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Abstract: Many damage limit states have been defined to characterize the extent of damages occurred
in RC frame. Some of the damage limit states are defined by models that relate the limit states with
the control points. Both control points and the limit state are expressed in term of response quantities.
This research aims to evaluate the validity of such models by identifying the defined damage limit
state with the corresponding damage based on FE modeling. The FE modeling provides a direct
link between the damage and the response quantities. This link can be exploited as a basis for the
evaluation. Based on the evaluation, this study proposed modified damage limit states. The response
quantities with its corresponding progressive damage from FE simulation will also be used to inspect
whether damage that can be expected to occur in the model structure is within the range estimated by
the code based approach (CBA) damage limit state. Finally, fragility curves are constructed to assess
the probability of the expected damage in the model structure under Design Basis Earthquake (DBE)
and Maximum Considered Earthquake (MCE) scenarios. Utilizing the proposed damage limit states,
the most probable damage in the structure falls in the category of slight if an earthquake at a level
of DBE or MCE strikes the structure. However, at MCE level the probability of moderate damage
attains 35%, or an increase by 23% compared to the DBE level.
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1. Introduction

The safety of buildings in earthquake-prone areas is a serious concern for stakeholders.
Assessing the seismic performance of these buildings can provide an indication of the extent
of damages that may occur in the future event of earthquake. Assessment may be carried
out on large scale, covering buildings in a specific area or on single scale of building. For
the first case, some literatures use simplified indexes that imply the safety of the buildings
to be used for rapid evaluation [1-4]. A rapid evaluation method is developed to minimize
the need of resources for the evaluation of the buildings in great numbers. However, the
simplicity of the method may not yield a quite reliable result in certain case as noted by
Ozmen [5]. Currently, machine learning is also being employed to rapidly estimate building
vulnerability at large scale based on certain attributes data [6,7]. Meanwhile, for the case
of assessing a single building, it is possible to perform more detailed analysis in order
to observe the full seismic response of the investigated building. The response can be
exploited further to determine the earthquake damage scenario of the building in terms of
fragility, vulnerability or others [8-12].

Seismic fragility can be defined as the proneness of a structural component or a
system to fail to perform satisfactorily under a predefined limit state when subjected to an
extensive range of seismic action [13]. The precise definition of limit state will influence
the accuracy of the seismic fragility assessment of the building. The definition of limit
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state for the purpose of fragility assessment can be associated with the damage phenomena
and/or damage parameters which account for the ductile or brittle mechanism [14-16].
Examples of various damage phenomena that may be observed in RC frame include
concrete cracking and, in later stages, concrete crushing. Concrete crushing begins with
spalling of concrete cover. After spalling, other failure modes may precede the crushing of
concrete core, for example buckling and possible fracture of longitudinal reinforcement,
or loss of anchorage. Damage can also be expressed in term of damage parameters such
as strain (compressive/tensile), rotation, horizontal displacement, inter-story drift, floor
acceleration, etc. [14-16].

Figure 1 provides an illustration of different stages of damage which affect the global
behavior (in term of load carrying capacity-displacement relationship) of ductile RC frame.
The damage is characterized by gradual phenomena from concrete cracking to buckling of
rebars along with failing of covering concrete. Each damage stage is set as a damage class
threshold. Originally, the curve was used to assess the residual seismic capacity ratio index
R when damage class (defined according to Ohkubo [17]) in a building after earthquake
have been identified. The index R is calculated as the ratio of seismic capacity index of
post-damaged to that of pre-damaged condition. The concept and detail procedure for
calculating seismic capacity index can be found in the cited literatures [18,19]. The use of
the curve can be expanded to define damage state/class threshold that are expressed with
other engineering demand parameters (EDPs) such as ductility factor, drift ratio, etc.
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Figure 1. Idealized lateral forced-displacement relationships and damage class for ductile member [18].

The most important point that needs to be emphasized with regard to Figure 1 is the
relationship between damage characteristics, EDP, and damage state. The relationship
forms a basis for defining the damage limit state. The damage characteristics describe
the physical damage that may be quantified in term of crack width of concrete, yield
strain of reinforcing bar, and other observed physical damages. The shape of the load-
displacement (or moment-curvature) curve is linked with the degree of physical damages.
Hence, deformation quantities associated to the curve such as strain, displacement, rotation,
etc., can be selected as damage parameters. Various EDPs are defined on the basis of these
damage parameters. Based on the degree of physical damage and/or criteria of EDDP, limit
states are established to classify damage into various levels of damage state. The following
sub section briefly review some approaches to define the damage limit state. At the end,
the advantage of FE modeling is highlighted to propose the use of FE modeling for defining
the damage limit state.

