Analytical Approach to Evaluate the Inelastic Behaviors of
Reinforced Concrete Structures under Seismic Loads
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ABSTRACT

The purpose of this study is to investigate inelastic behavior of reinforced concrete structures and to provide result for developing improved seismic
design criteria. The accuracy and objectivity of the assessment process may be enhanced by the use of sophisticated inelastic analysis program. A
computer progrom, nomed RCAHEST (reinforced concrete analysis in higher evaluation system technology), for the analysis of reinforced concrete
structures was developed using the finite element method. Material nonlinearity is taken info account by comprising tensile, compressive and shear
models of cracked concrete and a model of reinforcing steel. The smeared crack approach is incorporated. The strength increase of concrete due

to the lateral confining reinforcement has been also taken into account o model the confined concrete.
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1. Introduction

In the modern construction industry, composite steel/
concrete structural systems are extensively used. Existing
advantages of this form of construction are due to the
complementary properties of both steel and concrete. RC
structural systems can be considered an extension of
composite structures. The design of these structures must
satisfy the requirements of safety and serviceability. While
this can be accomplished in most cases by following approxi-
mate or empirical procedures prescribed in codes or
recommended practices, it is desirable to have refined
analytical models and methods available which can trace
the structural response of these structures throughout their
service load history and under increasing loads through
their elastic, cracking, inelastic, and ultimate ranges. Because
of the difficulties in developing a rational analysis procedure,
empirical approaches have been used for ordinary design.
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inelastic behavior, seismic design criteria, inelastic analysis program, smeared crack

However, the application of the FEM to RC structures has
also been underway for last 30 years, during which time
it has proven to be a very powerful tool in engineering
analysis."” It is capable of providing analytic solutions to
problems involving columns, beams, plates, shells, and
even three-dimensional solids.

Applications of the method to problems of the behavior
of reinforced concrete structure including such aspects as
tensile cracking, crushing, tension stiffening, multiaxial non-
linear concrete properties, creep, shrinkage, concrete-steel
interaction, etc. have been undertaken by a number of

investi gators.(l)’(z)

At present, material nonlinearities are
taken into account by comprising the tension, compression
and shear model of cracked concrete and a model for
reinforcement in the concrete; and also a so-called smeared
crack model is incorporated. These constitutive models
comprise the model of cracked concrete in compression,
incorporating compression-softening effects due to transverse
cracking, the model of cracked concrete in tension, reflecting
tension-stiffening effects due to bond interactions with rein-
forcement the model of cracked concrete in shear, reflecting

the aggregate interlocking, and the model of reinforcement
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in reinforced concrete. The models cover loading, unloading
and reloading paths. A finite element program incorporating
these constitutive models has been used to predict the
response of concrete panel under both in-plane monotonic
and cyclic loads successfully.?™ In fact, this reinforced
corcrete model is only one code which can deal with two-
way cracking accompanying crack opening and closing under
the reversed cyclic loads. In the model presented in this
paper, the emphasis is on its ability to model cyclic behavior
by proper theoretical representation or the material parameters.

The proposed structural element library RCAHEST(rein-
forced concrete analysis in higher evaluation system tech-
nology) is built around the finite element analysis program
FEAP developed by Taylor.”

This paper presents some salient features of the structural
element library RCAHEST. Some of RCAHEST's capabilities
are discussed in the examples. To examine the above
correlation between experiment and analysis, two different
types of examples have been chosen which are introduced
as follows together with an explanation of their results. (1)
three panels tested at the University of Toronto, (2) pseudo-
dynamic tested by Chung-Ang University.

The goal of this study is to make seismic assessment by
analytic method be possible. To this end an integrated
dynamic finite element analysis method is developed that
is based on the improved modeling of dynamic nonlinear
behavior of reinforced concrete. It is believed that accurate
and rational seismic assessment can be achieved very
efficiently economical by this method.

2. Finite element analysis of reinforced concrete
structures

In engineering science, experimentation and analysis are
two complementary processes for developing and under-
standing phenomena. This is because experimental investi-
gation is expensive and time consuming and only simple
problems can be experimentally investigated. It is also
obvious that analytical investigation cannot be performed
without reliable experimental results.

