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Correlations between seismic acceleration parameters and damage indices can
help to predict the value of the damage for an earthquake event. This paper has two
parts. One part is the detection of the interdependency between important seismic
acceleration parameters, and two damage models including the modified Park-Ang
cumulative damage model and the maximum modified flexural damage ratio model
(MFDR) by using of the Spearman correlation coefficient. For the first part, we have
utilized 17 records of the earthquake from all over the world. Results showed sus-
tained maximum acceleration and effective design acceleration have the best corre-
lation with the Park-Ang model. Besides, the weakest interdependencies are related
to displacement RMS and cumulative absolute velocity for the Park-Ang model.
However, among selected seismic acceleration parameters, peak ground velocity
and Housner Intensity have the best interdependencies with the MFDR model. On
the other hand, cumulative absolute velocity and Vmax/Amax have shown the weak-
est interdependencies with the MFDR model. Other part includes the time variation
of the MFDR model in duration of the Victoria earthquake. It can give a good sight
about process of behavior members during earthquake. Moreover, time variation of
the MFDR model can determine process degradation of each member.
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ABSTRACT

1. Introduction

The estimation of damage in reinforcement con-
crete frames is a necessary step for characterizing
performance of the concrete members in duration of
an earthquake and after that. The determination of
damages can be very important to calculate the
required cost for repairing or restructuring member
and structure.

Accelerograms contain valuable information about
characterizations of an earthquake. Seismic param-
eters that are important to describe accelerograms

include Peak Ground Acceleration (PGA), Peak
Ground Velocity (PGV), Peak Ground Displacement
(PGD), Root-Mean-Square (RMS) of acceleration,
Root-mean-square (RMS) of velocity, Root-mean-
square (RMS) of displacement, Arias intensity (AI),
Characteristic intensity (CI), Specific Energy Den-
sity (SED), Cumulative Absolute Velocity (CAV),
Velocity Spectrum Intensity (VSI), Housner Inten-
sity (HI), Sustained Maximum Acceleration (SMA),
Sustained Maximum Velocity (SMV), and Effective
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Design Acceleration (EDA).
Interrelationship between damage index and

seismic parameters can give a good sight about
important parameters which have prominent effect
on damage index. Seismic parameters that are
mentioned above are described in the literature
[1-6].

Elenas and Meskouris [7] have investigated the
interdependency between several seismic accel-
eration parameters and structural damage indices
including the modified Park-Ang overall structural
damage index, the maximum interstory drift and the
maximum floor acceleration. Peak ground motion,
spectral and energy parameters have been used by
them. It has been showed that peak ground motion
parameters provide poor or fair correlation with the
modified Park-Ang overall structural damage index,
whereas the spectral and energy parameters provide
good correlation. Besides, it has been shown that the
central period and the strong motion duration after
Trifunac/Brady indicated poor correlation with the
OSDI. As a result, spectral and energy related
parameters are believed to be better suited for the
characterization of the seismic damage potential.

Safi and Soleymani [8] have evaluated correla-
tions between three global damage indices (the
modified flexural damage index, the Bracci index
and the drift index) and seismic parameters.
Time-variations of the members' degradations
were calculated and presented. It has been shown
that the Housner intensity has the best interdepen-
dencies with the three damage indices (the modified
flexural damage index, the Bracci index and the
drift index).

Moreover, Elenas [9] has been shown the
grade of the interrelation between seismic accelera-
tion parameters and the overall structural damage
index by the linear correlation coefficient after
Pearson and the linear rank correlation coefficient
after Spearman. He used the Park-Ang model and
the Di Pasquale/Cakmak model. He concluded that
spectral pseudo-acceleration and spectral absolute
seismic input energy have the strongest correlation
with the overall structural damage index. In most of
the literatures, the final quantities of damage indices
are reported by many researchers, but the process
of the member degradation has not been determined
during earthquake time and after that. Furthermore,
specification of time variation for damage indices

can be very useful. Estekanchi and Arjomandi [10]
investigated correlation between numerical values
of damage indices based on deformation, energy,
modal parameters and low cycle fatigue behavior.

Elenas [11] has evaluated the interdependencies
between the structural damage indices and the seis-
mic intensity parameters. He utilized the modified
Park-Ang damage index and drift model as damage
index. He concluded that the spectral and energy
parameters provide strong correlation to the damage
indices.

