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Abstract. Strong finite element (FE) modeling can capture the nonlinear behavior of RC structures.
In this study, Finite Element Analysis (FEA) tool, ABAQUS has been adopted to model the reinforced
concrete shear wall with defined boundary conditions. The Concrete Damage Plasticity (CDP) model
includes the tension and compression behavior of concrete. The linear behaviour is defined by modulus
of elasticity and Poisson’s ratio. The non-linear behaviour in compression and tension is incorporated
through the yield stress and crushing strain, yield stress and cracking strain respectively. To
incorporate the effect of complex stress state, the ratio of biaxial compressive strength-to-uniaxial
compressive strength, the ratio of the second stress invariant on the tensile meridian-to-the
compressive meridian, viscosity parameter, eccentricity and dilation angle need to be clearly
prescribed. Previous studies show that viscosity p, dilation angle w and eccentricity ec are the
important parameters affecting the output to a great extent. As there is a huge disparity in the value
of these parameters that need to be incorporated into the model, the present study attempts to
demonstrate the influence of viscosity and dilation angle along with eccentricity in capturing the
strength and the failure mechanism of the shear wall. Study shows that a dilation angle of 46° with
eccentricity 1.0 could able to capture the diagonal tensile failure of the shear wall considered.

Depending upon the horizontal and vertical
reinforcement ratios, wall dimensions, and
axial load ratio, squat walls can exhibit
Diagonal compression, diagonal tension and
sliding shear mode of failure [2-4].

1 INTRODUCTION

Reinforced concrete shear walls are the
common lateral-load resisting systems in
structures. They are observed in most of the

reinforced concrete structures subjected to
earthquake forces. Depending upon their
height-to-length ratio they are classified as
squat and slender walls. Squat walls with a
height-to-length ratio of less than two are
commonly observed in nuclear power plants
and low-rise buildings [1]. Failure in such squat
walls is usually dominated by shear behavior.

The design philosophy of shear walls is to
suppress the brittle mode of failure such that a
good amount of energy dissipation is observed
before final failure. This can be achieved by
strengthening the wall’s shear carrying capacity
higher than the flexure capacity to ensure the
yielding of the vertical reinforcement [5]. Thus
predicting the flexure and shear carrying
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capacity of the wall sections is very much
important in understanding the behavior and
mode of failure.

Finite element modeling is an advanced tool
to study the behavior of RC structures. FEM
analysis of RC structures includes defining the
material model for concrete and steel. Material
models used should be capable enough to
exhibit the behaviour in both the elastic and
inelastic regions to capture the complete
behaviour of the structure. The inelastic
properties of Steel can be modeled using
plasticity model accurately whereas concrete,
complex material needs sophisticated models
to represent its behavior in non-linear regime
[6]. Concrete Damage Plasticity is a continuum
damage based model developed for concrete to
represent the elastic behavior in cyclic,
monotonic and dynamic loading conditions [7].
The CDP model assumes tensile cracking and
concrete crushing as the main failure
mechanism of concrete [6]. A damage
parameter ranging between 0 to 1.0 can be
incorporated for compression and tension to
include stiffness or strength degradation.

CDP model primarily requires three
different sets of data including the plasticity
parameters, uniaxial compressive behaviour
and uniaxial tensile behaviour. The uniaxial
tensile and uniaxial compressive behaviour

represents the stress vs strain behaviour under
uniaxial loading condition. In addition to this
the plasticity parameters are assigned to define
the failure surface of the concrete. These
plasticity parameters include dilation angle v,

ratio of biaxial stress to uniaxial stress in

compression ’;ﬂ eccentricity ec, the ratio of

co

second stress invariant on tensile and
compressive meridian ke and viscosity
parameter 1 [8].

Literature showed that the plasticity
parameters dilation angle v, eccentricity ec and
viscosity parameterp affect the response of the
model. Most of the work in the past showed a
dilation angle of 5° -55°, eccentricity between
0.1 to 1.0 used for the RC structures. None of
the work could be able to define a clear
conclusion on the viscosity parameter to be
used in the modeling. Thus, the present study

focuses on the influence of these parameters on
the strength and failure mode prediction of the
RC squat shear wall.

2. ANALYTICAL MODELLING

A finite element model for a wall of
thickness of 100 mm, length of 1180 mm, and
height of 1200 mm is developed in the
commercially available software ABAQUS
standard. A vertical reinforcement ratio of
0.99% is incorporated using a total 24 number
of 8 mm diameter bars with a spacing of 100
mm in two layers [9].

