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A lifeline system, serving as an energy-supply system, is an essential component of urban infrastructure. In a hospital, for example,
the piping system supplies elements essential for hospital operations, such as water and fire-suppression foam. Such nonstructural
components, especially piping systems and their subcomponents, must remain operational and functional during earthquake-
induced fires. But the behavior of piping systems as subjected to seismic ground motions is very complex, owing particularly to the
nonlinearity affected by the existence ofmany connections such as T-joints and elbows.The present study carried out a probabilistic
risk assessment on a hospital fire-protection piping system’s acceleration-sensitive 2-inch T-joint sprinkler components under
seismic ground motions. Specifically, the system’s seismic capacity, using an experimental-test-based nonlinear finite element (FE)
model, was evaluated for the probability of failure under different earthquake-fault mechanisms including normal fault, reverse
fault, strike-slip fault, and near-source ground motions. It was observed that the probabilistic failure of the T-joint of the fire-
protection piping system varied significantly according to the fault mechanisms. The normal-fault mechanism led to a higher
probability of system failure at locations 1 and 2. The strike-slip fault mechanism, contrastingly, affected the lowest fragility of
the piping system at a higher PGA.

1. Introduction

In the event of earthquake, the fire-protection piping sys-
tem (sprinkler piping system), as an essential nonstructural
component in critical facilities such as hospitals, emergency
clinics, and high-tech factories, must remain secure and
operational in order to prevent the damage from fire. Inter-
estingly, many previous reports have attributed the most
serious earthquake damage to the poor performance of
nonstructural components such as HVAC, ceiling system,
and fire-protection piping system [1] rather than to structural
components. The Olive View Hospital, for example, seismi-
cally retrofitted after the 1971 San Fernando earthquake, did
not incur any structural damage from the 1994 Northridge
event. However, due to leakages from the fire-protection
piping system and the chilled water distribution system,
the hospital had to be shut down, further necessitating
the evacuation of 377 patients [2]. During the 1995 Kobe

earthquake in Japan, 40.8% of fire-suppression systems such
as sprinkler piping systems were damaged [3], due to the
acute seismic vulnerability of sprinkler piping systems (as
part of fire-protection piping systems) relative to other fire-
suppression systems such as indoor fire hydrants, foam-based
extinguishing systems, and fire doors.

In order to prevent or minimize damage from fire,
hospitals’ nonstructural components including automatic fire
alarm systems, HVAC systems, and fire-protection piping
systems (sprinkler piping systems) must remain operational
and functional both during and after earthquakes. In recent
years, significant research has been conducted to evaluate
the seismic performance and vulnerability of fire-protection
piping systems in hospitals according to earthquake engi-
neering principles. Antaki and Guzy [4] performed a seis-
mic performance analysis of a fire-protection piping system
incorporating grooved and threaded connections. Also, the
University of Buffalo [5, 6] conducted experimental tests on
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Figure 1: Sprinkler piping system configuration with multibranch
systems [7].

a sprinkler piping system under monotonic and cyclic
loading conditions, with respect to two connection types
(threaded T-joint and grooved T-joint) and two materials
(black iron and chlorinated polyvinyl chloride (CPVC)).

Based on the outcomes of relevant previous investigations
[7, 8, 11], the present study, in order to reduce seismic-induced
fire risk and develop a probabilistic risk assessment protocol
for sprinkler piping systems in hospitals, (1) incorporated an
analytical and numerical nonlinear T-joint model specified
by experimental-test-derivedmoment-rotation relationships,
(2) considered various seismic ground-motion intensities
and various fault mechanisms as a function of uncertainties,
(3) conducted multiple nonlinear time-history analyses for
a Monte Carlo simulation, and (4) estimated the system’s
change of probabilistic failure and acceleration sensitivity
according to various earthquake-fault mechanisms.

2. Fire-Protection Piping System

Taking the lead of Ju and Jung [7], a hospital’s top-floor
main piping system (designed according to the NFPA-
13 [12] and SMACNA [13] seismic guidelines), with two
nonlinear T-joint branch systems supported by unbraced
single hangers, transverse braced hangers, and longitudinal
braced hangers, was selected for the purposes of the present
study. The particular locations of the multibranch piping
systems were determined, by linear time-history analysis
of the complete piping system, to be the first and second
maximum displacements and rotations. Figure 1 illustrates
the piping system configuration considered in this study.The
natural frequencies of the piping system in the fundamental
and second modes were 1.82 (Hz) and 3.28 (Hz), respectively.

