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Abstract. One way of quantifying the extent of seismic damage induced to Reinforced 
Concrete (R/C) structures is the use of damage indices. Various damage indices have been 
introduced by many researchers incorporating different parameters for estimating structural 
damage. The aim of the present paper is the comparative evaluation of three of the most 
widely used damage indices for the R/C buildings taking into account the orientation of the 
strong motion. For the investigation of the present study three symmetric in plan R/C 
buildings are investigated: a low-rise building (3 stories), a medium-rise building (5 stories) 
and a high-rise building (8 stories). The three buildings are analysed by nonlinear time-
history analysis using 20 bi-directional earthquake ground motions. The two horizontal 
accelerograms of each ground motion are applied along horizontal orthogonal axes forming 
72 different angles with the structural axes. For each ground motion and incident angle, the 
local damage indices at every relevant cross section as well as the overall damage index of 
the building are computed using three different definitions of the damage index. The analyses 
results show that the numerical estimation of the seismic damage induced to R/C buildings 
depends on the damage index used to quantify the damage. Moreover, the overall damage 
state of the building is significantly affected by the incident angle of the ground motion. 
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1 INTRODUCTION 
The assessment of the level of the damages that is expected to come up in structural 

members of R/C buildings constitutes a very important piece of data in the process of 
planning scenarios of seismic risk of individual buildings as well as of a group of buildings. 
The procedures available nowadays are based on analytical methods, as well as in situ 
assessments of seismic vulnerability, or on a combination of both. One of the analytical 
methods available is based on use of suitable damage indices. Damage indices are analytical 
expressions of the damage level expected to appear in structural members and are generally 
defined in various ways in international literature. Their basic principle is the assessment of 
the damage level through its correlation with parameters that can be calculated analytically. 
Such parameters are ductility, strength, the reinforcement ratio, the hysteresis loop etc. Due to 
the fact that the inelastic response of structural elements that causes damages depends on a 
number of factors which cannot be easily taken into consideration simultaneously, several 
definitions of damage indices have been proposed. Among the various factors that affect the 
reliable analytical evaluation of damage indices, one should highlight the uncertainty 
introduced in the response of buildings by the seismic excitation angle. Research has shown 
(see e.g. [1, 2, 3, 4]) that in many cases the seismic excitation angle can radically alter the 
analysis results in terms of both the required reinforcement ratio of structural members (see 
e.g. [1, 4]) and of the damage level (see e.g. [2, 3]). 

The objective of the present paper is the investigation of the level of the expected damages 
in R/C buildings by applying three different definitions of the damage index, i.e. the 
definitions of Park-Ang [5, 6], Bracci et al. [7] and Cosenza et al. [8]. The evaluation of these 
indices requires non-linear time-history analyses. The accelerograms demanded for these 
analyses were selected out of 20 different recordings, 10 of which correspond to near-fault 
strong motion records, while the rest correspond to far-fault records. This specific distinction 
was chosen since it is well-known that far-fault records have characteristics different from 
those of near-fault ones, resulting in a difference in the seismic response of buildings. With 
regard to the choice of the buildings, three R/C double symmetric buildings of low (3-storey), 
medium (5-storey) and high (8-storey) rise were selected. The rationale behind this choice 
was the investigation of the influence of the horizontal stiffness on the damage level in 
connection with the different characteristics of earthquakes. All selected buildings have a 
structural system which is a frame system along one direction and a wall-equivalent dual 
system along the other direction (which is perpendicular to the former), with walls that 
receive approximately 60% of the base shear of buildings in this specific direction. This 
choice was made in order to investigate the influence of the seismic excitation angle on 
buildings with horizontal stiffnesses that are considerably different along two perpendicular 
directions. The buildings were designed following the provisions of EN1992-1-1 [9], and 
EN1998-1 [10]. Then the buildings were analyzed by nonlinear time-history analysis for each 
one of the 20 earthquake records taking into account 72 different incident angles of the input 
motion. For each ground motion and incident angle the overall damage index of the three 
buildings was computed using the three aforementioned different definitions of damage 
indices. 

The analyses results show that the use of Bracci et al. damage index leads to the largest 
values of the overall structural damage index of the buildings, whereas the use of Cosenza et 
al. damage index leads to the smallest values for the vast majority of the incident angles and 
earthquake records. Moreover, the most widely used Park and Ang damage index leads to the 
smallest influence of the excitation angle as well as of the number of stories. 
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2 DESCRIPTION OF THE PROCEDURE OF THE ANALYSIS 
The procedure followed in order to achieve the goals of the present investigation consists 

of the following steps: 
(a) Selection of the examined R/C buildings, 
(b) Modeling of the elastic and inertia behavior, 
(c) Design of the structural elements of the buildings, 
(d) Modeling of the nonlinear behavior of the structural elements of the buildings, 
(e) Selection of the seismic excitations used for the nonlinear analyses, 
(f) Analysis of the buildings using the method of nonlinear time-history analysis for 

various angles of the seismic excitation, 
(g) Calculation of damage indices for the structural elements, as well as for each building 

as a whole, with three different definitions of damage indices. 
In the following, the details of the aforementioned steps are presented. 