2.1Modelling scheme

Wall and the reinforcement are modeled as
deformable homogenous and isotropic bodies.
To reduce the stiffness of the system, wall is
modeled using eight-node brick elements with
Linear reduced integration (C3D8R) element
type. As the axial effects are predominant in
reinforcement, modeled using a two-node linear
truss element (T3D2). The strain in
reinforcement is assumed to be the same as in
that of concrete and a perfect bond is assumed
between the concrete and reinforcement in the
model. To confirm the perfect bond, the
interaction between concrete and reinforcement
is defined as an embedded constraint in the
interaction module of ABAQUS. A mesh size of
50 mm x 50mm x 50mm is confirmed to give
better results and thus a 50 mm mesh is
assumed for further parametric studies in the
present work.

2.2 Constitutive Relation

The behaviour of the deformable bodies is
analyzed using the constitutive relation in
elastic and plastic regions. As concrete and
steel are assumed to be homogeneous and
isotropic, the Modulus of elasticity and
Poisson’s ratio are suffice to capture the elastic
behaviour. Plastic behaviour is modelled using
the Concrete Damage Plasticity (CDP) model
for concrete and plasticity model for the
reinforcement.

CDP model in ABAQUS is defined using the
parameters of plasticity, uniaxial compressive
behaviour, and tensile behaviour. The uniaxial
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behaviour in compression is shown in figure 1
obtained using the modified Kent and Park
model by Paulay [10] using equation [1- 2]. As
the wall is not provided with any confined
reinforcement, k factor is set to 1.0 and
boundary reinforcement factor ps to zero.
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Where e the strain at corresponding stress
fe, k is the confining factor, ¢, is the strain in
concrete at concrete compressive strength,
17 (29.2 MPa).

The tensile behaviour of concrete shown in
figure 2, as modeled using equations [3- 4] by
Belarbi and Hsu [11] and the tensile strength of

concrete is taken as 0.33,/f/. A linear

behaviour is adopted upto tensile strength and
the post-peak is used as per equation 4

If & <ée.
or = Ecée [3]
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Figure 1 Behaviour of concrete in uniaxial compression
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Figure 2 Behaviour of concrete in uniaxial tensién

where Ec is the modulus of elasticity of
concrete (2.88x10*MPa), « is tensile strain
corresponding to tensile stress ot, ecr is the
cracking strain at the maximum tensile strength
of concrete fz.
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Figure 3 Stress-Strain relation for steel reinforcement
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A bilinear model for reinforcement, in figure
3, is assumed with yeild strength of fy 560 MPa
and ultimate strength f.. of 762 MPa. Modulus
of elasticity and Posission’s ratio of steel are 2 x
10° MPa and 0.3 respectively. The strain in
steel at yield esy is 0.002 and strain at ultimate
esu 0.103.

2.3 CDP Plasticity Parameters

Along with uniaxial behaviour of concrete in
compression and tension, plasticity parameters
like dilation angle v, ratio of biaxial stress to

f

uniaxial stress in compression fi eccentricity

ec, the ratio of second stress invariant on tensile
and compressive meridian ke is defined to
capture multi-axial behaviour of concrete.
Dilation angle and eccentricity parameters are
used in developing the flow potential function.
Viscosity parameter in plasticity definition
explains the behaviour of concrete when
transforming from uncracked to cracked
concrete[8].

The values of 1.16 and 0.667 have been
adopted for biaxial stress-to-uniaxial stress in
compression, ’;L and ratio of second stress

co

invariant on tensile and compressive meridian
ke respectively. A parametric study to define the
optimum dilation angle v, eccentricity e, and
viscosity parameter i has been carried out.

2.4 Solver and Step Definition

An implicit solver is chosen for its reliability
and the step is defined as static general. The
axial and the lateral loads are defined in two
different steps. An axial load of 260 kN is
defined as pressure on the top end of the wall
and lateral load is applied through displacement
at all nodes at top-face in the load module.
Bottom end of the wall is restricted to translate
in all three directions by defining the boundary
condition in the step definitions.

3. PARAMETERS

A total of 12 models have been developed by
considering a range of dilation angle ,
eccentricity ec and viscosity parameters to study
the effect on the strength. 46°, 52° and 56° are

considered to study the effect of dilation angle
and the influence of viscosity parameter is also
observed by changing the parameter in the
range 5E-5, 0.001, 0.003, 0.004 and 0.005.
Finally, the influence of eccentricity ec is
observed by changing its values from 1.0 to 0.1.

4. RESULTS AND DISCUSSION

The pushover curve from finite element
models is compared with the experimental
curve in terms of the influence of dilation angle
w, Viscosity parameter p. The eccentricity ec
value is obtained by comparing the pushover
curves for these models. The eccentricity value
1.0 is maintained while accessing the effect of
viscosity ec and dilation angle y.