The vast use of RC structures, necessitates the intensive
investigation of these structures experimentally and analyti-
cally. Because of the complexity associated with the develop-
ment of rational analytical procedures, empirical formulations
which are based on a large number of experimental data
have been applied in design. The use of such approaches
was compulsory in the past and may continue to be most
convenient in ordinary design. To improve the accuracy of
analysis in the design of complex structures, such as off-

shore oil platforms and nuclear containment structures,
the use of more accurate methods is required. Development
of FEA and its application to RC structures has given an
opportunity for researchers to take all ranges of problems as
well as achieving improvement in the accuracy of results. V'

For any type of structure, the more complicated its struc-
tural geometric configuration is, the more a computer-based
numerical solution becomes necessary. It has also been shown
that experimental investigations are time consuming, capital
intensive and even often impractical. The FEM is now firmly
accepted as a very powerful general technique for the nu-
merical solution of a variety of problems encountered in
engineering.(l)

The nonlinear constitutive model is the most important
factor that governs the accuracy of the solution in the
analysis of reinforced concrete structures. Reinforced concrete
is a composite material consisting of concrete and steel.
Under the applied load, crack will be developed in the
concrete. After cracking the mechanical behavior of concrete
and bonding between steel and concrete will become very
complex. The accuracy of the analysis is practically dependent
on the quality of the constitutive model.

3. Nonlinear material modeling of reinforced concrete

Reinforced concrete exhibits highly nonlinear material
behavior. Realistic constitutive models for the concrete
and reinforcement must be incorporated in the nonlinear
finite element model. The reinforced concrete can efficiently
be expressed as the superposition of concrete and reinforcing
bar. However, the reinforced concrete is not of simply
adding each of these analytical models but of properly
combining each of them, recognizing that there exists a
bond effect between the concrete and the reinforcement.

3.1 Model for uncracked concrete

3.1.1 Elasto-plastic fracture model for biaxial state of stress

The Flasto-Plastic and Fracture model for the biaxial
state of stress proposed by Maekawa and Okamura was
used as a constitutive equation of uncracked concrete. In
this model, the nonlinearity and anisotropy of the concrete
are expressed regardless of the loading history including
strain-softening domain. The equivalent stress-strain relation
with the initial elastic modulus, fracture parameter and

equivalent plastic strain.?

3.1.2 Crack representation

An analytical model for reinforced concrete element can
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be expressed through the average stress-strain relation based
on the smeared crack concept that regards the tributary
area with multiple crack and reinforcement as a finite
continuum element.”

The smeared crack approach can be divided into the
fixed and rotating crack approach.” The rotating crack
approach assumes that each direction of the first and
second crack is continuously varied to coincide with the
direction of the principal strain, providing a reasonable
result for the localized crack at arbitrary loading level.
Since it is necessary to restore the load history at the
crack plane when subjected to cyclic loads, the application
of rotating crack approach becomes impractical.”’ The fixed
crack model is divided into the orthogonal and non-
orthogonal fixed crack concept. The former may overestimate
a concrete stiffness and consequently, produces a stiffer
response when the principle tensile stress exceeds a
cracking stress prior to crack detection. The reason is that
the direction of new crack is limited to be perpendicular
to the first crack."”®?

In this study, a non-orthogonal crack approach is adopted
to define the crack initiation in reinforced concrete element
with respect to real direction of principal stress, while the
localized discontinuous deformations in the boundary plane
were considered by applying discrete crack approach.®

The crack initiation as a transient point of the concrete
nonlinearity is greatly influenced by the several factors
includes uniaxial strength of concrete, biaxial state of
stress and so on. It is assumed in this study that the crack
occurs when the principle tensile strain reaches the stress

of concrete reaches the fracture envelope.

3.2 Model for cracked concrete

Once the crack takes place in concrete, an anisotropy
becomes significant so that the stress-strain relationship
takes on an orthogonal anisotropy in the direction normal
and parallel to crack. This means that the stress-strain
relations have to be modeled respectively in the direction
parallel as well as normal to crack and in the shear
direction. Hence, each constitutive model for cracked
reinforced concrete element in this study is formulated in
the direction of orthogonal anisotropy.

