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A B S T R A C T

In this paper, a rational analysis procedure is presented to model the typical cyclic behavior of reinforced
concrete (RC) shear wall structures. A recently developed multi-dimensional softened damage-plasticity damage
model, where the compression-softening effect of reinforced concrete is considered, is adopted to describe the
concrete material behaviors. The steel material behaviors follow a modified Menegotto-Pinto model that in-
cluding strain hardening, Bauschinger effect and tension stiffening. The multi-layer shell element, which is
capable of simulating the coupled in-plane/out-of-plane bending as well as in-plane direct shear and the coupled
bending-shear behavior of RC shear walls, is used for the finite element modeling of the structures. To overcome
the convergence issues in the analysis procedure, the quasi-Newton method is adopted to solve the nonlinear
finite equations and the iterative secant stiffness with plasticity offset for cyclic loading is introduced. Finally,
several numerical simulations of RC shear walls with different failure modes are given, illustrating that the
developed numerical model can accurately predict the cyclic behavior of RC shear wall structures.

1. Introduction

Nonlinear analysis of reinforced concrete (RC) structures subjected
to shear is of great importance for the assessment of the safety perfor-
mance and development of new design methodology in structural en-
gineering. In the past four decades, several remarkable works [1–7]
have been done to establish the analysis method for RC structures in
shear. However, there is still an increasing need for rational and robust
numerical models in this field.

Traditionally, the related studies can be mainly subdivided into two
parts: the constitutive modeling of reinforced concrete, and the finite
element formulation for basic structural members. On the first part,
various approaches can be used for the material modeling of concrete,
e.g., smeared-crack models [1–4] and damage-plasticity models [8–12]
among others. The smeared-crack models treat concrete as an ortho-
tropic material, and the cracks are set as the fundamental aspect of the
material behavior. In these models, cracks are smeared over the whole
material and the strength and stiffness degradation of concrete are re-
presented by the propagation of the cracks. Furthermore, according to
the assumption of the cracking direction and the principal stress di-
rection, the models can be grouped into rotating angle models [1,3] and
fixed angle models [4]. However, early smeared-crack models are for
plain concrete only, the interaction effects between concrete and

reinforcement bars in reinforced concrete subjected to shear are ne-
glected. In fact, when subjected to shear, reinforced concrete behaviors
can be resolved in the coordinate system of the principal stress direc-
tion. The principal tensile stress of concrete will not decay to zero
quickly like plain concrete due to the presence of reinforcement bars,
which is defined as tension-stiffening, while the principal compressive
stress will be softened by the transverse stresses and cracks, which is
defined as compression-softening. The shear behavior of RC structures
strongly depends on these two effects. Actually, compression-softening
effect was first observed by Robinson and Demorieux [13] in 1968, and
then quantified by Vecchio and Collins [1] and Hsu [3], respectively.
They have conducted a series of RC shear panel tests, and proposed the
uniaxial stress-strain relationships, where a softening coefficient is in-
troduced to account for compression-softening, for reinforced concrete
in terms of average stress and average strain through fitting the test
data. Then combing equilibrium, compatibility and constitutive laws,
they derived two kinds of smeared-crack models for shear behavior
modeling of RC structures, which have gradually developed into two
families of theories: the modified compressive filed theory (MCFT) fa-
mily, including MCFT [1] and distributed stress field model (DSFM) [2],
and the softened truss model (STM) family, including rotating-angle
softened truss model (RA-STM) [3], fixed-angle softened truss model
(FA-STM) [4]. These two families are the pioneer work in determining
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the realistic shear behavior of RC structures, and their main contribu-
tion is the softening coefficient that considers compression-softening.
Now they have been implemented into finite element codes and applied
to several numerical investigations of RC structures already.

On the other hand, damage-plasticity model is another one of the
most used models for analysis of RC structures. The material degrada-
tion is generalized as an internal variable, i.e., damage variable, and the
residual strains are described as plastic strains in the framework. By
introducing the thermodynamics and the energy based representations,
damage and plasticity could be well organized in a class of unified
theories. Moreover, several numerical integration algorithms for da-
mage models have also been developed for the material state updating,
making the damage-plasticity models a standard tool for the nonlinear
numerical simulations of concrete structures [14]. Recently, a kind of
phase field models [15,16] are also developed for damage and failure
analysis of concrete structures. However, currently most damage
models are for plain concrete, which means the compression-softening
effect of reinforced concrete in shear cannot be reflected by this kind of
models, leading to an over-estimation of the responses.

