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ABSTRACT

A strain rate-dependent dynamic nonlinear analysis model for reinforced concrete
elements under repeated loads was developed. The oproposed analysis nodel
consisis of a single component physical idealization of the cantilever element
and a set of hysteretic rules for shear and flexural force resistance mechanisms,

The predictions using the proposed inclastic model were compared with the
results of R/C cantilever beams under repeated loads at different loading rates
and the comparisons between test and theory were generally satisfied.

1. INTRODUCTION

Current analysis technigues for predicting the behavior of reinforced concrete
structures under earthguake or impact-induced dynamie repeated loads have two
major problems. The first problem is that these models do not account for the
effects of strain rate and the other one is that these models are based on the
flexural bahavior only while there oxist flexural and shear behavior under
repeated dynamic loads,

This paper presents a dynamic nonlinear analysis model for reinforced econcrete
(R/C) elements considering both strain rate effects and realistic {including
shear and flexural) behavior under repeated loads,

2. PREVIOUS RESEARCH RESULTS
2.1 Strain rate sensitive model

An improved model for predicting the R/C element behavior under dynamic strain
rates was developed using the layver modeling technigue { Sim, J., 1989, §6.: Sim,
J. and Soroushian P., 1989, 8.). The developed strain rate sensitive model for
axial/flexural snalysis of R/C elements was used to wpredict the test results,
performed at different loading rates, and the results was generally satisfied,

The developed analysis technique was alse wused to study the loading rate
sensitivity of R/C beams and columns with different geometry and material
properties { 8im, J. and Sorcushian P., 1889, 8.: Sim, J., 1989, 12.). According
to these numerical studies, it was found that the flexural strength of typical
R/C beam increases by about 15 percents at typical impulsive loading rates over
the quasi-stastic values, while the flexural stiffness of R/C beam is not much
influenced by loading rate variations. Thus, this paper could suggest a
practical dynamic flexural strength formula, In order +to develop a simple
procedure for computing the dynamic flexural strength of R/C beams, it was
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assumed that the absclute values of strain rate across the section are egqual to
the rate of strazining at the exirewe compression layer. This assumption leads ic
the following procedure for calculating the loading rate-sensitive flexural
capacity of a doubly reinforced beam cross section !

{1) Assume & value for the depth of neuiral axis ¢ {¢ in Fig. 1},

{2) Find steel stresses ;

c

In compression, fse¢ = 87,000 ———— < fy’

c

In tension, fy'

(3) Find the new value of ¢ for the above steel stiresses
(As £y’ - fs' fsc)
0.858:" b 61
0.05(fc” - 4,000}
5 - but, 0.65 < #1 £ 0,85
1,000

(4) Repeat from step (2) with the new value ef ¢ until the change in ¢ is
relatively small.
(5} Find the strain rate-dependant flexural strengih of the section :

(=]

where, 81 = 0.

a
Ma® = Asfy?(dl -d’) + O,SSfc”ab(T - d)

The used notation of fy’ and fc” represent the sirain rate dependent yield
strength of steel and ultimate compressive strength of concrete under dynamic
loads, respectively :

fy® = fy[-4.51x1078fy + 1,46 + (-9.20x10-Tfy ~ 0.0927)1ogi1gé 1
Fo'[1.48 + 0,160i0g10é + 0.0127(log168)2 1 for air-dried concrete
fe” =
£.°02.54 + 0,580log102 + 0.0543(leg10£)2 1 for saturaied concrete
where, & :© strain rate {1/sec) > 10°3
0.003 0.85{c"
|
a |
——— e e NLA
R USR S,
Sirain distribution Siress distribution
at failure at failure
Figure 1. Simplified flexural strain and stress distribution at failure

2.2 Phyical model and hysteresis rules

An inelastic element model capable of distinguishing between the shear and
flexural characteristics for R/C elemsnis was developed ( Sim, J., 1989, 9.7,
The developed mode! consists of & single component physical idealization of the
element and hysterstic rules for both flexural and shear resistance mechanisms.
Figure 2 presents the suggested physical modsl of R/C beam in this study.
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Figure 2., Phyical idealization of element

In this model, all the shear and flexural elasto-plastic deformations under
repeated loads are assumed to be concentrated at dimensionless end springs. in
order to differentiate between the hysteretic rules of shear and flexure,
distinct springs representing each of these types of behavior are attached to the
beam ends. The behavior of each spring is defined by a skeleton curve and a set
of hystersis rules.