3.2.1 Model for concrete normal to crack

The cracked concrete still carries a certain amount of
the tensile stress normal to the cracked plane due to the
bond effect of concrete to the reinforcing bar.

Okamura et al."™” have developed an average stress vs.

average strain relationship for concrete normal to crack.
However they did not considered the fact that the tensile
stress resisted by the concrete results from the bond effect
between the concrete and the reinforcing bar. Therefore, it
may cause an inaccuracy of the analysis results under the
complicated stress distribution and overestimate the tensile
stiffness normal to crack of reinforced concrete element,
especially when the reinforcing ratios in orthogonal directions
show a remarkable discrepancy or when the reinforcing
bars are distributed only in one direction.

In this study, the bond model was applied in each direction
of the reinforcing bar as shown in Fig. 1. Hence, more
refined approach could be made to the tension stiffness
model, by transforming the tensile stresses of concrete to
those in the direction normal to the crack and the accuracy
of result is expected to be improved.®?”

As a tension stiffness model for unloading and reloading,
the model proposed by Shima et al."? was basically used.™
The unloading process brings about closing of crack that
has taken place. But it should be noted that the two
surfaces of crack start contacting each other even before
the average strain ¢,, of concrete becomes zero. Hence,
150x10° has been given as the strain when the crack
surfaces start contacting as shown in Fig. 297

Fig. 2 Tension stiffness model for unloading and reloading
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3.2.2 Model for concrete parallel to crack

The modified elasto-plastic fracture model™® was used
in this study as a model for concrete parallel to crack This
model describes the degradation in compressive stiffness
by modifying the fracture parameter in terms of the strain
perpendicular to the crack plane. The main reason for the
degradation in the stiffness of cracked concrete may be
attributed to the fact that the ability of concrete carrying a
compressive stress is degraded in the vicinity of crack on
account of the roughness of crack surfaces.””

It is necessary to model the damage of inner concrete
under the cyclic load in order to consider the energy con-
sumption at unloading and reloading process. But this study
assumed that the energy consumption could be considered
by modifying the stress-strain curve at unloading process
to an a quadratic curve. The tangential stiffness of the
curve at the beginning of unloading becomes infinite and
passing through the point of residual strain as shown in
Fig, 3.97)

3.2.3 Model for concrete in shear direction

In order to consider the effect of shear stress transfer due
to the aggregate interlock at crack surface, the shear transfer
model based on the contact surface density function®
was basically used. Since this model defines the form of
crack surface in terms of three parameters and assumes the
contact surface to respond elasto-plastically, it is applicable
to the arbitrary loading history as shown in Fig. 4.

The shear stiffness shows sudden increase on closing of
crack under the reversed cyclic loading. This effect should
be modeled not only to ensure the continuity of shear

stiffness evaluation through the opening and closing of
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Fig. 3 Equivalent stress—equivalent strain relationship at unloading
and reloading

the crack during the reversed loading but also to obtain
the equilibrium solution by the numerical analysis.
Introducing the average strain concept of the smeared
crack model just as in the monotonic loading, the shear
transfer model for unloading and reloading is expressed

as shown in Fig, 5.9

3.3 Model for reinforcing bar in concrete

The stress acting on the reinforcing bar embedded in
concrete is not uniform and takes the maximum values
where the bar is exposed to a crack plane. The constitutive
model for the bare bar can be used if the stress-strain
relation belongs to an elastic range. However, the elastic
relationship between the average stress and strain of rein-
forcing bar is lost as soon as the bar yields at crack plane,
even if it remains unyielded elsewhere. And the average
steel stress at that instant is lower than its yield strength."”

Since the bar stress remains lower than the yield strength
elsewhere except for the vicinity of crack plane, the average

strain of reinforcing bar does not exhibit an yield shelf
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Fig. 5 Shear transfer model for unloading and reloading
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just as for a bare bar, entering into the strain hardening
domain immediately after yielded as shown in Fig. 6. In
modeling the post-yield constitutive law for the reinforcing
bar in concrete, the bond characteristic should be considered.

