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ABSTRACT

An analytical model for a reinforced concrete element is proposed on the
basis of in-plane shear loading tests of RC panels. The proposzd model can
take account of both compressive failure of concrete strut and sliding
failure along crack surfaces. In order to verify the applicability of this
model, various types of panel specimens were analyzed and good agreements
were obtained between The analytical results and the test results.

1 INTRODUCTION

In order +to predict the behaviors during earthguake of walled structures
such as prestressed concrete containment wvessels and inner concrete struc-
tures of nuclear reactor buildings by the finite element method, it is
important to establish an appropriate modesl of concrete under in-plane shear
stress condition. Particularly, in analysis considering a case in which
cencrete fallure determines ultimate strength, the model of compressive
characteristics of cracked concrete and shear transfer characteristics of
crack surfaces have great influences on analytical results.

An analytical model for a reinforced concrete (RC) element was obtained
from the results of in-plane shear loading tests of RC panels!’. Derivation
and verification of the model are described in this paper.

2 COMPRESSIVE CHARACTERISTICS OF CRACKED CONCRETE

It has been shown through many experiments beginning with those of Collins
et 2l1l.2) <that the compressive characteristics of cracked concrete differ
from the results of compression tests of cylinders, In the present study,
the reduction in compressive strength of cracked concrete is evaluated as a

function of cylinder strength and acting axial compressive stress.

2.1 Compressive strength reduction coefficient of cracked concrete

The compressive strength reduction coefficient (A ) of concrete is defined
as the ratio of maximum achievable compressive stress (¢ 0 cmax ) Of concrete
at RC panel to cylinder compressive strength (f.). The 4 in the principal
direction of compression under in-plane shear stress is evaluated by the
following equation using <the compressive strength reduction coefficient in
pure shear stress condition( Al ps) and the effective compressive axial stress
ratio(n ) for considering the effect of acting axilal compressive stress:
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where, L pg 15 determined based on the results of pure shear loading tests of
RC panels!) shown in Fig.l. The trend of L ps declining with increase in £,
may be evaluated by either of the equations below.

2T man/fe=1.9£.% 3¢ (unit of fc: MPa) -:+-+-:- e {(2)
Q°74_fc/255 e o s s o e e a o0 o casosoecoeasonso seseas (3)
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Eg.{2) is an eguation devived utilizing the fact that in pure shear tests,
the mazximum shear stress (T wex) 1R case ultimate strength is decided by
concrete crushing can be evaluated!! by approximately D.95f.9 58(MPa) and
assuming that tensile stress of cracked concrete is negligible, the princi-

pal compressive stress of concrete becomes twoe times the shear stress.

From the fact that in the region of £ up to about 80MPa, experimental
values can be evaluated well with thse straight-line regression eguaticn of
Bg.(3}), BEg.{3) is used for calculating Lss- The equation proposed by
Nielsen®' based on shear test of beams is also given in the figure. It is
shown that Eg.(3) corresponds well with Nielsen's eguation.

As shown in the sqguation below, » 1is calculated deducting the compressive
axial stress (T oc) reguired for causing reinforcment yielding type to shift
to concrete crushing type from the acting axial compressive stress (g o).

n:(Uo_Ooc) /fc (77>D) wwwwwwwwwww ceeae (4Y
Coc= 0.955,% 6% — 5 - £, (G oe>0) (MPa) +rrorevvsass (5)
where, p : reinforcement ratioc
£y reinforcing bar yielding strength

compressive axial stresses is taken. According to past experiments?) , since

it may be considered that regarding the ultimate shear strength, the acting
compressive axial stress has an effect similar to increasing the guantity of
reinforcement, T oe 1is calculated deducting shear stress at yielding of
reinforcement({ p +£,) from the maximum shear stress (0.957c% %%) in case
crushing failure OFf concrete occurs in a condition of pure shear.

Regarding the coefficient of the second term in Bg.(1l), it was determined
based on the results of biaxial compression and ghear loading tests of RC
panels!: 2! which showed concrete failure, as shown in Fig.2.

