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Abstract
Service-life damage in reinforced concrete (RC) structure caused due to the actions of earthquake and cyclonic wind, and their 
multi-hazard effects is evaluated, by considering them as independent (uncorrelated) non-cascading hazards with and without 
considering the effects of chloride-induced corrosion in the structural members. Behavior of a structure to a certain hazard 
during its service life is affected by some past damages induced therein, albeit minor sometimes, and which are not often 
considered in the design process of the structure. In this study, a rectangular-plan 9-storey RC special moment-resisting frame 
(SMRF) building, assumed to be located in a region which is prone to both, seismic and wind activities, has been designed 
for various conventional load combinations prescribed by the relevant Indian standards/ design codes. The structural damage 
is evaluated in terms of a damage index, by performing nonlinear dynamic analysis for site-specific spectrum-compatible 
earthquake and local cyclonic wind conditions, while considering their cumulative effect on the structure as non-cascading 
independent hazards. Also, updated factor of safety for the column base has been determined after the building is exposed to 
different possible hazard scenarios. It has been observed that the damage in the RC structure due to independent earthquake 
and wind events can increase from 10% to even 200% when the effect due to chloride-induced corrosion in the structural 
members is considered in the analysis. Also, multi-hazard actions on the structure results in 1.5-fold increased damage as 
compared to the damage induced due to individual hazards, when the effect of corrosion of steel reinforcement is considered. 
Hence, a more realistic, rational, and holistic life cycle-based design approach has been presented here, based on the actual 
behavior of the structure that needs to be adopted while practicing design of structures under multiple hazards.

Keywords Chloride and corrosion-induced damage · Earthquake hazard · Factor of safety · Service-life damage · Multi-
hazard nonlinear analysis · Reinforced concrete building · Structural damage index · Wind hazard

Introduction

Structures are being designed for the broad range of static 
and dynamic loads, arising due to natural and anthropogenic 
activities, so that it would not fail or collapse, for the pur-
pose of saving lives rather than mere preservation of the 

structure itself. This approach is fundamentally adopted in 
structural engineering profession for design of structures. 
In India, design of a reinforced concrete (RC) structures is 
governed by the most severe (worst) possible loading sce-
nario on the structure, which is determined through various 
load combinations given in the Indian standard, IS 456 (BIS 
2000). However, this approach may sometimes result in une-
conomical and unconservative design of a structure (Nikellis 
et al. 2019), as a typical structure is subjected to multiple 
natural hazards of varying intensity, during its service-life 
or lifetime. Roy and Matsagar (2021a) presented a world 
map with different zones under the actions of several natu-
ral hazards. As per the data, approximately 3.5 million  km2 
area in the world is exposed to two or more natural hazards 
during service-life of a structure. Also, frequency of these 
hazardous incidences has tripled over the last three decades 
(Chen et al. 2010). Duthinh and Simiu (2010) argued that 
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risk of exceeding a limit state associated with multiple haz-
ards could be twice as high as the risk associated with only 
one hazard. These crucial observations affect not only the 
safety but also the cost of construction and insurance of the 
structure or reinsurance companies. An optimum design 
should therefore ideally be derived through a service-life 
cost analysis that relates the performance of any structure 
during its lifetime with probable losses due to various load-
ing conditions.

Multiple hazards can be classified as concurrent (e.g., 
wind and surge, or rainstorm and flood), cascading (e.g., 
fire following earthquake, or tsunami following earthquake), 
and independent hazards or hazards that are likely to occur 
at different times (e.g., wind and earthquake) (Gardoni and 
LaFave 2016). Out of these, mutually non-cascading and 
independent hazard events pose a significant threat to the 
civil infrastructures (Aly and Abburu 2015) as the effects 
of single hazard of medium intensity may not be sufficient 
due to which it may go unnoticed; however, effect of such 
multiple hazards may result in non-proportionate response 
of structures.

In this context of designing built-infrastructure under 
multiple hazards, some regions have been identified within 
India where, there is a high probability of a structure being 
subjected to independent action of both, strong wind forces 
as well as strong seismic ground motion. Considering the 
importance of multi-hazard effects, it is imperative to con-
duct systematic multi-hazard analysis of structures at these 
locations (Roy and Matsagar 2021b). Extensive research has 
been carried out on multi-hazard seismic and wind analy-
sis of structures considering different approaches (Li and 
Lindt 2012; Kameshwar and Padgett 2014; Chulahwat and 
Mahmoud 2017; Venanzi et al. 2018; Nikellis et al. 2019; 
Roy and Matsagar 2019, 2020; Wang et al. 2020). Many of 
these cited studies have shed light on the damage caused 
by either multiple earthquake hazards only, or even com-
bined influence of the earthquake and wind hazards on the 
structure; however, effects of corrosion-induced structural 
deterioration on probable response of the structure towards 
earthquake and wind are seldom considered which would 
result in holistic and more accurate multi-hazard analysis of 
the structure. In life-cycle assessment of a structure at risk 
from multiple hazards, actual health of the structure at the 
instant of evaluation is required to be taken into account. 
In addition, in all these studies, effects of structural repair 
and restoration processes, undertaken after the occurrence 
of a hazard, have not been considered on the response of the 
structures to probable future hazards.

The need to incorporate structural deterioration in the 
service-life assessment of a structure and evaluating its 
response under multiple hazards has emerged upon review of 
the past literature. In view of this, the main goal of this study 
is to advocate mitigation of the impact of natural hazards on 

an RC structure by analyzing the damages induced in the 
structure under multi-hazard loading scenarios and subjected 
to continuous chloride-induced corrosion throughout the age 
of the structure. Hence, the objectives of the present study 
are: (1) to assess service-life response of a reinforced con-
crete (RC) structure when subjected to non-cascading inde-
pendent multiple hazards such as earthquake and wind, with 
and without considering the effects of corrosion-induced 
structural damage; and (2) to assess effects of repair, reha-
bilitation and/or restoration processes which are undertaken 
after the occurrence of a hazard on the service-life response 
of the structure to some future probable hazard.

The present study is aimed to analyze the impact of con-
tinuous chloride-induced corrosion in structural members 
on the damage caused due to site-specific earthquake and 
local cyclonic wind. While evaluating continuous material 
deterioration on account of chloride-induced corrosion in 
the RC structure, effect of periodic structural maintenance 
in terms of decrease in the rate of corrosion is not considered 
to capture worst possible structural response under earth-
quake or wind excitation. A good volume of literature deals 
with the effects of rate of corrosion on the deterioration of 
structural members.

