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Abstract

This paper presents the formulation of a material model for the analysis of concrete under multiaxial, cyclic loading
conditions, and its use for the analysis of failure of reinforced concrete structures. The model combines an elastoplastic
formulation with a non-associative flow rule to capture compression-dominated behavior and a rotating smeared-crack
model to capture the tension-dominated behavior. The proposed formulation resolves the issues which exist in many
available concrete material models, related to properly capturing the crack opening and closing behavior and accounting for
the effect of confinement on the strength and ductility under compression-dominated stress states. The concrete material
model is combined with a constitutive model for reinforcing steel which can account for the hysteretic response and for the
material failure due to low-cycle fatigue. Validation analyses for reinforced concrete components show that the analytical
models can capture the damage patterns and the hysteretic response.

Keywords: Triaxial Constitutive model; Concrete structures; Cyclic loading; Confinement effect; Rebar Buckling and
Rupture;

1. Introduction

Reinforced concrete (RC) structures constitute a significant portion of the building inventory in
earthquake-prone regions. The quantitative evaluation of the performance of such structures to extreme loading
events such as earthquakes is instrumental for characterizing the safety and resilience of built communities.
Cyclic loading induced by earthquakes leads to the formation of cracks in the concrete. Additionally, significant
compressive strains are expected to occur in, e.g., the compression zone of the inelastic hinge regions in flexural
members such as beams or columns. Modern design standards stipulate that, for structures located in regions
with high seismicity, inelastic deformability of the concrete under compression must be ensured by means of
transverse reinforcement which leads to the development of a confining pressure. This confinement effect has
been found to lead to an increase in the compressive strength and ductility of concrete (e.g., [1],[2])-

Typically, the analysis of RC structures such as frames and walls is conducted with models based on
uniaxial stress-strain laws. Such models are numerically efficient and allow systematic parametric investigations,
but they inherently lack the capability to accurately describe the behavior of regions like beam-to-column joints,
shear keys etc., where multiaxial stress states may develop in the concrete. Additionally, the effect of
confinement contributed by the transverse reinforcement is accounted for in these models in a simplified fashion,
i.e. by a prior adjustment of the parameters of the uniaxial material laws using simplified equations (e.g., [1]).
The only means to accurately determine the behavior of regions where multiaxial stress states develop is to use
continuum-based finite element analyses with appropriate constitutive models which can capture the interaction
of the various stress and strain components.

A number of triaxial constitutive models ([2]-[11]) have been formulated and proposed for concrete. As
explained in a recent study by Moharrami and Koutromanos [12], these models have either been limited to
monotonic loading conditions, have been unable to accurately capture all aspects of material response, or have
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been characterized by inability of the stress update algorithms to converge. Given the issues pertaining to
available multiaxial constitutive models for concrete, a sufficiently accurate and numerically efficient material
model to allow the analysis of RC components under cyclic loading is much needed. The present paper describes
the formulation of a material model for the analysis of RC structures, with an emphasis to analysis under
earthquake loads. The model has been combined with a recently developed material law for reinforcing steel
which can capture the hysteretic response and rupture due to low-cycle fatigue. Validation analyses are
conducted for reinforced concrete components subjected to cyclic loads and incurring severe damage in the form
of cover loss, rebar buckling and subsequent rebar rupture.

2 Description of Model

The model described herein can capture all the aspects of behavior, such as compressive crushing, strength
and stiffness degradation due to cracking, and the effect of confinement on the material strength and ductility.
The strain vector is essentially decomposed into three parts, namely an elastic part, a plastic part and a cracking
part. The plastic part is to capture inelastic strains associated with compressive stresses. A detailed description of
the model formulation is provided in [12]. The same reference presents parametric analyses elucidating the effect
of mesh size, the need for adjusting (regularizing) the compressive softening law with element size and the
impact of alternative yield surfaces on the obtained results. An overview of the salient features of the material
model is provided here for completeness.

2.1.1 Elastoplastic Model for Uncracked Material

The behavior of the uncracked material is governed by an elastoplastic constitutive model. The
formulation is established in total form, in accordance with the following equation.

{o} =[D]{e"} =[D]({e} - {e"} - {e}) (1)
In Eq. (1), {c} is the stress vector, {¢} is the elastic strain vector, and {&}, {¢"}, {¢"} are the total, plastic, and

cracking strain vector, respectively. The stress-strain law can be formulated in the principal stress-strain space as
follows.

