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Abstract

This paper presents a hypoplastic model for three-dimensional analysis of concrete structures under monotonic, cyclic, proportional
and non-proportional loading. The constitutive model is based on the concept of equivalent uniaxial strains that allow the assumed
orthotropic model to be described via three equivalent uniaxial stress—strain curves. The characteristics of these curves are obtainec
from the ultimate strength surface in the principal stress space based on the Willam—Warnke curve. A cap model is added to
consider loading along or near the hydrostatic axis. The equivalent uniaxial curve is based on the Popovics and Saenz models. The
post-peak behavior is adjusted to account for the effects of confinement and to describe the change in response from brittle to
ductile as the lateral confinement increases. Correlation studies with available experimental tests are presented to demonstrate the
model performance. Tests with monotonic loading on specimens under constant lateral confinement are considered first, followed
by biaxial and triaxial tests with cyclic loads. The triaxial test example considers non-proportional Idadi0§0 Elsevier Science
Ltd. All rights reserved.
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1. Introduction trolled tests are used to partially circumvent this prob-
lem. Furthermore, because of the concrete sensitivity to
Concrete is a non-homogeneous, anisotropic materialthe lateral confinement, the response of the cylindrical
whose response is nonlinear even under small stress levspecimens typically used in tests is highly dependent on
els. Furthermore, concrete exhibits a different behavior the restrain conditions at the end faces.
under tension and compression stresses. In compression, The response of concrete to triaxial states of stress
the response hardens up to a peak stress value thagreatly depends on the formation and expansion of
depends on the level of lateral confinement. The post- microcracks [22]. Several test programs have shown that
peak behavior depends in general on the level of lateralthe evolution of the microcracks governs the concrete
confinement [18] Under low confinement, the post-peak brittleness, ductility, dilatancy and failure modes. All
response is brittle softening. For increasing confinementthese phenomena depend in general on the triaxial state
stresses, the response of concrete changes to ductilef stress applied to the concrete. Under low lateral con-
hardening [10,18]. Under tensile stresses, concretefinement, the failure mode observed in uniaxial com-
cracks and eventually loses strength entirely. pression tests is caused by vertical tension splitting. A
Experimental test programs have been conducted tosharp post peak loss of strength is observed. Under
study the behavior of concrete under triaxial states of gradually larger confinement, cracking and damage
stresses [8,9,12,17,20,22]. These tests are difficult to perbecome more distributed and concrete becomes ductile,
form because of the generally unstable response of thewith little or no post-peak degradation.
specimens near or after the peak. Displacement-con- The complex nonlinear behavior of concrete makes it
a difficult material to model. In spite of the widespread
interest in modeling of concrete under three-dimensional
" Corresponding author. Tel+1-303-492-7607; fax+1-303-492-  States of stresses, few models are available for immedi-
7317. ate and simple numerical implementation in finite
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very sophisticated laws based on plasticity theory that Because the shear moduB; (i, j=1, 2, 3) must be
rely on the definition of a plastic flow rule and on the invariant under an arbitrary coordinate transformation of
separation of the deformation increments into plastic andthe reference system, Lekhnitskii [13] has shown that
elastic components, to simpler models based on phenom+the shear moduli are:
enological rules. The concrete models proposed to date EE
include laws based on nonlinear elasticity, plasticity, G;= o
endochronic plasticity, microplane theory, damage and Ei(1+vy)+E; (1+vy)
fracture mechanics, just to cite a few examples.

The application of the concrete constitutive law tothe |5 3 finite element setting, the incremental stress—

3D finite element analysis of concrete and reinforced srain relation with respect to the orthotropic axes must
concrete structural elements and subassemblagege rotated into the global reference system. This is done
necessitates the availability of models that are both py ysing the rotation matriX that contains the direction

mechanically justified and computationally robust. Mod- cosines of the orthotropic axes with respect to the global
els should be able to simulate the most important charac-reference system:

teristics of the monotonic and cyclic response of concrete
under triaxial states of stresses, while maintaining a cer-C=T'CoT (4)
tain computational simplicity to allow analyses of struc- \,nere C is the material matrix in the global reference
tural elements with reasonable computational efforts. system.

