DAMAGE INDEX FOR STRUCTURES WITH ELEMENTS OF HIGH
FLEXURAL STIFFNESS AND/OR BRITTLE BEHAVIOR
Diego HIDALGO-LEIVA1, Luis PUJADES2, Alex BARBAT3, Sergio DIAZ4, Yeudy VARGASALZATE5, Luis A. PINZÓN6

ABSTRACT
Structures with high lateral stiffness and/or with brittle to semi-brittle elements in their lateral resistant system
may exhibit a rapid decrease of their shear capacity and a sudden loss of stiffness when lateral cyclic loads, as
those produced by earthquakes, are applied. This behavior can be related to damage (partial or complete) of a
particular structural element. In this article, the expected seismic damage is analyzed and assessed in two
different structures. The first one is a low-rise reinforced masonry structure, with hollow concrete blocks (2
stories); the second one is a high-rise dual reinforced concrete building (18 stories). In both cases, materials are
characterized using a proper hysteresis model, which takes into account softening and shear degradation. To
quantify the structural damage, the well-known Park and Ang damage index is used. The damage curves shown
in this paper, exhibit a quick damage increase for relatively low-intensity values, which is attributed to nonlinear
incursions of several structural elements with low ultimate ductility. However, incremental dynamic analyses are
time-consuming; therefore, it becomes important to develop simplified methods, also successfully representing
this kind of effects. A recently proposed damage index, which can be computed in an easy and straightforward
way from capacity curves or capacity spectra, is modified in this work to include this fast strength degradation.
Details of the computations of this new damage index are also described here.
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1. INTRODUCTION
Structural damage due to seismic actions, and for any particular action, is the result of a combination
of a large number of variables, which can be interpreted and simplified by means of “easy to
understand” models. Mostly, damage models were initially proposed to describe the observed damage
in regular frame structures, with both reinforced concrete and structural steel. One of the most
implemented damage index is the Park and Ang (1985) Damage Index (DIPA). It was fitted for ductile
damage in 142 monotonically loaded reinforced concrete beams and columns. The first index uses a
combination of two different damage sources: displacement ductility and hysteretic energy.
For ductile structures, like those with special moment frames, and for small inelastic deformations, the
ratio between the ductility demand at that point and the ultimate ductility factor, contributes little to
the damage index. On the contrary, if the structure is composed of low ductility elements, small
ductility demands, may produce a stronger increase of the damage index This differences in the
structural behavior are thus responsible for significant differences in the shape of the damage index
curves and, therefore, on the expected damage.
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In this work, nonlinear incremental static and dynamic analyses are performed in two different
structures. The expected damage is analyzed by means of the DIPA obtained with Incremental Dynamic
Analysis (IDA). Then the obtained DIPA is compared with a simplified capacity-curve-based damage
index (Pujades et al. 2015), which can be obtained from the pushover curve in a simple and
straightforward way. Also, a modification of this simplified damage index is proposed, in order to take
into account, the differences in the damaging pattern of low and high ductility systems.
2. CASE OF STUDY
Two structural models are used to quantify damage in their structural elements. Both models were
implemented in RUAUMOKO 3D (Carr 2003) software, carrying out nonlinear static and dynamic
analyses.
2.1 Reinforced Concrete Masonry (RCM) structure
A Costa Rican typical dwelling is used herein for the characterization the RCM typology. This is a
low-rise two-stories building with a shear predominant behavior, which was designed and constructed
according to the Costa Rican Seismic Code 2010 (CSCR-10) (CFIA 2011). Walls distribution and
stories height correspond to a real structure which was designed and inspected by the first author of
this paper, and is considered representative for this typology. The masonry compression design
resistance was set at
=100 kg/cm2.
The distribution of walls is shown in Figure 1. In all the cases, hollow concrete blocks with 12cm of
thickness were used. The walls distribution of the second floor is the same as the one of the first floor
with the exception that walls W-3 and W-4 in Figure 1, are not used. An equivalent frame model is
used in Ruaumoko3D software (Carr 2003). The elements are modelled as Giberson (1967) beamcolumns elements, with perfect plastic hinges on the base of the wall and a rigid beam on the upper
section. Several authors have used this solution for similar models (D’Ayala et al. 2014; Kingsley et
al. 2014; Lagomarsino et al. 2013; Madan et al. 1997; Seible et al. 1994). The beam element placed in
the top of the walls has elastic properties and high stiffness, so it can be considered as a rigid beam. In
the sections between walls, a regular elastic beam is used with the aim of concentrate the damage on
the walls. A full detail of the hysteretic curve employed to model the walls behavior can be found in
Hidalgo-Leiva et al. (2016) and Hidalgo-Leiva (2017).
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Figure 1. Walls distribution on the first floor of the RCM structure.
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A lumped mass model was used in the modal analysis. The dead load takes the weight of the structure,
architectural finishes and electro-mechanical elements. The live load is set as 2.5 kN/m2 on the first
level and 0.5 kN/m2 for the roof diaphragm, according to CSCR-10 for residential use (CFIA 2011).
The lumped mass of the first and second levels are 78.32 kN s2/m and 38.1 kN s2/m respectively. A
rigid diaphragm is defined for both levels. The height between levels is 2.75 m. The period of the first
mode of vibration is 0.27 s in the Y direction and 0.12 s in the X direction with a mass participation
factor of 92% in both cases.
For structural design purposes, the CSCR-10 (CFIA 2011) defines a PGA equal to 0.36 g for soil class
S3 (that is equivalent to soil class D in ASCE 7-16 (ASCE 2017)) and seismic zone III, which covers
the capital city and its surroundings. This PGA is used for a deterministic evaluation of the
performance of these structures.
2.2 Dual Reinforced Concrete (DRC) structure
The DRC structure which has been studied is a regular residential building with 18 stories, above the
ground, with a dual system of reinforced concrete with a compression design resistance equal to
=
2
350 kg/cm . Figure 2 shows the distribution of the vertical elements that are part of the lateral load
resistance system. It is composed by 2 square columns (RC-1:80x80cm and RC-2:60x60cm) and three
rectangular walls (MC-1:40x195cm, MC-2:40x275cm and MC-3:60x600cm). Detailing and design
were performed according to the CSCR-10 (CFIA 2011) and ACI 318-08 (2008).
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Figure 2. Plan view of the vertical structural elements distribution for the DRC structure.