Incidence time of both the hazards, earthquake and wind, 
is kept as variable during the intended service-life of the 
structure, i.e., design life of 100 years. The impact of the 
multi-hazard effects on the structure is compared with the 
individual action of each hazard in the presence and absence 
of the chloride-induced corrosion in structural members con-
sidering effects of repair, rehabilitation and/or restoration 
processes after occurrence of the hazard occurred a priori. 
This impact is measured in terms of cumulative damage 
index and residual axial load-carrying capacity of the col-
umn base to determine the change in the available factor of 
safety (FOS) during the service-life of a structure.

Numerical Modeling

In the present study, the structure is considered located in 
Bhuj (Kachchh district of Gujarat in India), which is prone 
to both regular earthquake and high-speed wind hazards, as 
given in relevant Indian standards. This region is listed in 
Annex P of National Building Code (NBC) of India (BIS 
2016b) for being exposed to greater risk of multi-hazard 
effects from both, earthquake and wind. Furthermore, the 
presence of sea nearby severely influences chloride-induced 
corrosion in structural members having steel utilized in the 
construction. Herein, the role played by the chloride current 
is shown by comparative analysis of the damage inflicted 
in the structure under the actions of site-specific earth-
quake and local cyclonic wind. The loads calculated for the 
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example structure studied here pertain to the conditions pre-
vail at site located in Bhuj.

Structural Modeling

As the study focuses on a structure exposed to both earth-
quake and cyclonic wind hazards, height of the building is 
chosen so as to capture the considerable influence from both 
the types of hazards in low to medium-rise structures. As 
per the Indian standard, IS 875 (BIS 2015), for a structure 
having fundamental frequency less than 1 Hz or a structure 
with overall aspect ratio 5 or more is to be designed with 
the inclusion of a gust factor in the wind loading. Height of 
the building is kept at 31.5 m considering 9-storey structure 
with floor-to-floor height of 3.5 m, as shown in Fig. 1a. The 
9-storey building is assumed to be having uniform floor plan 
at each floor. The plan dimension is assumed as 12 m × 9 m 
with uniform bay width of 3 m, as shown in Fig. 1b. Beam 
element is placed at boundary of each bay to support the 
masonry wall of thickness 0.23 m. Since the objective of 
the present study is to devise a generic methodology for 
performing holistic multi-hazard analysis of the structure, 
for simplicity and maintaining symmetry in the structure, 
uniform column and beam dimensions of 0.6 m × 0.6 m and 
0.25 m × 0.5 m, respectively are adopted in the structure, 
which are rather overdesigned, i.e., conservative design 

with higher factors of safety (FOS). Grade of concrete and 
steel reinforcement bars used for design of the structure are 
M30 (characteristic compressive strength, fck = 30 MPa) and 
Fe415 (characteristic yield strength, fy = 415 MPa), respec-
tively. Table 1 provides some details of the loads consid-
ered to be acting on the structure as per the relevant Indian 
standards mentioned there. The structure is then analyzed for 
different load combinations as enlisted in the IS 456 (BIS 
2000). Clear cover of 15 mm, 25 mm, and 40 mm thick-
nesses is provided to the main steel reinforcement bars in 
slab, beam, and column, respectively assuming that the 
structural elements are subjected to severe exposure, as 
defined in the IS 456 (BIS 2000). Steel reinforcement areas 
in column elements are determined at the end of the analysis 
to prevent the structure from exceeding limit state in strength 
and serviceability under any design load combination. Thus, 
the RC column members are provided with 28 rebars of 
12 mm diameter with the reinforcement bars uniformly dis-
tributed on each face of the square column.

The designed structure is modeled as a three-dimensional 
(3D) space frame with its structural members modeled as 
linear 2-node beam-column elements. Fixed boundary con-
dition is applied at the base of each column. The result-
ant structure is idealized in mass matrix, M and stiffness 
matrix, K as given in Eqs. (1) and (2), respectively. The 
self-weight of the structure, superimposed dead load on 

Fig. 1  a Elevation; b floor plan; 
c quasi-static pushover curve 
for a selected hinge on the roof 
in undamaged state; and d peak 
top floor response of the 9-sto-
rey RC structure
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structural members, and 25% of the live load contributed 
to the mass lumped at each node in this numerical model. 
Since beam-column joints are assumed rigid, stiffness of 
each column is evaluated considering fixed–fixed condition 
at both of its ends.

where n is the number of nodes in the structure; m* and k* 
respectively denote nodal lumped mass and stiffness of the 
beam elements used in the numerical modeling. Structural 
damping matrix is evaluated using the classical Rayleigh 
damping relation (Chopra 2016) for mass and stiffness pro-
portional damping as given in Eq. (3), as:

in which, coefficients for mass (a0) and stiffness (a1) are 
derived using relations given in Eqs. (4) and (5), respec-
tively as:

where ξ is the damping ratio, assumed 5% for the reinforced 
concrete (RC) structure; ω1 and ωc correspond to natural 

(1)M =

⎡
⎢⎢⎢⎢⎢⎣

m1 0 0 ⋯ 0

0 m2 0 ⋯ 0

0 0 m3 ⋯ 0

⋮ ⋮ ⋮ ⋱ ⋮

0 0 0 ⋯ mn

⎤⎥⎥⎥⎥⎥⎦

(2)K =

⎡
⎢⎢⎢⎢⎢⎣

k1 + k2 −k2 0 ⋯ 0

−k2 k2 + k3 −k3 ⋯ 0

0 −k3 k3 + k4 ⋯ 0

⋮ ⋮ ⋮ ⋱ ⋮

0 0 0 ⋯ kn

⎤
⎥⎥⎥⎥⎥⎦

,

(3)C = a0M + a1K

(4)a0 =
2��1�c

�1 + �c

(5)a1 =
2�

�1 + �c

,

frequencies of the structure in mode 1 and cut-off mode 
shape, respectively. Third mode shape is assumed to be the 
cut-off mode shape for calculation of these coefficients for 
damping.

