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Structural damage can be controlled in performance based seismic design (PBSD) according to the
requirement under a certain hazard level. During strong ground motion (GM) such buildings suffer
minor to major damages depending on the shaking level of GM. The available damage assessment
methods are complex, tedious and time-consuming procedure. In the present study, a simplified
empirical model has been proposed that computes the GDI in a single step using the engineering
demand parameters (EDPs) namely joint rotation, Inter storey drift (IDR), peak roof displacement. It
has been found that the proposed method gives results of GDI near to Park-Ang model. It has been
observed that the ground storey suffers maximum damage for all cases. Further, a relationship has been
established between ground story DI and global DI. The proposed model effectively estimates reliable
DI and could be used as a powerful tool for estimating seismic damage in buildings, especially for

Reinforced Concrete Framed Building massive structures.

doi: 10.5829/ije.2019.32.10a.08

1. INTRODUCTION

The PBSD is one of the best design philosophies where
performance level is predefined by the designers
according to the demand and importance of the
structures under certain hazard level. Structural damage
is a required quantity to achieve the desired
performance level. Structural damage mainly occurs due
to degradation of strength, stiffness or ductility. Damage
index (DI) of structures evaluated using different
methods previously by researchers for reinforced
concrete (RC) component, to determine DI in terms of
maximum deformation and cyclic loading effect [1, 2].
Further, DI was presented in single or a combination of
double parameters like IDR, joint rotation, stiffness and
hysteretic energy [3-5]. Park-Ang DI updated in 2006
introducing three-dimensional damage index [6]
accounting bi-directional and torsional responses.
Ductility based damage index [7], empirical mode
decomposition and fast Fourier integration [8]
introduced and applied in RC frame, where it was
determined considering pushover curve before and after
the occurrence of the earthquake [9]. In this context, a
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comprehensive review [10, 11] has been published by
the authors on local and global damage index (LDI and
GDI) of both bridges and building along with their
mathematical expressions. In the overview seismic
zonal (IS: 1893-2016) based damage assessment [12]
had been explained for RC buildings with different
structural configurations for reliable damage assessment
of structures to make the study robust.

From extensive literature review, it can be
mentioned that several damage assessment methods
suggested by researchers till date, but those methods are
complex, inefficient or considers only one or two
response parameters and are unable to capture the
seismic degradation characteristics of a structure
individually. The drawback of these methods is they are
unable to capture actual damage state of the structures
efficiently.

To estimate DI of the structures like RC, steel and
timber, Park-Ang method was the preferred choice till
date. Estimation of Park-Ang GDI for Multi-degree
freedom system (MDOF) involves tedious calculation
and takes huge computational time to obtain reliable
results [10, 11]. In this research, a relationship between
Park-Ang damage index and EDPs has been established
and presented to simplify the damage assessment
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Figure 1. Plan and elevation of the buildings

method. The proposed approach is unique and applied
on 8 storey building. The diversity of application of this
approach makes it acceptable in wide way including
regular and irregular low-rise, mid-rise and high-rise
buildings. This paper shows a unique simplified
approach to assess structural damage of a massive
structure within a small time frame.

2. DAMAGE INDEX OF STRUCTURE

The degree of destructiveness of structure is called
damage index. However, up to till date a limited
research work has been published to estimate DI
considering multiple demand parameters. Therefore,
extensive research is required to unfold the actual
damage characteristics and the parameters which are
involved in structural damage directly. A typical
classification of DI (Tabeshpour et al. 2004) is shown in
supplementary Figure 1.

3. EXAMPLE MODEL

3. 1. Study Region The North-East and Himalayan
belt are the most earthquake-prone region in India.
Different types of structures such as reinforced cement
concrete (RCC), steel, timber, composite, and Assam
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type housing are constructed here and functioning as a
residential and commercial building. They are prone to
high seismic hazard. More than hundreds of earthquake
occurred in the past such as the Assam earthquake
(1950) and Shillong earthquake (1897) in this region.
An extensive investigation is essential to explore the
seismic behavior of such structures considering its
storey level in this seismic zone.