(8} =[D]{e} @
where {6} and {ée'} are column vectors containing the principal stresses and principal elastic strains,
respectively. Assuming that the elastic stiffness matrix, [Iﬁ] , is that of an isotropic material, its components can
be expressed in terms of the elastic modulus, E, and Poisson’s ratio, v, as follows.
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The yield surface in the principal stress space is described by the following equation.

({G} )——[a I, +1(0, e)ﬁ} ¢, (k)= (4)

Parameters I; and J, in Eqg. (4) are the first invariant and second deviatoric invariant, respectively, of the stress
tensor, c. is a strength parameter which can be shown to be equal to the uniaxial compressive strength, k is a
hardening parameter expressing the cumulative effect of inelastic deformation, o is a material parameter, and
r(0,e) is a radial distance which itself is a function of eccentricity, e, and the Lode angle, 0, as explained in Kang
et al. [13]. The shape of the yield surface on the deviatoric plane as compared to the well-known Drucker-Prager
surface is shown in Fig. 1a. The proposed yield surface is inscribed to the Drucker-Prager one. It is worth
mentioning that, as the confining pressure increases, the two surfaces become more and more similar.
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The growth rate of the plastic strains was defined using the following equation. The value of o can be
determined from the following expression ([14]).

o= fb _fc 5
2f, —f, ©)
where f, is the uniaxial compressive strength of the material and f, is the biaxial compressive strength.

A rate equation is established for the evolution of the plastic strains. Specifically, each component of the plastic

strain rate tensor is obtained by multiplying a scalar plastic multiplier, 2 , with the partial derivative of a plastic
potential function, g, with respect to the corresponding component of the stress tensor.

. - 0g
gl =) =
] aGij (6)
The plastic potential function for the present model is described by the following equation.

g=a,-1,+2J, (7)

where a,, is a dilatancy parameter, controlling the volumetric expansion of the material due to inelastic behavior.
Differentiating Eq. (7) with respect to the stress components gives:

a—g—m = d + i 8
o, i = %0 \/ﬁ (8)

where §j; is the Kronecker delta and s;; is the ij-component of the deviatoric stress tensor.

The material model is preferably formulated in terms of the principal stresses, at which case the following
equation is obtained for each of the three principal directions of the rate of plastic strain.

il =x£ap+ J}] i=123 )

2

The strength of the material changes with the accumulation of inelastic strains in accordance with the
following hardening-softening law, originally used in [7].

c. ()= 2[(1+a)yo () -0 (x) |2 1., (10)

where f is the residual compressive strength in the material, k is a non-negative hardening variable which is
initially equal to zero, f, and a are material constants, and ¢(x) is an increasing function given by the following
equation:

¢(x)=1+a(2+a)x (11)
The evolution of « is governed by the following rate equation, which is an enhanced version of that
formulated by Lee and Fenves in [7].

d(1+x)2
:;’_2_9 e (12)
¢ (0

Smin

where g, is a material parameter giving the area under the plot of the hardening-softening law and &) is the
06|,

component of the rate of plastic strain vector in the direction of the minimum principal stress. The exponential

term, for which factor d is a user-defined constant, expresses the effect of pressure on the evolution of the

hardening variable. The pressure, p, is related to the first invariant of the stress tensor.

L (13)

p:—g
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The greater the pressure value, the greater the confinement effect on the material. The parameter X in Eq.
(12) is given from the following expression.

Il

N (14)

The exponential term in Eqg. (12) is equal to 1 for uniaxial compression and it decreases for multiaxial
compressive states, meaning that the evolution of the hardening-softening variable becomes slower for the case
of multiaxial compressive states. In this fashion, the exponential term, which was not present in the model by
Lee and Fenves [7], accounts for the increased ductility of confined concrete. In the limit, the value of X
becomes minus infinity for isotropic compression, meaning that there is no evolution in the hardening variable.
Of course, the case of isotropic compression cannot practically occur in the computation of X since isotropic
compression stress states are always purely elastic states in the proposed model.