These requirements have led the authors to the develop-

ment of a 3D model that relies on the concept of equival-
ent uniaxial strains. The proposed model is orthotropic,
with the axes of orthotropy parallel to the principal stress
axes. The model has also been called hypoplastic, from
the definition given by Kolymbas [11].

(3)

3. Equivalent uniaxial strain

The equivalent uniaxial strain is a fictitious strain with
no precise material meaning. It is used to de-couple the
3D material response into three uniaxial constitutive
laws. Darwin and Pecknold [6] first introduced the con-
cept. For given principal stresses, the equivalent uni-
daxial strainsg,; are the strains that would induce the
same stresses on the equivalent uniaxial stress—strain
curves. The material parameters that define the equival-

tropic model with the axes or orthotropy parallel to the ent uniax_ial stregs—strain curves depend on the current
stress ratio, as discussed later in the paper. The equival-

principal stress directions. Principal strain and principal Nt uniaxial strain e tvpically derived from the fol
stress directions are not coaxial. The model is based onC ' Yniaxial straing,; are typicafly derived 1o efto
lowing incremental law:

the concept of equivalent uniaxial strains introduced by
Darwin and Pecknold [6], Bashur and Darwin [2] and dog;
Elwi and Murray [7]. With respect to the orthotropic dey E ()
axes the incremental constitutive equation is written: '

2. 3D concrete model
It is commonly accepted that concrete can be modele

as an initially isotropic material with stress-induced ani-
sotropy. The proposed 3D constitutive law uses an ortho-

where @&y are the increments of the principal stresses

do=C, de 1) and E; is the material modulus. The above incremental
where & and ¢ are the stress and strain increments, relation can be written in terms of total incremeni (
respectively, andC, is the following material matrix: is the secant modulus), step incremeng (s the
incremental secant modulus), or infinitesimal increments
Co ) (E; is the tangent modulus). In the current implemen-
E1-vaava)  Ex(vartvovs) Ex(Vartvavs) 0 0 tation of the model, the strain increment is the total strain

from the last load reversal, thus the total secant modulus
is used. The total equivalent uniaxial strain is defined as

0
Ex(Vigtviava) Ex(1-Vviava)) Ex(Vaztviva) O 0 0

0 : . .
the integral of the incremental strains,d

71 Ea(VigtVisVas) Ea(VastViaVar) Es(1-vigvar) O 0
20 0 0 G 0 0

0 0 0 0 Gu0 0
0 0 0 0 0 Gl €,= | dey (6)

wherev; is the transverse strain ratio for strain in the
direction caused by stress in thalirection (, j=1, 2,
3); 0=1-Vp1V1p—Va1Viz—VaVas— ViaVosVar— VaiVasVis,

E; is the material modulus in thiedirection of orthotropy eu=> A,

(i=1, 2, 3); andG; is the shear modulus in thiej plane. It is important to note that neither incremental nor

In practical applications, the infinitesimal incremest;d
is substituted by a finite incrementAe,, and
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total equivalent uniaxial strains transform in the same 4. Ultimate strength surfaces and current material

manner as real strains. They are fictitious strains definedstrength

in the current principal stress directions. If Egs. (1) and

(5) are compared, the equivalent uniaxial strain As previously discussed, the uniaxial stress—strain

increments €, can then be related to the true strain curves are used to define the current material properties,

increments in the current orthotropic axes [7,1]. Eq. (1) in particular the current stresses and the material moduli.

can be rewritten in the form: The stress—strain curves are functions of the peak
stressed, and the corresponding straiag, where the
subscripti indicates the three principal stress directions.
fs and ey are defined by two ultimate envelopes, one

do, de, in the principal stress space, the other in the equivalent
uniaxial strain space. The ultimate stress and strain sur-

