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ABSTRACT: Civil structures and infrastructures are often subjected by design to the impacts of natural
and human-caused hazardous events, and accordingly may suffer from damages, functionality loss, and
failure. In order to quantitatively measure the associated likelihood and consequences for quantifying
risks, an appropriate measure of structural reliability and resilience is essentially required. This paper
presents an explicit measure for the time-dependent resilience of repairable structures as a natural
extension of time-dependent structural reliability concepts, taking into account the effects of structural
performance deterioration and nonstationary external loads. The proposed resilience measure is a
function of the duration of considered service period, and is in a closed form. Remarkably, the
time-dependent resilience can be treated as a generalized form of the time-dependent reliability. A
numerical example is presented to demonstrate the accuracy and applicability of the proposed resilience
measure.

1. Introduction
Planners and designers of civil structures and in-

frastructures consider the impacts of natural and
human-caused hazardous events, and accordingly
recognize that they may suffer as a result from dam-
ages, functionality loss and failure. For example,
in the US, Hurricane Laura was the costliest disas-
ter in 2020, causing $19.7 billion in damage after
making landfall in southwestern Louisiana in Au-
gust (NOAA, 2021). Reliability and resilience are
two significant indicators of structural performance
under the impact of hazardous events. The former
is defined as the probability of structural survival
(i.e., the load effect does not exceed the structural
resistance). On the other hand, the resilience of
a structure exposed to hazardous events is indica-
tive of the structural ability over the entire adverse
cycle to prepare for and adapt to adverse events,

and to withstand and recover rapidly from disrup-
tions (National Research Council, 2012; McAllis-
ter, 2013; Ayyub, 2014; Reda Taha et al., 2021).
These notional definitions clearly indicate that the
reliability is nested within resilience as a broad abil-
ity. Enhancing structural reliability and resilience
could result in economic savings and risk reduction
through improving the structural performance and
expeditious recovery.

The aggressive environmental or operational con-
ditions may impair structural performance signifi-
cantly (Dieulle et al., 2003; Ma et al., 2013; Ayyub
et al., 2015; Wang et al., 2017), resulting in deteri-
oration of structural capacity of resisting hazardous
events below a level as assumed for new ones. Fur-
thermore, many types of natural hazards have non-
stationary characteristics on the temporal scale due
to the potential impact of climate change. For ex-
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ample, it was projected in Knutson et al. (2010) that
greenhouse warming will result in an increase of
2-11% in the globally averaged intensity of tropi-
cal cyclones by the end of the 21st century. Another
example is that, in California, US, the continued cli-
mate change will amplify the number of days with
extreme fire weather by the end of this century (Goss
et al., 2020). The sixth assessment report of the In-
tergovernmental Panel on Climate Change (IPCC,
2021) warns that human-induced climate change
has already been affecting many weather and cli-
mate extremes around the world, and the global
surface temperature will continue to increase un-
til at least 2050 under all emissions scenarios con-
sidered. As a result, the time-variation of both
structural performance and the external hazardous
events should be well captured in structural reliabil-
ity and resilience analysis. Correspondingly, these
two quantities would be dependent on the duration
of the service period of interest. They are known as
time-dependent reliability and time-dependent re-
silience, respectively, under this context.

The work by Mori and Ellingwood (1993) was
among the first attempts to estimate the time-
dependent reliability of aging structures, taking into
account the uncertainty associated with the occur-
rence process and magnitude of load events. How-
ever, it used a homogeneous Poisson process for the
load process, and thus did not consider the nonsta-
tionarity in loads on the temporal scale. An im-
proved version was developed by Li et al. (2015)
so that the nonstationarity in loads, in terms of oc-
currence frequency and/or magnitude, can be con-
sidered in an explicit form. An overview of assess-
ment methods for structural time-dependent relia-
bility can be found in Wang et al. (2021). While
the main scope of this paper is on the development
of a new measure for structural time-dependent re-
silience, it will be demonstrated later that the relia-
bility can be treated as a specific case of resilience.