Structural Deterioration due to Chloride‑Induced 
Corrosion

Reinforced concrete (RC) structures suffer from continu-
ous material degradation depending on their location, apart 
from several natural hazards of varying intensities experi-
enced during the lifetime of the structures. Environmental 
agents lead to deterioration, imparting continuous damage 
to the structural elements in the form of corrosion of the 
steel reinforcement bars, development of cracks and their 
propagation, spalling of concrete, and other such distress. 
Corrosion of the steel reinforcement is one of the major 
deteriorating mechanisms in the RC structures, especially 
for those located nearby a water body where it may fur-
ther accelerate. In such condition, the structure is continu-
ously exposed to corrosion-inducing elements such as  H2O, 
 O2,  Cl−, and  CO2. The penetration of corrosive elements 
toward the reinforcement placed within concrete depends on 
the permeability and the finishing of the concrete surface, 
and once there is enough accumulation of these elements 
around the reinforcement, process of corrosion is initiated 
and almost constantly progresses. Steel material from the 
reinforcement bars (rebar) is consumed in the process of 
corrosion and rust starts forming around the rebar. Due 
to the rust formation, effective diameter of reinforcement 
reduces. As the rust volume is higher compared to the loss 
of rebar area due to corrosion, pressure builds up on the 
surrounding concrete. This results in increase in the overall 
volume of the reinforcement, which leads to stress initia-
tion in the surrounding region of concrete. Finally, cracks 
appear in concrete, which further opens the path for corro-
sion by allowing faster propagation of these elements to the 
reinforcement through the newly opened cracks (Zhou et al. 
2015). Chloride-induced corrosion is hence a continuous 

Table 1  Summary of loading on the 9-storey RC special moment-resisting frame (SMRF) building under study

Sl No Load Pattern Load case

1 Dead load (BIS 1987a) (a) Self-weight of frame (Concrete density = 25 kN/m3)
(b) 14 kN/m wall load on the beams of each non-roof floors
(c) 2.5 kN/m2 slab loads on each floor
(d) 1 kN/m2 superimposed dead load

2 Live load (BIS 1987b) (a) 2.5 kN/m2 on each non-roof floors
(b) 0.75 kN/m2 on roof

3 Earthquake load (BIS 2016a) Zone V (location—Bhuj); Importance factor, I = 1; Response reduction factor, R = 5; medium soil strata
Mass source = Dead Load + 0.25 × Live Load

4 Wind load (BIS 2015) Basic wind velocity = 50 m/s; Risk coefficient, k1 = 1.08; Terrain roughness and height factor, 
k2 = 1.065; Topography factor, k3 = 1.0; Importance factor for cyclonic region, k4 = 1.0
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process and causes widespread damage to the RC structure, 
resulting significant reduction in the service-life of the struc-
ture (Basheer et al. 1996). The effects of chloride-induced 
corrosion in the structure have been widely studied by vari-
ous researchers (Chen and Mahadevan 2008; Pack et al. 
2010; Otieno et al. 2016a, b; Cui et al. 2019). The process 
of determining corrosion-induced damage in structures is 
explained in Eqs. (6)–(16). The rusted volume of steel per 
unit length  (cm2) is predicted as:

where the density of steel ( �st ) is considered 7.8 g/cm3 and 
Mst(t) is the mass loss of steel per unit length (g/cm) which 
is determined using the Faraday's Law given in Eq. (7) as:

 where ms is the atomic mass of iron (56 g for Fe); I denotes 
the chloride current (A), which can be expressed as the prod-
uct of surface area of the steel bar 

(
as
)
 and the corrosion 

current density 
(
ic
)
 , for unit length of a rebar of diameter, 

d, as = πd . Further, t is the time after corrosion initiation 
(in s); z is the ionic charge (considered 2 for  Fe2+); and 
F is the Faraday's constant, i.e., 96,500 A.s (cf. Cui et al. 
2019). After corrosion, the volume of rust generated can be 
assumed equivalent to the loss of material from the rebar. 
Therefore, the remaining diameter of the rebar after Δt time 
is determined as given in Eq. (8).

The chloride-induced corrosion also leads to an effective 
decrease in the yield and the ultimate strengths of the steel 
reinforcement. Residual yield and ultimate strengths of the 
reinforcement bar can be calculated using Eqs. (9) and (10), 
respectively as:

where f r
y
 and f r

u
 respectively are the residual yield and ulti-

mate strengths of the reinforcement with respect to the f 0
y
 

and f 0
u
 which are the yield and ultimate strengths of rein-

forcement bar at preliminary stage. Here, �100 is the percent-
age of steel mass lost due to the chloride-induced corrosion 
over the time. While there is a reduction in the yield and 
ultimate strengths of steel reinforcement bar, no change in 
the elastic modulus of steel material occurs. Hence, constant 
elastic modulus of 200  GPa is considered for the steel 

(6)Ast(t) =
Mst(t)

�st
= 3.709 × 10−5ic�d

r(t)Δt,

(7)Mst(t) =
msIt

zF
,

(8)dr(t) =

√
d2 −

4Ast(t)

π
.

(9)f r
y
=
(
1 − 0.015�100

)
f 0
y

(10)f r
u
=
(
1 − 0.015�100

)
f 0
u
,

reinforcement material. Time step (Δt) of 10 years is con-
sidered in present study to reevaluate the altered damaged 
state of the structure. For this purpose, a constant chloride-
induced corrosion current density of 2 µA/cm2 is assumed 
throughout the analysis. This data has been taken after care-
ful consideration given to various studies including Otieno 
et al. (2016a) and Cui et al. (2019). The reduction in the 
compressive strength of concrete depends on the extent of 
cracks formed in the process. As per the model proposed by 
Vecchio and Collins (1986) given in Eq. (11), the reduced 
strength in concrete cover is represented as:

where kr is the coefficient related to bar roughness and diam-
eter, which for medium-diameter ribbed bars is taken as 0.1 
(cf. Coronelli and Gambarova 2004); �co is the strain at the 
peak compressive stress 

(
fck
)
 which is considered as 0.002 

as per the guidelines given in the IS 456 (BIS 2000), and �1 
is the tensile strain in the cracked concrete at right angles 
to the direction of the applied compression, evaluated by 
Eq. (12), as:

where b0 is the section width in the undamaged state (no 
corrosion cracks); and bf is the beam width increased by 
corrosion cracking. Using Eq. (13), an approximate increase 
in the beam width is calculated as:

where nbars is the number of bars in each layer; and wc is the 
crack width for a given corrosion level during the period Δt , 
to be evaluated using Eq. (14) as:

where �rs is the ratio of volumetric expansion of the oxides 
with respect to the undamaged material whose value is taken 
as 2 (cf. Molina et al. 1993); de is the corrosion penetration 
depth, which is calculated using Eq. 15 as:

 where ico is the corrosion current density expressed in cm/
year, and t is the time after corrosion initiation (year). Fur-
ther, the elastic modulus 

(
Ec

)
 of concrete is related with its 

compressive strength 
(
fck
)
 at each time step using the relation 

(Eq. 16) proposed by Noguchi and Nemati (2007) as:

(11)f ∗
ck
=

fck

1 + kr
�1

�co

,

(12)�1 =
bf − b0

b0

(13)bf − b0 = nbarswc,

(14)wc = 2π
(
�rs − 1

)
de,

(15)de = 0.0115 ico t,

(16)Ec = 2.1 × 105
( γ

2.3

)1.5
(

fck

200

)0.5

,
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where the modulus of elasticity of concrete ( Ec ) is expressed 
in kgf/cm2, γ is density of concrete which is taken constant 
as 2.5  ton/m3, and fck is the characteristic compressive 
strength of concrete material expressed in kgf/cm2.