do, =EH de; @) faces, as well the procedure to determine the current
dos des peak stress and the corresponding strains are discussed
hereafter.
The ultimate stress surface defines the ultimate stress
or values f.,, fo,, f for a given principal stress ratio
Op1/0p,/0p3. These are not failure points, but rather com-
binations of maximum stress values. The ultimate stress
surface of concrete used in this work is a modification
do, deya of the five-parameter surface of Willam and Warnke
do, b=E{ de,, 8) [21]. The modified surface is shown in Fig. 1 and is
described by the following equation:
dos deys
with:
T
2+Al ~2r(e, ¢)+0, |[+B=0 9)
2
E, 0 O
E=|0 E, O wherer(e, ) is the polar radius as defined by Menetrey
0 0 E and Willam [14]:
3
an?+b?
reg)= (10)
an+b,a(n*-1)+b
with
(1-voava) ) (Vor+VogVa)/) (Va1tVaivs))/(2 2_f2 2f ,
H=| (Viz+tV1avs)/ Q2 (1-viava)/Q  (Vartvivs)/(2 A= of, (2+a); B=- 9
(VigtViaVag) 2 (VagtvigVo )2 (1-vi5V59)/(2
Compression Meridian
T 01 of Failure Surface
J: B a Compression Meridian
d€u1 d€1 fo T, , of Cap Surface
t
de,, p=H{ de, P bj_ d:
deys des ! t Tr| fde Extension Meridian
c of Cap Surface
- . : . i fre
Even though the above definition of the equivalent uni- \cx}
axial strain increments is often used for theoretical pur- 0r= Extension Meridian
poses in presenting the concept of equivalent uniaxial of Fallure Surface

strains, the equivalent uniaxial strains are typically COm- Fig. 1. Concrete ultimate surface with cap model in the Rendulic
puted based on Eg. (5). plane.
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and wherex=f/f. is the material brittlenes$,, f, are the
uniaxial compression and tensile strength, respectively,
and a=l—¢, b=2e—1, N=2 cos(p).

¢=% arccos[(3/3/2)(J4/(J,)*?)] is the Lode angle of orien-
tation of the stress-point in the deviatoric plane with
and J; being the second and third invariant of the devi-
atoric stress tensoe.is the eccentricity [14] that defines
the out-of roundness of the deviatoric section of the fail-
ure surface and is expressed in terms of the material
brittlenessa as:

_2+o

= (11)

e

The polar radius in Eq. (10) defines the form of the
ultimate surface in the deviatoric plarg=const. For
0.5=e=<1.0 it describes a smooth convex (elliptical)
curve, as depicted in Fig. 1.

The compressiong=60°) and the extensiong&Q°)
meridians of the ultimate surface are shown in Fig. 1 on
the Rendulic plane. These sections are parabolic curves
which pass through a set of characteristic points, namely
the points of uniaxial compression and tensile strength
(f., f, respectively), the point of biaxial compression

strength (defined as[;cc:%[(l—a2)+\/(1—oc2)2+16]), and

the point of equi-triaxial extension (defined &s—
B/A=2f/[(1—0o?)(2+a)]).

In order to account for the material strain hardening
and the strength limits under tri-axial compression, a cap
surface is introduced, that is described by the follow-
ing equation:

( )— i
R CY)
wherer(e, ¢) is the polar radius defined by Eq. (10),
with e being the eccentricitg=7/t.. The parameters,

(12)

andr, represent the interceptions between the cap surface

and the compressionp£60°) and the tension ¢=0°)
meridians, respectively (Fig. 1). These curves are func-
tions of the hydrostatic stress and are defined by the fol-
lowing quadratic equations:

t={[(1¢+bo)*+ad] oot (frtar)] *}5-be

t={[(zf+b)*+af] -[oo*(frta)] b

where

L e
¢ 2(fnk+T))

f, is the hydrostatic pressure at which the cap surface
touches the failure surfack, is the parameter specified

(13)

» 8= (¢ +bo)ks
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meridians and., k. are the slopes of the failure surface
compression and tension meridians, respectively, at the
point where the cap surface touches the failure surface.
Fig. 1 shows the compression and extension meridians
of the cap surface as well as the parameters that appear
in the definitions of Eq. (13).