3. 2. Model Selection To examine and understand
the configuration complexity effecting in mid-rise
structures, an eight-storey RC framed building (storey
height = 3.1m) with rectangular shaped, L shaped and U
shaped with different of plan aspect ratio (PAR) 0.5,
0.75 and 1 (Figure 1) for each case have been
considered. The nomenclature of all models is given in
supplementary Table 1. Cross-section of beams and
columns in the different floor is shown in
supplementary Table 2. At bottom seismic demand is
higher than the upper storey; therefore, the column
cross-section is higher in the bottom storey and it
decreases with increasing of storey level. Material
properties are given in supplementary Table 3.

3. 3. Ground Motion Selection The northeast
(NE) of India belongs to seismic zone-V, which is the
most seismic vulnerable region in the country where
hazard and risk are very high. In this seismic region,
thousands of structures are in a vulnerable condition and
may collapse during a future seismic event. Hence, in
this research, the authors have emphasized to study such
kind of RC structural characteristics in this zonal
intensity level i.e. 0.36g as per Indian seismic code
1S:1893-2016. To study the non-linear behavior of the
structure, seven pair of real recorded (Table 1 and
Figure 2) spectrum compatible ground motions (SCGM)
were selected from NE region India considering
different magnitudes (Mw 4.5-6.9), frequency and
duration of earthquakes occurred to consider the effects
of all site specific ground motion characteristics
essentially in near and far field motion behaviour on
structures to consider the real attributes.

TABLE 1. Seven site specific recorded ground motions

Ground motion Characteristics

Moment E Hypo-central
St No. Name ofEQ magnitude (Mu) Stat%ns Frequency (Hz) PGA (m/s?) Duration (s) ?'JSt (km)
1 NE India (1986) 45 Ummulong 2 1.455 16.94 449
2 India Burma Border, India (1988) 6.9 Diphu 1.92 1.386 81.75 210.1
3 India Burma Border, India (1997) 55 Jellalpur 3.12 1.18 25.6 41.9
4 Uttarkashi, India (1991) 6.7 Uttarkashi 2 1.005 36.16 21.7
5 India Burma Border (1988) 6.9 Berlongfer 4.54 1.074 119.7 220.1
6 India-Burma Border, (1995) 6.4 Halflong 3.12 1.03 12.94 261.9
7 India-Burma Border, (1990) 5.9 Laisong 2.63 1.12 9.04 2335
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Figure 2. Seven pair of real recorded ground motions

3. 4. Analysis and Design of the Building All
beams are allowed to fail (or reach to form plastic
hinges) before column to prevent catastrophic failure.
This capacity design phenomenon was followed to
design the buildings. RCC design was done as per IS
456-2000 [13] and seismic design was done by response
spectrum method as per IS 1893-2016 [14] where
column/beam capacity ratio is greater than 1.4 as per
13920-2016 [15] to follow strong column-weak beam
principle. Non-linear static pushover analysis has been
performed to check the capacity of the building in both
X and Y directions. Non-linear time history analysis
(NLTHA) was performed in SAP2000v15 under seven
pair of different site-specific real earthquake spectrum
compatible ground motion (Table 1 and Figure 2) in
both X and Y directions.

4. METHODOLOGY

4. 1. Non-Linear Model To analyse the buildings
NLTHA has adopted to reflect the realistic elasto-plastic
behaviour under earthquake excitation. The framed
buildings were modelled nonlinearly as per FEMA 356
[16]. Force-deformation behavior for a typical flexural
hinge is shown in supplementary Figure 2. For the
beams M; hinge and for column P-M.-Mz hinge
interaction was assigned as per FEMA356-2000 (Tables
6 and 7 in FEMA 356). In SAP2000, the displacement
controlled hinge is assigned directly at the ends of the
member by auto hinge option which saves the
computational effort. P-Delta effect, Rayleigh (Mass-
Stiffness proportion) damping, and Hiber-Hughes-
Taylor time integration method were considered in this
direct integration type NLTHA analysis.

4. 2. Existing DI of Structure There are several
methods available for estimating DI considering

response parameters such as ductility, stiffness, yield
displacement, peak roof displacement, joint rotation, no
of inelastic loops, and IDR. In this study, Park-Ang
method has been manoeuvred as it performed 142
monotonic and 261 cyclic test specimens
experimentally considering both deformation and cyclic
loading effect to estimate the damage in individual
structural member, storey damage and global damage
(Equations (1), (2) and (3)). But the main drawback of
this method is that it takes huge time to estimate GDI of
the structure and not suitable for large scale assessment.
Different damage state is presented in supplementary
Table 4 recommended by Park and Ang.