Despite of the descriptive definition of structural
resilience, it is often challenging to develop a quan-
titative resilience measure, since some requirements
drawn from the measure theory should be logically
satisfied. In this paper, the focus is on the re-
silience of a single repairable structure, which refers

to such a structure that it suffers from functional-
ity/performance loss due to the impact of hazardous
events, and can be restored (via repair measures)
to the pre-hazard state or some other states to ac-
count for adaptability. Note that the definition of
resilience for a structure can be naturally extended
to that for a system (consisting of multiple struc-
tures), e.g., infrastructure systems, networks, and a
community.

Bruneau et al. (2003) defined the resilience loss
as

∫ 𝑡1
𝑡0
[1 −𝑄(𝑡)]𝑑𝑡, in which 𝑄(𝑡) is the perfor-

mance/quality of a structure (taking a value between
0 and 1), 𝑡0 is the occurrence time of hazard (dis-
ruption), and 𝑡1 is the time of full recovery. Attoh-
Okine et al. (2009) further proposed a normalized
resilience model, denoted by 𝑅𝑒, as follows,

𝑅𝑒 =

∫ 𝑡1
𝑡0

𝑄(𝑡)𝑑𝑡
𝑡1 − 𝑡0

(1)

which yields a dimensionless measure for structural
resilience. However, the definition in Eq. (1) does
not account for the random occurrence of hazardous
events and the probability of performance loss con-
ditional on the occurrence of load event. Ayyub
(2015) developed a resilience measure for a planning
horizon of [0, 𝑡], assuming that (i) the target struc-
ture has a maintained and sustained performance
level (i.e., without considering the impact of perfor-
mance deterioration); (ii) the external load process
is modeled by a homogeneous Poisson process with
a constant occurrence rate of 𝜆. As such, both the
structural performance deterioration and the non-
stationarity in external loads were not taken into
account in Ayyub (2015).

This paper presents a measure for time-dependent
resilience of repairable structures in the presence of
nonstationary loads and deterioration. The compu-
tation formulas for structural time-dependent relia-
bility and time-dependent resilience are compared.
It is observed that the former is a specific case of
the latter. As such, a linkage is established between
the two key indicators of a structure: reliability and
resilience. Motivated by the widely-used reliability-
based design and cost optimization in the engineer-
ing practice, this paper also discusses the resilience-
based design and cost optimization of structures. A
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numerical example is presented to demonstrate the
applicability of the proposed resilience measure.

2. Resilience measure
2.1. Proposed formulation of time-dependent re-

silience
In this section, a measure for structural time-

dependent resilience is developed. It is repre-
sentative of structural resilience within a refer-
ence period of [0, 𝑡𝑙] in the presence of perfor-
mance deterioration and repeatedly occurring load
events. The following assumptions will be made:
(i) The occurrence of load events is modeled by
a non-homogeneous Poisson process with a time-
variant occurrence rate of 𝜆(𝑡) (that is, on average
𝜆(𝑡) event(s) will occur within unit time at time
𝑡). (ii) The post-hazard structure will be fully re-
stored/repaired to the desired state before the occur-
rence of next event. (iii) The recovery processes of
the structure associated with different load events
are statistically independent.

Fig. 1 presents a schematic representation of the
resilience problem considering a reference period of
[0, 𝑡𝑙]. Let 𝑁 be the number of load events within
[0, 𝑡𝑙], which is a Poisson random variable. The
probability mass function (PMF) of 𝑁 is as follows
for 𝑛 = 0,1,2, ...,

Pr(𝑁 = 𝑛) =

(∫ 𝑡𝑙
0 𝜆(𝑡)𝑑𝑡

)𝑛
exp

(
−
∫ 𝑡𝑙
0 𝜆(𝑡)𝑑𝑡

)
𝑛!