1.1. Damage Characterization and Damage Limit State

Researchers have carried out laboratory investigations to determine the seismic re-
sponse of structures as well as observed the progressive damage that accompanied them.
The results were taken into account for defining the damage limit state. Hamid and
Mohamad [20] tested a full-scale double-story residential house under quasi-static lateral
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cyclic loading. The building represented a reinforced concrete frame with unreinforced
masonry infills walls type. Visual observations on the structural damages were recorded
such as cracks width on the wall-column interface, crack propagations on the column,
spalling and crushing of concrete. The observed damages were used to classify damage
limit state of the structure based on the percentage of drift and the upper limit of the
ductility factor. Carillo and Alcocer [21,22] investigated response of cantilever walls under
quasistatic (monotonic and reversed-cyclic) and dynamic (shaking table) loading. They
proposed tri-linear model for estimating the global load-displacement of this building
type. The model was characterized by three limit states, i.e., diagonal shear cracking, peak
shear strength, and ultimate deformation capacity. The acceptance limits were quantified
by drift ratio, residual crack width, and residual damage index. Further work by Carillo,
Dominguez, and Prado [23] proposed quantification of empirical damage index based on
fractal dimension of cracking. In their work, damage was characterized by pattern and
distribution of cracks. The proposed damage index is associated to limit states, so it can be
employed for rapid estimation of damage level of the mentioned building type subjected
to seismic demands. Ning et al. [24] investigated seismic performance of RC infills walls.
The walls were made from Aerated Lightweight Concrete (ALC). The study observed the
sequence of damage (crack width and intensity) and the corresponding drift ratio of the RC
infill walls with various wall variables (with full-filled infill, with large opening, and with
eccentric door openings). The results indicated the difference damage limit state for each
type of infill wall. Ahmad et al. [25] presented lateral load-displacement response of code
compliant and non-compliant RC special moment resisting frames under shaking table test.
The observed gradual stages of damage were plotted in the response curves. The damage
phenomena were labelled on the basis of the observed concrete cracking and spalling.
There was no direct observation of strain in the reinforcing bars which otherwise would be
useful to identify damage limit state corresponding to yielding of the reinforcing bars.

The biggest advantage of using experimental results is a direct correlation between
the observed damages and the seismic response parameters. However, there are some
technical constraints (e.g., lack of equipment to measure the detailed damage indices) as
well as large financial costs that can affect how suitably the laboratory experiment is carried
out. However, despite the limitations the observed physical damage phenomena from the
test is required to assist in verifying the specified damage limit state, especially when the
damage state in non-typical structure has to be determined [26,27].

1.2. Analytical Approach for Defining Damage Limit State

An analytical method (e.g., pushover analysis or dynamic analysis) can be employed
to generate seismic response of RC frame structure. Most analytical methods are performed
on the basis of member-type model where the finite element typically coincides with the
actual structural member. Various response quantities both at member and global level
can be expected from this type of analysis, including deformation, plastic hinge rotation,
and curvature. Cracking and spalling of concrete are not part of the results of this model
analysis. Thus, damage can only be identified and quantified based on the available
response quantities as stated above.

The first things that needs to be identified from the seismic response are the yield and
ultimate point, which are commonly referred to as the control points. The yield point equals
the capacity of the building before structural system has developed nonlinear response,
while the ultimate point is the capacity of the building when the global structural system
has reached a plastic state. The control points may be identified graphically based on
engineering judgments. More strict definition of the points has been suggested in some
literatures. For example, Dimova and Negro [28] employed the concept of reduced stiffness
equivalent elasto-plastic yield and equivalent elasto-plastic energy absorption. In these
concepts, ultimate point is determined when the peak load drops at 15%. Other literature
proposed a maximum cord rotation as a criterion [29].



Buildings 2022, 12, 21

4 0f22

Another points in the seismic response curve that represents the degree of damage
between yielding and ultimate limit state need to be estimated from the control points. For
this purpose, an appropriate damage model is needed to relate the response quantities
with the estimated damage. Park and Ang [30] proposed a damage model to express the
expected damage in RC as a function of maximum deformation and hysteretic energy.
The maximum deformation consists of deformation due to flexural, elastic and inelastic
shear, and slip (bond failure). The form of Park-Ang damage model has been used by
some researchers to assess damage in RC. Kappos [14] evaluated the importance of the
energy term of Park-Ang model where the deformation and energy term were represented
by rotation and product of moment-rotation, respectively. He noted that the contribution
of energy term is minor. Fu and Liu [31] took into account the influence of displacement
amplitude and load sequence to modify the Park-Ang model. The damage indice of Park-
Ang and its variations (modification) have been correlated with the seismic parameters to
estimate the destructive effect of ground motion on RC building [15,32,33].

Damage indices obtained by Park-Ang model have been used to define damage limit
state and adopted as one of the methods to develop fragility curve in RISK-EU WP4 [34].
The same document also suggests threshold value of damage states (DS0 to DS4) based on
the displacement as shown in Equation (1).

DS0 = A < 0.7A,
DS1 =0.7A, < A < 0.7A, +0.05(Ay)
DS2 = 0.7A, 4 0.05(Auy) < A < 0.7A, 4 0.20(Auy)
DS3 = 0.7A, 4 0.20(Ayy) < A < 0.7A, +0.50(A,y)
DS4 = 0.7A, 4 0.50(Ayy) < A < 0.7A, +1.00(Ayy)
Ayy =097, — 074,

where A, and A, are displacement at yielding reinforcement and ultimate, respectively.
These two points are referred to as control points.

Vargas et al. [35] adopted Equation (2) of RISK-EU WP4 [34] to estimate four levels of
damage limit state (DS1 to DS4) of RC frame.

M

DS1 = 0.7D,
DS2 = D, @
DS3 = Dy +0.25(Dy, — Dy)

DS4 = D,

where Dy, and D, are spectral displacement corresponding to two control points in the
capacity spectrum curve at yielding (Ay, D)) and at ultimate (A, D,) point, respectively.
The control points can also be estimated using Equation (3) [34]:

a1
Ay TZ

®)

where C, T, &, i, A, and 7y are design strength, typical elastic period of the structure, fraction
of building weight effective in the pushover mode, ductility factor, over strength factor
relating yield strength to design strength, and over strength factor relating ultimate strength
to yield strength, respectively. Equation (3) is similar to that of Hazus-MH 2.1 AEBM [36].