Architectural repair actions (referred as repair actions in 
this article) in a structure refers to modifications in a part 
or whole of structure to restore its appearance and service-
ability. This may involve patching of defects such as cracks 
and fall of plaster, rebuilding non-structural walls, relaying 
cracked flooring at storey level, redecoration, etc (BIS 2009). 
There are various repair techniques available to treat the 
corroded concrete material such as patch repair, coating sys-
tems, electrochemical chloride extraction, etc. These tech-
niques rely on a mechanism of removing the damaged cover 
concrete and replace it with fresh concrete mix. Tofeti-Lima 
and Ann (2020) studied the effectiveness of various electro-
lytes to treat concrete damaged due to chloride-induced cor-
rosion and found that there is approximately 25% reduction 
in the chloride current after treating concrete with certain 
electrolyte. Therefore, same decrease in the chloride cur-
rent density is assumed in the present study to consider the 
effect of structural repair on successive structural degrada-
tion caused due to chloride-induced corrosion. In addition, 
it is assumed that strength of concrete in cover region is 
restored to its original strength (at incipient stage); however, 
the core concrete material is not treated while performing 
such architectural repairs and therefore core concrete mate-
rial continues to remain in the damaged state, as explained 
in section “Structural Damage Evaluation due to Hazards”.

While architectural repair techniques are limited to treat-
ing the damaged concrete surfaces, structural repair actions 
(referred as the restoration process in this article) deal with 
restitution of the mechanical strength and thereby durabil-
ity, as the building had before the occurrence of damage. It 
may involve cutting and rebuilding of structural elements, 
addition of structural materials, micro-concreting, injecting 
epoxy like material which possesses high tensile strength 
into the cracks in wall, beam, or column, etc. However, it 
is difficult to completely restore the structure to its original 
capacity (same as that in its incipient stage) and therefore in 
this study, it is assumed that structural restoration process 
restores 80% strength of all the damaged structural mem-
bers without adding to its stiffness properties. This also 
comprises treatment of concrete surface as discussed in the 
architectural repair procedure and thus, restored structure 
results in decreased chloride current density by 25% in addi-
tion to the increase in the strength of concrete in cover and 
core regions. The effect of the chloride-induced corrosion on 
the mechanical properties of the RC structure, in the absence 
of repair and restoration process, for various constant chlo-
ride current densities is shown in Fig. 2a–d. It is assumed 
here that chloride-induced corrosion starts immediately after 
the structure is constructed. Variation in the fundamental 

period of the structure due to such continuous degradation 
is presented in Fig. 3a which indicates reduced stiffness of 
the lateral load-resisting elements in the structure over its 
service-life, resulting in reduction in the fundamental fre-
quency of the structure.

Structural Damage Evaluation due to Hazards

Damage in the structural member is a subjective term, used 
to relate the cracking, crushing, buckling, possible yielding 
of the longitudinal bars, loss of anchorage (bond failure), or 
alike eventualities. In general, damage in the RC member is 
related to irrecoverable (plastic) deformations. Quantifica-
tion of such damage in the structure is possibly carried out 
in terms of a damage index. Various damage index models 
have been developed by researchers over the time based on 
a particular deformation quantity such as strain, curvature, 
nodal displacement, element forces, energy dissipated or 
absorbed by the structural member, etc. Reviews on such 
damage models have been presented by Kappos (1997), 
Sinha and Shiradhonkar (2012), Cao et al. (2014), Zameer-
uddin and Sangle (2016), Hait et al. (2019), etc. Sinha and 
Shiradhonkar (2012) compared damage index values result-
ing from some of the most popular damage models and 
concluded that each of the damage model results in similar 
values for a structure under medium intensity of dynamic 
loading. Therefore, among the various choices available to 
select from, a damage model based on displacement-ductil-
ity characteristics of a structural member, developed by Park 
et al. (1985) is used in the present study as per Eq. (17) to 
quantify the structural damage expressed as:

where dcal is the peak displacement obtained by conduct-
ing nonlinear dynamic analysis of an RC structure; d0 is 
a threshold value below which concrete material can be 
assumed to remain within elastic limit; du is the peak dis-
placement after which large deformation is observed in the 
structure/ member, and α is an exponent which is taken as 
unity in the present study. The elastic displacement 

(
d0
)
 and 

ultimate displacement 
(
du
)
 of the structure are obtained by 

performing pushover analysis of the building. The pres-
ence of masonry walls within and around the structure is 
neglected while performing the pushover analysis. Beams 
and columns are modeled as lumped plasticity elements 
whose force–displacement behavior is defined as per the 
guidelines given in FEMA 356 (2000) in absence of specific 
recommendations on it currently in the Indian standards. 
Beam and column elements are assigned nonlinear para-
metric M3 and P-M2-M3 plastic hinges, respectively at a 
distance of 0.05 times the total length of the member from 

(17)D =

(
dcal − d0

)α
(
du − d0

)α ,



1023Transactions of the Indian National Academy of Engineering (2022) 7:1017–1031 

123

both their ends (cf. FEMA 356, 2000). Takeda model is used 
for concrete and kinematic hardening behavior is assumed 
for modeling the longitudinal steel reinforcement bars in the 
structural members.

The resultant pushover curve obtained through lateral dis-
placement control analysis of the structure until the hinge 
yields for the 9-storey structural model of the RC building 
(discussed in section “Structural Modelling”) is shown in 
Fig. 1c. For the pushover curve, a predefined hinge in a beam 
at the topmost floor level is monitored for the base reaction 
developed as the displacement is applied to it incrementally. 

