are concentrated at the portions corresponding to webs in the analyses, and there
are close resemblences with the ultimate states in the experiments.

3.2 P1-4 test model [¢!

The P1-4 specimen with walls of octagonal-shape cross section is shown in Fig. 10. The reinforcement ratio (Py) of
the wall is slightly lower than that of P2-1, and Py = 1.51%. The thickness of cover concrete to be the object of local
failure was double the reinforcing bar diameter similarly to the case of P2-1. The FEM analytical model is shown in
Fig. 11, and the material properties in Table 1. As for the loading slab, it was replaced by a shell element.

The Q-5 relationships of the various analytical cases are shown in Fig. 12 compared with experimental values. The
experimental values of P1-5 of identical configuration and identical reinforcement as P1-4 are also shown in this figure.
This specimen did not have such great differences in the Q-6 relationships of the various cases as it was a bending shear
failure type. The principal progressive failure patterns at the outer surface of the specimen in Case (III) are shown in
Fig. 13. The ultimate strength is determined by crushing of concrete at the lower part of the specimen.

3.3 Transformation to MDOF model of FEM results of P2-1 and P1-4

The FEM results in 3.1 and 8.2 were replaced by the bending-shear type MDOF models (single cantilever models)
shown in Fig. 14, the curvatures (¢) and shear strains (y) of the various members were computed, the restoring force
characteristics of P2-1 and P1-4 were analytically considered, and the results are described. Of the results of the three

analytical cases those used here were of Case (III).

The vertical displacement distribution in the horizontal cross section at mass point M4 and the member end deflec-
tion angles (8i) obtained from these displacements by the method of least squares are compared and shown in Fig. 15.
The deflection angles corresponding to the three load stages, that is, elastic, shear crack occurrence, and load at which
the shear cracking zone is expanded are shown in this figure.

— 325 — H7/3



The influences of discontinuities at the web portions (BC, DE, FG) are great with P2-1, and it appears that the
various web walls have their own respective deflection angles. On the other hand, it is seen that the octagonal wall P1-4
can be more or less expressed by a single deflection angle. Such trends persist up to the final state for both specimens,

The distributions of curvatures and shear strains along heights of P2-1 and P1-4 are shown in Figs. 16 and 17,
respectively, compared for each load step. From these figures, it is recognized that the ultimate failure pattern for P2-1
is a shear failure type at the vicinities of members (4) and (5), while it is a failure type after flexural yielding of base-
portion members (1) and (2) for P14, and these roughly agree with the final collapses (shear sliding failures at height
of 100 to 110 em for P2-1, and 20 to 30 cm for P1-4, respectively) in the experiments shown in Figs. 16 and 17.

4.  Conclusions
1) The completely elastoplastic model of Case (III) is suitable for a wall (P2-1) of which strength is determined by

shear failure, while for a wall (P1-4) of which strength is determined by shear failure after flexural yielding of reinforce-
ment little difference is shown whatever the analytical model, and the phenomena can be amply predicted with the
method of Case (I). The splitting model is not suitable as a shear failure model since abrupt reduction in strength occurs,
and the stiffness deterioration model of Case (III) is the most suitable. The model of Case (III), perfectly elastoplastic,
may be said to be of a condition generally considering influences on stiffness deterioration of the wall of i) local split-
ting of cover concrete, ii) V-notch splitting of concrete near wall reinforcement, iii) existence of shear cracks in concrete
produced biaxially due to repeated loading of specimen, etc.

2) When FEM results are transformed into MDOF models, it was found analytically that in case of an octagonal wall
(P14), rotative deformation of a member as a whole occurs, but with a wall (P2-1) having discontinuous portions, walls
corresponding to load-direction webs have tendencies to respectively possess their own rotative deformations.

3) Both specimens show sudden increases in deformation when the calculated shear strains (v) become 4 to 5 x 102
radian and this is a trend that is the same as for experimental values.

4) It was found that by comprehensive evaluation of properties at the mass point level (deformabilities of ¢ and v,
failure portion, failure mode, ete.) and properties of the various parts of a continuous body (node displacement, strain,
stress intensity, crack growth, expansion of yielding range of reinforcement, ete.), the nonlinear behaviors of nuclear
reactor building RC shear walls can be studied in detail.
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Table 1 Material Properiies

P2—1 Pl—4
Young's modulus (ton+f/cm?) 1w | o
s Yield strength (kg+f/cm?) 120 | 160
; Compressive strength (kg+f/cm?) 222 i 253
ﬁ Tensile strength (kg+f/cm?) 22.1 253
Strain at comp. strength 3000/¢ 3500/¢
! Poisson’s ratio 0.158 | 0167
:AE; Young's modulus (ton«f/cm?) 1870 1870
| |
E | Hardening modulus (ton«f/cm?) | 187 [ 187
2 | Yield strength {ton-i/cm?) o447 | 3m4
£ Uttimate strength (ton-f/cm?) | 5.8 | 535
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