In another research, Nanos et al. [12] have
investigated interdependencies between several
strong motion duration definitions and the important
damage indices including the Park-Ang model and
the Di Pasquale/Cakmak model. They have shown
that strong motion duration definitions that are not
direct enclosing an intensity measure of record, are
inappropriate seismic damage potential descriptors.

This paper has two parts. One part contains
determination of the interrelationship between
seismic parameters and the damage index including
the modified Park-Ang model and the modified
flexural damage ratio (MFDR) model. For this
purpose, we utilized the Spearman correlation
coefficient. The other part includes time variation of
the MFDR model at different member for attaining a
good sight about process of member degradation.

2. Damage Models

One of the most important damage indices is the
Park-Ang model [13], which combines hysteretic
energy dissipation and maximum deformation. When
inelastic behavior is restricted to plastic zone near
the end of members, the relationship between
member deformation and local plastic rotation can
be presented by the modified Park-Ang model [14].
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Here, mθ  is maximum rotation related to loading
history; u θ  is ultimate rotation capacity of the
member; r θ  is recoverable rotation when member
is unloading; y M  is yield moment and hE  is dissi-
pated energy at the section. A damage model was
proposed by the Roufaiel and Meyer [15] that was
based on the reduction in secant stiffness. It should
be mentioned that cumulative damage was not
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calculated by Roufaiel and Meyer model. Depends
on the degradation stiffness and strength suffered
during an earthquake, this model presents the ability
of the structure to resist against an earthquake. The
maximum modified flexural damage ratio (MFDR)
presented by the Roufaiel and Meyer are utilized as
an indicator of the member damage from negative or
positive loading. The following formula presents
MFDR relation:
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Here, mφ  is maximum curvature related to
loading history; uφ  is ultimate curvature of the end
member; yM  is yielding curvature of the end
member, ym M M ,  and uM are maximum moment,
yielding moment and ultimate moment, respectively.
These damage models can be utilized to count
different damage indices including element, story and
overall damage index. In this paper, we use overall
damage indices by weighting factor that is based on
dissipated energy at each member. The weighting
factor is given by the following formula:
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where iE  is dissipated energy by each member..
When we utilized an overall damage index, we can
attain a good indicator about collapse of the overall
structure, whereas the local damage just determinates
damage at the member.

3. The Spearman Correlation Coefficient

In statistics, there are many numerical meas-
ures that determine the extent of the statistical
dependence between pairs of variables. A nonpara-
metric measure of statistical dependence between
two observations is calculated by the Spearman
correlation coefficient. The Spearman correlation
coefficient between two variables X and Y is given
by the following formula:
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Here, D is the difference between the ranks of

corresponding values of iX  and .iY  N is the
number of pairs of values (X, Y) in the data.
Besides, it is necessary to notice that the value of
the Spearman correlation coefficient between 0 and
0.3 (0 and -0.3) indicate a weak positive (negative)
interdependency, values between 0.3 and 0.7 (0.3
and -0.7) indicate a moderate positive (negative)
interdependency, and values between 0.7 and 1.0
(-0.7 and -1.0) indicate a strong positive (negative)
interdependency.

4. Analytical Procedure

According to the rules of ACI codes for
structural concrete, the reinforced concrete frame
structure that is shown in Figure (1) has been
designed. Besides, numbers of columns and beams
are presented in Figure (1).The cross sections of
T-beams contain 15 cm plate thickness, 125 cm
effective plate width, and 55 cm total beam height.
The cross section of columns contain 60×60 cm for
first, second and third levels, 55×55 cm for fourth,
fifth, sixth and seventh levels and 50×50 cm for eigth,
ninth and tenth levels. Distances selected between
each frame are 600 cm. compressive strength of
concrete element is equal to 240 kg/cm2 and strain
at maximum strength of concrete is equal to 0.2%.
All of the necessary loads such as self-weight load,
dead load and live load are considered in calculation.

Figure 1. Reinforcement concrete frame.
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Moreover, Iranian code of practice for seismic
resistant design of building, standard No. 2800-05 was
selected as seismic design codes and sway special
was selected for element types. The eigenperiod of
structure was 1.60 s.