Hazus-MH 2.1 AEBM [36] provides another guideline to graphically determine the
control points based on a set of rules and judgments. The document recognizes three
possible capacity curves, i.e., capacity curve for a structure with saw-tooth, brittle, and
ductile force-deflection behavior where different ultimate limit point is applied for each
curve. Once the control points have been determined, the damage limit state (medians
value) can be defined. Selection of damage-state medians should be consistent with the
broad descriptions of structural damage given in the Hazus-MH 2.1 Technical Manual [37].
The detail procedure can be referred to the mentioned literature [36].
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Naderpour and Mirrashid [38] selected the shear capacity, the moment capacity, and
the shear strength, for beams, columns, and joints, respectively, for defining the damage
state. The capacity is obtained from pushover analysis which then converted into demand
ratio vs response ratio. The demand ratio represents the ratio of load/ultimate load or
moment/ultimate moment, while the response ratio corresponds to the ratio of displace-
ment/ultimate displacement. The corresponding points of damage states are determined
using procedure given in the mentioned literature. The proposed damage states can be
predicted based on the observed damages of beams, columns, and joints, simultaneously.

1.3. Code Based Approach (CBA) Damage Limit State

The capacity curve model in which the model parameters (Equation (3)) are estimated
based on expert judgement of C, 7, A, y and T as prescribed by seismic codes and other
accompanied standards is referred to as code-based approach (CBA) capacity. Examples of
damage limit state derived from CBA capacity is Hazus-MH2.1.

Hazus-MH 2.1 Technical Manual [37] classified the damage state of structural system
into 4 (four) levels where the extent of damage at each level is controlled by inter-story
drift ratio as EDP. The drift threshold value of each damage state also takes into account
the model building type (including height) and the seismic design level. The document
covers 16 basic model building types, three categories of height, and four levels of design
code. Combining the variations of building type, building height, and design code level
render 128 building classes along with the specified damage states limit. For the case of RC
frame that has been designed following high, medium, and low code level, the drift limit
of the four damage states is presented in Table 1.

Table 1. The damage limit state of RC frame for low height building (Hazus-MH 2.1) [37].

Interstory Drift at Threshold of Damage State (%)

Design Level
Slight Moderate Extensive Complete
High code 0.0050 0.0100 0.0300 0.0800
Medium code 0.0050 0.0087 0.0233 0.0600
Low code 0.0050 0.0080 0.0200 0.0500

FEMA P-58 [39] provides fragility database specifying the damage states that a given
component can take, the demand parameter (e.g., story drift ratio) which predicts that
damage, and provides a fragility function for predicting occurrence or exceedance of that
damage state. The FEMA P-58 fragility database was generated from testing specimens
covering a wide range of building types. It included six RC frame types corresponding to
six design levels. Three of the RC frames are representative of RC frame which is designed
conforming ACI 318 designs for low, medium, and high seismicity, respectively. Table 2
indicates the corresponding EDP that represents the damage limit state of these three RC
frames along with its total dispersion value, 8. For low code design, the damage state is
only stratified into three classes i.e., DS1 to DS3, which means the building is expected to
experience complete damage at DS3.

Table 2. The damage limit state for RC frame according to FEMA P-58 [39].

Story Drift Ratio of the Median Demand, 6 and the Corresponding Fragility Parameters,

Design Level Slight (DS1) Moderate (DS2) Extensive (DS3) Complete (DS4)
0 B 6 B 0 B o B
High code 0.0200 0.40 0.0275 0.30 0.0500 0.30 0.0500 0.30
Medium code 0.0200 0.40 0.0025 0.30 0.0035 0.30 0.0035 0.30
Low code 0.0175 0.40 0.0225 0.40 0.0322 0.40

Although the damage thresholds proposed by FEMA P-58 were derived based on
experimental results, the specimens used are representative of those designed according to
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US Codes and take into account the seismic intensities of the US area. Thus, the proposed
thresholds of damage state can be viewed as similar to the CBA damage limit state.

1.4. Damage Limit State Based on FE Modeling

In the preceding sections, a variety of approaches have been briefly described to
define the damage limit state. The experimental based approach has an advantage in
terms of direct correlation between the response quantities and the observed damage.
Hence, the defined limit state can be straightforwardly verified from the experiment.
However, the experiment may encounter some difficulties to observe various detailed
damage phenomena and can only capture the most obvious damage such as cracking.
In this case, direct correlation between the observed damage and limit state at various
levels may not be easily determined. The response quantities and the observed damage
need to undergo rigorous analysis before they can be used for determining damage limit
state [21-23].

Meanwhile, analytical method, performed on the basis of member-types model, can
only provide responses which are expressed in term of deformation quantities. Thus,
damage is interpreted by developing a damage model that relates the degree of damage
to the deformation quantities. On the basis of the predicted degree of damage by the
model, the damage limit state may be defined. Of course, the acceptability of the defined
damage limit state is influenced by the accuracy of the damage model. No physical damage
phenomena are available from the analytical method that otherwise can be useful to directly
indicate the fitness of the proposed damage model. Generally, databases of damage that
are relevant to the proposed model have to be collected from large experimental results
to verify the model [29,30]. Unfortunately, there is no single damage model that can be
broadly applied for all types of structure. A modification of the existing damage model
may have to be proposed to properly estimate damage in special structures [40]. In some
instance, damage database may not be available to calibrate the proposed damage model.
In such situations, simulated damage from FE can be of help.