The same reference hinge behavior is recorded for in the 
single-hazard and multi-hazard analyses of the structure. 
The point at which the pushover curve deviates from linear-
ity (proportionality) is identified as the elastic limit point 
for that reference hinge, and it is assumed that base reaction 
up to this loading does not result in any permanent dam-
age caused to the structure. The corresponding value of the 
elastic limit displacement is taken as d0 which is used in 
Eq. (17) for the calculation of the damage index. Hence, 
d0 , as presented in Fig.  1c for the undamaged 9-storey 
reinforced concrete (RC) structure under consideration is 

Fig. 2  Change in a longitudinal 
reinforcement bar diameter; 
b crack width; c compres-
sive strength of concrete; and 
d modulus of elasticity of 
concrete, with corrosion current 
density 
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Fig. 3  a Change in the funda-
mental time period of the struc-
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0.04 m. The peak base reaction after which the curve starts 
declining is identified as the peak strength point for that 
beam-column element. The corresponding displacement for 
the peak strength point is taken as the ultimate displacement (
du
)
 to be used in Eq. (17) for the calculation of the damage 

index of the structure. As presented in Fig. 1c, the value of 
du for the undamaged 9-storey RC building is 0.47 m. Vari-
ation in the yield and ultimate points with the service-life of 
the structure, considering continuous deterioration caused 
due to chloride-induced corrosion is presented in Fig. 1d.

Damage index of a structural member represents decrease 
in its load-carrying capacity; therefore, there is linear corre-
lation between damage index and reduced concrete strength 
(Wu et al. 2014). Furthermore, based on the principle of 
strain equivalence (Lemaitre 1984), linear correlation exists 
between strength and elastic modulus for the concrete mate-
rial; thus, correlation between elastic modulus of concrete 
and the damage index is expressed in Eq. (18) as:

It is assumed that there is no decrease in strength and 
elastic modulus of steel reinforcement as a result of dam-
age in a structural member due to an incident hazard, either 
earthquake or wind.

Service‑Life Damage Analysis of Structure 
under Single Hazard

Seismic Analysis of the Structure

As per the earthquake-resistant design philosophy prescribed 
in most of the seismic design codes worldwide, a structure is 
not expected to incur any damage when subjected to frequent 
or minor tremors (Avramidis et al. 2016). Hence, the struc-
ture is subjected to less frequent or medium intensity earth-
quake in this study as it may result in inducing minor dam-
ages in the structural members which may not require repair 
or restoration as such; thereby, they may go unnoticed unlike 
the case with rare (infrequent) or extreme earthquake event 
in which the structure undergoes large deformation and con-
sequently mandating restoration and may be damage expe-
rienced to the extent of even possible partial or complete 
collapse. Due to lack of sufficient earthquake ground motion 
data at the site, artificial (synthetic) earthquake generation 
technique is suitable to evaluate response of the structure to 
real probable earthquake. Ferreira et al. (2020) developed 
an algorithm, based on the Fourier transform, to generate 
spectrum-compatible earthquake time-history from a given 
seismic ground motion. This algorithm is used to obtain an 
earthquake time-history compatible to the response spec-
trum specified in the Indian standard, IS 1893 (BIS 2016a). 

(18)E∗
c
= (1 − D)Ec.

So, an earthquake time-history is generated using 1999-Cha-
moli earthquake ground motion as a base motion, such that 
it is equivalent to a moderate intensity earthquake in seismic 
Zone V with a return period = 475 years as per IS 1893 (BIS 
2016a), as presented in Fig. 4a. The corresponding response 
spectrum for this ground motion is presented in Fig. 4b 
where it is compared with the input (desirable) response 
spectrum as specified. Comparison of the two response 
spectra implies that the generated synthetic earthquake time-
history represents site-specific earthquake ground motion for 
medium soil condition.

The 9-storey reinforced concrete (RC) structure under 
consideration is subjected to unidirectional excitation of the 
synthetic earthquake ground motion generated. Spatial vari-
ation in the ground motion is neglected as the plan area of 
structure is too small to observe any effects of the variability 
in excitation with propagation of the ground motion. Since 
earthquake time-history is obtained for medium soil strata 
as per the IS 1893 (BIS 2016a), soil-structure interaction 
(SSI) is also neglected in the deriving structural response. 
Columns at each floor are provided with diaphragm action 
due to the presence of the rigid RC slab. Thus, the govern-
ing differential equation of motion, Eq. (19), for the 9-storey 
structure, subjected to seismic excitation are written as:

where M and K are mass and stiffness matrices of the struc-
ture as defined in Eqs. (1) and (2), respectively; C is the 
mass and stiffness proportional damping matrix as defined 
in Eq. (3); x is the relative displacement vector with respect 
to ground which contains floor displacement of the structure; 
Λ is an influence coefficient vector which contains all its ele-
ments as unity; and ẍg is the earthquake ground acceleration. 
Geometrical nonlinearity (P-Δ effect) is considered while 
performing structural analysis for seismic excitation. New-
mark’s average acceleration scheme (Newmark 1959) is used 
to evaluate the dynamic response of the structure through 
step-by-step integration approach. Peak top storey displace-
ments over service-life of the structure under the action of 
earthquake-induced forces are presented in Fig. 1d. There 
is continuous increase in the peak top floor displacement 
as continuous structural deterioration results in increased 
flexible structure. The floor or storey displacements thus 
obtained are used to determine damage suffered by the struc-
ture using the relation given in Eq. (17). The damage index 
values for an earthquake hazard are evaluated for the 9-sto-
rey structure over its intended service life, i.e., 100 years 
while considering the continuous structural deterioration 
caused due to chloride-induced corrosion in all the structural 
members and the same is presented in Fig. 3b. There is a 
continuous increase in the structural damage as the structure 
grows old, which makes its earthquake-resistance doubtful 

(19)Mẍ + Cẋ + Kx = −M𝜦ẍg,
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in the later years of construction. Note that delayed initia-
tion of corrosion activity can be considered suitably in the 
analysis, once the instant of such initiation is known.

The probable damage in the structure at 100 years of its 
age is about 60% more than that is expected at its incipi-
ent stage, which is quite substantial, unless strengthening 
or retrofitting operations are undertaken. From the figure, 
it is observed that there is a marginal rise in the damage 
index value at 40 years of service-life as compared to its 
neighborhood region which can be attributed to increased 
structural response due to possible resonance of earthquake 
ground motion with one of the higher modes of the structure 

as structure undergoes continuous change in its dynamic 
characteristics, i.e., stiffness reduction. This emphasizes 
the necessity of continuously monitoring the state of the 
structure so that such situations may be avoided during its 
service-life.