The average stress-average strain relationship of reinforcing
bar for unloading or reloading can be determined once
the stress distribution of bar between the cracks and the
stress-strain relation for the bare bar has been determined
for that mode of loading. Kato's model® for the bare bar
under the reversed cyclic loading and the assumption of
stress distribution denoted by a cosine curve was used in
deriving the mechanical behaviors of reinforcing bars in
concrete under the reversed cyclic loading. By taking the
average stress and strain for Kato's bar stress and strain
respectively, the modified Kato’s model was developed for
the post-yield steel model for unloading and reloading
branch as shown in Fig. 7.00)
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Fig. 7 Reinforcement model under reversed cyclic loading

3.4 Material modeling of interface element

This study introduced an interface element based on
discrete crack concept, which describes the stress versus
localized deformation relationships at the joint plane connecting
two reinforced concrete elements with different sections, as
shown in Fig, 8. This interface element is a one-dimensional
one with zero thickness, and describes the relations between
the normal force versus normal displacement and the shear
force versus shear displacement.

3.4.1 Model for pulling-out of reinforcing bar

The strain-slip relation of reinforcing bar proposed by
Shima et al™ was used as an analytical model on pulling-
out of reinforcing bar from the base caused by the steel
tension. This model describes a relation between the bar
strain and loaded end slip or relative displacement of the
bar to concrete, which is applicable to both elastic and
plastic stress states for arbitrary loading. This model gives
a unique strain-slip relation for the reinforcing bar with
long embedded length and no slip at the free-end.

Shima et al.”? modeled the relation between the strain
and the slip as simple equations for the monotonic loading
based on the bond stress-strain-slip relations, assuming
that the slip and bond stress at free-end of the bar was
equal to zero. Shin® defines the range of decrease in bond
stress by the five times of diameter of the bar in length
from the loaded end. Authors also assumed that the bond
stress becomes zero at the joint plane but remain its
standard value at the position apart from that plane by
five times the bar diameter and changes linearly between
them ?®

In this study the strain-slip relationship based on these
assumptions was used to express the effect of decrease in
bond capacity in the vicinity of the loaded end.

Authors have adopted for the present model a simple
quadratic curve for the unloading and reloading as shown
in Fig. 9.2

Pulling-out of
reinforcement

| Penetration into
H the boundary palne

Shear Stip

Fig. 8 Localized discontinuous deformation in boundary plane
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Fig. 9 Stain-slip relationship of bar at unloading and reloading

3.4.2 Model for closure at joint plane

Two-dimensional analysis necessarily assumes the stress
distribution to be uniform in the direction of the element
thickness. However, the stress distribution in the vicinity
of joint plane made by two elements with different thickness
is of three-dimensional in nature. Thus, the assumption of
uniformity does not hold true. The predicted deformation
tends to be smaller than the actual response. Hence it
must be included in total deformation for the reliable
estimation of structural behavior.

This study took into account the effect of the localized
stress distribution, using the model for closure in boundary
plane.”

This model assumes that the joint plane with virtual
height %, deforms to resist a compressive stress as shown
in Fig. 10. The reinforced concrete element model in the
previous section was also applied to the compressive model
of concrete for interface element with virtual volume
under loading, unloading and reloading.

The compressive stress(c) - displacement( «) relation for
the joint plane can now be given by replacing the com-
pressive strain in the elasto-plastic fracture model with the

compressive displacement at the joint plane. "

3.4.3 Model for shear slip at joint plane

The shear stress( r,.) - shear displacement( §) relation of
the interface element can be obtained from Li and Maekawa
model™ for the reinforced concrete plane stress element
for monotonic loading. And for unloading and reloading
branches, the relationships for the reinforced concrete
element were also used with the shear strain y,, replaced
by the shear displacement § and the tensile strain e, by

the tensile displacement o.*®
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Fig. 10 3-D effect of interface for compression

3.5 Effects of confining reinforcements

A transverse reinforcement is provided to confine the
compressed concrete within the core region and to prevent
buckling of the longitudinal reinforcement. The reinforced
concrete column confined by the transverse reinforcement
shows an improved ultimate strength and strain capacity. >
It also has a superior ductile capacity to the unconfined
concrete. This study takes the confining effects of the transverse
reinforcement into account by modifying the compressive
stress-strain model of the unconfined concrete as shown in
Fig 11.7