FE modeling offers an opportunity to fill the deficiency of both experiment and
analytical approach as indicated above. FE modeling can simulate the detailed damage
phenomena that the experiment and analytical method are not capable to observe. The
FE modeling can generate the physical damages (cracking, yield strain, buckling, etc.)
as well as the response quantities that account for the behavior of the structure. The
ranges of output from the FE modeling can be exploited to directly correlate between the
extent of damage and the structural behavior. Thus, the relationship between damage
characteristics, EDP, and damage state as previously illustrated in Figure 1 can be created
by FE modeling. The availability of this type of figure is helpful for identifying the damage
limit state especially in the case of damage assessment of special structures. Even for a
typical structure such as RC frame, the figure can be used to evaluate the validity of current
damage limit state proposed by other methods. Of course, the capability of FE modeling to
generate such results is determined by the appropriateness in the modeling which includes
materials constitutive laws, numerical technique, and numerical/visualization of the FE
results. All of these depend on the FE software. ATENA is FE software which is capable
of simulating damage in RC accurately [41]. ATENA also has been applied to simulate
seismic response of structures, which indicates the capability of the software to capture the
behavior and damage in the investigated structures [42,43].

1.5. Fragility Curve

The damage limit state that has been properly defined will be useful for assessing
the earthquake damage scenario of the structure. For this purpose, a fragility curve
that describe the probability of reaching or exceeding different states of damage under
earthquake excitation is constructed [9,12,20,28,44]. The output of fragility curve is an
estimate of the cumulative probability of being in, or exceeding, each damage state for
the given level of ground shaking. In addition, discrete damage state probabilities can be
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created from the difference between the cumulative damage probabilities of the consecutive
damage states for a given level of ground shaking [45,46].

Fragility curve is created by a median value of the potential earthquake hazard demand
parameter that corresponds to the threshold of the damage state and by the variability
associated with that damage state. The demand parameter for constructing the fragility
curve can be a spectral displacement, drift ratio, or other engineering demand parameters.
For a particular demand parameter, D), that defines the threshold of a particular damage
state (ds), it is assumed to be distributed by [45]:

Dp = Dp,ds Eds 4
where % is the median value of demand parameter of damage state, ds; and €, are a
lognormal random variable with unit median value and logarithmic standard deviation,
Bas- In a more general formulation of fragility curves, the lognormal standard deviation,
has been expressed in terms of the randomness and uncertainty components of variability,
Br and By;. Since it is not considered practical to separate uncertainty from randomness,
the combined random variable term, f5, is used to develop a composite “best estimate”
fragility curve. A value of B;; may be estimated using Equation (5) [34]:

Bas1 = 0.25 +0.07In(py)
Basz = 0.20 + 0.181n(py) 5)
Basy = 0.10 + 0.40In(py,)
Basa = 0.15 + 0.501n (1)

where p,, is ductility, defined as ratio of deformation at ultimate to the yield state. For the
CBA damage limit state, the B can be referred to the respected documents [39,45]. The
conditional probability, P, of being in, or exceeding, a particular damage state, ds, given the
demand parameter Dy, is defined by the function [45]:

1 D
Plds|D,] = ®|—1In 4
@5 [ﬁds (D)

where ® is the standard normal cumulative distribution function

(6)

1.6. Objectives and Scope of the Study

The objective of this study is to evaluate damage limit state in RC frame based on FE
modeling. 2D ATENA Engineering software is used to simulate the progressive damage
in RC frame under increasing lateral load up to failure. The simulated damages will
be characterized in term of concrete cracking and reinforcing bars strains. Based on the
examination of these damage characteristics, the points corresponding to damage stages
are plotted in the capacity curve of the investigated building. The curve provides a link
between the damage and response quantities. The curve is then exploited to evaluate the
fitness of damage limit states estimated by models that relates damage limit state with
response quantities. Based on the evaluation, this study also proposes a modification of
damage state threshold values. The capacity curve with its corresponding progressive
damage from FE simulation will also be used to inspect whether the expected damage to
the investigated building is within the range estimated by the CBA damage limit state.

The proposed damage threshold value will be used to quantify damage of the investi-
gated building under design earthquake. So, this study includes assessing damage in RC
frame under Design Basis Earthquake (DBE) and Maximum Considered Earthquake (MCE)
scenario by mean of fragility curve.

2. Methods
2.1. Model Building Type

This study used a reinforced concrete frame from Kakaletsis [47] as a model building
type to be investigated. Figure 2 illustrates the model building. The beam and column cross
sections were 100 x 200 mm and 150 x 150 mm, respectively. The dimensions represent
1/3 scale of the prototype frame section, i.e., 300 x 600 mm for beams and 450 x 450 mm for
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columns. Columns had tighter shear reinforcement along their length. Shear reinforcement
in the beam was also closer in the critical area. In the beam-to-column joint, five horizontal
stirrups were provided to prevent brittle shear failure. The diameter of 5.60 mm and 3 mm
for longitudinal reinforcement and stirrup, respectively, correspond to the 1/3 scale of the
18- and 10-mm diameter bars of the prototype frame. In the specimens, low-strength plain
reinforcement was used, although the rule of construction practice is to use high-strength
deformation reinforcement. The material properties of the model structure are given in
Table 3. The reinforced concrete frame represents a typical ductile concrete construction
conforming seismic code.

#1504
%
. - 805.
) % -~
1200 r 205.6
ks 40 66 40 25 A100¢
== LS By
1 200 73 200 @3
==y A 305.6
b 2056 B-B
L a B A-A
] ! 800
34
: #1504
|23
500
|
a ‘ A
60 60 136.6 60 60 \Vgs
Figure 2. Model of building type.
Table 3. Properties of materials used.
Mechanical Properties Value
Compressive strength of concrete f' 28.51 MPa
Yield/tensile strength of longitudinal reinforcement f, /f,, 390/516 MPa/MPa
Yield/tensile strength of transverse reinforcement fy/fu 212/321 MPa/MPa

2.2. FE Modeling of the Investigated RC Frame

The Kakaletesis’s model was analyzed using a finite element software, i.e., 2D ATENA
Engineering. The responses of the model by the FE simulation were then validated using
the experimental results of Kakaletsis.