The determination of the current concrete strength
valuesf.,, f., andf.; is based on the ultimate strength
surface in Eq. (9) and is defined as follows. If a point
Mo, 05, 05) on the loading trajectory in principal
stress space represents the current stress state of the
material in Fig. 2(a), then a line that extends from the
origin through the current stress point penetrates the ulti-
mate strength surface at poi(f.,, f.,, f.5). When load-
ing reversal takes place, the origin is shifted to the point
defined by the three principal stresses at the point of
reversal.

In a similar manner, the ultimate surface in the equiv-
alent uniaxial strain spacag,, €,, andes is used for the
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in Fig. 1, 75, ¢ are the octahedral shear stresses at the
points where the cap compression and tension meridiansrig. 2. Definition of current material strength and softening para-

respectively, touch the corresponding failure surface

meters.
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determination of the current ultimate equivalent uniaxial e

strainseg,, €., and e.,. It is postulated that there is a K<g>

surface in the equivalent uniaxial strain space that haso=fc——— (15)

the same shape as the ultimate strength surface [5,7]. 1+(K_1)<8>

This surface is based on Eq. (9), whergis substituted &

by 802(8u1+8u2+8u3)/3, To by 70:[(8u1_£u2)2+(3u2_ where the exponen{:K/K—l_

€ua)**(Eus—€,)’133, fe by £ andf, by &.. Egs. (14) and (15) define the material response in uni-

axial compression. Similar equations are defined in ten-
sion, with initial stiffnessE, and peak poing, f.. The
monotonic compression and tension envelopes are
shown in Fig. 3.

The uniaxial law is used to compute the material

The concrete constitutive laws based on the equivalentresponse in the three principal stresses—equivalent uniax-
uniaxial strain concept proposed to date use the uniaxialial strains directions. The values of the peak points
constitutive law proposed by Saenz [16] to describe the f4 (i=1, 2, 3) are computed from the ultimate strength
response of concrete in compression. This curve is verycurves previously defined, based on the current principal
convenient because a unique equation describes both thetress and equivalent uniaxial strain ratios. On the other
ascending and the post-peak softening response. The lavhand, the definition of points;, f; that control the post-

5. Uniaxial stress—strain envelopes

is defined by the initial stiffnesg,, the peak point,, peak response of the stress—strain envelope is not poss-
f. and a post-peak poiat, f; that determines how rapidly  ible on a rigorous experimental base because of the test-
the material softens. The constitutive equation is: dependency of the post-peak branch [7,20,9]. However,
instead of the approach by Balan et al. [1], the stfess
K(€> of the post peak point is assumed to depend.owhich
& increases with the level of lateral confinement. Based on
o= c e\2 [e)\3 (14) a number of experimental results, the following
l+A(>+B() +C( ) expression was implemented:
where the following notation is used e=4¢,, f,=fc(5—ff°,) :—354.3 (16)
K:EO% ngﬁ K(,:E The above equation models the experimentally observed
fo 7 & f; shift from brittle to ductile behavior in axially loaded
(K-1) 1 specimens under increasing lateral confinement.

A=C+K-2B=1-2C C=K

(Ks_l)2 Ks
6. Poisson ratio

Eq. (14), however, works well only ifE/E.=2
(whereE=fJe.), that is when the secant modulus at the
peak point is no larger than half the initial modulbBg
If this condition is not satisfied, then the curve has a
double curvature between the origin and the peak point,
that causes the material stiffness to initially increase )
before returning tdE, and eventually decreasing. This GO |Popovics Curve Saenz Curve
problem can be partially corrected [4] by freeziBgE, fe
to a maximum value of 2, independently of the actual
modulus ratio.

In the present work a different approach is followed.

Two curves are used to describe the material response fr 7
in uniaxial compression. The curve proposed by Popov-
ics [15] describes the ascending branch up to the peak
point, while the curve of Saenz [16] is used for the post-
peak response. This approach avoids any limitation in  1gngion Compression
the curve definition, while retaining the continuity and —J € € gc‘
smoothness of the response in the pre- and post-peak

ranges. Popovics’ curve is defined by the following equ-
ation: Fig. 3.  Monotonic uniaxial strain curve in tension and compression.