_| o B
D_[§u+%jdE] 1)
where D= 0 indicates no damage, D>1 indicates total
damage or collapse, dm = maximum deformation under
earthquake, 8y = ultimate deformation under monotonic
loading, Qy = -calculated yield strength, dE =
incremental absorbed hysteretic energy, B = non-
negative parameters.

Storey DI and GDI is calculated by using Equations
(2) and (3) respectively,

N
> DE
Dstorey = ile (2)
2E
i=1
N
z Dstorey,iEstcrey,i
storey, i =1
Dglobal = . N (3)
z E storey, i
storey, i =1
Dstorey = DI of a storey i.e storey damage, D; = DI of a
member, E;j = Dissipated Hysteretic energy of a

member, Esorey, i = Dissipated Hysteretic energy of the
entire storey, Dgoba = DI of a structure i.e. global
damage (GDI).

5. PROPOSED DAMAGE ESTIMATION PROCEDURE

Limited numbers of research have been carried out
previously using multiple parameters for damage
assessment. Damage assessment with multiple EDPs
estimate reliable damage as each parameter contributes
to individual damage characteristics. In this study, the
most three influential parameters are joint rotation, IDR
and peak roof displacement. They are combined in a
mathematical expression to express the actual damage
state of a structure. Most three influential parameters are
selected among six EDPs inter-story drift (IDR), joint
rotation, dissipated hysteretic energy, peak roof
displacement, stiffness, and ductility from correlation
matrix (supplementary Tables 5, 6 and 7) as their R? is
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maximum therefore could be considered as the most
influential variables on DI. Multiple linear regression
analysis has been performed in MATLAB2013a for
combining these parameters in a suitable Equation (4).
A new concept of DI has been proposed as the
following form considering triple variables such as joint
rotation, IDR and peak roof displacement are mentioned
as:

For rectangular shape, GDI =0.0964 x IDR+12.53x 6 -0.0129xd , +0.157
For U shape, GDI =-0.0911x IDR+49.6423x 6 - 0.8371xd,, +0.0898 4)

For L shape, GDI =0.1369x IDR-20.3297 x 9+2.7062x d, , +0.0711

where DI = Global Damage of the building; IDR =
Maximum Inter-Storey drift ratio (%); 6 = Maximum
Joint rotation in a building (radian); dmax = Peak roof
displacement (m)

The coefficients of EDPs were determined by
multiple linear regression analysis with 126 data points
of the top three influential parameters obtained from the
considered simulated models. In Equation (4) maximum
joint rotation, IDR and peak roof displacement is used
to estimate global DI of the structure directly
irrespective of shape and size of the structure. In this
approach, the percentage of average error is quite low
i.e. 8.7, 12.2 and 14.5% for rectangular, U shaped and L
shaped building respectively. The proposed approach is
depicted in a flow chart in Figure 3.

On the other hand, the ground storey DI is higher
than global DI, therefore, ground storey DI should get
prior importance than GDI. As ground storey is
experiencing maximum damage, therefore the
contribution of ground storey DI on global DI is
maximum. Comparing GDI and ground storey DI, it is
observed that 0.529 times ground storey DI represents
(Equation (5)) equivalent global DI. This empirical
expression is shown in Equation (5).

GDI =0.529xGround storey damage index (5)

6. RESULTS AND DISCUSSIONS

In a multi-story framed structure the number of member
will be large. Estimation of GDI considering each
member is a very tedious and time-consuming job.
Therefore, authors have made an attempt to establish a
relationship  between most influential response
parameters and Park-Ang GDI of structure. Comparison
between proposed DI with Park-Ang global DI is
plotted and it expresses the accuracy (R?=0.88) of the
proposed approach. The estimated slope of Equation (4)
is 0.91, indicates a good agreement between these two
methods.