In the software, the behavior of concrete is modeled as fracture-plastic model which
combines constitutive models for tensile (fracturing) and compressive (plastic) behavior.
The fracture model is based on the classical orthotropic smeared crack formulation and
crack band model. It employs Rankine failure criterion, exponential softening, and it can



Buildings 2022, 12, 21

9of22

be used as rotated or fixed crack model. The hardening/softening plasticity model is based
on Menétrey—Willam failure surface. This concrete constitutive model is defined as 3D
Non-Linear Cementitious 2 in the ATENA.

Reinforcement can be modeled in two distinct forms: discrete and smeared. Discrete
reinforcement is in form of reinforcing bars and is modeled by truss elements. For the current
study, the discrete model is used. Meanwhile, the constitutive behavior of reinforcement
bar follows the multi-linear law. This law allows to model all four stages of steel behavior:
elastic state, yield plateau, hardening and fracture. The bond between reinforcing bar and
the surrounding concrete is determined by the bond-slip relationship. For the current study,
the bond-slip relationship according to the CEB-FIB model code 1990 is chosen.

In the numerical simulation by ATENA, the load is transferred into model structure
via steel plate. In this way, the concentration of loads that might affect the fracture of
concrete was eliminated. The behavior of the steel follows elastic isotropic law. Spring
element is used to model spring-like boundary conditions for the foundation element of
the structure in the horizontal direction.

In the ATENA program, solid element geometries are modeled as macro-elements.
For the current model building, there are 7 (seven) macro-elements that have to be defined,
where 6 (six) of which represents concrete elements i.e., 1 (one) beam element, 2 (two)
column elements, 2 (two) joints elements, and 1 (one) foundation element. The other
macro-element is used to represent a steel plate for load transfer. Connections between
macro-elements are defined by surface contact with perfect connection type. Meanwhile,
the line elements are used to geometrically model the reinforcement bars embedded in the
macro-elements of concrete.

The meshing process of the model structure into small finite elements is automatically
carried out in the ATENA software (Figure 3). The basic elements that can be selected for
meshing are brick, tetra and brick-tetra combinations. The tetra element has a higher order
of analysis compared to brick. The main consideration in choosing the finite element model
is laid on the computational complexity. Basically, a simpler model is preferable as long as
the results are sufficiently representative. Considering this, the brick element is chosen in
this study.

‘ % 4 f}. )

f’,
( D Y
.
s By o
. W3 v ‘H/./
(! .
H H
I 4
W — I\ J
- -

Figure 3. FE model of the investigated frame structure.
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In Kakaletsis’s experiment, a lateral load was applied to the model structure by means
of a double action hydraulic actuator. Full reversal of loading on the model structure was
applied by displacement control where the displacement was gradually increased. Seven
displacement amplitude sets of two loading cycles per set were used to load the RC frame
horizontally. The cycles started from a ductility level of 0.8 corresponding to an amplitude
of approximately 2 mm and were followed gradually by ductility levels of 2, 4, 6, 8, 10,
and 12 corresponding to amplitudes of 6, 12, 18, 24, 30, and 36 mm. The hysteretic response
envelope was drawn and presented as lateral load-displacement. For the current study,
lateral load is applied incrementally by displacement control instead of quasi-static lateral
cyclic loading. Therefore, the obtained response of FE simulation will be validated by the
response envelope of Kakaletsis’s result.

3. Results and Discussion
3.1. Validity of FE Modeling

Before we utilize the results of the FE simulation for assessing the damage state of the
example reinforced concrete frame, first, we need to validate them with the experimental
results. Structural response of the model building obtained from FE modeling is presented
in Figure 4, together with the experimental result of Kakaletsis. Generally, the FE model
gives a very close load-displacement behavior to that of the Kakaletsis. The similarity
of the curves suggests that many engineering parameters that can be deduced from the
two curves are comparable. The global structural responses of the model structure indi-
cate ductile failure modes; even though the maximum displacement of the FE model is
slightly lower than the experimental result. The cracks intensities and their correspond-
ing positions that occur at failure is also comparable to that of Kakaletsis’s experiment
(see Figure 5). The similarity can indicate the same failure mechanism between the FE
model and Kakaletsis’s experiment.

50
45

40
35

30

25 = = = Kakaletsis

ATENA

Load (kN)

20
15
10

0 5 10 15 20 25 30 35 40
Displacement (mm)

Figure 4. Load-displacement of the building model.

3.2. Progressive Damage

The lateral load-displacement curve illustrates the response of the model structure
when the structure sustains a seismic load. The shape of the curve represents the behavior
of the structure under loading. At early loading stage, a linear load-displacement can
be expected to indicate a linear-elastic behavior of the structure before any damages are
induced (Figure 6). Inspection of Figure 4, one can deduce that both FE simulation and
Kakaletsis’s experiment suggest the limit of linear-elastic behavior occurs at a load of about
20 kN. This limit can be assumed to resemble the first appearance of the cracks (Figure 7a).
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After this loading stage, a linear relationship of the load-displacement still be expected
but the curve shows a lesser stiffness due to the propagation and increasing intensity of
cracks as load increases. At a load of about 35 kN, the first yielding of the reinforcing
bars is observed at the bottom of the columns (Figure 7b). Loading of the model structure
beyond this load up to the peak load causing more formation and propagation of cracks
and also a greater number of the yielded reinforcing bars including those at the upper
columns (Figure 7c). When the concrete starts to crush due to high compression stress,
the compression zones lost their capability to sustain stress. In turn, a higher stress is
transferred to the compression reinforcing bars. These bars start to yield as observed in the
bottom columns (Figure 7d). At this state, the curve displays a drop of load as displacement
increases. The structure still capable to behave in ductile manner before the compression
bars are buckling (Figure 7e). The points of the progressive damages as mentioned above
have been plotted in the load-displacement curve (see Figure 6); and Figure 7 provides the
supporting data of the damages corresponding to the stated points of damages.