When the design procedure of the frame
structure was completed, an inelastic dynamic analy-
sis has been done by the computer program IDARC
7.0.

For beams and columns; we used hysteresis
models that include stiffness degradation, strength
deterioration and slip parameter. For beams and
columns, grades related to stiffness degrading
parameters are equal to moderate degrading and
mild degrading, respectively. In addition, for beams
and columns, grades related to strength degrading
parameters (energy controlled) are equal to moder-
ate deterorating and mild deteriorating, respectively.
Besides, no pinching was considered for members.
In this paper, we used 17 accelerograms from the
whole world that are presented in Table (1). The
seismic parameters related to each accelerogram are
shown in Table (2). The maximum modified flexural
damage ratio (MFDR) and the modified Park-Ang

Table 1. Earthquakes events.

model were calculated for each accelerogram, re-
sults of which are presented in Table (3). When quan-
tities of the overall structural damage indices were
determined, the interdependencies between the overall
structural damage indices and seismic parameters
were calculated by the Spearman rank correlation
coefficient.

Quantities of the correlation coefficient are
presented in Table (4). In second part of this paper,
we estimated time variation of the MFDR at some of
the beams and columns for the Victoria earthquake.
The end curvatures of beams and columns are
calculated by IDARC for MFDR model.

5. Discussion

The results of correlations coefficient between
seismic parameters and damage models are prepared
in Table (4). As it has been observed, sustained
maximum acceleration and effective design accel-
eration have the best interdependencies with the
modified Park-Ang model.

Furthermore, the weakest interdependencies
are related to cumulative absolute velocity and dis-
placement RMS for the modified Park-Ang model.
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Table 2. Values of the seismic parameters.

Table 3. Values of damage models. Table 4. Values of the Spearman correlation coefficient.
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In some cases, damage may require repeated cycles
of high amplitude to develop. Sustained maximum
acceleration includes five cycles as fifth highest
(absolute) value of acceleration in the time history.
Effective design acceleration is defined as the peak
acceleration that remains after filtering out acceler-
ations above 8-9 Hz. Cumulative absolute velocity
(CAV) is defined as the integral of the absolute value
of the acceleration time series. In fact, CAV includes
the cumulative effects of ground motion duration.
Displacement RMS is defined as a single parameter
which includes the effect of amplitude and frequency
content of displacement motion record. The ratio of
PGV and PGA is considered to account the effects
of both PGV and PGA. For MFDR model, peak
ground velocity and the Housner intensity have the
best interdependencies. On the other hand, the
weakest interdependencies are related to cumulative
absolute velocity and maxmax / AV  with the MFDR
model.

Housner intensity is defined as time integral that
is referred to the area under the pseudo-velocity
response spectrum over the period range of 0.1 to
2.5 s. It is obvious that all of the seismic parameters
do not have the strongest interdependency with
these damage models. Therefore, based on seismic

parameters, the foreseen selection of the accelero-
gram that have the most important effect on the
MFDR model cannot be an easy anticipation.

Overall structural damage indices can give a
good sight about collapse of structure. Moreover,
overall structural damage has less accuracy than
local structural damage, determined at each
member. Local structural damage indices are very
useful for determining damage at each member. In
most of the papers, the final values of damage
indices are reported by researchers. Final values of
damage indices cannot show process degradation
of members. In this paper, process degradation of
members has been shown for Modified Flexural
Damage Ratio (MFDR). The curves that present
time variation of the MFDR model are shown in
Figure (2) for some of the beams and columns.
When curves that are related to all of the members
are considered, they show that most of the columns
remained at the elastic range and few numbers of
them have inelastic behavior. In other hand, all
beams have inelastic behavior except for beams
number 10 and 29. In fact, the results imply that the
safe conditions of columns are more important than
the safe conditions of beams at the rules of design
codes during earthquake time.

Figure 2. Time variations of the MFDR model.
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Figure 2. (Continue)

6. Conclusion

In this paper, the interdependencies between
important seismic parameters and damage indices
are investigated by the Spearman correlation coeffi-
cient. The results have been shown that sustained
maximum acceleration and effective design accel-
eration have moderate interdependencies with the
modified Park-Ang model, whereas the weakest

interdependencies are related to cumulative absolute
velocity and displacement RMS for the modified
Park-Ang model. For MFDR model, peak ground
velocity and Housner intensity have the best interde-
pendencies. Besides, the weakest interdependencies
are obtained for cumulative absolute velocity and

maxmax / AV . Other part of this article that includes
the time variation of the MFDR model presents the
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process of the degradation members during the
time of the inelastic dynamic analysis. While the final
values of damage indices are reported in the most of
the paper, it is a useful procedure to recognize
time variation of the member degradations.