The definition of the transverse strain ratiofsn Eq.
(2) is an important step in the formulation of the concrete
law. It is typically assumed [5] that Poisson’s ratidor




338 T.A. Balan et al. / Engineering Structures 23 (2001) 333-342

concrete ranges between 0.15 and 0.22. However, it haghe definition of the constitutive law. Unlike the law
been experimentally observed that the apparent Pois-presented by Balan et al. [1] no special rules have to be
son’s ratio is constant only for uniaxial stresses smaller established to define the material post-peak behavior
than approximately 80%,.'. As the peak strength is after compression crushing or the post-peak behavior
approached, Poisson’s ratio increases and becomes eveafter cracking in tension. The expression 2y in Eq.
larger than 0.5 in the crushing phase. This dilatancy (2) is used for any loading or reloading conditions, using
phenomenon is due to the growth of unstable micro the current material parameters derived from the uniaxial
cracks near and after the peak stress. constitutive laws in the principal stress directions. This
The following expression is used in the proposed leads to a much simpler numerical implementation of
constitutive law to define the transverse strain ratios: the material model and avoids some of the numerical
convergence problems encountered with the original
Vij:\/vuivqui (17) mode'l. [1], in partic_ular under_non-proportional Ioadi.ng
E conditions. Every time unloading takes place, the origin
of the incremental law is shifted to the last reversal point.

where v, is the uniaxial transverse strain ratio in the
directioni. The above definition of,; guarantees sym-
metry of Cy in EQ. (2). The following expression is used
to definev,;:

1 Iy £i\? i\ The 3D constitutive law has been implemented in the
Vui:V0[1+K{Ai< )+Bi<) +Ci() H (18)  finite element program FEAP [19] as a stand-alone rou-

Y tine (driven by a material driver that allows both stress,
wherev, is the initial Poisson’s ratiody, B;, C; are the  strain and mixed loading) and in commonly used for
same parameters as used in Eq. (14) Wifhl/2vo and  solid finite elements. The constitutive law is entirely

8. Behavior of 3D constitutive law

Cl

Cl Cl

K, defined as: based on the de-coupling of the principal stresses and
Eote equivalent uniaxial strains. The major difference with the
K= model previously presented by Balan et al. [1] is that no

e special provision is taken for post-peak behavior after
Eq. (18) is similar to the cubic expression defined by crushing in compression or cracking in tension. The con-
Elwi and Murray [7] and later used by Balan et al. [1]. tinuous equivalent uniaxial laws entirely govern the
The K, coefficient has been added here to prevént material response, based on the incremental secant
in Eq. (2) from approaching a zero value or becoming constitutive law given by Eq. (2). The principal stress
negative. The limit value of2=0 describes an incom- axes are allowed to rotate and are not coaxial with the
pressible material and creates serious numerical prob-principal strains. Bouzaiene and Massicotte [4] (who
lems in the finite element implementation of the consti- assume that the axes of orthotropy are parallel to the
tutive law. principal strain axes) comment on the numerical advan-

tages of assuming the axes of orthotropy to be parallel

to the principal directions (either stress or strain). Arbi-
7. Cyclic behavior trarily oriented orthotropic axes would greatly compli-

cate the formulation of the constitutive law, whose main

The complete implementation of the proposed consti- advantage is indeed its simplicity and conciseness.
tutive law necessitates the definition of the cyclic =~ Some authors have argued that orthotropic models are
behavior under an arbitrary load history. Following not invariant. This implies that the same load history
Balan et al. [1] the loading/unloading criterion is based applied under a different set of reference axes would

on the definition of the following loading function: yield different results, in particular different principal
I strains and different strain directions. This possible

. \/851+852+853 (19) shortcoming is discussed at length in Bazant [3], where
£2,+e%,+e2, specific examples are presented to illustrate the lack of

invariance. Bazant [3] asserts that only when the princi-
pal stresses are parallel to the principal strains (which
leads to a unique expression of the shear moduli) is the
model tensorially invariant and hence fully consistent.
Bouzaiene and Massicotte [4] follow this approach.
f>f,..x loading The authors have reproduced the same examples of
Bazant [3] and several more and have found that the
model proposed in this study is tensorially invariant and
The above loading and unloading conditions complete hence fully consistent. The main reason for the consist-