(2)

A Bernoulli random variable 𝐵𝑖 is introduced for
the 𝑖th load event (occurring at time 𝑡𝑖, 𝑖 = 1,2, . . . 𝑁),
which takes a value of 1 if the structure fails and 0
otherwise. With this, the PMF of 𝐵𝑖 is

Pr(𝐵𝑖 = 1) = 𝑝(𝑡𝑖), Pr(𝐵𝑖 = 0) = 1− 𝑝(𝑡𝑖) (3)

in which 𝑝(𝑡𝑖) is the probability of failure condi-
tional on the occurrence of one load event at time
𝑡𝑖. Similar to Eq. (2), the PMF of effective load
events (i.e., events causing structural failure), 𝑁𝑒,
is as in Eq. (2), but with 𝜆(𝑡) being replaced by
𝜆𝑒 (𝑡) = 𝜆(𝑡)𝑝(𝑡).

Let 𝑅𝑒,𝑖 be the resilience measure associated with
the 𝑖th effective load event. Similar to the resilience
model in Ayyub (2015), the resilience measure for

a reference period of [0, 𝑡𝑙] is defined as follows,

𝑅𝑠 (0, 𝑡𝑙) = 𝜇

(
𝑁𝑒∏
𝑖=1

𝑅𝑒,𝑖

)
(4)

It can be shown that the definition in Eq. (4) yields a
monotone measure for structural resilience. Based
on Eq. (4), using the law of total expectation, it
follows that

𝑅𝑠 (0, 𝑡𝑙) = 𝜇{𝜇(𝑅𝑒,1 · 𝑅𝑒,2 · . . . · 𝑅𝑒,𝑁𝑒 |𝑁𝑒)}

= 𝜇


(∫ 𝑡𝑙

0 𝜆𝑒 (𝑡)𝜇(𝑅𝑒, 𝑡)𝑑𝑡∫ 𝑡𝑙
0 𝜆𝑒 (𝑡)𝑑𝑡

)𝑁𝑒
(5)

in which 𝜇(𝑅𝑒, 𝑡) denotes the mean value of re-
silience measure associated with a single failure-
causing event occurring at time 𝑡. Substituting the
PMF of 𝑁𝑒 into Eq. (5) yields the following based
on the law of total probability,

𝑅𝑠 (0, 𝑡𝑙) = exp
{
−
∫ 𝑡𝑙

0
𝜆(𝑡)𝑝(𝑡) [1− 𝜇(𝑅𝑒, 𝑡)] 𝑑𝑡

}
(6)

Eq. (6) is the proposed measure for structural time-
dependent resilience, where the nonstationarity in
the load occurrence process, as well as the time-
variation of 𝜇(𝑅𝑒) (due to, e.g, aging effect, time-
variation of resourcefulness) can be taken into ac-
count.

If further taking into account the uncertainty as-
sociated with the deterioration process of structural
performance, Eq. (6) can be extended by using the
law of total probability. For example, in the pres-
ence of a linear deterioration process with a rate of
Θ𝑎, it follows that
𝑅𝑠 (0, 𝑡𝑙) =∫ ∞

0
exp

{
−
∫ 𝑡𝑙

0
𝜆(𝑡)𝑝(𝑡) [1− 𝜇(𝑅𝑒, 𝑡)] 𝑑𝑡

}
𝑓Θ𝑎 (𝑥)𝑑𝑥

(7)
in which 𝑓Θ𝑎 (𝑥) is the PDF of Θ𝑎 (note that in
Eq. (7), 𝜇(𝑅𝑒, 𝑡) is conditional on Θ𝑎 = 𝑥). It
would be more convenient, in some occasions, to
use the nonresilience, denoted by 𝑅𝑠 (0, 𝑡𝑙). It is the
complement of structural resilience, i.e., 𝑅𝑠 (0, 𝑡𝑙) =
1−𝑅𝑠 (0, 𝑡𝑙).