In this study, a bilinear curve(Fig,. 3) has been selected as the skeleton curve,
The initial loading curve is linear with ihe stiffness, Ki, up to the yield force
Fy at deformation Xy. Thereafier the stifffness drops to a stirain hardening
value of Kk, In the post-yield region, the unloading sti{fness, Ku, Is defined
by a parameter ¢ as shown in Fig.3. The rule for reloading towards the skeleton
curve in the opposite direction is illustrated in Fig. 4. The peoint on the
skeleton curve(R) towards which the reloading occurs is defined by a parameier A
that can have any value greater than Zero,

Force(F)

Wﬂ

X

Fy

(a} 0.0<5<1.0 (b} 1.0<Z8

o

Figure 3. Skeleton curve and unloadung curve Figure 4. Reloading curves

The basic releading rules presenied in Fig.4 have to be refined to account for
the pinching effect which is dominant in shear behavior and the Bauschinger
effect displayed by the flexural behavior., For these purpose, two parameters,
named by { and p, are defined as shown in Fig.5. A postive value of 7 (Fig.5a)
is indicative of the Bauschinger effects, while a negative one (Fig.5 k) leads to
the pinching of the reloading path,
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(a) 0,0<y<1.0 (b) ~1.0<y<0.0

Figure 5. The Bauschinger and pinching effecis on the reloading path
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The suggested hysteretic rules including the small amplitude rule are quite
versatile as shown in Fig.6 and they can represent both shear and flexural
hehavior by selecting proper parameters.

)

'

o = o = a = 4] a=0.0p8=20.90
¥ = 7= ¥ = 0 y =0.5¢ =205
c=0,086=10 g =00 8=00 a=200 §=10 a =

7 =0.5¢ =10.5 7= -0,5¢ =0.25 py=-0.5¢=0,25 7 =

[(D‘!
Y )
oo %’

=00 £=20.0 a =00 =10 o =075 8 =1.0 o =0758=1.0
y = -1.0¢ =20.0 y=-1.6¢ =0.0 y=0.0 ¢ =1.0 y=-0,5¢ =025

Figure 6. VYersatility of suggested hysteretic rules

3, PROPOSED ANALYSIS MODEL

This study combines the previously mentioned two analytical techiques to predict
the dynamic nonlinear bzhavior of R/C beam under repeated loads, The skeleton
curve in the hysteretic rules is defined considering strain rate effects, Rest
of the hysterestic rules were adopted in this study without any correction.

Tt was assumed that the vielding in shear behavior occurs simultanecusly when
the flexural vielding occurs. Thus tangent stiffness of {lexural and shear
spring at any loading step can be obtained as follows (see Fig.7).

daVv L= av 1 L
d8 = dfs + £-d@¢ = . =av[ — v =]
(s 7 Ky Ks K
where, d& = incermental displacement at fres end
d&s = shear spring incremental displacement ;
d&@¢ = flexural spring incremental rotation
dv = incremental lateral load at fres end :
£ = cantilever element length :
Ks = shear spring tangent stiffness :
Kg = flexural spring tangent stiffness.

Hence, the tangent stiffness(Kt¢) of cantilever element can be derived from the
following expression :

1
dV = K¢ -d& = [;«*—‘—————————i} dé
1 L
+
Ks Kr
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Figure 7. Derivation of tangent stiffness of a cantirilever element
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4, COMPARISON VITH TEST RESULTS

A largs number of dynamic cyclic test results on R/C cantilever heams have bheen
reported in the literatures. Figure 8 presenis the typical comparison between
the experimental (Scribner, C. F. and Wight, J. K. 1878) and theoretical cyclic
Ioad-displacement relationships at differsnt loading rates. The beams in Fig.8
{a} and (b} has shear span to depth ratio of 3.6 and 4.1, respectively and the
test was performed at arbitrary loading rates. The proposed analysis wmodel is
cbserved to be capeble of predicting the test rssults with reasonable accuracy.
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{a) Lo loading rate {b) High loading rate

Figurs 8. Typical comparisons between expsrimental and theoretical results
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5. CONCLUSIONS

This study presents a dynamic nonlinear analysis model for R/C cantilever
zlaments considering both strain ratz effects and realistic behavior under
repeated leads. The strain raie effects on R/C element behavior was influenced by
considering the dynamic flexural strength (Mn’) which method was developed in
reference 5. The realistic behavior which consists of shear and flexural
behavior was idealized by adopting previously developed physical and hysteretic
ritles in reference 4.

The proposed analysis medel was verified by comparing with a lot of
experimental tast results at arbitrary locading rates and they are generally
satisfied,
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