For the nonlinear description, the Revised Takeda model (Carr 2003) is used with the parameters
shown in Table 1, where is the positive Bilinear factor, is the negative Bilinear factor, is the
unloading power factor, is the reloading intersection factor, is the ratio of compression to tensile
stiffness, FCRP is the Cracking action as ratio of positive yield, FCRN is the cracking action as ratio
of negative yield.
Table 1. Required parameters to fully define the Revised Takeda hysteresis model (Carr 2003).

FCRP FCRN
0.9 0.9 0.0 0.0 1.0 0.8
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These values were defined according to the recommendation of the Ruaumoko 3D manual (Carr 2003)
and the parametric study of Esquivel (1992). In addition to this flexural plastic hinge, a SINA
hysteresis curve (Saidi and Sozen 1979) was used to model the shear degradation in shear walls. The
SINA model is defined by the parameters shown in Table 2, where is the positive Bilinear factor,
is the negative Bilinear factor,
is the Cracking moment or force and
is the Crack closing
moment or force. A more detailed definition of the structure and the hysteresis models employed can
be found in Hidalgo-Leiva (2017).
Table 2. Required parameters to define SINA hysteresis model (Carr 2003).

0.5 0.5 0.85 0.65
From a modal analysis, the first mode period in X direction is 2.16 s with a mass participation factor
of 0.75 and 2.31 seconds with a mass participation factor of 0.73 in the Y direction. The PGA selected
in the design procedure was 0.36 g, same as for the previous case, due to the geographical location of
the main cities in Costa Rica.
3. THE SEISMIC ACTION
Two different evaluations of the nonlinear behavior are performed. The first one corresponds to an
incremental static load or Pushover analysis, taking the first deformation mode as the load pattern. The
second one is the Incremental Dynamic Analysis (IDA) defined by Vamvatsikos and Cornell (2002).
This analysis implies the application of a seismic action in the form of an acceleration record with
different amplitude values, evaluating the differences in the response when the amplitude of the
seismic action increases.
According to CSCR-10, for nonlinear dynamic analysis, a set of 3 different accelerograms must be
used in order to compute the mean response of the structure. For the RCM structure, the 1991 Limon
earthquake (Mw 7.7) recorded in Cartago city (CCTG) (Jacob and Pacheco 1991), the 2001 El
Salvador earthquake (Mw 7.7) recorded in la Libertad station (ESLI) (Bommer et al. 2010) and the
2012 Samara earthquake (Mw 7.6) recorded in Samara station (GNSR) (Linkimer et al. 2013) were
used; meanwhile, for the DRC structure the Limon earthquake is replaced by the 2009 Cinchona
earthquake (Mw 6.2) recorded in Alajuela station (CINCH) (RSN 2009). This change is due to the
minimum frequency employed in the passband filter for the CCTG record, which is 0.8 Hz, so it
becomes a record not suitable for the analysis of structures with natural periods above 1.2 seconds.
With the aim of constraining the dispersion of the structural response, all the records were treated with
spectral matching (Hancock and Bommer 2007), defining a period observation window according with
the ASCE 7-16 (ASCE 2017). The target response spectrum was defined according to the CSCR-10
(CFIA 2011). The intensity measure used as scale factor was the PGA, having different ranges of
values in order to reach the structural collapse. Figure 3 shows the spectrally matched response spectra
for both structures, comparing them with the target spectrum (CSCR-10).

4

a)