2.1. Finite Element (FE) Model of T-Joint System [7]. The
existence of many connections and linkages in a sprinkler
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Figure 2: FE model of T-joint system [8].
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Figure 3: Pinching4material in OpenSees [9].

piping system causes complex nonlinear behavior. In the
study of nonlinear behavior by FE analysis, dense mesh
and special contact elements often are required; however,
considering these factors in fragility estimation can be
computationally inefficient. Therefore, in the present study,
a nonlinear moment-rotation relationship obtained from
University of Buffalo (UB) cyclic-experimental data [5, 6] was
used to generate the nonlinear FEmodel of a threaded T-joint
in a 2-inch black iron branch piping system. Figure 2 provides
a schematic of the FE model, which represents the system’s
nonlinear behavior by two nonlinear rotational springs.
Smaller rotations were allowed by means of a hinge support-
ing the branchpipes.The loadwas applied at the bottomalong
the perpendicular axis. The Pinching4 uniaxial material was
applied on theOpenSeesplatform [14].ThePinching4material
shown in Figure 3 used various parameters such as positive
and negative response envelopes, the ratio of deformation,
force, and strength under unloading conditions, and the
ratio of deformation, force, and strength under reloading
conditions. Furthermore, the Pinching4 material model was
able to represent the stiffness degradation, the strength
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Figure 4: Validation of FEmodel for 2-inch threaded T-joint system
[8].

degradation, and the unloading/reloading conditions under
cyclic loading [9]. Figure 4 plots the validation data on the
FE model for the threaded T-joint system. The moment-
rotation relationship obtained in the FE analysis was in good
agreement with the experimental values.

3. Seismic Ground Motions

Damage to a nonstructural fire-protection piping system
subjected to seismic ground motions is a function of the
strength and deformation capacity of each component. Dam-
age to structural and nonstructural components, meanwhile,
correlates with both input and dissipated energy [15]. In
the present study, various ground motions, namely, normal-
fault, reverse-fault, strike-slip fault, and near-source ground
motions, were applied in order to investigate the effect of
input and dissipated energy on the piping system. Ground
motions over the Richter magnitude 𝑀

𝑤
6.0 were selected

from PEER-NGA [16], and near-source ground motions
influenced by a few pulses were borrowed from Sasani et al.
[15]. Each earthquake dataset was normalized to the same
peak ground acceleration (PGA) (1.0 g). Figures 5(a) to 5(d)
provide the response spectra for a 5% damping ratio. The
thick solid curve indicates the mean value of the response
spectra.

The dynamic equation of motion for this piping system
subjected to earthquakes can be expressed as

[𝑀] {�̈� (𝑡)} + [𝐶] {�̇� (𝑡)} + [𝐾] {𝑢 (𝑡)} = − [𝑀] {�̈�
𝑔
(𝑡)} , (1)

where 𝑀, 𝐶, 𝐾, and �̈�
𝑔
(𝑡) are mass, damping, stiffness,

and ground acceleration, respectively. In particular, Rayleigh
classical damping known as mass and stiffness proportional
damping was used in order to generate damping matrix. The
damping equation is as follows:

[𝐶] = 𝛼 [𝑀] + 𝛽 [𝐾] . (2)

The mass and stiffness coefficients (𝛼 and 𝛽) can be de-
scribed as follows:
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in which 𝜔
𝑖
and 𝜔

𝑗
are the natural frequency for the 𝑖th and

𝑗th modes. Also, 𝜉
𝑖
and 𝜉

𝑗
are the specified damping ratios

for the 𝑖th and 𝑗th modes [17]. Specifically, in this study, 2%
damping ratio was applied for the black iron piping system.

4. Probabilistic Risk Assessment of
Piping System

Probabilistic risk assessment and performance-based design
are practical approaches to the mitigation of potential fire,
hurricane, or earthquake damage to structural systems [18].
Additionally, the Electric Power Research Institute (EPRI)
recently formulated a fragility analysis methodology for use
in probabilistic risk assessment (PRA) of nuclear power
plants [19]. According to Shinozuka et al. [20], the empirical
fragilities based on lognormal distribution function were
classified into two different methods: (1) Parameter Esti-
mation (Method 1) by means of the maximum likelihood
procedure and (2) Parameter Estimation (Method 2) by log-
standard deviation along with the medians of the lognormal
distribution in terms of the aid of maximum likelihood
method.Themaximum likelihood function forMethod 1 can
be expressed as

𝐿 =

𝑁

∏

𝑖=1

[𝐹 (𝑎
𝑖
)]
𝑥𝑖
[1 − 𝐹 (𝑎

𝑖
)]
1−𝑥𝑖

, (4)

where 𝐹(𝑎
𝑖
) indicates the probability of failure with respect to

the specified damage level and the analytical solution for the
fragility curve was given by

𝐹 (⋅) = Φ[
ln (𝑎/𝑐)

𝜍
] , (5)

where parameter “𝑎” is peak ground acceleration (PGA).
Furthermore, the fragility (Method 2) corresponding to

four damage states (𝐸
1
, 𝐸
2
, 𝐸
3
, and 𝐸

4
) is described by two

parameters: median (𝑚
𝑐
) and lognormal standard deviation

(𝛽
𝑠𝑑
) given in

𝐹 (⋅) = Φ[
ln (𝑎
𝑖
/𝑚
𝑐
)

𝛽sd
] . (6)

The probability of failure for each damage state (no
damage, minor, moderate, and major damage) at given PGA
levels was also described as follows:

𝑃
1
= 𝑃 (𝑎

𝑖
, 𝐸
1
) = 1 − 𝐹
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(7)
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Figure 5: Seismic ground motions: response spectra based on fault mechanisms.