/ N ]

-
=
il (\L—-H AVA

@) (b)

Figure 5. Comparison of cracks intensities of the FE results (a) and Kakaletsis’s experiment (b).
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a5 Q_\Tding of compression bar
40 ""\'-—“C\
35 i - B
b. First yielding e. Buckling of
= 30 of reinforcing bar reinforcing bar
-
= 25
5
= 20 ) a. First cracking
15
10
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a
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Figure 6. Points of progressive damage.
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Figure 7. The progressive damages in term of concrete cracking and crushing as well as yielding
and buckling of the reinforcing bars. (a) At a load of 20 kN, fine cracks appear at locations with
high intensity of tensile stresses. The corresponding maximum tensile strain of the reinforcing
bars (at the bottom column) at this load level is 6.343 x 104, which is still below the yield strain
(1.95 x 1073). (b) At a load of 35 kN, more formation of fine cracks appeared and first yielding of the
reinforcing bars at the bottom of columns is observed. The maximum reinforcement strain at this
location reaches 2.107 x 1073 which is above the yield strain. (c) At a peak load, more cracks and a
greater number of yielded reinforcing bars (including at the upper column) are observed. (d) Ata
post-peak, significant cracks in the compression zones may lead to crushing of concrete especially at
the bottom columns and in turn, higher stresses are transferred to the compression reinforcing bars.
Consequently, compression reinforcing bars start to yield as indicated by the maximum compression
strain in these bars reaching —1.909 x 10~3. (e) Some of the yielded compression reinforcements
at the bottom columns may start to buckle. The strain of the compression reinforcements reaches
—4.763 x 1072 at a load of 40 kN after peak-load.

3.3. Control Points

Two control points can be identified directly by inspection of point in the load-
displacement curve corresponding to the first yielding of reinforcing bar and the sign of
buckling of reinforcing bar, respectively. As stated in the previous section, from Figure 7b,e,
respectively, the occurrence of the first yielding and buckling of reinforcing bars can be
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identified. These points have already been plotted in the load-displacement curve as shown
in Figure 6. This direct identification of control points is compared with the two other
approaches i.e., the concept of reduced stiffness equivalent elasto-plastic yield (shown in
Figure 8a) and equivalent elasto-plastic energy absorption (shown in Figure 8b). For the
purpose of analysis, the trend of the curve is converted into polynomial equation order 3
by regression analysis. The estimated equation is:

L = 0.0067D® — 0.4181D? + 7.8785D )

where L = Load (kN) and D = displacement (mm). The correlation coefficient, R? of
Equation (7) is 0.9948. Table 4 shows the values of the control points determined by
the above methods. It confirms all methods give close estimation of control points; the
difference is not more than 3%.

50
""""""" ™ 15% strength & v T~ | 15%strength
._grop 40 L . drop
o 35 E
0.75 peak strength _ equal area E
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3 . . !
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H ]
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Figure 8. Analytical approach to determine control points. (a) Reduced stiffness equivalent elasto-
plastic yield. (b) Equivalent elasto-plastic energy absorption.

Table 4. Control points of the load-deformation curve.

Method Ay (kN) Ay (mm) Au(kN)  Au(mm) AylAy * AylAu*
FE simulation 35.00 6.40 41.00 26.55 1.00 1.00
Reduced stiffness 34.75 6.31 39.38 27.33 0.99 1.03
Equivalent energy absorption 34.37 6.21 39.38 27.33 0.97 1.03

*based on FE simulation.

3.4. Damage Limit State

The definition of damage limit state according to Equation (1) will be evaluated in this
section. Control points as given in Table 4 are used for estimating the damage limit state.
Since the estimated control points by three methods are barely different, so control points
determined from FE simulation will be used for estimating and evaluating the damage
limit state. The results are plotted in the load-displacement curve as shown in Figure 9.
It should be noted that the threshold calculated by Equation (1) is the upper limit of the
respective damage state.

The minimum limit state to account for damage is DS0. Below this level, structure
is considered undamaged. Referring to Figure 9, it is shown that threshold value of DS0
is already passing the point of first cracking. It seems necessary to lower the threshold
of DS0, so any cracks that appear below this level are not neglected. DS1 (slight damage)
falls within the cracking point and yielding point. FE simulation can confirm that at this
range, damage is characterized by hairline flexural cracks which appear in both beam
and column near the joints as well as at the bottom column (Figure 7b). DS2 (medium
damage) is defined after first yielding of the tensile reinforcing bars. Examination of the
DS2 threshold value suggests that the limit corresponds to about 86% peak strength. At this
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point, the flexural crack intensity can be observed over a larger area. Strains in reinforcing
bars are increased including the one that has yielded. The increase in strain causes some of
them (other than the previous yielded reinforcement) about to attain a yielding limit. This
description of damage can be checked from the FE simulation. DS3 (extensive damage) is
at a point approaching the peak strength. At this point, more reinforcing bars are already
yielding. The RC frame is just about to lose its capacity due to concrete crushing where the
concrete compression strain attains 1.85 x 1073, DS4 (very heavy damage) lays at a point
after concrete crushing and compression reinforcement yielding. RC frame has passed its
plastic capacity. Thus, the damage is irrecoverable.

Load (kN)
L

[
=

sn

Ds1

Ds2

e =+
[y 0
(a] (a]

0 5 10 15 20 25 30 35
Displacement (mm)

Figure 9. Damage limit state according to Equation (1).