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Figure 3. Response spectra of spectrally matched records in the two main direction of analysis for: a) RCM
structure and b) DRC structure.

4. DAMAGE ANALYSIS
4.1 Nonlinear static analysis
The static pushover analysis has become a classical method also for vulnerability and expected
damage and risk assessment of structures, due to its easy implementation and the fast and
straightforward interpretation of results. Two disadvantages of this method lie in its dependency of the
first mode behavior and in the independency of the structural behavior of several parameters of the
seismic actions like duration, directionality, number of cycles with nonlinear incursion among others
(Chandramohan, Baker, and Deierlein 2016; Vargas-Alzate et al. 2017).
Using the first mode as load pattern, the capacity curves were calculated in the two main directions of
analysis for the two structures. Figure 4 shows the four capacity curves obtained for the two structures
in the main directions of analysis. In the case of the RCM structure, both directions present a strong
variation in the slope of the elastic branch (related with the period of the first mode), and the ultimate
displacement. In both directions, the ultimate displacement ductility factor (defined as the relationship
between the ultimate displacement and the yield displacement from the bilinear approximation) is
similar.
5

a)

b)

Figure 4. Capacity curves from a Pushover analysis for: a) RCM structure and b) DRC structure.

On the other hand, the DRC structure exhibits almost the same slope in the elastic section of the curve,
but the ultimate ductility factors are not comparable. In a capacity spectrum analysis (Chopra and
Goel 1999; Freeman 1998; Vargas-Alzate et al. 2013), the Y direction of the RCM structure will be
the one that rules the damage in the structure, because it has a smaller base shear, allowing the
incursion into the nonlinear section for smaller acceleration values.
Meanwhile, in the DRC structure, the X direction is the weak direction, due to the smaller ultimate
displacement and the similarity of the elastic section, so that one could expect an early collapse.
4.2 The Park and Ang Damage Index
The DIPA (Park and Ang 1985), is a linear function of the maximum deformation and the effect of
hysteretic loading. The employed parameters were calibrated with both monotonic and cyclic loading
tests data. The damage index is defined as:
(1)
where
is the maximum deformation ductility factor under earthquake,
is the ultimate (or
maximum) ductility factor, is a non-negative parameter taken as 0.05 (Carr 2003),
is the energy
differential in the hysteresis loop and
and
are respectively the yielding displacement and
strength.
Following the definition given in the original paper,
should have a value equal to zero (or
negligibly small) under elastic response.
In this dynamic structural analysis, a three-dimensional model is used, so earthquakes are applied in
the two main directions of the structure. Thus, the resultant damage index represents the overall
damage to the structure after the dynamic load is applied.
4.3 Damage Index curves
Global structural damage, defined with the DIPA damage index, is computed as the average of damage
in every single element that presents damage (Carr 2003). Figure 5 shows damage curves obtained for
both analyzed structures as a function of the Spectral Acceleration (Sa) at the period of the first mode.
Given that there are two different values of Sa for each structure, one per each direction of analysis,
and only one DIPA value, an adjustment in the used Sa value was necessary.
6