In this case, the likelihood function can be generalized as

𝐿 (⋅) =

𝑁

∏

𝑖=1

4

∏

𝑗=1

𝑃
𝑗
(𝑎
𝑖
; 𝐸
𝑗
)
𝑥𝑖𝑗

. (8)

Further details for the analytical fragility methodology
can be found in the study by Shinozuka et al. [20].

Based on this fragility analysis (Parameter Estimation:
Method 2), Ju et al. [8] defined the probability of failure of
a fire-protection piping system as follows:

𝑃
𝑓
(𝜆) = 𝑃 [𝐺 (⋅) < 0 | Earthquake Intensity = 𝜆] ,

𝑃
𝑓
(𝜆) = 𝑃 [𝐶 < 𝐷 | PGA = 𝜆] ,

(9)

in which 𝐺(⋅) represents failure limit state, 𝐶 is the capacity
or strength of the system, and 𝐷 is the load or demand.

Nonstructural fragilities, which are engineering demand
parameter (EDP) functions, indicate the probabilities that
certain nonstructural components will exceed a certain level
of damage [18]. Equation (9) above formulates fragility for a
peak ground acceleration (PGA) level of 𝜆.

Structural fragilities, meanwhile, are estimated empiri-
cally by conducting multiple nonlinear time-history analyses
of a structure for various ground motions:

𝑃
𝑓
(𝜆) =

∑
𝑁

𝑖=1
1 (𝜃
𝑖,𝜆

≥ 𝜃lim | PGA = 𝜆)

𝑁
. (10)

In (10), 𝜃
𝑖,𝜆

is the maximum rotation from the 𝑖th
earthquake time-history analysis at a PGA level of 𝜆, and 1(⋅)

is the indicator function.

5. Limit State of 2-Inch T-Joint System

As (9) and (10) reflect, it was necessary to characterize the
limit state criteria corresponding to fire-protection piping
system damage. Failure due to leakage generally predomi-
nated over support system failure in this study.Therefore, the
American Society of Mechanical Engineers (ASME) BPVP
code (Section 3) defined rotation corresponding to plastic
collapse of piping components using the “twice the elastic
slope” (TES) criteria [8]. Based on these criteria, the rotation
corresponding to plastic collapse 𝜃

𝜑
can be determined by

the abscissa of the point at which a line with twice the elastic
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Figure 7: Damage states of 2-inch threaded T-joint piping system
[8].

slope intersects the moment-rotation curve. This condition
is exemplified in Figure 6, where 𝜑 = 2𝜃. In Figure 7,
the rotations of the left spring corresponding to the “First-
Leak” damage state during three cyclic tests are plotted
along with the moment-rotation relationship obtained from
the experimental data. It can be seen that all three failure
rotations lay between the lines 𝜑 = 2𝜃 and 𝜑 = 2.5𝜃, where 𝜃

is the elastic slope. It can be concluded that the TES (𝜑 = 2𝜃)
criteria can be conservatively assumed as the limit state corre-
sponding to the “First Leak” (0.0135 radians) [8]. Hence, three
damage states are defined by minor (0.0135 rad), moderate
(0.0175 rad), and severe damage (0.0217 rad), respectively.

6. Seismic Fragility of Fire-Protection
Piping Systems Subjected to Various
Fault Mechanisms

The piping-system seismic fragility evaluation presented in
this paper was based on analyses of multiple nonlinear time-
histories as functions of uncertainties such as magnitude,
soil types, and fault mechanisms. The evaluation proceeds as
follows.

(1) Select seismic ground motions of each fault mech-
anism (normal, reverse, and strike-slip) and near-
source ground motions as functions of uncertainties.

(2) Incorporate the nonlinear T-joint FE model into the
main piping system based on the experimental result.

(3) Perform multiple nonlinear time-history analyses by
means of aMonte Carlo simulation (MCS) of the fire-
protection piping system on the OpenSees platform.