Firstly, the dilation angle has been set to 56°
and different models are analysed by changing
the viscosity parameter ranging from 5E-5 to
0.005. It has been observed, from figure 4, that
the maximum load changes with viscosity
parameter. To confirm the effect of viscosity
parameter, models have been analysed with
dilation angle 52° with viscosity range 0.001,
0.003, 0.004 and 0.005 and for models with
dilation angle 46° a viscosity parameter values
0.004 and 0.005 are used. From figures 5- 6, it
can be confirmed that an increase in viscosity
parameter increases the maximum load.
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Figure 4 Load vs. deflection curve for dilation angle
56° with varying viscosity parameter

From figures 4-6, it can be inferred that a
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value of 0.004 and 0.005 for viscosity parameter
gave satisfactory results. To further optimize
the models which can predict the behaviour
with a minimal error, a comparison between
the dilation angle 46°, 52° and 56° with
viscosity parameters of 0.004 and 0.005 are
shown in figures 7-8. It is observed that the
maximum load is also influenced by the
dilation angle. The dilation angle shows a
positive relation with the maximum load. For
viscosity parameter valuses 0.005 and 0.004,
there has been an increase in the load carrying
capacity as the dilation angle increases.
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Figure 5 Load vs. deflection response for dilation angle
52° with varying viscosity parameter
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Figure 6 Load vs. deflection response for dilation angle
46° with varying viscosity parameter

From figures 7-8, it has been observed that
the load vs. deflection response monotonically
increases with the dilation angles 56° and 52°
for the viscosity parameters 0.005 and 0.004.
For the dilation angle 46°, a drop in the load
vs. deflection response has been observed after
the peak for viscosity parameter values of 0.005
and 0.004 as well. From figures 7-8, it can be
observed that viscosity parameter also affects
the load-deflection response in the non-linear
region.
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Figure 7 Load vs. deflection curve for viscosity
parameter 0.004 and varying dilation angle
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Figure 8 Load vs. deflection response for viscosity
parameter 0.005 and varying dilation angle

To confirm the effect of eccentricity ec two
models with ec 1.0 and 0.1 with constant
dilation angle (46°) and viscosity parameter
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(0.005) have been analyzed. Thereisadrop in
the maximum load corresponding to
eccentricity ec (0.1) when compared to with
eccentricity ec value 1.0 as shown in figure 9.
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Figure 9 Load vs. deflection curve for viscosity
parameter 0.005, dilation angle 46° and varying
eccentricity
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Figure 10 Percentage errors in the maximum load
compared to experimental maximum

The performance of the plasticity
parameter has been studied by comparing the
experimental maximum with the analytical
maximum. The experimental maximum is
observed to be 342kN and the percentage
errors for each model are presented in
figure10. All the models under-predicted the
maximum load except d56- 0.004, d56-0.005
and d52-0.005. Though d52-0.004, d46-
0.005-0.1 and d46-0.005 gave a minimum

error of 5.35, 5.26 and 2.19% respectively, the
load vs. deflection graph for d46-0.005 is the
desired trend as it has a clear definition of
maximum load.

The mode of failure can be predicted by
observing the shear and the normal stress
contours in the post-processing step. Figures
11-12 represent the shear and normal stress
contours at maximum load respectively. It is
observed that shear stress contours are more
dominant across the wall diagonal than
normal stress contours indication a shear
failure. Concrete crushing and tensile stress
concentrations are observed in figure 12
which are observed in the experiment.
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Figure 11 Shear stress component at maximum load for
d46-0.005

S, S22

(Avg: 75%)
+6.380e+00
+9.427e-01
-4 494e+00
-9.931e+00

-1.537e401

-2.081e+01
-2.624e+01

Figure 12 Normal stress components at maximum load
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5. CONCLUSIONS

The

following conclusions can be

drawn from the analytical study:

1.

The viscosity parameter is directly related
to the maximum predicted load. The
higher the viscosity parameter, the slower
are the plastic deformation and damage
growth. The maximum load increases
from 182.5 to 380.6kN as the viscosity
parameter changes from 5E — 5 to 0.005
for dilation angle 56° as the viscosity
changes from 0.001 to 0.005 for a dilation
angle of 52° the load increases from 221.4
to 357.9kN, and 304 to 334.5kN as the
viscosity parameter changes from 0.004
to 0.005. Thus, viscosity parameter needs
to be selected as it highly influences the
maximum load to avoid erroneous results.

The finite element models are sensitive
to the dilation angle as it affects the
stress-strain response of concrete. The
maximum load increases from 334.5 to
380.6kN as the dilation angle increases
from 46° to 56°.

There is no significant effect of
eccentricity on strength as the increase
in the load when eccentricity changes
from 0.1 to 1.0 is 3%.

As the stress contours can be captured
continuously at each increment, FE
models could capture the failure mode.

None of the models could predict the
post-peak behavior where softening is
expected to occur due to stiffness
degradation. Thus, the static general
solver does not predict the post-peak
softening behavior.

In all the models the slope of the load vs.
deflection response is rising compared
to the experimental. Thus, stiffness of
the finite element models is higher, and
it could not capture the actual stiffness.

. The dilation angle of 46° in combination

with the viscosity parameter of 0.005
and eccentricity ec of 1.0 improve the

results for shear wall failing in diagonal
tension.
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