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Abstract

In this study, a numerical model for the simulation of reinforced concrete columns subject to cyclic loading is
presented. The model consists of three separate models representing concrete, reinforcing steel bars and bond-slip
between a reinforcing bar and ambient concrete. The concrete model is represented by the plane stress plastic-
damage model and quadrilateral finite elements. The nonlinear steel bar model embedded in truss elements is used
for longitudinal and transverse reinforcing bars. Bond-slip mechanism between a reinforcing bar and ambient con-
crete is discretized using connection elements in which the hysteretic bond-slip link model defines the bond stress
and slip displacement relation. The three models are connected in finite element mesh to represent a reinforced
concrete structure. From the numerical simulation, it is shown that the proposed model effectively and realistically
represents the overall cyclic behavior of a reinforced concrete column. The present plastic-damage concrete model
is observed to work appropriately with the steel bar and bond-slip link models in representing the complicated lo-

calization behavior.
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1. Introduction

The computational simulation of damaged reinforced con-
crete members subject to cyclic and dynamic loading is im-
portant in the performance evaluation of newly designed and
existing structures. For the accurate and reliable simulation
of the damaged structural behavior, the effect of shear and
bond-slip in the damage evolution should be modeled appro-
priately. In this study a numerical model for the simulation
of reinforced concrete structures under the substantial
amount of inelastic cyclic displacements is presented. The
model consists of three separate models representing con-
crete, reinforcing steel bars and bond-slip between a rein-
forcing bar and ambient concrete or foundation anchorage.

The present concrete constitutive model is based on the
plastic-damage model suggested by Lee and Fenves.!"” The
plastic-damage model is derived from the Barcelona con-
crete model” by defining two damage variables, one for
tensile damage and the other for compressive damage. The
evolution equations for the hardening and degradation vari-
ables are obtained from the factorization of the stress
strength function.
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A simple and thermodynamically consistent degradation
recovery scheme is introduced to simulate cracking closing
and reopening. To ensure a well-posed structural system, a
rate-independent version of the" plastic-damage model is
regularized by introducing a viscoplastic concept into the
inelastic strain and degradation variables.

The cyclic behavior of longitudinal and transverse rein-
forcing steel bars is represented using the uniaxial inelastic
mode] which includes the Bauschinger effect and the iso-
tropic and kinematic hardening under large strain reversals.
The bond-slip mechanism between a reinforcing bar and the
ambient concrete is simulated using the nonlinear discrete
bond-slip link model. Those three constitutive models are
embedded in the corresponding finite elements to become
the components of the present reinforced concrete model.

The proposed model is validated by comparing the nu-
merical simulation of a reinforced concrete column under
cyclic loads with the experimental result. Stress and strains
of a reinforcing bar and bond-slip states at four observation
times are presented to discuss on the evolution of bond
stresses. The damage index contour plot is used to track the
damage evolution in the concrete part of the column.
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2. Plastic-Damage Model

In this chapter the plastic-damage model suggested by Lee
and Fenves"” for modeling cyclic behavior of concrete is
outlined.

2.1 Constitutive Relationships

In the plastic-damage model, the stress o is factored into
the degradation damage, (1 — D), and the effective stress,

6=E02(8—8p)

o=(0-D)c

1
=(1-D)Ey:(e—¢€”) W

where E, is the initial elastic stiffness tensor, and g”is
the plastic strain. The scalar variable D is assumed to repre-
sent the state of degradation damage on the stiffness:

E = (1- D)E,

To model the different damage states for cyclic multi-
axial loading, both the tensile damage variable x, and the
compressive damage variable x, are used as independent
damage indexes. Each damage variable is defined based on
the ratio of dissipated plastic energy to the energy capacity
per unit volume of materials (the specific fracture energy for
tensile damage). To maintain objective results at the struc-
tural level, the characteristic length(/, for tension, I, for
compression), which is the crack bandwidth along which the
energy is dissipated, is specified as a material property. The
factorization of the strength function into two functional
forms, one for the effective stress and the other for the deg-
radation damage variable, leads to the damage evolution
equation described with the effective stress and damage

. T
variable vector k =[x, x.] :

k = AH(G, %) @)

The plastic strain rate is evaluated by the flow rule. In
contrast with metals, a non-associative flow rule is necessary
to obtain the proper dilatancy exhibited by frictional materi-
als. If we use a Drucker-Prager type function as the plastic
potential function for the present plastic-damage model, the
plastic strain rate is derived from:

= A(H + C( (3)

where A is a non-negative function referred to as the plastic
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consistency parameter, ||s|=+/s:s denotes the norm of the
deviatoric effective stress s, and the parameter «, is cho-
sen to give the proper dilatancy for concrete.