X =

The variation of the strength parameter c. with « is presented in Fig. 1b. It is worth mentioning that the
maximum value of ¢, = f. is obtained for k = k,,, where «, is the value of k which gives a zero first derivative of
c.. In the analyses presented herein, f, is set equal to 0.66f.. The values of k, and “a” can be found if the strain
€, at the peak compressive strength and the area g. under the plot of the hardening-softening law are given, as
explained in [12]. The parameter g. can be obtained by stipulating that the area under the softening portion of the
hardening law is equal to the ratio G./h, where G. is a compressive fracture energy of the material and h is a
mesh size parameter for the finite element model. Lubliner et al. [14] have argued that G, cannot be identified
with a particular physical energy. Despite such objections pertaining to the existence of a compressive fracture
energy, the value of G, is established in the present study as follows. First, an empirical equation by Bazant [15],
providing the best fit to a large number of data sets, is used to calculate the tensile (mode-1) fracture energy, G,
of the material. Then, G. is obtained by multiplying G, by 100.

2.2 Rotating Crack Model for Cracked Material

If the cracking criterion is met in one of the principal directions — i.e., the stress in that direction is greater
than the cracking strength of the material, then the stress must be corrected to account for the currently active
crack. The principal stress of the cracked material is a function of the corresponding principal cracking strain in
accordance with the following equation.

nor A
Y & —Einj

G=c-[(1-M)e " +M (15)

where M is the fraction of residual tensile strength, &, is the strain at onset of softening and A, is a parameter

controlling the rate of tensile softening. The value of material tensile strength, c, is obtained by the following
expression.

¢, =f,if k<x,

(]

6= if K> (16)

Equation (16) implies that, if the material has reached the stage of compressive strength degradation, then
the tensile strength will be subjected to a similar reduction. For unreinforced concrete, the value of parameter i,
is obtained by stipulating that the area under the softening portion of the cracking stress-strain law is equal to the
ratio Gy/h, where G, is the tensile (mode-I) fracture energy of the material. For reinforced concrete, the values of
M and A, can be found using, e.g., the approach given by Lu and Panagiotou [16] which accounts for the tension
stiffening effect of the reinforcement. The softening law of the cracked material and the unloading-reloading
behavior in the cracked regime are schematically presented in Fig. 1c.
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Fig. 1 - Yield Surface and Hardening-softening law for elastoplastic model and crack stress-strain model

The behavior of the model at the material level is validated with single-element analyses. A first analysis
is used to determine the performance of the model for cyclic loading in the tensile regime. To this end, the
results of the experimental test by Gopalaratnam and Shah [17] are compared to the corresponding results
obtained with the proposed model in Fig. 2a. Additional single-element analyses are conducted to demonstrate
the behavior of the material under confined compression. Single-element analyses are performed for
monotonically increasing compression, under different levels of confining pressure, and the results are presented
in Fig. 2b. To allow the calibration of the dimensionless parameter d, which expresses the effect of confinement
on material ductility, the analyses have also been conducted using the model by Maekawa et al. [8], which has
been shown to be capable of capturing the increased material strength and ductility due to confinement. The
single-element analyses demonstrate that the proposed model can satisfactorily capture the cyclic crack opening
and closing and the effect of confinement on the strength and ductility of the material.
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Fig. 2 - Single element analysis results

3 Analysis of RC components under cyclic loading

The proposed model has been implemented in the commercial finite element program LS-DYNA [18] to
allow the simulation of structural components and systems under cyclic loading. An explicit transient integration
scheme is employed for the solution of the global equations in the models. Specifically, the global equations are
formulated as a dynamic problem, and a central-difference scheme is employed for integration of the global
response in time. In general, implicit static solution algorithms may be deemed preferable for quasi-static
loading, because they eliminate the possibility for spurious inertial effects on the solution. However, such
algorithms typically entail large memory requirements (due to the need to store a global tangent stiffness
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matfix). Furthermore, implicit schemes may not be appropriate for simulations of failure or collapse, due to the
probability of failure of the global solution algorithms to converge.

In the analytical models, the concrete is represented with three-dimensional, hexahedral solid elements,
having a uniform reduced integration (URI), i.e., a single quadrature point. While URI enhances the efficiency of
finite element formulations, by substantially reducing the computational cost stemming from the stress update at
the quadrature points of the mesh, it also entails the presence of spurious zero-energy modes (hourglass modes),
for which URI-based elements cannot develop resistance. For this reason, hourglass control is used in the
analyses presented herein, to prevent spurious zero-energy modes from polluting the obtained analytical results.
The stress-strain response of the solid elements is described by the constitutive model proposed herein, and the
calibration of the material parameters for the concrete model is summarized in Table 1.