The second damage limit state that will be evaluated is that of defined by Equation (2).
Since the control points are expressed in term of spectral displacement, the curve of Figure 6
needs to be converted into capacity spectrum following the procedure of ATC 40 [48]. The
control points given in Table 4 (FE simulation) will also be converted first into spectral
displacement and then used to estimate the threshold value of DS1 to DS4 according to
Equation (2). The results are plotted in the capacity spectrum curve as shown in Figure 10.
Note that the threshold is the lower limit.
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Figure 10. Damage limit state according to Equation (2).

The lower limit of slight damage (DS1) lays between first cracking and yielding point.
Basically, this lower limit is similar to the upper limit of DS0 in Figure 9. This limit is the
minimum threshold value for the structure to be considered damaged. It means cracks
that can be identified when the structure undergoes seismic load above the cracking load
are neglected. Lowering the threshold value of DS1 may be reasonable to minimize the
expected cracks that is considered to be harmless. Medium damage is determined by DS2
and DS3, which is the lower and upper threshold value, respectively. DS2 coincides with
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the first yielding of reinforcing bar while DS3 is about 73.5% of the spectral displacement
at peak. Generally, RC frame is designed to demonstrate a ductile behavior where the
frame can still take a higher load (about 25%) after first yielding. Assigning yield point as
the lower limit and 73.5% of spectral displacement at peak as the upper limit of medium
damage can be considered appropriate. Meanwhile, extensive damage is defined to be
between DS3 and DS4. At DS54, some reinforcing bars already exhibit buckling. It seems to
be rational to lower the threshold value of DS4 in order to prevent the failure of RC frame
due to buckling. Buckling should only be expected at complete damage.

Based on the above evaluation, the following damage limit state is proposed. First,
the lower limit of slight damage (DS1) should be reduced to control cracks that appear
above cracking load. The displacement at cracking point of the investigated structure is
2.7 mm. Setting DS1 at 3.2 mm (equals to 20% above the cracking point) is acceptable to
limit the cracks that are considered harmless. This point is about 50% of the displacement
at yield point. The limit can also be expressed in term of drift ratio of 0.36% or spectral
displacement of 0.09 m. DS2 and DS3 may be set similar to Equation (2) for the reason
stated in the preceding paragraph. DS54 should be set in such a way to prevent structural
collapse due to buckling. A point just after the appearance of concrete crushing may be
selected as the curve shows the structure still possess some degree of ductility. Considering
this, DS54 is assigned at spectral displacement of 0.70 m which equals to 90% of ultimate
spectral displacement (D,,). So, Equation (2) is modified to Equation (8):

DS1 = 05D,

DS2 = D, ®
DS3 = Dy +0.25(Dy, — Dy)

DS4 = 09D,

3.5. CBA Damage Limit State

One of the uses of the CBA damage limit state is to indicate if a structure has been
designed to meet the expected damage under design earthquake scenario. If the damage
is more severe than the CBA’s set, then it indicates that the structure is weak. This can be
carried out by inspecting the position of the CBA damage threshold within the capacity
curve of the investigated structure. The CBA damage limit states to be used for the
current case study are those of Hazus-MH 2.1 and FEMA P-58. It should be noted that
the defined threshold values proposed by Hazus-MH 2.1 and FEMA P-58 as shown in
Tables 1 and 2, respectively, are expressed in term of interstory drift ratio. Hence, the lateral
load-displacement curve as shown in Figure 6 is converted into lateral load-drift ratio.
Figure 11 shows the lateral load-drift ratio of the model structure. The threshold values of
the damage states criteria from Hazus-MH 2.1 and FEMA P-38 are also shown in the figure.

The slight damage limit state of Hazus either for high-code (HC), medium-code (MC),
or low-code (LC) falls between the first and second points of progressive damage of the
curve. At this drift ratio (0.5%), the physical damage of the structure can be expected
to be in the forms of fine cracks without any yielding of the reinforcing bars. So, the
slight damage of the Hazus criteria is met. The same is for the moderate damage where
the threshold value of this state of damage for HC, MC, or LC falls between the second
and third points of progressive damage of the curve. At this state of damage, some of
the reinforcing bars are already yielding, but the structure still be able to redistribute the
stresses in such a way so it can sustain higher load. For the extensive damage state, it seems
the threshold value of HC is too high. At drift ratio of 3%, the structure already experiences
buckling. So, this threshold value cannot be met by the structure. However, the structure
can tolerate the extensive damage criteria set for both MC and LC design level. At drift
ratio of 2.33%, crushing of concrete can be expected to occur. In addition, many reinforcing
bars have reach the yielding limit either due to tensile or compression stress. However, at
this extensive state of damage, the structure still shows some extents of ductile behavior.
The last damage state defined by Hazus, i.e., complete is not plotted in the figure since the
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drift ratio of 5-8% is far beyond the expected ductility of the structure. The structure is
collapse at drift-ratio of 3.25%.
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Figure 11. The threshold value of damage states defined by Hazus-MH 2.1 (a) and FEMA P-58 (b) in
the load-drift ratio curve.

Meanwhile, the damage states DS1 and DS2 of FEMA P-58 stay at the post peak
response of the load-drift ratio curve, even for LC design level. It does not seem realistic
to expect slight and medium damage can be met by the structure at the defined damage
states of FEMA P-58. Additionally, most of the DS3 and D54 threshold values are beyond
the expected failure of the model structure. In conclusion, the structure cannot meet the
expected damage set by the FEMA P-58 criteria as the damage is more severe.