For modeling the cyclic behavior of concrete, which has
very different tensile and compressive yield strengths, it is
necessary to use two cohesion variables in the yield func-
tion: c¢,, a tensile cohesion variable, and ¢, a compressive
cohesion variable. The yield function in Lubliner et al.?®,
which only models isotropic hardening behavior in the clas-
sical plasticity sense, is modified to include two cohesion

variables as follows:

1
F(o,x) = I—_—a[all +/37; + B {(Cpax ) —c(©)] D)

where &, denotes the algebraically maximum principal
stress, and « is a parameter which is evaluated by the initial
shape of the yield function. The evolution of the yield func-
tion is determined by defining 8, which is a constant in the
original Lubliner’s model, and the cohesion parameter, c,
such that:

c.(x)
p= e ( )(1 a)-(1+a) )
¢ =c.(x)

Fig. 1 shows the initial shape of the yield surface,
F(3,0) =0, in the principal plane stress space. In Figure 1,
By and ¢, denote f and ¢, respectively, at the undam-
aged initial state.

=@k + 5L+ B0 = 6

3.+ Bo&z) =G
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Fig. 1 Yield function of plastic-damage model
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2.2 Stifftness Degradation and Crack Opening / Closing

The experimental cyclic tests of concrete demonstrate that
the degradation of stiffness from microcracking occurs in
tension and cbmpression becomes more significant as the
strain increases. The mechanism of stiffness degradation
under cyclic loading is complicated because of the opening
and closing of microcracks. The crack opening/closing be-
havior can be modeled as elastic stiffness recovery during
elastic unloading from a tensile state to a compressive state.
Using a multiplicative parameter 0 <s <1 on the tensile
degradation variable D,, we have the degradation damage
variable D =1-(1-D.(x))(1-sD,(x)), where D, is the
compressive degradation variable. Accordingly, the total
stress o is written as:

6 =(1-D.(x))(A-sD,(x)E, : (6 —&”) (6)

where E; is the initial elastic stiffness tensor. The parame-
ter s is chosen to represent the stiffness recovery as follows:

>

M

()

S(6)= i=l

ER

After a large amount of microcracking, the crack opening
and closing mechanism becomes similar to discrete cracking,
which cannot be represented by the classical approach of the
inelastic strain evolution. The modified evolution relation in

Lee and Fenves®

is used to simulate large crack opening
and the closing/reopening process in the continuum context.
It can be assumed that the microcracks are joined to con-
struct a discrete crack if «, > «,, , where &, is an empiri-
cal value near unity. At that tensile damage level, the evolu-
tion of the plastic strain caused by the tensile damage is

stopped.
2.3 Rate-Dependent Regularization

The modeling of softening as well as hardening behavior
is important for realistic static and dynamic analyses of con-
crete structures. Unfortunately, representing the softening
behavior with a model based on rate-independent plasticity
makes the governing initial-boundary value problem become
ill-posed such that a unique solution may not exist.*” In
most cases, uniqueness is not guaranteed in softening re-
gions and, with a non-associative flow rule, even in harden-
ing regions.”® A numerical solution for an ill-posed initial-
boundary value problem cannot guarantee a unique con-
verged solution and the results show a strong dependency on
mesh refinement and alignment. This singularity can be
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regularized using viscoplasticity by imposing weaker plastic
consistency condition around the yield surface.

In the present plastic-damage model, the regularization
scheme based on the Duvaut-Lions viscoplastic model” is
applied to the rate-independent plastic strain and degradation
damage variable:

& =%(5” —&h
n (N
D= l(D—B)

u

where uis the viscosity parameter and Dis a viscously
regularized degradation variable. Accordingly, the stress-
strain relation in Eq. (1) is restated using the new rate-
dependent variables in Eq. (7) as:

6=(01-DE,:(e—¢) (8)

The complete description of the rate-dependent plastic-

damage model is found in Lee and Fenves.”

2.4 Cyclic Loading Example

Performance of the present plastic-damage model in rep-
resenting the cyclic behavior of plain concrete is demon-
strated by comparing numerical results with the existing ex-
perimental data : Gopalaratnam and Shah® and Karsan and

Jirsa®

The loads are applied by displacement control, and
for all cases Poisson’s ratio is 0.18. The following material
properties are used : 1) for cyclic tensile case,

Ey=3.1x10* MPa, f =348 MPa, G, =123 N/m,
l, =254mm, a, =023; and 2) for cyclic compressive
case, E,=3.17x10* MPa, f'=-27.6 MPa,
G, =17500N/m, [, =25.4mm, a, =0.23. Fig. 2 shows
the simulated tensile and compressive stress-strain behaviors.
respectively. The numerical simulations represent the ex-
perimental results very well. For both cases the degradation
of stiffness is simulated at each unloading/reloading cycle as

well as the softening behavior.
3. Components of RC Model

In this chapter, three components of the proposed rein-
forced concrete model are discussed in the context of the
finite element method.