Wind Analysis of Structure

Wind force acting on a structure at a site or location is a 
function of wind velocity at that site followed by the gust 
factor. In the dynamic wind analysis, fluctuant component 
of wind speed is obtained from the peak gust velocity, U3s-10 

Fig. 4  a Site-specific synthetic 
earthquake time-history at 
Bhuj, India; b comparison of 
response spectrum of the gener-
ated synthetic earthquake with 
that given in the IS 1893 (BIS 
2016a); c wind velocity profile 
at top storey of the structure; 
d fast Fourier transform (FFT) 
of wind velocity at top storey 
of the structure; and e power 
spectral density (PSD) curve of 
wind velocity at top storey of 
the structure
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(3s-gust velocity at 10 m height from ground), which is 
defined in the design standards. To consider the effect of 
wind hazard on the structure considered here, site-specific 
dynamic wind velocity profile is obtained from NatHaz 
online wind simulator (NOWS): simulation of Gaussian 
multivariate wind fields (Kwon and Kareem 2006). This 
fluctuating wind velocity component is obtained using dis-
crete frequency function with Cholesky decomposition and 
fast Fourier transform (FFT). From Eq. (20), the correspond-
ing wind force acting on the structure can be determined as:

 where ρ is density of air; Cd is air drag coefficient; Ab is 
the bay area perpendicular to the wind velocity profile; U(t) 
is the static or mean wind speed component; and u(t) is the 
fluctuating wind velocity component. In the present study, 
3 s-gust speed is considered as 75 m/s. The cut-off frequency 
is kept equal to the fundamental natural frequency of the 
structure under consideration, to obtain maximum possible 
response. The resultant average wind speed at the top floor 
is 58.2 m/s, and the maximum velocity component of the 
cyclonic wind time-history is 83.3 m/s as shown in Fig. 4c. 
This range of local cyclonic wind speed is in line with the 
India Meteorological Department (IMD) classification of 
cyclones in that region. Figures 4d and e show its frequency 
content and power spectral density (PSD) plots, respectively. 
Profiles of the wind forces are generated using a drag coef-
ficient of 1.4 and they are then applied at each floor of the 
9-storey building to conduct dynamic time-history analysis 
under wind excitation. The governing differential equation 
of motion, Eq. (21), for the 9-storey structure under wind 
excitation is written as:

where P is the wind load vector as defined in Eq.  (20). 
Newmark’s average acceleration scheme is used to deter-
mine the dynamic response of the structure under wind 
excitation through step-by-step integration approach. Peak 
top floor displacements over service-life of the structure 
under the action of wind-imparted forces are presented in 
Fig. 1d. These displacement values are used to determine 
resultant damage in the structure using the relation given 
in Eq. (17). Variation in the structural damage index for the 
cyclonic wind action during the service-life of the struc-
ture is presented in Fig. 3b. Similar to the earthquake exci-
tation, uniform rise is observed in the structural damage 
with increasing age of the structure. However, damage in 
the medium-rise 9-storey RC structure under the action of 
local cyclonic wind action is quite less as compared to the 
medium intensity earthquake, similar to the observations 
made earlier by Roy and Matsagar (2020).

(20)P =
1

2
�CdAb[U(t) + u(t)]2,

(21)Mẍ + Cẋ + Kx = P,

Service‑Life Damage Analysis of Structures 
under Single and Multi‑Hazard Scenarios

Effects of Earthquake and Chloride‑Induced 
Corrosion

In the previous section, it has been shown that there is 
continuous increase in the structural damage when struc-
tural deterioration due to chloride-induced corrosion is 
considered, which might make the structure vulnerable 
under earthquake excitation. However, as observed from 
Fig. 3b, damage resulted in the structure due to earthquake 
alone is not so significant as to result in large inelastic 
deformation in any structural member although there is 
a definite decrease in the load-carrying capacity of the 
degraded structural members. The degradation in the load-
carrying capacity of a member continues under the action 
of continuous chloride-induced corrosion of the steel rein-
forcement if no redressal on repair or restoration process 
in considered.

Let te represent the age of the structure at the time 
of incidence of the earthquake. Impact of earthquake-
imposed damage on continuous corrosion-induced dete-
rioration is presented in Fig. 5a. From Fig. 5a, it is evident 
that the structural damage which was limited to 0.28 (for 
te = 20 years) increased to 0.75 in the absence of structural 
repair or restoration during service-life of the structure, 
i.e., damage in the structure increased by approximately 
150% over its service-life which might prove detrimental 
for the structure in future probable hazards. This is gener-
ally not incorporated in the initial design of the structure, 
which is used at the beginning of construction, and peri-
odic maintenance and strengthening schedules are hardly 
ever related to this trend. Similar observation can be made 
for different earthquake scenarios, as shown in Fig. 5a. 
For checking the severity of the earthquake hazard, post-
hazard behavior has been studied in terms of residual 
capacity-demand ratio or the factor of safety (FOS) for an 
interior column base. Design demand is the function of 
the dead and live loads that act on the structure. The load-
carrying capacity of the structural members is a function 
of compressive strength of concrete, fck and rebar diameter 
as well as its strength, fy which decreases over a period 
of time, as discussed in the preceding sections. The initial 
FOS of 3.67 markedly decreases to 1.35 (63% decrease) for 
an interior column base over the considered service-life of 
the structure for the scenario of earthquake (te = 20 years) 
including chloride-induced corrosion, as is presented in 
Fig. 6b. This underlines the fact that due consideration 
needs to be given to continuous structural degradation 
from various agents to determine post-hazard service-life 
of a structure and make an assessment if the desired FOS 
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is maintained over the service-life. If the effects of (a) 
repair and (b) restoration are considered as deliberated in 
section “Structural Deterioration due to Chloride-Induced 
Corrosion”, the available FOS post-earthquake hazard for 
interior column base decreases respectively to (1) 1.67 
and (2) 2.23 (nearly 55% and 40% decrease as compared 
to the initial FOS of 3.67), which indicates necessity to 
incorporate and model periodic structural maintenance 
so that the structure performs as intended even during its 
post-hazard service-life.

Effects of Wind and Chloride‑Induced Corrosion

Since the damage incurred in the 9-storey building due to 
local cyclonic wind hazard is not significant as compared 
to that observed in the earthquake hazard, the effects of 
wind while accounting for the chloride-induced corrosion 
are approximately equivalent to that caused by the chloride-
induced corrosion alone, as is presented in Fig. 5b. However, 
this behavior is limited to the site-specific conditions for 
the current structure with properties considered here and 
detailed study must be carried out for the structure under 

consideration to avoid any non-proportionate behavior simi-
lar to that described in the previous section.