As it can be observed in Figure 5, all the cases show a sudden increment in the value of DIPA, from
zero to approximately 0.15-0.3. This increment can be correlated with the first yield in the structure,
and, even more, the first yield of a structural wall element. This kind of elements, in general, rules the
nonlinear behavior of the structure due to their high contribution to the lateral load resistant system.

a)

b)

Figure 5. Variation of the DIPA as a result of the IDA for: a) RCM structure and b) DRC structure.

Using the PGA defined for the design level of new structures located in the capital city of Costa Rica
(PGA equal to 0.36g), and the corresponding elastic design spectrum for a soft soil (S 3 according with
the CSCR-10 (CFIA 2011) and similar to D soil in ASCE 7-16 (ASCE 2017)), the corresponding
design spectral accelerations for the first mode period are 0.9g for the RCM structure and 0.23g in the
case of the DRC structure; in both cases, structures present mean damage indexes below 0.5 which can
be related with a moderate damage state.
4.4 Simplified Damage Index from capacity curve
Given the high time consumption and complexity of IDA analysis, approximations bringing similar
results but from simpler analyses are desirable. Pujades et al. (2015) proposed a simplified damage
index equivalent to DIPA which can be obtained from the capacity curve. This damage index follows
the definition of the DIPA, and is composed by two main sources: the energy dissipation
and
the stiffness degradation
, both defined as functions of the displacement in the capacity curve
. The basic equations required to define the damage model are (Pujades et al. 2015):
(2)
(3)
(4)

(5)
(6)
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(7)
where
is the nonlinear part of the capacity curve and has dimensions of force;
and
are
displacements from the capacity curve,
is the displacement normalized at the ultimate
displacement, is the ratio between the energy dissipated as a function of the relative displacement,
is the ratio between the secant stiffness variation with respect to the maximum and
is a
calibration non-negative parameter, related with the structural typology. This damage model has been
applied with great results in reinforced concrete frames (Pujades et al. 2015) and steel special moment
frames (Díaz et al. 2017).
Using the capacity curve for the weak direction in each structure (recall that the weak direction
correlates with the global damage index) the DICC is calculated. Figure 6 shows the adjusted curves
and the correspondent results from equations (3) and (6). The calibration constants used in this
approximations are 0.891 for the RCM structure and 0.536 in DRC structure. In the calibration
process, the mean DIPA curve has been used. Damage is presented herein as a function of the
displacement in the roof (in order to be consistent with the capacity curve), nevertheless, for
comparison purposes, this curve will be presented as a function of an IM, like the spectral acceleration
for the first mode period, as well.

a)

b)
Figure 6. DICC defined from capacity curves for: a) RCM structure and b) DRC structure.