3.1 Concrete

The concrete model plays a crucial role in the finite ele-
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Fig. 2 Numerical simulation of cyclic uniaxial loading tests
compared with experimental results

Fig. 3 Stress-strain relation of steel

ment analysis of reinforced concrete structures because it
must represent initiation and localization of tensile cracking
and compressive crushing damage. The plastic-damage
model described in the previous sections is used to represent
nonlinear concrete behavior including material hardening
and softening, stiffness degradation, and stiffness recovery
on crack closing. Ductility increase of confined concrete
compressive parts can be modeled using the properly in-
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creased value of the compressive counter part of the fracture
energy, which is the area of the compressive stress-plastic
strain curve. As shown earlier, the plastic-damage model
effectively reproduces the realistic concrete behavior under
monotonic and cyclic loading. Those constitutive relations of
the plastic-damage model are embedded in plane stress
quadrilateral elements.

3.2 Reinforcing Steel Bar

To represent the behavior of the reinforcing bar under cy-
clic loading, a material model should include the constitutive
relations of the isotropic and kinematic hardening, and the
Bauschinger effect. In the Menegotto and Pinto model,"”
the stress-strain relation is defined based on a curvature pa-
rameter to reproduce the realistic shape of the transition
curve and the Bauschinger effect. Filippou ef al. /" proposed
a modified version of the Menegotto and Pinto model to in-
corporate the isotropic hardening effect in the original model
In this study, the modified model is used for the uniaxial
constitutive relation of longitudinal and transverse steel rein-
forcement (Fig. 3).

The constitutive model for the steel reinforcement is im-
plemented in truss elements to represent reinforcing bars
separately from concrete. This approach gives better repre-
sentation for the cracked reinforced concrete body than the
so-called embedded model, in which reinforcing bars are
included in a concrete element internally, because the present
mode] can simulate more damaged modes using the separate
constitutive models.

3.3 Bond-Slip Link

In most cases, a reinforcing bar and ambient concrete are
not perfectly bonded each other. The bond-slip mechanism
between concrete and reinforcing bars becomes more impor-
tant under large displacement loading because it signifi-
cantly affects on the contribution of reinforcing bars to the
overall structural response.

In this study, the bond-slip mechanism is represented us-
ing the discrete link model described in Eligehausen et al.."?
A combination of multi-linear and exponential functions is
used for the smooth representation of bond stress loading
curves as shown in Fig. 4. The large amount of slip during
unloading is included in the model.

The bond-slip link constitutive model is implemented in
zero-length truss elements which connect reinforcing bar
elements to surrounding concrete elements. Slip is supposed
to take place only along the longitudinal direction of a rein-
forcing bar, and transverse directional slip is constrained by
imposing large stiffness for that direction.
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4. Column Analysis

A cyclically loaded reinforcing concrete column is tested
to demonstrate performance of the present reinforced con-
crete model. The geometry description and finite element
mesh of the column tested by Bousias et al. ' are illustrated
in Fig. 5(a) and (b). The column is 1490mm long with 15mm
covers in all directions and anchored. All eight longitudinal
reinforcing bars are 16mm in diameter. There are also trans-
verse steel bars to confine concrete.
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The test column is modeled using the present RC model,
and implemented in the finite element program FEAP.!¥
For concrete four-node quadrilateral isoparametric plane
stress elements with 2-by-2 Gauss integration are used. The
longitudinal steel bars are connected to the concrete ele-
ments through the bond-slip link elements, while the trans-
verse bars are directly connected to the plane concrete ele-
ments because slip of a transverse steel bar is negligible.

All longitudinal steel bars are extended to the anchorage
foundation, which is modeled using the rigid boundary con-
dition in this study. The bond-link elements connect the steel
bars located in the foundation to the fixed points in the rigid
anchorage to simulate the bond-slip behavior in the anchor-
age foundation.

The amount of the steel used for the experimental test is
converted for the appropriate plane stress computation con-
sidering the sectional area of the steel bars and the thickness
of the concrete column. The converted sectional areas of the
outside and outside longitudinal steel bars are 2.45 mm? (rep-
resenting three reinforcing bars), and 1.64 mm? (represent-
ing two reinforcing bars), respectively. The converted sec-
tional area of the transverse steel bars is 0.4 mm? for each
corresponding truss element.