Multi‑Hazard Effects of Earthquake and Wind on RC 
Structure

A parametric study has been carried out for studying the 
effects of the independent (uncorrelated) non-cascading 
earthquake and wind actions on the same structure, by vary-
ing the time of incidence of the two events, and by simulta-
neously considering the effects of corrosion-induced dam-
ages in the structure. The extent of structural damages is 
expressed in terms of a damage index, evaluated at the time 
of occurrence of the hazard, and are summarized in Tables 2 
and 3. Age of the structure at the time of occurrence of the 
first hazard has been kept constant at 20 years, for earth-
quake as well as wind actions to obtain comparable results 
from the analysis, for the RC structure that hasn’t experi-
enced significant damage in the first 20 years. There could be 
several possible combinations, over the timespan, of occur-
rence of multiple hazards; however, the trend in the result 
would be similar, though damage values may not exactly be 

Fig. 5  Service-life damage esti-
mation in the RC structure for 
individual action of earthquake 
and cyclonic wind under con-
tinuous structural deterioration 
owing to chloride-induced cor-
rosion (te and tc denote the age 
of the structure at occurrence 
of earthquake and cyclone, 
respectively)
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Fig. 6  Comparison of dam-
age index and factor of safety 
(FOS) of an interior column 
base under permanent loads, 
when the structure is subjected 
to multi-hazard earthquake and 
wind excitation
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the same. It is already stated that the effects of earthquake 
or cyclone on the structural response are pronounced when 
the deteriorating effects of corrosion in steel reinforcements 
are considered. A similar trend is observed in the multi-
hazard analysis as well; however, structural degradation due 
to corrosion have more severe effects (around 1.5 times) on 
the multi-hazard analysis as that observed in case of the 
single-hazard analysis, which has been elaborated through 
Fig. 6a. Another interesting observation that can be made 
from Table 2 is, as the time gap between the occurrence 
of the first and second hazard increases, the overall dam-
age induced in the structure is higher due to the increased 
deterioration on account of chloride-induced corrosion. As 
the hazard considered in the study are of medium to smaller 
level, the structure is not completely damaged (D ≥ 1) in any 
case, except in the case when te = 20 and tc = 100. In this spe-
cific case, the structure almost reaches ultimate performance 
point at 100 years of age, when hit by a cyclone (damage 
index increased from 72% to ~ 100%), causing a consider-
able inelastic deformation in the structural members. This 
emphasizes the need for a detailed multi-hazard analysis of 
an RC structure so that it remains safe against the worst 
multi-hazard combination even if the structure appears to 
be relatively safe with little expectation of inconsistent and 
unacceptable deformation. Similar inferences can also be 
drawn from Table 3 when cyclonic action on the structure 
is considered prior to the earthquake. By comparing results 

reported in both Tables 2 and 3, it is observed that not only 
the magnitude of the hazard but also the order of occur-
rence of the same multiple hazard scenarios (at different 
times), and the time gap between the hazard occurrences are 
also significant factors in deciding the maximum probable 
service-life damage caused in the structure.

The results from the study evidently show that the occur-
rence of the earthquake (larger damage-producing event, in 
this case) prior to the wind hazard (lesser damage-producing 
event, in this case) causes severe damage to the structure 
as compared to the multi-hazard case in the reverse order. 
In the situations when the structure may seem reasonably 
less damaged; however, sudden occurrence of the second 
relatively lesser intense hazard may lead to large residual 
deformations in the structure (e.g., Table 2, tc = 100 year 
case), thus resulting in a likely catastrophe.

For multi-hazard earthquake and cyclonic wind actions 
in terms of residual factor of safety (FOS), response of the 
structure is summarized in Tables 4 and 5. One case from 
each, Tables 4 and  5 is presented in Fig. 6b to showcase 
the nature of post-hazard strength in the structure. The 
case of (corrosion + te = 20 + tc = 50) verifies the earlier 
observation of the larger overall impact on the structure 
when the structure is first hit by an earthquake (larger 
damage-producing event). The already damaged structure 
shows a significant fall in the FOS even at point of occur-
rence of the cyclone at tc = 50 years. Any unprecedented 

Table 2  Cumulative damage 
index when the structure is 
first subjected to an earthquake 
at te = 20 year, and then by 
a cyclone at tc (variable) 
later, while the structure is 
under continuous exposure to 
chloride-induced deterioration

tc Age of the structure (year)

10 20 30 40 50 60 70 80 90 100

30 0.049 0.377 0.479 0.528 0.578 0.627 0.676 0.725 0.774 0.824
40 0.049 0.377 0.426 0.545 0.594 0.643 0.692 0.742 0.791 0.840
50 0.049 0.377 0.426 0.475 0.606 0.655 0.704 0.753 0.802 0.852
60 0.049 0.377 0.426 0.475 0.524 0.673 0.722 0.771 0.820 0.869
70 0.049 0.377 0.426 0.475 0.524 0.573 0.749 0.798 0.847 0.896
80 0.049 0.377 0.426 0.475 0.524 0.573 0.623 0.807 0.856 0.905
90 0.049 0.377 0.426 0.475 0.524 0.573 0.623 0.672 0.891 0.940
100 0.049 0.377 0.426 0.475 0.524 0.573 0.623 0.672 0.721 1.001

Table 3  Cumulative damage 
index when the structure is 
first subjected to a cyclone 
at tc = 20 year, and then by 
an earthquake at te (variable) 
later, while the structure is 
under continuous exposure to 
chloride-induced deterioration

te Age of the structure (year)

10 20 30 40 50 60 70 80 90 100

30 0.049 0.105 0.459 0.508 0.557 0.606 0.655 0.705 0.754 0.803
40 0.049 0.105 0.154 0.522 0.571 0.620 0.669 0.719 0.768 0.817
50 0.049 0.105 0.154 0.203 0.559 0.608 0.658 0.707 0.756 0.805
60 0.049 0.105 0.154 0.203 0.252 0.631 0.680 0.730 0.779 0.828
70 0.049 0.105 0.154 0.203 0.252 0.302 0.715 0.764 0.813 0.862
80 0.049 0.105 0.154 0.203 0.252 0.302 0.351 0.771 0.821 0.870
90 0.049 0.105 0.154 0.203 0.252 0.302 0.351 0.400 0.854 0.903
100 0.049 0.105 0.154 0.203 0.252 0.302 0.351 0.400 0.449 0.931
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loading on the structure after this instant can potentially 
cause many members of the structure to undergo large 
deformation as the structure enters in its inelastic zone 
and thereby mandating reconstruction of the structure on 
account of the damages being beyond repairable limits.