whereg, ande, are the equivalent uniaxial strains and
ultimate strains, respectively. I, is the maximum
value of the loading function up to the current load step,
the loading and unloading conditions are:

f=f,..x unloading
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ency of the proposed orthotropic model lies in the fact the cap model, the other the post-peak behavior para-
that even though the model is incremental, the total meters. As the lateral confinement increases, the loading
secant form of the material matri€, is used in the  direction moves closer to the hydrostatic axis, thus the
constitutive law of Eq. (1). Also, the transformation ultimate strength concrete parameter used in the equival-
matrix T in Eq. (4) is the rotation matrix between the ent uniaxial laws are selected from the cap surface. As
current orthotropic axes and the total reference system.for the post-peak behavior, this is governed by the pos-
With the proposed model, consistent stress and strainition of point €, f, in Fig. 3. This point, fixed in the
rotations lead to identical results, independently of the original work by Balan et al. [1], is a function of the
set of reference axes, for applied stresses of differentpeak stres$. according to the formula of Eq. (16).
magnitude up to the peak response. Hurlbut [8] extended the work by Smith et al. [18] to
cyclic confined compression tests. The experimental and
analytical results for three different tests are shown in
9. Model verification Fig. 5. The three cases refer to different levels of lateral
confinement,o,,=0, 0.1 and 1 ksi, respectively. The

To establish the validity of the material model, corre- unconfined concrete material properties used for the
lation studies between analytical results and experi- analyses were=2.77 ksi, f=0.28 ksi, E;=2400 ksi,
mental tests are presented hereafter for concrete speciv,=0.2,6,=0.00235£,=0.00014. The correlation between
mens under triaxial loading conditions. All the results analytical and experimental results is good. The model
were obtained using the finite element program FEAP is able to represent the changes in peak stress and strain
[19]. Some of the results were obtained with an eight- and the effects of confinement in the post-peak range.
node brick element, others using a constitutive driver for The adopted scheme for unloading and reloading also
3D constitutive laws that can apply stress-, strain- and leads to good correlation in the partial unloading—
mixed-control loading histories. reloading cycles. Some of the discrepancies in the results

The first application is a series of uniaxial tests under are due to the procedure followed in the numerical tests.
constant lateral confinement conducted at the University Mixed control was used to trace the stress histories, with
of Colorado, Boulder [18]. The main scope of these tests imposed axial displacements and constant lateral confin-
was to show the transition of the concrete behavior from ing stresses. Fig. 6 shows the experimental and analytical
brittle-softening to ductile-hardening as the lateral con- results for the biaxial compression tests conducted by
finement increases. The experimental and analyticalvan Mier [20]. This is a case of proportional biaxial load-
results in the vertical loading direction are shown in Fig. ing, with ;=0 and 0,/0,=10. The material properties
4. The unconfined material properties used for the analy- used for the analyses wefig7.2 ksi,f;=0.5 ksi,E;=3700
ses weref:=5.0 ksi, f=0.5 ksi, E;=2400 ksi, v4=0.2, ksi, v4=0.2,£.=0.0034,6=0.0002. Experimental and ana-
£.~0.004,=0.0002. The values af,,, the constant lat- lytical results match well, especially in the loading direc-
eral compressive stress, are indicated, for the differenttion €,, o,. The discrepancy in the unconfined direction
tests in Fig. 4. The above-mentioned transition between 3 is due to the limit value of the Poisson ratio. In order to
brittle and ductile is clear in both experimental and ana- assure numerical convergeneeis limited to 0.5, while
lytical results. In order to obtain good correlation with experimental results show values of the apparent Poisson
the original results by Smith et al. [18] two aspects of ratio larger than 1, due to the opening of large vertical
the constitutive law must be carefully selected. One is cracks [12]. Furthermore, the experimental results show
a somewhat puzzling response in direction 3 for low
stresses. The specimen first appears to contract in the
unconfined direction 3, and then changes this tendency
and starts expanding very rapidly. This seems to indicate
a measurement error or other boundary effects that can-
not be captured by the analytical model.