2.1 Description of the selected R/C buildings and assumptions of their elastic modeling  
For the purposes of the investigation, three double symmetric R/C buildings, with design 

parameters as shown in Figure 1, were chosen. All three buildings have a structural system 
that consists of R/C frames in two orthogonal directions (axes X and Y). Along X-axis there 
are two R/C walls that receive approximately 60% of the base shear. According to the 
structural types described in EN1998-1 ([10], §5.2.2.1), all buildings belong to the type of 
frame systems along the Y-axis and to the type of wall-equivalent dual systems along X-axis. 
Therefore, their horizontal stiffness along the Y-axis is roughly equal to 65% of their 
horizontal stiffness along the X-axis. All buildings are regular in plan and elevation according 
to the criteria set by EN1998-1 ([10], §4.2.3.2, §4.2.3.3), and were designed as medium 
ductility class (DMC) buildings. Based on the above data, the process of calculating the upper 
limit value of the behavior factor q of EN1998-1 ([10], §5.2.2.2) led, in all three cases, to the 
values maxqx=3 and maxqY=3.9. However, a unique value for the X and Y axes, equal to 
q=min(maxqX,maxqY)=3, was taken in to account for the analysis and design.  

In the modeling of the buildings, all basic recommendations of EN1998-1 [10] were taken 
into consideration, such as the diaphragmatic behavior of the plates, the rigid zones in the 
joint regions of beams/columns and beams/walls, and the values of flexural and shear stiffness 
corresponding to cracked R/C elements. All buildings were considered to be fully fixed to the 
ground. 

2.2 Analysis and design of the buildings 
The buildings were analyzed using the modal response spectrum analysis, as defined in 

EN1998-1 ([10], §4.3.3.3). The R/C structural elements were designed following the 
provisions of EN1992-1-1 [9] and EN1998-1 [10]. Consequently, a capacity design at frame 
joints was made only along Y-axis, where the buildings belong to the type of frame systems 
([10], §4.4.2.3[5]). It should be noted that the choice of the dimensions of the structural 
element cross-sections as well as that of their reinforcement was made while bearing in mind 
the optimum exploitation of the structural materials (steel and concrete). Therefore, the 
capacity ratios (CRs) of all critical cross-sections due to bending and shear are close to 1.0 
(the mean value of CRs ranges between 0.92-0.96). The professional program for R/C 
building analysis and design RAF [11] was employed in both the analysis and the design. 
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Figure 1: Design parameters of the investigated buildings 
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2.3 Selection of the seismic excitations used for the nonlinear time-history analyses 
A suite of 20 pairs of horizontal bi-directional earthquake ground motions (10 far-fault and 

10 near-fault records) obtained from the PEER [12] and the European [13] strong motion 
database was used as input ground motion for the analyses of the buildings investigated in the 
present study. The ground motions were recorded on Soil Type C according to EN1998-1. 
The characteristics of the input ground motions are shown in Tables 1 and 2 along with the 
correlation factor of the components. The correlation factor ρ is given [14] by Eq. 1: 

( )
xy

1/2
xx yy

sσ 1ρ = with σ = • α (t) •α (t)dt i = x, yij i jsσ •σ 0

 
 ∫ 
 

(1)

where αx(t) and αy(t) are the recorded ground accelerations along the two horizontal directions 
of the ground motion; σxx, σyy are quadratic intensities of αx(t) and αy(t) respectively; σxy is the 
corresponding cross-term; s is the duration of the motion.  

It should be noted that, as ASCE 41-06 proposes [15], the uncorrelated horizontal 
components of ground motion have been used as seismic input in the present study. The 
accelerograms were scaled to Peak Ground Acceleration PGA = ag·S = 0.276g, where ag and S 
are the design ground acceleration and the soil factor respectively used for the elastic analysis 
of the buildings. Although it is known that PGA scaling does not correlate strongly with the 
expected damage levels, it was nevertheless applied herein for simplicity reasons, since in the 
present study the factor under investigation is, as already mentioned, the incident angle of the 
input motion. In Tables 1 and 2 the scale factors (SF) produced by the scaling procedure for 
each ground motion are presented. The SRSS of the 5%-damped spectra of the scaled 
accelerograms are depicted in Figures 2a and 2b. 