Finally, from the numerical analyses, the absolute max-
imum inelastic rotations were obtained, and the numerical
fragility curves for the three different fault mechanisms and
near-source ground motions were evaluated by (10). Figure 8
showed the procedure of system fragility analysis based on
Monte Carlo simulation [10]. The nonlinear time-history
analyses were conducted at many PGA levels ranging from
0.2 g to 4.0 g increments.

The fragility estimates (i.e., probabilities of failure) cor-
responding to the piping system’s limit state of inelastic
rotation (0.0135 radians) for each fault mechanism case are
compared in Figure 9.The fragility of a fire-protection piping
system subjected to 50 seismic ground motions (50 EQs)
was determined by Ju and Jung [7]. As shown in the
figure, the probability of failure at location 1 significantly
differed among the four earthquake types. The piping system
subjected to 50 EQs was most fragile under the normal-
fault mechanism and yielded greatly. The fragility values
according to the reverse and near-source ground motions
tended to show similar probabilities of failure.Themaximum
probability difference, between the normal- and strike-slip
faultmechanisms, was approximately 40% at the PGAof 1.8 g.

Figure 10 plots the probabilities of failure at location 2.
Overall, the fragility values there were lower than at location
1. The fragility as subjected to the normal-fault mechanism
was highly conservative, showing a similar pattern to that
indicated in Figure 9. However, the values with respect to
the probability of failure at location 2 under the reverse-fault
mechanism were significantly lower than the other values
up to the PGA of 2.5 g. The maximum fragility difference,
this time between the normal- and reverse-fault mechanisms,
was approximately 41% at the PGA of 2.2 g. Also, analytical
fragility curves (solid lines) for each case are evaluated by
(6) andmedian and lognormal standard deviation (Table 1) is
obtained from numerical fragility analyses (MCS). Based on
(7), Figure 11 illustrates the damage-state (minor, moderate,
and severe damage) probabilities of the piping system sub-
jected to normal earthquake-fault mechanism at locations 1
and 2.
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Table 1: Median and lognormal standard deviation variables.

Fault mechanisms Location 1 Location 2
𝑚
𝑐

𝛽sd 𝑚
𝑐

𝛽sd

Normal 0.4835 0.2534 0.6264 0.3594
Reverse 0.6679 0.3945 0.9095 0.2598
Strike-slip 0.8144 0.5210 0.9270 0.5167
Near-source 0.6752 0.2948 0.7792 0.3963
50 EQs 0.4144 0.3741 0.6771 0.3398

In addition, in order to generate entire fragility corre-
sponding to particular damage state, the ground acceleration
capacity (𝐴) related to median ground acceleration capacity
(𝑎
𝑚
) and lognormal random variables (𝜀

𝑅
𝜀
𝑈
) in terms of the

median and uncertainty in the median value must be defined
by [21]

𝐴 = 𝑎
𝑚
𝜀
𝑅
𝜀
𝑈
. (11)

Therefore, themedian PGA capacities (50% probability of
failure) at locations 1 and 2 are listed in Table 2. The primary
reason for the differences among the fragility values was the
sensitive response of the piping system to the seismic ground-
motion frequency and acceleration.

7. Conclusions

This study developed a framework for probabilistic risk
assessment of fire-protection piping systems (sprinkler piping
systems) subjected to various earthquake-fault mechanisms
in order to improve their seismic performance and reduce
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Table 2: Median PGA capacities.

Fault mechanisms Location 1 (g) Location 2 (g)
Normal 1.624 1.872
Reverse 1.960 2.484
Strike-slip 2.260 2.548
Near-source 1.968 2.184
50 EQs 1.524 1.972

seismic-induced fire damage during and after an earthquake.
A stochastic seismic analysis was performed on a 2-inch black
iron multibranch piping system represented by a nonlinear
FEmodel. AMonte Carlo simulation was conducted in order
to evaluate the system-level fragility of T-joint piping system.
Based on the finding from simulation, the fragility curves
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Figure 11: Probabilities of failure corresponding to the damage
states.

properly fitted into a lognormal cumulative distribution.The
overall study results showed that the failure probabilities at
locations 1 and 2 differ significantly by fault mechanism.
The fragility according to the normal-fault mechanism was
similar to the fragility of the piping system as subjected to
50 EQs at locations 1 and 2. This normal-fault fragility was
extremely conservative or, in otherwords, exceedingly fragile.
The maximum difference between the different fault types
was approximately 40% at both locations 1 and 2. This sug-
gests that seismic ground-motion acceleration and frequency
in piping systems that include acceleration-sensitive compo-
nents can have a considerable effect on fragility. Indeed, this
was the rationale for the present study’s evaluation of the
seismic capacities of the T-joint sprinkler piping components.
Further evaluation of the interaction between buildings and
their fire-protection piping systems and of the dynamic
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impact influence between ceiling systems and sprinkler heads
remains for future work.
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