Effects of repair and restoration process, as deliberated 
in section “Structural Deterioration due to Chloride-Induced 
Corrosion”, undertaken after the occurrence of a major 
damage-producing hazard, i.e., earthquake in the current 
study, are realized from Fig. 7a and b in which the resultant 
factor of safety (FOS) of base interior column against the 
action of permanent loads is presented for the two multi-
hazard scenarios. For a multi-hazard case of earthquake 
(te = 20 year) and wind (tc = 50 year) the damage index for 
the structure after the occurrence of cyclone is 0.082, in 
absence of repair and restoration process adopted. If the 
effects of repair actions are realized in the structure, this 
damage index reduced to 0.021, whereas if the effects of 

restoration process are considered, the damage index further 
reduced to 0.011. Similar observations can be made in terms 
of factor of safety (FOS) at the end of design service-life 
of the structure. In absence of any repair and restoration 
process, the FOS of base interior column reduces from 3.67 
to 1.14 (i.e., 69% reduction). If the effects of repair and res-
toration processes are considered, this FOS reduces to 1.63 
and 2.21 (i.e., 55% and 40% reductions), respectively from 
3.67. Similar observations are made in the multi-hazard case 
where cyclonic wind action precedes the earthquake hazard 
(tc = 20 year and te = 50 year). Different cases considered and 
studied in this context demonstrate the importance of the 
structural repair and restoration activities undertaken even 
when the structure seems to be less damaged relatively, as 
another hazard at any time can potentially trigger an unan-
ticipated behavior of the RC structure which may lead to 
impending loss of life and property, as was observed during 
several natural hazards in the past.

Table 4  Available factor of 
safety (FOS) of an interior 
column base when the 
structure is first subjected to an 
earthquake at te = 20 year, and 
then by a cyclone at tc (variable) 
later, under continuous 
exposure to chloride-induced 
deterioration

Age of the struc-
ture (year)

tc

30 40 50 60 70 80 90 100

0 3.677 3.677 3.677 3.677 3.677 3.677 3.677 3.677
10 3.489 3.489 3.489 3.489 3.489 3.489 3.489 3.489
20 1.926 1.926 1.926 1.926 1.926 1.926 1.926 1.926
30 1.651 1.806 1.806 1.806 1.806 1.806 1.806 1.806
40 1.553 1.508 1.705 1.705 1.705 1.705 1.705 1.705
50 1.469 1.425 1.394 1.619 1.619 1.619 1.619 1.619
60 1.398 1.354 1.323 1.278 1.545 1.545 1.545 1.545
70 1.337 1.294 1.264 1.219 1.153 1.483 1.483 1.483
80 1.287 1.245 1.215 1.171 1.105 1.085 1.431 1.431
90 1.246 1.204 1.175 1.131 1.066 1.046 0.965 1.388
100 1.213 1.171 1.142 1.099 1.035 1.014 – 0.804

Table 5  Available factor of 
safety (FOS) of an interior 
column base when the structure 
is first subjected to a cyclone 
at tc = 20 year, and then by 
an earthquake at te (variable) 
later, under the continuous 
exposure to chloride-induced 
deterioration

Age of the struc-
ture (year)

te

30 40 50 60 70 80 90 100

0 3.677 3.677 3.677 3.677 3.677 3.677 3.677 3.677
10 3.489 3.489 3.489 3.489 3.489 3.489 3.489 3.489
20 3.286 3.286 3.286 3.286 3.286 3.286 3.286 3.286
30 1.684 3.141 3.141 3.141 3.141 3.141 3.141 3.141
40 1.583 1.531 3.015 3.015 3.015 3.015 3.015 3.015
50 1.498 1.445 1.492 2.906 2.906 2.906 2.906 2.906
60 1.426 1.374 1.418 1.337 2.812 2.812 2.812 2.812
70 1.366 1.314 1.357 1.275 1.158 2.731 2.731 2.731
80 1.315 1.265 1.307 1.226 1.108 1.086 2.663 2.663
90 1.274 1.224 1.266 1.186 1.069 1.045 0.941 2.605
100 1.240 1.191 1.232 1.153 1.038 1.014 – 0.830
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Conclusions

Service-life multi-hazard earthquake and wind analyses of a 
9-storey reinforced concrete (RC) building is conducted in 
the present study. The structure is subjected to earthquake 
time-history compatible to the response spectrum given in 
the Indian standard, IS 1893 (BIS 2016a) corresponding to 
moderate intensity; and, a site-specific cyclonic wind load 
condition while undergoing continuous structural deterio-
ration due to chloride-induced corrosion in all structural 
members during the service-life. Response of the structure 
is recorded in terms of a damage index and residual factor 
of safety in a column base against the action of permanent 
loads, i.e., dead and live loads. Based on the numerical 
results obtained and reported here the following conclusions 
are drawn:

1. Continuous structural deterioration caused due to envi-
ronmental agents such as chloride ions, depending on 
the location of a structure near saline environment/ 
waterbody, may be significant, even in the structures 
which are designed as per the code guidelines, as much 
to increase the structural damage by 60% due to the 
major extreme events following, such as earthquake 
and cyclonic wind. Therefore, the causal effects of such 
service-life degradation phenomena cannot be neglected 
while performing holistic analysis of the structure from 
such hazards that it may experience over its design (ser-
vice) life.

2. The possibility of experiencing failure in the structure 
increases when it is under the action of multiple hazards 
of minor or medium intensity, such as earthquake and 
wind, though it is designed for the extreme load cases 
in either of the two combinations independently. Such 
instances are plausible because the medium level haz-
ards are more probable as compared to the occurrence of 
extreme hazards, and minor structural damages caused 
by them often go unnoticed. However, when their cumu-

lative effect is considered over the period of service-
life of a structure, the resultant damage is several folds 
increased than what is expected under their singular 
action. This mandates the structural designers conduct-
ing service-life multi-hazard analysis and design of civil 
infrastructures.

3. Timely structural repair or restoration actions has been 
found to not only reduce the risk (threat) of structural 
damage by a significant margin (approximately 75%) but 
also slow down the continuous structural deterioration 
due to various environmental actions, e.g., corrosion of 
steel in the RC members. Thus, predetermined sched-
uled maintenance of an RC structure is recommended 
so as to retain the desired factor of safety (FOS) during 
the design (service) life. Carrying out service-life evalu-
ation of the FOS is therefore essential at the design stage 
itself.
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