In the analyses, the material response of the steel reinforcement is described by the formulation by Kim
and Koutromanos [19], which is essentially an enhanced version of the material model by Dodd and Restrepo
[20], eliminating the need for an iterative stress update algorithm and also accounting for rupture due to low-
cycle fatigue. The material model includes appropriate laws to capture the monotonic and cyclic uniaxial
response of reinforcing steel, as shown in Figs. 3a and 3b, respectively. The specific material law only requires
knowledge of the monotonic tensile response of reinforcement to calibrate all the parameters. The values of the
steel model parameters for the validation analyses are provided in Table 2. In accordance with Fig. 3a, E; is the
steel modulus of elasticity, f, is the yield stress, &g, is the strain at onset of strain hardening, e and fgy are the
strain and stress, respectively, at an intermediate point lying on the hardening portion of the monotonic curve, f,
is the ultimate strength and ¢, is the corresponding ultimate strain. The reinforcing bars are simulated with
corotational beam elements. This allows to inherently account for the effect of inelastic rebar buckling, without a
need to define initial imperfection on the beam elements, as also described in [8]. The effect of strain penetration
at the base of the RC components is also accounted for, by introducing one-dimensional contact elements
between the rebar elements and the surrounding solid elements representing the concrete. The traction-separation
law of the contact elements is defined along the axial direction of the rebars, and it essentially is a simplified
form of the bond-slip law of Murcia-Delso et al. [21].

Finally, the models employ element removal to capture the loss of cover concrete and the fracture of
reinforcing steel bars due to low-cycle fatigue.
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(a) Monotonic Tensile Response (b) Cyclic Hysteretic Response
Fig. 3 — Behavior of Reinforcing steel Model (figures from [19])

Table 1 — Calibration of Concrete Model Parameters for Structural Components

Specimen f. (MPa)| s, ap a d Gt (N/m) | G. (N/m) M
Beyer et al. [20] 779 |0.0025| 0.15 0.375 11.0 108.9 11980 0.025
Schoettler etal. [21]| 41.3 |0.0025| 0.15 0.375 6.0 83.6 9193 0.036
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Table 2 — Calibration of Reinforcing Steel Material Model Parameters for Structural Components

Specimen Bar |E, (MPa)| f, (MPa) €sh €sh1 fsn1 (MPQ) €4 fu (MPa)
Beyer etal, [22] | 2| 200000 | 518 0004 | 004 650 0.084 681
y ' ¥4 | 200000 | 488 0025 | 0.06 550 0.126 595
#11 | 195990 | 5185 | 0011 | 004 | 6067 | 011 706
Schoettler etal. [23] — 100000 | 377.8 | 0.002 0.04 517 0125 | 592.2

3.1 Analysis of U-shaped reinforced concrete wall under bi-directional quasi-static cyclic loading

The first analysis presented herein is conducted for a U-shaped RC wall specimen tested by Beyer et al. [22] and
referred to therein as specimen TUA. The specimen was subjected to bi-directional cyclic lateral loading until
the occurrence of severe strength and stiffness degradation due to rebar rupture and concrete crushing.

As shown in Fig. 4a and 4b, the height of the specimen was 2.65 meters (104 in), and the thickness of the
wall was equal to 150 mm (5.9 in). The boundary regions of the wall section included twenty-two longitudinal
bars with diameter of 12 mm (#4 bars) while the web portion of the wall section included a total of twenty-eight
rebars with a diameter of 6 mm (#2 bars). The transverse reinforcement at the wall boundaries consisted of
transverse ties with a diameter of 6 mm and a 50-mm spacing, while the web regions of the wall section included
transverse bars with a diameter of 6 mm and a spacing of 125 mm (4.9 in). The specimen was restrained against
rotation at the base and subjected to prescribed cyclic bi-directional displacement history. The displacement
histories were applied at a height of 2.95 m (116 in) and 3.35 m (132 in) for loading in the X and Y direction,
respectively.