Finally, some discussions on the proposed re-
silience measure (see Eqs. (6) and (7)) are presented
in the following.
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Figure 1: Concept of time-dependent resilience over a reference period of [0, 𝑡𝑙].

• The item 𝜇(𝑅𝑒, 𝑡) in Eqs. (6) and (7) is rep-
resentative of the time-variation of resilience
measure associated with a single hazardous
event, while 𝑅𝑠 (0, 𝑡𝑙) reflects the overall re-
silience of the structure within a reference pe-
riod of [0, 𝑡𝑙], referred to as time-dependent
resilience.

• In Eq. (6), if there exists a function 𝜇max(𝑅𝑒, 𝑡)
so that 𝜇(𝑅𝑒, 𝑡) ≤ 𝜇max(𝑅𝑒, 𝑡) holds for ∀𝑡 ∈
[0, 𝑡𝑙], then an upper bound for the resilience
measure would be achieved by substituting
𝜇max(𝑅𝑒, 𝑡), i.e.,

𝑅𝑠 (0, 𝑡𝑙) ≤

exp
{
−
∫ 𝑡𝑙

0
𝜆(𝑡)𝑝(𝑡) [1− 𝜇max(𝑅𝑒, 𝑡)] 𝑑𝑡

} (8)

The item 𝜇max(𝑅𝑒, 𝑡) is the upper bound of
structural resilience subjected to one disruptive
event occurring at time 𝑡, which corresponds to
the case of the greatest residual functionality
and the most expeditious recovery profile. In
particular, if 𝜇max(𝑅𝑒, 𝑡) ≡ 1, then 𝑅𝑠 (0, 𝑡𝑙) in
Eq. (6) equals 1, which is consistent with the
definition of resilience measure. On the other
hand, the case of 𝜇(𝑅𝑒, 𝑡) ≡ 0 would yield a
lower bound for 𝑅𝑠 (0, 𝑡𝑙) in Eq. (6), and this
point will be discussed in the next section.

• In Eq. (4), the resilience measure for a ref-
erence period of [0, 𝑡𝑙] has been formulated

by considering the multiplication of the re-
silience measures associated with individual
load events. An alternative approach is to
consider the summation of each 𝑅𝑒,𝑖 to derive
the time-dependent resilience (Yang and Fran-
gopol, 2019; Wang and Zhang, 2020). Com-
pared with the alternative approach, the fea-
tures of 𝑅𝑠 (0, 𝑡𝑙) in Eq. (4) are, (i) it is more
sensitive to each 𝑅𝑒,𝑖 having a small value (an
example is that, when 𝑅𝑒,1 ≈ 0, 𝑅𝑠 (0, 𝑡𝑙) is ap-
proximately 0, even if the remaining 𝑅𝑒,𝑖’s are
all close to 1); (ii) it establishes a unified frame-
work for assessing structural reliability and re-
silience, as will be demonstrated in the next
section.

• Note that the resilience measure in Eq. (6) has
been formulated by considering the random
variables from the physical space. Generally,
resilience can also be conceptualized to en-
compass four dimensions: technical, organiza-
tional, societal and economic (Bruneau et al.,
2003). Under this context, the limitation of the
proposed resilience measure is that it does not
involve the variables beyond the physical space
(e.g., traffic detouring when repairing a dam-
aged bridge). It thus needs further research to
extend Eq. (6) to address all the four dimen-
sions of structural resilience.
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2.2. Comparison between time-dependent re-
silience and reliability