The resultant DICC curve shows a good agreement with the DIPA curve which has been taken as target
damage curve. The main differences are concentrated in the first yielding zone, where the DIPA curve
exhibits a sharp step of up to around 0.2. Thus, this simplified expedite Capacity curve based damage
model brings results that are valid for global risk analysis, and from where one can also obtain fragility
curves as a function of the roof displacement or any other IM. See Pujades et al. (2015) for details on
how these fragility curves can be set up.
The RCM structure shows a stronger dependency on the wall elements, and as result, damage curves
are more similar to the stiffness degradation curve, modelled with a high constant. On the other
hand, the DRC structure, present a mixed behavior, with a combination of both damage source curves,
that is of the energy loss and stiffness degradation.
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4.5 Improving the capacity-curve-based damage model
When the DICC was calculated for structures with a lateral load resistant system based on RC or steel
frames (Díaz et al. 2017; Pujades et al. 2015), the obtained results were promising due to the excellent
agreement with the DIPA curve. These structures, are usually composed of high ductility elements, and
therefore, the damage curve behavior is more like an “S” curve, like the ones shown in Figure 6. In
these cases, the simplified damage index represents well the overall damage but fails to represent
sharp damage increases.
Keeping that in mind, the first derivate of the capacity curve as a function of the displacement,
represents the variation of tangent stiffness, and damage model of Pujades et al. (2015), can be
modified by using the tangent stiffness degradation as a third damage source. The main advantage of
using the tangent stiffness for brittle or semi-brittle structures is that the curve acquires the ability to
represent well stepwise damage increases as the vertical variations in the DIPA shown in Figure 6,
which are attributed to the generation of plastic hinges, which are correlated with the structural
damage. Thus, the tangent stiffness degradation function is defined as:
(8)
(9)
where
is the slope of the elastic section in the capacity curve and
is the capacity curve
numerically defined as a function of the roof displacement. The improved damage model takes the
following form:
(10)
where and are non-negative parameters, allowing to include the contribution to damage of the
tangent stiffness degradation to the former damage simplified model. The parameter measures the
stiffness contribution in the damage model, meanwhile, the
parameter measures the relative
contribution of the secant stiffness with respect to the tangent stiffness. Figure 7 shows the DIST and
the functions of the three damage sources considered in the damage model.

a)

b)
Figure 7. DIST defined from capacity curves for: a) RCM structure and b) DRC structure.

For the RCM structure, the fitting parameters are 0.85 and 0.79 for and respectively, while in the
case of the DRC structure values of 0.431 and 0.466 were found respectively for a and b parameters.
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Again, it can be seen the higher contribution of the stiffness degradation into the DIST damage model
for the RCM structure, but in this case, with the addition of the tangent stiffness, the first stage of the
damage curve, is slightly closer to the DIPA damage curve. The same behavior occurs with the DRC
structure but, in this case, the contribution of the energy accumulation is proportional to the stiffness
degradation, so the impact of adding the tangent stiffness into the damage model is less marked.
4.6 Damage models comparison
In order to compare the two simplified damage models, a root-mean-squared error (RMSE) is
calculated taking as target curve the original DIPA. Table 3 shows the results obtained for the two
damage models and the two analyzed structures. As can be seen, in both structures, the modified
damage model (DIST) improve the fitting, resulting in a better characterization of the overall structural
behavior.
Table 3. RMSE calculated between the original damage curve and the obtained with the simplified models.

Damage
Model

Structural
model
RCM
DRC

DICC

0.0323

0.0682

DIST

0.0275

0.0546

The use of the tangent stiffness degradation as damage parameters proves to be a valuable resource,
catching some damage process hard to see with the other two damage sources employed in the DICC.
5. CONCLUSIONS
The Park and Ang damage model (1985) was successfully obtained for two different structures with
high lateral flexural stiffness and a semi-brittle behavior. Also, two damage models obtained from the
capacity spectrum have been also applied, obtaining a good agreement with the Park and Ang damage
model, especially when the analysis was made considering the damage as a function of the roof
displacement.
Both the simplified damage model and the improved version with the tangent stiffness, have proved to
be a valid option for a fast structural damage assessment once the adjustment parameters have been
defined. The inclusion of the tangent stiffness degradation improves in all the cases the approximation
respects the original damage curve.
Damage evaluation according to the seismic code of Costa Rica (CFIA 2011), indicates a good
behavior on the analyzed structures. Damage indexes are below the collapse and severe damage states,
having an acceptable behavior according to the performance criteria defined in the same design code.
Structures with semi-brittle elements and designed with an updated design code, as the one used in
Costa Rica, shows a good behavior under seismic actions.
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