Table 1: Far-fault ground motion records 
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Table 2: Near-fault ground motion records 

Figure 2a: SRSS of the 5%-damped spectra of the scaled accelerograms corresponding to far-fault records 
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Figure 2b: SRSS of the 5%-damped spectra of the scaled accelerograms corresponding to near-fault records 
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were applied along horizontal orthogonal axes forming with the structural axes consecutive 
angles of θ=0°, 5°, 10°, …, …, 355°. Thus for each building and each pair of accelerograms 
72 different incident angles of the input motion were considered. As a consequence a total of 
4,320 NTHA (3 buildings x 20 earthquake records x 72 incident angles) were conducted in 
the present study. 

2.5 Calculation of damage indices 
For each ground motion and incident angle, the local damage indices at every relevant 

cross section (columns’ and beams’ ends and at the bases of the walls) as well as the overall 
damage index of each one of the three buildings were computed. In particular, three different 
damage indices were considered: the Park and Ang damage index [5] modified by Kunnath et 
al. [6], the Bracci et al damage index [7] and the Cosenza, et al. damage index [8]. Note that 
the aforementioned local damage indices have been widely used for the inelastic assessment 
of structures [8, 20, 21, 22, 23]. 

More specifically, at a given cross section the local damage index (LDI) according to Park 
and Ang, Bracci et al. and Cosenza et al. is given by Eqs. 2, 3 and 4 respectively: 

m yPark-Ang
T

u y y u

φ φ βLDI = + • E
φ φ M •φ

 −
  −  

(2)

Bracci et al. m

u

ELDI =
E (3)

Cosenza et al. m

u

µ 1LDI =
µ 1

−
− (4)

where φm is the maximum curvature observed during the load history, φu is the ultimate 
curvature capacity, φy is the yield curvature, µm is the maximum ductility demand, µu is the 
maximum allowable value of the ductility, ET is the dissipated hysteretic energy, Em is the 
work done at maximum curvature, Eu is the work done at ultimate curvature, My is the yield 
moment of the cross section and β is a dimensionless constant determining the contribution of 
cyclic loading to damage, which is taken equal to 0.5 for the analyses conducted in the present 
study.  

Moreover, the overall structural damage index (OSDI) of the building was computed as a 
weighted average of the local damage indices at the ends of each element. The dissipated 
energy was used as a weight factor (Eq. 4) [20, 24, 25]: 

n n

i Ti Ti
i=1 i=1

OSDI= LDI • E E
  
  
   

∑ ∑ (5)

where LDIi is the local damage index at cross section i determined by Eqs. 2, 3 or 4, ETi is the 
energy dissipated at cross section i and n is the number of cross sections at which the local 
damage is computed. 

3 RESULTS OF THE ANALYTICAL INVESTIGATIONS 
Figure 4 presents the variation of the OSDI with the incident angle under the No9 far-fault 

and No10 near-fault earthquake records (see Tables 1 and 2) for the three buildings 
investigated in the present study. We can see that the near-fault record leads to larger values 
of damage indices for the majority of incident angles than the corresponding values produced 
by the far-fault ground motion. This observation is more evident for the 3-story building. 
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Figure 4: OSDI vs incident angle for earthquake records No9 (far-fault) and No10 (near-fault) for (a) the 3-story, 
(b) 5-story and (c) 8-story building 
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However, we observe that when the analyses are conducted using the far-fault ground motion 
there are certain angles of incidence for which Park and Ang gives larger values than the 
Bracci et al. damage index. See for example angles 0ο-15ο, 55ο-110ο and 235ο-290ο (Figures 
4b and 4c). It must be mentioned that the difference between the values produced by the three 
different definitions of the local damage index strongly depends on the seismic record and its 
orientation. For example, note that the three damage indices produce similar values of OSDI 
for the 5-story building (Figure 4b) when the near-fault record No10 is applied with angle of 
incidence 85ο-100ο, whereas they lead to large differences when the orientation of the same 
earthquake record is 0ο-50ο. 

Furthermore, we can see that the damage state of the building is affected by the excitation 
angle for all the buildings under investigation. See for example that the OSDI of the 5-story 
building under the far-fault seismic record No10 using the Bracci et al. damage index is equal 
to 0.77 and 0.08 for incident angles 30ο and 100ο respectively (Figure 4b). 

In order to generalize behavior trends, for each ground motion the value of the OSDI for 
incident angle θ=0° (OSDI,0) as well as the maximum value of OSDI (maxOSDI) over all 
incident angles are determined. Then, the average values of the above quantities due to all the 
seismic records are calculated. The results are illustrated in Figures 5 and 6 for the three 
buildings under investigation. It must be mentioned that the aforementioned values are 
determined separately for the far and near fault records as well as for the three different 
definitions of the local damage index investigated in the present study. 