In this section, the resilience measure in Eq. (6)
will be compared with structural time-dependent
reliability. To this end, the reliability method pro-
posed by Li et al. (2015) is first reviewed. Fig. 2
illustrates the time-dependent reliability problem,
where the structural resistance deterioration and the
randomness associated with the load process are
considered. At time 𝑡, conditional on the occurrence
of one load event, the structure fails if the load effect
exceeds the degraded resistance. The load process
is modeled by a non-homogeneous Poisson model
with an occurrence rate of 𝜆(𝑡), and the CDF of load
effect is 𝐹𝑆 (𝑠, 𝑡) at time 𝑡. Within a reference period
of [0, 𝑡𝑙], if a sequence of load effects 𝑆1, 𝑆2, . . . 𝑆𝑁
occur at times 𝑡1, 𝑡2, . . . 𝑡𝑁 , the time-dependent reli-
ability, 𝑅𝑙 (0, 𝑡𝑙), is defined as

𝑅𝑙 (0, 𝑡𝑙) = Pr(𝑅(𝑡1) > 𝑆1 ∩ . . .∩𝑅(𝑡𝑁 ) > 𝑆𝑁 ) (9)

in which 𝑅(𝑡𝑖) is the resistance at 𝑡𝑖 for 𝑖 = 1,2, . . . 𝑁 .
The hazard function ℎ(𝑡), which is defined as the
probability of structural failure during (𝑡, 𝑡 + 𝑑𝑡]
(𝑑𝑡 → 0) conditional on structural survival within
[0, 𝑡], can be linked to structural reliability accord-
ing to

𝑅𝑙 (0, 𝑡𝑙) = exp
(
−
∫ 𝑡𝑙

0
ℎ(𝑡)𝑑𝑡

)
(10)

For the reliability problem in Fig. 2, the hazard
function is computed as follows,

ℎ(𝑡) = 𝜆(𝑡) [1−𝐹𝑆 [𝑅(𝑡), 𝑡]] (11)

with which Eq. (10) becomes (Li et al., 2015),

𝑅𝑙 (0, 𝑡𝑙) = exp
{
−
∫ 𝑡𝑙

0
𝜆(𝑡) [1−𝐹𝑆 [𝑅(𝑡), 𝑡]]𝑑𝑡

}
(12)

Recall the item 𝑝(𝑡) in Eq. (6), which equals 1−
𝐹𝑆 [𝑅(𝑡), 𝑡]. As such, Eq. (11) is rewritten as ℎ(𝑡) =
𝜆(𝑡)𝑝(𝑡), and correspondingly, Eq. (13) becomes,

𝑅𝑙 (0, 𝑡𝑙) = exp
{
−
∫ 𝑡𝑙

0
𝜆(𝑡)𝑝(𝑡)𝑑𝑡

}
(13)

Comparing the time-dependent reliability in
Eq. (13), and the time-dependent resilience in
Eq. (6), it is observed that,
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Figure 2: Illustration of structural time-dependent re-
liability (Li et al., 2015, reproduced with permission
from Elsevier).

• The time-dependent reliability is a specific
case of time-dependent resilience. In fact,
if assigning 𝜇(𝑅𝑒, 𝑡) ≡ 0, Eq. (6) reduces to
Eq. (13).

• The reliability method does not account for the
recovery process of a post-hazard structure; it
is a lower bound for structural resilience, since
𝜇(𝑅𝑒, 𝑡) ≤ 1 holds for ∀𝑡 ∈ [0, 𝑡𝑙].

• The resilience of a repairable structure is
greater than that of a non-repairable one (i.e.,
the post-hazard functionality/performance loss
cannot be restored) in the presence of the same
configuration. For a non-repairable structure,
the two quantities of reliability and resilience
are consistent with each other in the context of
a physical space.