Many different stress-strain relationships have been pro-
posed for the confined concrete.™® This study used a
model proposed by Mander et al.*” It considers the amount
of the longitudinal and transverse reinforcement, and the
yield strength and distribution type of the transverse rein-
forcement.
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Fig. 11 Stress-strain model proposed for confined and unconfined
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4. Analysis program by finite element method

One of the current trends in the development of finite
element engineering application program is to implement
new material models and new numerical methods into
existing general purpose finite element codes. New material
models and new numerical methods reported in the open
literature will certainly make the current analysis programs
more reliable and more efficient. However, because of a
lack of good organization for most well established engi-
neering software systems, they are generally not suitable
for a direct updating to include these new features as
required for such developments. New architectures should
be used in the design of such software systems. The overall
goal of this work is to improve the quality and productivity
in structural engineering research and instructional software
development through creation of a domain-specific pro-
gramming environment consisting of reusable software
component and computer-aided software engineering tools
which support reuse.

FEAP is characterized by modular architecture and by
the facility of introducing any type of custom elements,
input utilities and custom strategies and procedures. The
FEAP will help alleviate many of the difficulties commonly
encountered in maintaining the integrity of existing software
components during the development of a new research
capabilities. The FEAP system includes a general element
library. Elements are available to model one, two and three
dimensional problems in linear and nonlinear structural
and solid mechanics and for heat conduction problems.
FEAP permits users to add their own element modules to
the program.(s)

Accompanying with the present study, we will attempt to
implement such a constitutive model for reinforced concrete
and structural element library RCAHEST as shown in Table 1.

Table 1 Element library RCAHEST

Element
number

Element library Description

2D or 3D Flexibility-based fiber

Elmt20
beam-column element

Elmt21 |2D or 3D spring element

RCAHEST
(reinforced concrete
analysis in higher
evaluation system

technology )

EImt22 |4 nodes elastic shell element
Eimt23 |4 nodes RC shell element
Eimt24 |2D elasto—plastic element

EImt25 |RC plane stress element

EImt26 |Joint element

EImt27 |Reinforcing bar element

EImt28 |Interface element

The RCAHEST computer program is organized into three
parts: input, analysis and output, as shown in Fig. 12

5. Applications

Using the developed RC plane stress element, element
level and structural level specimens are analyzed. From
the numerical analysis of the experimental specimens, it is
concluded that the proposed technique is suitable for

analyzing RC structures.

5.1 Elements subjected to in-plane reversed cyclic shear

The capability of finite element analysis was tested to
predict the behavior of concrete panels subjected to in-plane
reversed cyclic shear. The experimental works investigated
in this section were done by Stevens et al.””

The specimens were all of the same overall size 1625 X
1625mm with effective test dimensions of 1524 x1524mm.
The thickness of all specimens was 285mm. Reinforcement,

START

Input data defining geometry,
boundary conditions and material properties

l

Read loading data and evaluate the equivalent
nodal forces for distributed loading

I
v

Increment the applied load according to
specified load vector

[

Is it necessary to
recalculate K|

Calculate and assemble element stiffness matrices

Element Library

r
Solve the simultaneous equation by
Gauss elimination and back substitution

i

Evaluate stress-strain relationship and
residual force vector
Check whether solution has converged

Load increment loop
Iteration loop

Element Library

|
¥

Print the displacements, stresses for
current load step

I

END

Fig. 12 Flowchart of program procedures
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in all specimens, was placed in two layers in each of two
orthogonal directions. One of the specimens has isotropic
arrangement of reinforcement(SE9) and the others have
anisotropic arrangement(SE8, SE10). The reinforcement layout
and the application of stresses can be found in Fig. 13.
Reversed cyclic shear loads were applied along the rein-
forcement directions, by applying equal tension and com-
pression in the two orthogonal direction at 45° to the
reinforcement. Details of material properties can be found
in Table 2.