1050 mm

a) Plan View b) Isometric View c) Computational Model
Fig. 4 - Configuration and computational model of RC wall tested by Beyer et al. [22]

The finite element model of the wall specimen is depicted in Fig. 4c. Since the model used an explicit
dynamic time-marching scheme to simulate quasi-static loading. For this reason, special care was taken (by
applying the prescribed displacements at a very slow rate) to ensure that the analytical solution would not be
affected by dynamic effects. The analytically obtained hysteretic response of the specimen is compared to the
corresponding experimental observations in Fig. 5. As can be seen from Fig. 5, both the maximum strength and
the initial stiffness of the specimen is well predicted in Y direction, and they are only slightly underestimated for
the X direction. The analysis also provides a satisfactory representation of the hysteretic response of the
specimen.
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In both the analytical model and the experimental test, severe damage occurred due to rebar fracture, as
shown in Fig. 6. Similar to the experiment, the first rebar rupture in the analysis occurred during the first loading
cycle with a drift ratio of 2.5% along the X direction. Additionally, the analytical model successfully captured
the damage associated with cover spalling and flexural and shear cracking in the specimen, as depicted in Fig. 7.
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Fig. 5 — Comparison of analytically obtained and experimentally recorded hysteretic response for the RC wall
specimen tested by Beyer et al. [22].
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Fig. 6 - Rebar rupture in the U-shaped wall tested by Beyer et al. [22].
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Fig. 7 - Cover spalling and cracking in the U-shaped wall tested by Beyer et al. [22].
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3.2 "Analysis of a full-scale reinforced concrete bridge pier subjected to seismic loading

Analysis is also conducted for a full-scale, reinforced concrete, bridge column tested by Schoettler et al. [23].
The column was designed based on modern seismic provisions and subjected to the sequence of ten ground
motions. The column had a height of 7.31 m (288 in) and a circular cross-section with a diameter of 1.22 m (48
in) with eighteen #11 vertical rebars. The transverse reinforcement consisted of double #5 ties at a spacing of
152 mm (6 in). The column configuration and reinforcing details are depicted in Fig. 8a. The specimen was
restrained against rotation at the bottom of the footing, and a concrete block with a total weight of 2.32 MN (521
kips) was added on top of the specimen to represent the seismic mass. The finite element model of the specimen
is presented in Fig. 8b and has been analyzed for the entire motion sequence of the specimen.

A finite element model including solid elements for concrete, beam elements for reinforcement, and 1D
contact elements to account for bond-slip, is developed for the column as depicted schematically in Fig. 8b. The
analysis is conducted for the entire motion sequence applied on the specimen.
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(a) Dimensions and reinforcement detail (b) Finite element model
Fig. 8 - Configuration and analytical model for the column tested by Schoettler et al. [23].

The analytically obtained drift time histories for nine out of the ten motions of the sequence are compared
to the corresponding experimental records in Fig. 9. A very good agreement is obtained in terms of predicting
the peak displacements and drift histories, except for the last motion in the sequence. During the experimental
test for that motion, the column came to contact with a safety support tower that was provided to prevent damage
on the shake table from total collapse of the specimen. Since the effect of this support tower is not accounted for
in the analytical model, a discrepancy between analysis and experiment is expected for this motion.

Similarly to the experimental test, the analytical model predicts that first yield of the longitudinal
reinforcement occurs during the third ground motion. During the same motion, concrete cover spalling is
observed for the first time in the analytical model, as depicted in Fig. 10a. During the fifth and sixth motions,
more extensive loss of cover material occurred in the test, and more cover elements are removed in the analysis,
as shown in Fig. 10b. At the end of the sixth motion, the core concrete in the vicinity of the base of the column
was significantly damaged, as shown in Fig. 11. The experimental test specimen eventually incurred significant
damage in the form of rebar buckling and subsequent rupture, as shown in Fig. 12a. In the analytical model, the
buckling of rebars is visually observed during the seventh motion, similar to the corresponding experimental
observation, and it is significant during the eighth motion, as shown in Fig. 12b. Additionally, as depicted in Fig.
12c, the first rebar rupture is obtained during the eighth ground motion, which was also the case for the
experimental test.
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4. Conclusions

A novel triaxial constitutive model has been formulated and used for the analysis of reinforced concrete
components and systems under cyclic loading. The model can capture all the significant aspects of material
response under earthquake loads, such as the crack opening and closing and the increased material strength and
ductility for confined compression. The model has been combined with a recently developed uniaxial stress-
strain law for reinforcing steel and used in finite element analysis of components undergoing severe damage due
to cover spalling, rebar buckling and subsequent rebar fracture. The analyses using the material model presented
herein have been found capable of reproducing the global response and damage accumulation for experimentally
tested specimens.
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