For the ¢, in Eg.{4), the smaller of the longitudinal and transverse
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2.2 Compressive stress-strain relationship of cracked concrete

As a Tesult of studying eguations proposed in the past on uniaxial stress—
strain relaticnships of concrete, it was learned that, as shown in Fig.3,
the esguation proposed by Fafitis et al.® (the sguation below) has a fairly
broad applicability for variation in £,

cCo = forfl=(1—g /8 0)* 3 e et ee et (6)
A = Eg g o/f; ( provided that 0= ¢, = g o)
where, g o: strain at f, cBg ¢ Young's modulus

On the other hand, regarding the stress-strain relaticonship in the princi-
pal direction of compression (crack direction) obtained in the panel tests,
taking the strain corresponding with cU cmax 0 D& £ cmax. the following
eguation can be recognized to be valid between } and ¢ emax/ £ g-

E—cmax/go = cocmax/fc (=7L) fEeRS e re e o000 < (7)

As a result of substituting the value at mazimum stress of the stress-
strain curvs for the principal compression direction in the panel tests to
fe and ¢, of Eg.(6), it was found as shown in Fig.4 that fairly good cor-~
raspondence could be obtained. Therefore, considering that ths stress-
strain curve for the principal compression direction of ecracked concrete
will also be according to the equation proposed by Fafitis et al., and after
cracking, A determined by Eg.(1) is substituted for I and ¢, of Eq.{(6).
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Fig.3 Stress-strain curves of Fig.4 Stress-strain curves in principal
cylinder compression test direction of panel specimens

3 SHEAR TRANSFER CHARACTERISTICS ALONG CRACK DIRECTION

In this study, the relationship between shear stress and shear displacement
at the crack surface is modeled as shear stress( T ,.) - shear strain (v ae)
relationship concerning the crack direction. The shear transfer of a RC
panel containing a plural number of cracks is expressed by the Tont— Y nt
relationship macroscopically instsad of separating the shear transfer into
interlocking action of aggregates and dowel action of reinforcing bars.

3.1 Maximum shear stress in crack direction
The maximum value( T yimax) Of T .. may be considered toc have a close rela-
tionship with the direct shear strength( T 4,) in case there are reinforcing

bars across the crack surface. ‘Regarding <z 5., Mattock®' has proposed the
following eguation based on experimental results.
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T au=1.3840.8(p £, + 0a)E 0.3 fo (MPa)  ---vvveeooe (B)

where, ¢, is the vertical stress acting on the crack surface with compres-
sion positive. Tt is thoucht © gu 15 T onimez i1 & condition where such an
xtarnal force that may increase crack width is not acting.

The reduction in T ,imax With increase in crack width is not clear since
experimental data are insufficient, but Bazant et al.”’ have expressed the
relationship between maximum shear stress{ T ..} transferred by the aggregate
interlock and crack width by the following eguation:

Tav=To 8o/ (Ao + a2 oo e (Y
where, T g = 0.245f%; ao, =0.01D .2
D .: mazimum size of aggragate & n: crack width
Bguation (9) indicates that T .. declines with increase of § ,. Thera-—

fore, congidering that T gimax I case of reinforcements crossing the crack
surface can be exprsssed in the same form as BEg.(9%), replacing T , with
T ae and §, with strain{s ;) in the directisn normal to the crack surface,
the following aguation is assumed a3 Tthe T aemax — £ ralationship,

Taimez = Taw: C/ {(C+ 8 :2) beeecessssireacaascess (10)

[N

whaera, € is a constant, and it iz necessary forx iits value to be determined
based on experimental results. In pure shear loading tests of RC panels
with unequal reinforcement ratiosz longitudinally end transversely!) , taking

the T ainex values of Two specimens in which sliding failures occurred at
the initial crack surfaces, and using corresponding valuss of g . to obtaln

the respective values of C, the values were approzimately egual, and Eg.(10)
can be expressad in the form of the following eguation:

T neimax = T aun/ (141_25700.5h2) nnnnnnnnnnnnnnnn <. (113
3.2 Shear stress— shear strain relationship in crack direction