3.6. Fragility Curve

This section is dedicated to evaluating the estimated damage that may occur in the
model structure due to the design earthquake based on the fragility curve. The building
site chosen to represent the seismic intensity is the Surakarta region, Indonesia. The design
response spectrum of this region can be accessed via this reference link [49].

The first step in developing the fragility curve is to convert the capacity curve of
Figure 6 into capacity spectrum following the procedure of ATC 40 [48]. The result is
presented in Figure 9 as spectral acceleration (Sa) vs. spectral displacement (5d). The next
step is to apply the proposed damage states criteria as set in Equation (8). Table 5 shows
the estimated damage limit state by Equation (8).

Table 5. Damage state for developing fragility curve.

X . Damage State
Engineering Parameter

Slight Medium Extensive Complete
Spectral displacement (m) 0.09 0.19 0.33 0.70

The threshold values of damage states set in Table 5 are used to plot the fragility curves
as lognormal cumulative probability functions by means of Equation (6). The procedure
for constructing fragility curve can be summarized as follows [34]:

a. Define the capacity spectrum of the model structure (Figure 12);
b.  Identify and determine the control points using one of the methods described in
sub-Section 3.3;
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Define the damage limit state using Equation (8). For the current case of study, the
obtained value is given in Table 5;
Define the B;; parameter using Equation (5). The estimated parameter may be refined
to better respresent the logical damage order. For example, when the estimated S,
for complete damage is too high (0.86), it may cause the probability of this damage
state is higher than the extensive damage state, especially at the low range of spectral
displacement. For this reason, the B, parameter for the complete damage state is set

similar to the extensive damage state i.e., 0.67;

Apply Equation (6) for a range of spectral displacement covering the probable seismic
intensities of the region.
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Figure 12. A plot of damage state threshold in the capacity spectrum.
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Figure 13. Fragility curve at various damage state levels.

The resulting fragility curves are presented in Figure 13. For the purpose of assessing
seismic fragility, design earthquake levels of Design Basis Earthquake (DBE) and Maxi-
mum Considered Earthquake (MCE) are specified. The DBE and MCE are determined
following procedure set out in the Indonesian Standard (SNI 1726:2019) [50]. The important
parameters to be considered for determining the design earthquake levels of DBE and MCE
are peak ground acceleration, soil type, structure risk category, etc. These parameters are
related to the building site. Originally, the design earthquake are presented as a spectral
acceleration response given in this reference link [49]. This spectrum is converted into
spectral displacement demand. The specified spectral displacement demand for DBE and
MCE levels are plotted as well in Figure 13.
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Figure 13 provides information on the extent of damages that will be expected to occur
in the model building when an earthquake at a level of DBE or MCE strikes the structure.
The expected damages can be presented using discrete damage probabilities which are
calculated as the difference of the cumulative probabilities of reaching, or exceeding,
successive damage states [45]. Based on the fragility curves of Figure 13, the discrete
damage probabilities have been obtained and given in Figure 14. At DBE, the probability of
slight damage is equal to 57% and moderate damage is 12%. This indicates that under DBE,
the probable damage that can be expected in the model structure in the form of harmless
flexural cracks is 57%. There are only 12% possibilities for the structure to exhibit damage
in the form of yielding reinforcement. Meanwhile, at MCE the corresponding probability is
53% and 35% for slight and moderate damage, respectively. The probability of damage at
moderate level is increased by 23% from the design earthquake level of DBE to MCE. No
significant damage at extensive and complete level is expected under earthquake at DBE
level. While the total probability of extensive and complete damage under earthquake at
MCE level is 4.65%.

100%
80%
60%
40%

20%

Moderate Extensive Complete Undamaged  Slight Moderate  Extensive ~Complete

(@) (b)

0% | — |

Figure 14. Discrete damage probabilities of the model building due to design earthquake of DBE (a)
and MCE (b).

4. Conclusions

Various damage limit states have been proposed in the literatures to define the ex-
pected of damage in the building due to seismic action at a variety of intensities. This
study evaluates those damage limit states based on the FE modeling results. FE modeling
provides the lateral load-displacement behavior of the model structure together with the
corresponding progressive damages. The following findings are highlighted:

a.  Two control points corresponding to the first yielding and buckling of reinforcement
point can be identified from the FE simulation results. The estimated control points
are very close to the prediction by the method of reduced stiffness equivalent elasto-
plastic yield and equivalent elasto-plastic energy absorption;

b.  Damage states defined on the basis of model which relates the limit state with the
control points such as Equations (1) and (2) generally are reasonable as confirmed by
the simulated damage of FE modeling. However, a refinement of limit state for DS1
and DS54 is proposed in this study. The refinement of DS1 aims to limit the expected
cracks that may occur at this damage level, while the refinement of DS4 is intended
to reduce the upper limit of extensive damage to the point before structure collapses.
The capability of FE modeling to simulate damage and identify the limit state based
on that damage is useful for proper definition of the limit state. This method can be
extended for other structures, especially for non-typical structure where a model for
estimating damage limit state is absent;

c. The simulated damage from FE modeling has also been used to identify the level of
damage that may occur in the model structure compared to the CBA damage limit
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state such as that of Hazus-MH 2.1 and FEMA P-58. More severe damage is indicated
in the model structure than what is required by Hazus-MH 2.1 and FEMA P-58. The
assessment of damage by the above principle can serve as first indication whether
a structure has been sufficiently designed to meet the expected code performance
or not;

d.  The fragility curve has been presented to quantify the probability of damage that can
be expected in the model structure based on a set of damage limit state proposed in
this study. In the case of this research, the most probable damage in the structure
falls in the category of slight if earthquake at a level of DBE or MCE strikes the
structure. However, at MCE level the probability of moderate damage attains 53% or
an increase of 23% compared to the DBE level.
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