For the computational simulation of the experimental
test!? the following material properties are used: 1) for con-
crete, Ey=17x10* MPa, f' =3 MPa, G, =1 N/mm,
f. =30 MPa, G, =100 N/mm for unconfined concrete,
G, = 200 N/mm for confined concrete, « » = 0.2, Poisson’s
ratio is 0.18; and 2) for reinforcement steel,
Ey =20x10°MPa, f,, =460MPa, Poisson’s ratio is 0.2.
3) for bond-slip link, the initial yield stress = 5MPa, the ini-
tial yield slip displacement = 0.3 mm. The element size is
used for the tensile and compressive characteristic length
scales in each element to represent the crack bandwidth
properly in this kind of quasi-static problem. The horizontal
cyclic displacement control and the axial force loading, plot-
ted in Fig. 5(c) and (d), respectively, are applied. Four ob-
servation times are marked as A, B, C and D in Fig. 5(c) and
Fig. 6(a) in the load-displacement plot.

Fig. 6 (b) shows the computed hysteretic load-displacement
curve at the top of the column compared with the experimen-
tal response. The results show that the proposed model can
realistically simulate the nonlinear load-displacement re-
sponse of a reinforced concrete structure under cyclic load-
ing. The crack opening and closing is properly represented
through the stiffness degradation and recovery relation. It
also shows outstanding performance of the present model in
reproducing the pinching effect during un loading and re-
loading following the substantial displacement loading path.
It is observed that the numerical model can realistically
simulate the cyclic response of the column in the substantial
displacement loading range, where the tensile strength of
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localized regions is dominated by bond-slip mechanism.

The evolution of the vertical displacement at the column
top is plotted in Fig. 7. Fig. 7(a) shows the vertical dis-
placement change at the center of the column top and Fig.
7(b) shows the average value of all vertical displacement
changes over the column top. The permanent axial compres-
sive deformation due to the axial load is on set instantly at
the initial stage and increases gradually. This deformation is
partly recovered in periodic pattern as the column is bent in

t,"¥ a similar result

either direction. In the experimental tes
for axial deformation evolution is observed.

In Fig. 8 the sectional force and the strain distribution
curves along the left reinforcing bar are plotted. It is noted
that the sectional force in Fig. 8(a) is calculated for the con-
verted cross section of the steel bars, which are represented
as a single truss element in the present model. The strain of
the steel bar is concentrated near the column base, where the
concrete damage is localized.

The evolution curves of the bond force and the slip dis-
placement between the reinforcing bar and the ambient con-
crete at the four observation times are calculated and plotted
at Fig. 9(a) and (b), respectively. The directions of the bond
force and the slip displacement are changed near the column
base, which means, along with the curves in Fig. 8, that the
present model gives realistically simulated results for the
damaged reinforced concrete composite under cyclic loading.
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Fig. 8 Evolution of sectional force and strain in
reinforcing bar
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Contour plots for the tensile damage evolution at the four
observation times are shown in Fig. 10. The area where the
tensile damage variable is close to 1 represents substantially
cracked zone. In Fig. 11, the simulation of crack opening

and closing is demonstrated as evolution contours of the -

degradation variable. The total or partial recovery of stiff-
ness at the cracked bottom corners of the column is observed
in Fig. 11(c) and (d).

5. Conclusions

In this study, a model for the simulation of reinforced con-
crete structures subject to cyclic loading is presented. The
model is based on three constitutive models representing the
components of a reinforced concrete composite body: con-
crete, reinforcing steel and bond-slip. The plastic-damage
model is used to simulate the inelastic behavior of damaged
concrete including stiffness degradation and crack open-
ing/closing. The nonlinear steel bar model based on the Me-
negotto and Pinto model is used for longitudinal and trans-
verse reinforcing bars. Bond-slip mechanism between a rein-
forcing bar and ambient concrete is reproduced using the
hysteretic bond-slip link model. Those three constitutive
models are embedded in the corresponding finite elements
and connected in finite element mesh to represent a rein-
forced concrete structure.

From the numerical simulation, we can conclude that the
proposed model ‘effectively and realistically represents the
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Fig. 10 Evolution of tensile damage variable
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Fig. 11 Evolution of degradation damage variable

overall cyclic behavior of a reinforced concrete column. The
present plastic-damage concrete model is observed to work
appropriately with the steel bar and bond-slip link models in
representing the complicated localization behavior including
the strain concentration and excessive slip of the reinforcing
bars in substantially damaged areas.
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