Ground storey DI is higher than global DI therefore
ground storey DI is more important than GDI. This

Structural Modeling of
Rectangular,U and L shape|
buildings having plan aspect
ratio 0.5, 0.75, 1 No

Predominant Parameters
IDR, Joint Rotation, Peak
Root Displacement

Maximum response
of IDR, Joint
Rotation, Peak Root
Displacement

.

Correlation

between maximum
response and Park-
Ang GDI

Figure 3. Seven real recorded ground motion

approach significantly reduces computation time and
would be suitable for both small and large scale damage
assessment. Storey wise DI and global DI for both X
and Y directions under seven SCGM are plotted in
supplementary Figures 3 and 4, respectively. In
supplementary Figure 4, the variation of GDI with
earthquake (EQ) intensity along with PAR has been
compared and presented for all cases. It has been
observed that the highest DI found when PAR is 0.5,
and the lowest DI found when PAR is 1.0 indicating
square planner building shape suffers lesser damage.
This is because of equal/balance redistribution of
load/moment in the respective members or joints and
perform well, hence recommending this shape as the
best and safest configuration for any modern buildings.
It has also been observed that the estimated values of
storey DI (SDI) for a ground floor is maximum and for
the top is minimum for all cases. Similar storey wise DI
patterns were reported in literature [7, 17, 18].
Therefore, the contribution of the ground storey on GDI
is maximum and local damage concentration occurs at
the ground storey. From the present investigation, a
useful correlation has been observed between GDI and
ground storey SDI (Equation (5)). For example, ground
storey DI is 0.575 and the estimated GDI is 0.301 so,
GDI to ground storey DI ratio is 0.523. In this way, the
multiplying factor (0.529 i.e. Average of all factors) is
obtained after calculating all storey’s SDI and GDI of
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all the buildings. To validate the proposed method, the
proposed GDI of another three typical samples of 8
storey buildings with different storey height (storey
height = 3.5m) have been compared with Park-Ang GDI
and plotted in Figure 4. Empirically calculated GDI
(Equation (4)) and Park-Ang GDI is plotted to check the
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1

level of accuracy of the empirical formula where R? =
0.88 shown in Figure 5. It has been observed that in
some storey, SDI is greater than GDI. For an example, a
SDI is 1.5 whereas GDI is 0.6. That means the storey is
completely damaged or irreparable whereas the GDI
indicates a moderate level of damage. For this reason,
storey DI is more important than GDI.
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Figure 5. Actual GDI vs. Empirically calculated global
damage index (from Equation (4))

7. CONCLUSION

In this study, the structural damage of RC buildings
subjected to seismic load have been investigated.
Figures 4 and 5 clearly explain that the proposed GDI
model is efficient, reliable and easy for application for
both regular and irregular buildings irrespective of its
shape and size. Analysing the results, the following
conclusions may be derived from the present study:

i) Although, the capacity of all storey is uniform (C/B
ratio 1.4) nevertheless, ground storey experiences the
highest damage that contributes maximum in GDI that
implies ground storey is the most vulnerable storey in a
building.

ii) The roof floor is experiencing the least damage as
compared to the other floors for all cases. Moreover, the
amount of hysteretic energy for the roof was minimum,
so it can be concluded that the minor damage observed
in this storey is mainly due to the drift effect.

iii) The proposed expression (Equations (4) and (5))
simplifies the method of Park-Ang DI that significantly
reduces computation time and effort. Therefore, this
method is suitable for rapid evaluation of large scale
damage assessment of buildings efficiently.

iv) To estimate GDI, Equation (4) is the most useful and
efficient and can be applied for any kind of building e.g.
bare frame, frame shear wall building directly. As the
ground storey is the most vulnerable region, therefore
authors have emphasized to correlate ground storey DI
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with global DI. In this context, GDI can also be
estimated empirically using Equation (5).

v) On the basis of correlation matrix among the six
selected EDPs, it could be concluded that IDR, joint
rotation, and peak roof displacement yields with the
GDI and could be considered as the most
influential/predominant EDPs. Therefore, this method
must be adoptable to estimate global DI of structure.

vi) It has been observed that PAR 0.5 is experiencing
the most damage (supplementary Figure 4) and PAR 1
is experiencing the least damage. It implies that due to
torsional effect irregular buildings experience higher
damage compared to regular shaped building. Therefore
it is recommended to maintain the regular shape with
PAR nearer to 1.
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