On the second part, finite element formulation is the other im-
portant factor in nonlinear analysis of RC structures. Generally, two
kinds of modeling strategies can be followed: macroscopic modeling
and microscopic modeling. The macroscopic models, such as fiber beam
element [17], multiple vertical line element model (MVLEM) [18],
enhanced beam model with shear [19], etc., usually define several
simplifications and assumptions on both the element kinematics and
material properties. The advantages of this kind of models is simplicity
and computational efficiency, thus they can be used for analysis of large
scale structures. However, only the global responses can be attained
and the numerical accuracy of these models cannot always be guaran-
teed due to the remarkable multi-dimensional stress state. By contrast,
microscopic modeling use 2-D plane strain/stress elements, 2-D shell
elements or even 3-D solid elements, along with multi-dimensional
constitutive laws, to describe the behavior of structures. Obviously, this
approach is more elaborate and provides detailed responses of the local
region. Although some numerical issues may arise and the computa-
tional cost may be high compared with the macro-models, micro-
modeling is still the trend that seems to meet the challenges of en-
gineering practice with the development of numerical methods and
computer science.

Based on the above-mentioned background, this paper aims at
constructing a rational procedure for the analysis of cyclic shear be-
haviors of RC structures. The damage-plasticity model is adopted as the
framework for the concrete constitutive relation due to its ability and
numerical efficiency, and a softened coefficient is introduced to the
model to reflect compression softening. The Menegotto-Pinto model
with Bauschinger effect is used to model reinforcement bars embedded
in concrete while its skeleton curve is modified considering tension-
stiffening effect. Multi-layer shell element is employed as the basic fi-
nite element for the modeling of typical RC structures subjected to
shear, i.e., shear walls. Meanwhile, to improve the numerical perfor-
mance of the proposed models and avoid convergence problems, the
quasi-Newton method is applied to solve the nonlinear equations, and
the iterative secant stiffness with plasticity offset corresponding to the
developed damage model is also derived for cyclic loading. Several
numerical examples are demonstrated finally, verifying the perfor-
mance of the whole procedure.

2. Softened damage-plasticity model for concrete

2.1. Damage-plasticity model

The bi-scalar damage-plasticity model developed by Wu et al. [12]
is adopted as the framework in the paper. According to the thermo-
dynamics, the constitutive relation of concrete can be derived as

= − −σ ε ε( ): : ( )p
0   (1)

where σ is the stress tensor; 0 is the fourth-order elastic stiffness
tensor;  is the fourth-order damage tensor;  is the identity tensor; ε is
the strain tensor and be split into an elastic part εe and a plastic part εp

as

= +ε ε εe p (2)

Call for the strain equivalence hypothesis [12], the stress of the
undamaged part of material can defined as the effective stress σ, which
has the following form

= −σ ε ε: ( )p
0 (3)

Eq. (3) enables us to decouple the damage and plasticity in the con-
stitutive relation, and thus the plastic strain can be handled in the ef-
fective stress space, which may avoid several numerical problems in
application. Furthermore, considering the different behaviors of con-
crete under tension and compression, the effective stress can be de-
composed to a positive part +σ , which denotes the tensile behavior of
concrete, and a negative part −σ , which denotes the compressive be-
havior of concrete

= ++ −σ σ σ (4)

The spectral decomposition can be followed to achieve Eq. (4), and
the expressions of different parts are

= =+ + + − − −σ σ σ σ: , :  (5)

̂∑= ⊗ = −+ − +H σ p p( ) ,
i

i i i   
(6)

where + and − are the projection tensors; ̂σi is the i-th principal stress
of the effective stress and pi is the corresponding principal direction;
H (·) is the Heaviside function.

Introducing two damage variables to represent the damage in ten-
sile part and compressive part respectively, the relationship between
Cauchy stress and effective stress can be expressed as

= − + −+ + − −d dσ σ σ(1 ) (1 ) (7)

Consequently, the fourth-order damage tensor in Eq. (1) can be
obtained

= ++ + − −d d   (8)

The evolution of damage variables can be given in the framework of
thermodynamics by proposing Helmholtz free energy potential ±ψ and
the associated damage release rates ±Y , which are the driven forces of
damages. Moreover, to simplify the construction of damage evolution,
Li and Ren [20] proposed the damage consistent condition and the
energy equivalent strains enabling that the multi-dimensional damage
can be calculated by a uniaxial damage function. The expressions of the
energy equivalent strains is given as follows
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where +ε eq and −ε eq are the tensile and compressive energy equivalent
strains, respectively; E0 is the elastic modulus of concrete; α and b0 are
material parameters; +Y and −Y are the damage release rates as
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where −I1 is the first invariant of the compressive effective stress −σ ; −J2
is the second invariant of the deviator −s of the compressive effective
stress −σ .

Therefore, the damage evolution can be obtained by the following
uniaxial experimental functions [21,23]
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