3. Numerical example
In this section, a numerical example is presented

to demonstrate the applicability of the proposed
resilience measure. Consider a structure that is
subjected to linear performance deterioration and
a Poisson load process. The deterioration rate, Θ𝑎,
follows a lognormal distribution with a mean value
of 0.003 and a coefficient of variation (COV) of
0.2. Taking into account the nonstationarity in load
occurrence, assume that the occurrence rate has an
initial value of 0.2/year, and doubles over a reference
period of 50 year. With this, 𝜆(𝑡) = 𝜆(0) · (1+0.02𝑡)
(in years), in which𝜆(0) = 0.2. The post-hazard per-
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formance loss increases with time according to

𝜇(𝑄, 𝑡) = 𝜇(𝑄,0)(1+ 𝑘𝑡𝛼) (14)

in which 𝜇(𝑄, 𝑡) is the mean value of fractional per-
formance loss at time 𝑡, 𝑘 and 𝛼 are two parameters
reflecting the changing rate and shape, respectively.
Assume that 𝜇(𝑄,0) = 0.1. It is further assumed
that the structural resistance also deteriorates lin-
early with a rate of Θ𝑎. The load effect, conditional
on occurrence, follows an Extreme Type I distribu-
tion with a mean value of 0.3𝑟𝑛 (1+0.01𝑡) (in years)
and a COV of 𝑐𝑆 = 0.4, in which 𝑟𝑛 is the nomi-
nal resistance. The initial resistance is determin-
istically 1.05𝑟𝑛. With the aforementioned configu-
ration, Eq. (7) will be used to compute the struc-
tural time-dependent resilience (or nonresilience).
Note that the structural configuration used herein is
for illustration purpose. When the resilience of a
real-world structure is to be estimated, the relevant
parameters in Eq. (7) should be updated by consid-
ering the properties of the structure and the time-
variant characteristics of the service environment
(e.g., using a finite element modeling to estimate
the structural resistance).

Fig. 3 presents the time-variant mean value of
𝑅𝑒 as a function of the load occurrence time (up
to 50 years) in the presence of different changing
patterns of 𝜇(𝑄, 𝑡), assuming that Θ𝑎 is determin-
istically 0.003, and the recovery rate is uniformly
distributed within [3,6]. The values of 𝛼 being
equal to 0.5, 1 and 2 correspond to square-root, lin-
ear and parabolic increasing modes, respectively.
It is observed that 𝜇(𝑅𝑒, 𝑡) decreases in time with
an increasing performance loss. When 𝜇(𝑄,50) is
fixed, a greater value of 𝛼 results in a larger 𝜇(𝑅𝑒, 𝑡),
since the increase of 𝜇(𝑄, 𝑡) mainly occurs at the
latter stage of a reference period of 50 years. Fur-
thermore, a greater value of 𝜇(𝑄,50) leads to a
smaller 𝜇(𝑅𝑒, 𝑡) due to the severer performance loss
conditional on load occurrence.

In Fig. 4, the time-dependent nonresilience for
reference periods up to 50 years is plotted. It is
assumed that 𝜇(𝑄, 𝑡) increases linearly to 0.2, 0.3
or 0.4 at the end of 50 years (i.e., 𝛼 = 1 in Eq. (14)).
For comparison purpose, the nonresilience associ-
ated with time-invariant 𝜇(𝑄, 𝑡) (i.e., 𝜇(𝑄, 𝑡) ≡ 0.1)
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Figure 3: Time-variant mean value of resilience mea-
sure 𝜇(𝑅𝑒, 𝑡) for different changing patterns of average
fractional performance loss 𝜇(𝑄, 𝑡).

is also plotted in Fig. 4, which is representative of
the case with no performance deterioration. The
nonresilience increases with time, which is charac-
teristic of the accumulated risk of performance loss.
A greater value of 𝜇(𝑄,50) results in a larger non-
resilience, which is consistent with the observation
from Fig. 3. For reference periods beyond 20 years,
the nonresilience increases approximately exponen-
tially in time. Furthermore, the structural time-
dependent failure probability (i.e., 1− 𝑅𝑙 (0, 𝑡𝑙)) is
also presented in Fig. 4. The failure probability is
an upper bound for structural nonresilience, since
the item 1− 𝜇(𝑅𝑒, 𝑡) in Eq. (7) is within the range
of [0,1].