According to direct shear tests with crack width held constant®) , the T ,~—

¥ ot curve shows a trend of stiffness being comparatively low at the initial
stage but becoming higher later, and belng lowered again prominently in the

vicinity of maximum stress. In order to expreszs fThis characteristic, the
Ta:=— ¥ ne CUrve when g . is held constant 1ls hypothessizad by the following

aeguation:

v = Enznaxt L {2 — d ) S
R G i o (2

f Yn":/Tn-::max

where, d is a constant determined by the shape of the curve, and v ,imayx L8
shear strain corresponding with € pimexe According to the pure shear
loading tests of RC panele!?, since v nimax 1S approximately equal to & . at
that time, if v aemax = & ¢ 18 assumed, Egq.(12) wilil bhe expressed by the
following eguation:

T s (2= g ,
T gy e E B EMAE b shee (13)

{e o/ Yar—d+ 7va/ &)

Bince the T,.— Y »: ourve obtained in the panel tests all indicate
increases in g ., simultanecusly with increase in v ,., in determining the
value of d in Eg.(13), the data(y ne., T ne) oObtained from the test were
classified according to the magnitude of g ., and the optimum values of d
ware respectivaly obtained by the method of least sguares. As a result, the
value of d showed 2 tendency of decrease with increase in g ., and the
following equation was obtained as the regression eguation of the 4 — g .
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models along crack direction
4  VERIFICATION OF APPLICABILITY

Analyses by a single element wers carried out to verify the applicability
of the snalytical model under fundamenial conditions. Some results of the
shear stress (7 ,,) =— shear strain {7 2y} relationships of the Specimens
tested by the authors!’ comparing analytical results uging the proposed
wedel and other models are shown in Figs.6 to 8.

Figure 6 is an example of cases in which shear displacement at the crack
surfaces did not occur, and shows besides the result of proposed model,
those of analyses in the case of not considering reduction in compressive
strength of concrete after cracking, and the case of using the calculation
eguation for compressive strength reduction coefficient proposed by Collins
et al.®’. 1In the test, the ultimate strengih was determined by crushing of
concrete. The result of analysis using proposed model showed good agrsement
with the test result. The strength was evaluated on the high side when
using Collins' sguation. In the analysis of not considering reduction of
cracked concrete strength, the strength was increased until vielding of
reinforcement occurred.

Figures 7 and 8 are examples of cases where shear displacement at crack
surfaces occurred, and show besides the result of proposed model, those of
shear stiffness concerning the crack direction (G..) made zero, (0.125 times
the eslastic shear stiffness G, , and using a function of the strain z N

proposed by Al-Mahaidilt) .

Figure 7 shows a casz of pure shear loading with unequal reinforcement
ratics longitudinally and transversely. In the test, the shear stress
increased even after vialding of longitudinal reinforcing bars, ultimately
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sliding failure occurrsd along the initial crack surface. In case of
G.,=0.0, ultimate strength was reached immediately after yielding of
longitudinal reinforcement and in case of G,.=0.125G, the strength was
avaluated on the high side. In the analysis using Al-Mzhaidi's eguation,
elthough the shear strsess was increased after yilelding of leongitudinal
reinforcement, the ultimate strength is fairly low. The result of the
proposed model corresponds well with the test result.

Figure 8 shows & case of uniaxial compression and shear loeding with equal
reinforcement ratics longitudimally and transversely. In the test, concrete
crushing occurred after partial yielding of longitudinal and transverse
reinforcement, but the cases of G,,=0.0 and of using Al-Mzhaidi's eguation
evaluated ultimate strengths on the low side. The result of analysis using

the proposed model showaed good corrsspondence with the test result. The
result for G.,=0.125G, 1s not shown in the figure, but was roughly equal to
the result of using the proposed model. The reascn is considered that

crushing of concrete was more deminent than the sliding failure of the crack
gurface, so that the influence of the difference in shear transfer charac-
teristics along crack directions did not appear prominently.

7 CONCLUSICNS

The feature of the proposed model is that two failure modes of concrete,
compressive faillure and sliding failure, are considerad. AS a result of
examining the applicability of this model under fundamental conditions, it
was learned that the nonlinear behaviors including the ultimets strengths of
various types of panel specimens could be simulated well.

As z limit of applicatien, the shear transfer characteristics of crack
surfaces in the proposed model consider the case of increase in crack width
and shear displacement progressing simultanecusly.
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