Acknowledgement

The supports by Shahid Abbaspour Campus of
Shahid Beheshti University are gratefully appreciated.

Refrencess

1. Benjamin, J.R. (1998) A criterion for determining
exceedance of the operating basis earthquake.
EPRI Report NP-5930, Electric Power Research
Institute, Palo Alto, California.

2. Maniyar, M.M. and Khare, R.K. (2011) Selection
of ground motion for performing incremental
dynamic analysis of existing reinforced concrete
buildings in India. Journal of Current Science,
100, 701-713.

3. Nuttli, O.W. (1979) The relation of sustained
maximum ground acceleration and velocity to
earthquake intensity and magnitude. In Miscella-
neous, Report 16, US Army Corps of Engineers,
Waterways Experiment Station, Mississippi,
71-1.

4. Newmark, N.M. and Hall, W.J. (1982) Earthquake
Spectra and Design, EERI Monograph.
Earthquake Engineering Research Institute,
Berkeley, California, 103-105.

5. Kennedy, R.P. (1980) Ground motion parameter
useful in structural design. Conference on Evalu-
ation of Regional Seismic Hazards and Risk,
Santa Fe, New Mexico.

6. Arias, A. (1970) A Measure of Earthquake
Intensity in Seismic Design for Nuclear Power
Plants. MIT Press, Cambridge, 438-483.

7. Elenas, A. and Meskouris, K. (2001) Correlation
study between seismic acceleration parameters
and damage indices of structures, Journal of
Engineering Structures (Elsevier), 23, 698-704.

8. Safi, M. and Soleymani, A. (2014) Investigation
of correlations between seismic parameters and
damage indices for earthquake of Iran region.

International Journal of Engineering, 27(2),
291-300.

9. Elenas, A. (2000) Correlation between seismic
acceleration parameters and overall structural
damage indices of buildings. Journal of Soil
Dynamics and Ea r thquake Engineer ing
(Elsevier), 20, 93-100.

10. Estekanchi, H. and Arjomand, K. (2007)
Correlation of damage indexes in nonlinear time
history analysis of steel moment frames. Asian
Journal of Civil Engineering (Building and
Housing), 8, 629-646.

11. Elenas, A. (2011) Intensity parameters as dam-
age potential descriptors of earthquakes.
Proceedings of the Conference on Computa-
tional Methods in Structural Dynamics and
Earthquake Engineering, Corfu, Greece.

12. Nanos, N., Elenas, A., and Ponterosso, P. (2008)
Correlation of different strong motion duration
parameters and damage indicators of reinforced
concrete structures. Proceedings of the
Conference on Ear thquake Engineer ing,
Beijing, China.

13. Park, Y.J., Ang A.H.S., and Wen, Y.K. (1987)
Damage-limiting aseismic design of buildings.
Earthquake Spectra, 3(1), 1-26.

14. Kunnath, S.K., Reinhorn, A.M., and Lobo, R.F.
(1992) IDARC Version 3.0: A Program for the
Inelastic Damage Analysis of Reinforced
Concrete Structures, (Report No.NCEER-92-
0022). New York, National Center for Earth-
quake Engineering Research, University at
Buffalo, the State University of New York.

15. Roufaiel, M.S.L. and Meyer, C. (1987) Analyt-
ical modelling of hysteretic behaviour of R/C
frame, Journal of Structural Engineer ing,
ASCE, 113(3), 429-444.

Underline

l Correlations between seismic acceleration
parameters and damage indices can help to
predict the value of the damage for an earthquake
event.

l Sustained maximum acceleration and effective
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design acceleration have the best correlation with
the Park-Ang model.

l Cumulative absolute velocity and maxmax / AV
have shown the weakest interdependencies with
the Maximum flaxural damage ratio model.

l the time variation of the MFDR model in duration
of the Victoria earthquake can give a good sight
about process of degradation members.