Since the force distribution is uniform across the element,
only one finite element was used to predict the response
of the specimen. The comparison between analytical
and experimental results are shown in Fig. 14, Fig. 15,
and Fig. 16. The analytical results show a good agreement
with what was observed in the experiments not only
loading condition, but also in unloading and reloading
conditions.
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Fig. 13 Reinforcement layout and application of stresses of
specimens
Table 2 Material properties of SE-specimens
Concrete Reinforcement
Specimen| £’ 0 | o | Fu | 0y | Fu
(MPa) |(degrees)| (%)a | (MPa) | (%) | (MPa)
SE8 370 0 1465 | 492 049 479
SE9 42 0 1465 | 422 1465 | 422
SE10 340 0 1465 | 422 049 479

f. : compressive strength of concrete

@ : angle of the orientation of reinforcing bars to x direction of
specimen

0,, 0y : reinforcement ratio in x and y directions

Fuer Juy Yield strength of steel in x and y directions : * Per layer

Shear Stress ( MPa )

Shear Stress ( MPa )

Shear Stress ( MPa )

8.0

4.0

0.0

-4.0

-8.0
-0.8

10.0

-10.0

-0.8

10.0

5.0

0.0 -

-5.0

[ ] Experiment

Analysis

0.4 0.0 0.4 0.8
Shear Strain ( % )

Fig. 14 Response of specimen SE8

[ ] Experiment

Analysis

-0.4 0.0 0.4 0.8
Shear Strain (% )

Fig. 15 Response of specimen SE9

@  Experiment

Analysis

-0.5 0.0 05 1.0
Shear Strain ( % )
Fig. 16 Response of specimen SE10
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5.2 Pseudo-dynamic test

Pseudo-dynamic tests have been carried out on RC column
specimens to investigate their hysteretic behavior under
earthquake loading,

Test specimens had been made in circular RC column,
being 1 to 3.4 scaled section of RC circular pier of Hagal
bridge which had been seismically designed to specifications
of the ministry of construction and transportation in Korea.™
The section and the dimension of the pier are shown in

Fig. 17. The details of the specimen are shown in Table 3.
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Fig. 18 shows the set-up in which the specimen was
tested. The input ground motion used in pseudo-dynamic
test is specified in Fig. 19.

The circular section is divided into rectangular strips
for the purpose of using plane stress element(Fig. 20). For
rectangular sections, equivalent strips are calculated. Once
the internal forces are calculated, the equilibrium is checked,
while also considering any externally applied force that
may be present.”

The analytical load-displacement relations are compared
with test results as shown in Fig. 21. The agreements show
the capability of this proposed model.

Workstation

0.3

Ground Acceleration (g)

-0.3 ] T | I T
0 4 8 12 16 20 24
(b) Cross-section Time (sec)
Fig. 17 Detail of specimen (unit : mm) Fig. 19 T2 simulated earthquake record®®
Table 3 Column unit details and material strengths
P £ Longitudinal reinforcement Transverse reinforcement
Aspect ratio, MVD g ¢ ) i d s /,
1A ? Quantit s b o
« | lgtfom) Y (kglom () (mm) (kgflor?)
38 01 2610 2-D10 4700 6 Plastic hinge zone : 30 4,400
Another zone : 45 '
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Fig. 20 Transform the circular section to an idealized equivalent rectangular section
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Fig. 22 Displacement response(PGA=0.154g)

The test was continued up to the failure by increasing
the amplitude of the input motion, as shown in Fig. 22
through 27. It can be seen that the results by RCAHEST
trace very accurately the test results.

6. Conclusions

This integrated finite element program has been de-
veloped and it is named as RCAHEST. It is capable of
static, dynamic and seismic analysis of reinforced concrete
structures.

In comparison with test data, good predictions were
obtained in regards to load capacities, failure modes, crack
patterns, load-deformation responses of reinforced concrete
structures under varied loadings.

From the results of the numerical examples and the above
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Fig. 23 Displacement response(PGA=0.220g)
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discussion, the following summary of conclusions may be
inferred.

1) An analytical approach of this paper could describe the
overall behavior with high accuracy. The proposed formu-
lation can be successfully used for the analysis of different
types of reinforced concrete structures subjected to a
variety of types of loading.

2) Nonlinear finite element analysis can be a useful tool in
investigating design details or the load-deflection response
of reinforced concrete structures.

3) Considering future work on the element, it is desirable
that possibilities of improving the element performance
in the general analysis of structures with slab, shear
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wall and beam-column.

4) Future work will extend the capacity of RCAHEST.
Application to the prestressed concrete, three-dimensional
material modeling and application to the seismic assess-
ment of existing structures are planned as the research
work to be done.
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