The dependence of time-dependent nonresilience
on the changing shape of 𝜇(𝑄, 𝑡) (i.e., 𝛼 in Eq. (14))
is presented in Fig. 5, where 𝜇(𝑄,50) = 0.3. The
nonresilience associated with 𝛼 = 0.5 is the largest,
followed by those with 𝛼 = 1 and 𝛼 = 2, respectively.
This is because, with fixed 𝜇(𝑄,0) and 𝜇(𝑄,50), a
greater value of 𝛼 leads to a smaller 𝜇(𝑄, 𝑡) for 𝑡 ∈
(0,50) and thus larger resilience. This observation
is consistent with that from Fig. 3.

In Fig. 6, the impact of load occurrence rate
on structural time-dependent nonresilience is exam-
ined, where 𝜆(0) varies from 0.1 to 0.5. The mean
of fractional performance loss (𝜇(𝑄, 𝑡)) increases
linearly from 0.1 at the initial time to 0.3 by the end
of 50 years. For a relatively short reference period,

6



14th International Conference on Applications of Statistics and Probability in Civil Engineering, ICASP14
Dublin, Ireland, July 9-13, 2023

0 10 20 30 40 50
10-6

10-5

10-4

10-3

10-2

10-1

 m(Q,50) = 0.1
 m(Q,50) = 0.2
 m(Q,50) = 0.3
 m(Q,50) = 0.4
 Failure probability

Ti
m

e-
de

pe
nd

en
t n

on
re

si
lie

nc
e

Time (years)

~
~
~

~

Figure 4: Time-dependent nonresilience considering
different mean values of fractional performance loss at
the end of 50 years 𝜇(𝑄,50).
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Figure 5: Dependence of time-dependent nonresilience
on the shape factor 𝛼.

where 𝑅𝑠 (0, 𝑡𝑙) is close to 0, the nonresilience in-
creases approximately linearly with 𝜆(0). This is
because, in Eq. (6), as 𝑅𝑠 (0, 𝑡𝑙) ≈ 1, it follows that

𝑅𝑠 (0, 𝑡𝑙) = 1− exp
{
−
∫ 𝑡𝑙

0
𝜆(𝑡)𝑝(𝑡) [1− 𝜇(𝑅𝑒, 𝑡)] 𝑑𝑡

}
≈ 𝜆(0)

∫ 𝑡𝑙

0
(1+0.02𝑡) · 𝑝(𝑡) [1− 𝜇(𝑅𝑒, 𝑡)] 𝑑𝑡

∝ 𝜆(0)
(15)

However, this linearity is weakened by a longer ref-
erence period (e.g., the case of 𝑡𝑙 = 50 years), with
the nonresilience becoming greater.
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Figure 6: Time-dependent nonresilience considering
different values of the initial occurrence rate 𝜆(0).

4. Concluding remarks
In this paper, a new resilience measure has

been developed for repairable structures subjected
to nonstationary loads and deterioration. The
non-homogeneous Poisson process is used to de-
scribe the nonstationary load process, and the time-
variation of performance loss, conditional on load
occurrence, is taken into account. The resilience-
based structural design and cost optimization are
also studied. The following conclusions can be
drawn from this paper.

• The probabilistic behaviour of resilience mea-
sure associated with a single hazardous event
takes a simple, integral-free form for some spe-
cific distribution types of random variables in-
volved, which is beneficial for use in practical
engineering.

• The time-dependent resilience can be treated
as a generalized form of structural time-
dependent reliability, and the difference be-
tween the two quantities is whether the recov-
ery process of the post-hazard structure is con-
sidered. Furthermore, the reliability is a lower
bound of structural resilience numerically.

• A greater mean value of performance loss,
or a severer performance deterioration pro-
cess, leads to a larger structural nonresilience,
and correspondingly a shorter predicted ser-
vice life.
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