Finally, an example of triaxial non-proportional load-
ing is presented. This is an important test, since the most
demanding stress histories in concrete analyses are those
with non-proportional loading. The test results are part
of the extensive experimental results conducted at the
University of Colorado, Boulder by Scavuzzo et al. [17].
The material properties used for the analyses g5

0.00 oo 002 008 008 ksi, f=0.3 ksi, E;=3500 ksi, vo=0.2, £~0.00215,
Axial Strain €, £=0.0002. Fig. 7(a) shows the loading path in the princi-
pal stress space as a function of the applied loading step.
Fig. 4. Monotonic confined compression tests by Smith et al. [18]. The specimen was first loaded along the hydrostatic axis

Axial Stress g, (ksi)




340 T.A. Balan et al. / Engineering Structures 23 (2001) 333-342

10 ‘

Experimental ‘
Analytical

12 . eg-o1 | |=-=--- €1 - o1
\“ // -
10 = k
£ s \ a
3 ||
£ = 4
3 6 7] y
3 2
g a4 2 \
< £2 - 02=0.1¢1
2 Y ;
-0.002  -0.001 0 0.001 0002 0003 0.004
o ‘ Z .
0 20 40 60 80 100 Strain
(b) i s . o .
Avial Displacement (inx10") Fig. 6. Biaxial test by van Mier [20].
20
18
16 10. Conclusions

== Experimental
—— Analytical

The general formulation of a three-dimensional
material model for the nonlinear finite element analysis

Axial Load (kips)
=

Y L 7 A/ of concrete structures under short term, cyclic, non-pro-
j - o =0 lksi portional _Ioads is pr_esented in this paper. The law is an
, far =Y orthotropic model with the axes of orthotropy parallel to
o the principal stress directions. Principal stress and princi-
0 20 40 60 80 100 pal strain directions are not parallel. The model builds

on the concept of equivalent uniaxial strains first pro-

(¢) Axial Displacement (inx10°)
2 posed in Darwin and Pecknold [6] and Bashur and Dar-
win [2]. Ultimate strength and strain surfaces are used
25 in the principal stress and equivalent uniaxial strain
/ ,,;.’5" spaces to find the material characteristics of the principal
g2 f 4 stress-equivalent uniaxial strain curves. The ultimate sur-
f 15 B *** Exporimontsl face is that proposed by Willam and Warnke [21], with
8 i ? i a cap surface added to account for loading along or near
g 10 ' the hydrostatic axis.

The model is general and can describe monotonic and
cyclic loading, as well as proportional and non-pro-
» portional loads. Post-peak crushing in compression and
0 2 o & 8 100 cracking in tension are included. Furthermore, the model
Axial Displacement (inx10°) accounts for the transition between brittle-softening to
ductile-hardening response in compression under
Cisplacement reaponse fo compresaion without confining pressure: (b) Trcasing 1ateral confinement, The cyclic behavior is
Ioaz—displacemeflt response fopr compression with 1oogppsi confin’ing d.escnbeq by Shlftlng the Ioadlng curve to the last inver-
pressure; () load—displacement response for compression with 1000510N  point.  The model has been successfully
psi confining pressure. implemented in the finite element code FEAP [19] as a
constitutive model driven by either finite elements or by
a constitutive driver that allows different mixed control
up to o,=—6 ksi. The stresses were then modified by techniques to be applied, including shear stresses and
cyclic loading on the corresponding deviatoric plane. strains.
The results are illustrated in Fig. 7(b—d). The correlation  Correlation studies with available experimental tests
between experimental and analytical results is good evenshow very good predictions with the numerical model.
for such a complex loading history. The analytical Satisfactory responses are observed under monotonic,
results were obtained using stress-control, and since thecyclic, proportional and non-proportional load cases.
specimen shows an almost perfectly plastic response, theThe model simplicity makes it particularly attractive for
response is very sensitive to even small stress changeshe study of reinforced concrete sub-assemblages where
This explains the difference in strain prediction between numerical efficiency is important to minimize compu-
analytical and experimental results. tational costs.
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Fig. 7. Cyclic triaxial compression tests by Scavuzzo et al. [17]: (a) applied stress histories; (b) response in direction 3; (c) responsein directio
1; (d) response in direction 2.
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