Figure 5: Average value of OSDI for incident angle θ=0° determined using the three different LDI for (a) far-
fault and (b) near-fault earthquake records 

Figure 6: Average value of maxOSDI over all incident angles determined using the three different LDI for (a) 
far-fault and (b) near-fault earthquake records 
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Figures 5 and 6 clearly indicate that the use of Bracci et al. damage index leads to the 
largest values of OSDI, whereas the use of Cosenza et al. damage index leads to the smallest 
values. The above conclusion is obvious for both OSDI,0 and maxOSDI. The difference 
between the three damage indices used in the present study depends on the number of stories 
and the type of the strong motion (far or near-fault), however no certain trend was observed. 
Note for example that the aforementioned difference is negligible for the maxOSDI of the 3-
story building under the near-fault records, whereas it becomes much larger for the maxOSDI 
of the 5-story building under the far-fault records. This remark is very important, since 
different values of the OSDI imply different damage state of the structure. Furthermore, it is 
evident that the values of the three different OSDIs are larger for the 3-story building, 
something that can be attributed to the fact that, as can be seen in Figures 2a and 2b, the peaks 
of the most response spectra appear for values of period that is very close to the fundamental 
vibration period of the 3-story double symmetric structure. It is also interesting to notice that 
Figures 5 and 6 show no particular trend as far as the difference between the far and the near-
fault records is concerned. 

In order to better quantify the differences among the results produced for the 72 examined 
orientations of the ground motions, the maximum relative variation (MRV) of the OSDI for 
each seismic record is determined as:       

( ) ( )MRV = maxOSDI minOSDI  (6)

where maxOSDI and minOSDI: maximum and minimum OSDI respectively over all seismic 
incident angles. 

Then, the average and the maximum value of MRV for the 10 far-fault and the 10 near-
fault records are computed. The results are presented in Figures 7 and 8.   

Figure 7: Average values of MRV for the OSDI determined using the three different LDI for (a) far-fault and (b) 
near-fault earthquake records 

Figure 8: Maximum values of MRV for the OSDI determined using the three different LDI for (a) far-fault and 
(b) near-fault earthquake records 
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From Figures 7 and 8 it can be seen that the damage state of the building is strongly 
affected by the excitation angle for all the buildings under investigation. It is very interesting 
to notice that the average MRV can take the value of 7 (3-story building under near-fault 
records and 8-story building under far-fault records), whereas the maxMRV can take the 
value of 41 (8-story building under far-fault records).  

The difference between the MRV determined using the three damage indices depends on 
the number of stories and the type of the strong motion (far or near-fault). The use of Cosenza 
et al. damage index leads to the largest values of MRV (with the exception of 8-story 
building), whereas the use of Park and Ang damage index leads to the smallest values. 
Moreover, concerning the far-fault records we can notice that the influence of the incident 
angle when the Bracci et al. and the Cosenza et al. damage indices are used becomes larger as 
the number of the stories increase. The opposite seems to happen for the Cosenza et al. 
damage index when the near-fault records are used. However, it is of great importance to 
notice that in most cases the most widely used Park and Ang damage index leads to the 
smallest influence of the number of stories 

4 CONCLUSIONS 
In the present research effort three damage indices for the R/C buildings are evaluated taking 
into account the incident angle of the strong motion. Three symmetric in plan R/C buildings 
are investigated: a low-rise (3 stories), a medium-rise (5 stories) and a high-rise (8 stories) 
one. The three buildings were analysed by nonlinear time-history analysis using 20 bi-
directional earthquake ground motions, the horizontal accelerograms of each are applied 
along horizontal orthogonal axes forming 72 different angles with the structural axes. For 
each ground motion and incident angle, the local damage indices at every relevant cross 
section as well as the overall damage index of the building (OSDI) were computed using three 
different definitions of damage indices. The comparative assessment of the results leads to the 
following conclusions: 
• The difference between the values of the three damage indices used in the present study

varies depending on the number of stories, the earthquake ground motion and the incident
angle.

• The use of Bracci et al. damage index leads to the largest values of OSDI, whereas the use
of Cosenza et al. damage index leads to the smallest values for the vast majority of the
incident angles and earthquake records.

• The damage state of the building strongly depends on the excitation angle. The influence
of the incident angle depends on the damage index used, the number of stories and the
strong motion.

• The most widely used Park and Ang damage index seems to be less influenced by the
excitation angle as well as of the height of the building.
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