
 

 

  

Abstract—A failure of the non-structural component can cause 
significant damages in critical facilities such as nuclear power plants 
and hospitals. Historically, it was reported that the damage from the 
leakage of sprinkler systems, resulted in the shutdown of hospitals for 
several weeks by the 1971 San Fernando and 1994 North Ridge 
earthquakes. In most cases, water leakages were observed at the cross 
joints, sprinkler heads, and T-joint connections in piping systems 
during and after the seismic events. Hence, the primary objective of 
this study was to understand the seismic performance of T-joint 
connections and to develop an analytical Finite Element (FE) model 
for the T-joint systems of 2-inch fire protection piping system in 
hospitals subjected to seismic ground motions. In order to evaluate the 
FE models of the piping systems using OpenSees, two types of 
materials were used: 1) Steel02 materials and 2) Pinching4 materials. 
Results of the current study revealed that the nonlinear 
moment-rotation FE models for the threaded T-joint reconciled well 
with the experimental results in both FE material models. However, 
the system-level fragility determined from multiple nonlinear time 
history analyses at the threaded T-joint was slightly different. The 
system-level fragility at the T-joint, determined by Pinching4 material 
was more conservative than that of using Steel02 material in the piping 
system. 
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I. INTRODUCTION 

INCE the first report on the nonstructural earthquake 

damage in the 1964 Alaska earthquake, the nonstructural 

component of the building has influenced greatly on the 

improvement of the building design codes. In 1971 San 

Fernando earthquake [1], intensive investigations on the 

nonstructural component damage had been made. According to 

Consortium of University for Research in Earthquake 

Engineering (CUREE) [1], a total installation and construction 

cost of non-structural elements in any critical facilities account 

for almost 70% of the total construction cost. In addition to the 

high construction cost, these nonstructural components, such as 

Heating-Ventilating-Air Conditioning (HVAC), ceilings, and 

piping system, were more fragile than structural systems during 

an earthquake. Therefore, the non-structural component of the 

building was more susceptible to the damages associated with 

earthquake. For example, the record showed that about 85% of 

the total $7.4 billion damage was attributed to non-structural 
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systems in 1994 Northridge earthquake [2]. Specifically, the 

Olive View Hospital had to be shut down shortly after the 1994 

Northridge earthquake, due to water damage caused by failure 

of sprinkler systems [3]. Similarly, during the 1971 San 

Fernando earthquake, 4 of 11 medical facilities in the area 

incurred significant economic losses due to the damages on the 

non-structural components [4].  

In recent years, the protection of nonstructural component in 

occurrence of seismic events has become one of the most 

important agenda in seismic design area.  

Antaki and Guzy [5] conducted static and dynamic tests of 

the fire protection systems designed in accordance of the 

National Fire Protection Association (NFPA-13) [6]. The 

objective of tests was to identify the stiffness, failure modes, 

and limit states for leakage of 2 inch schedule 40 threaded pipe 

joints and 2-inch and 4-inch schedule 40 grooved coupling 

systems that are commonly used in the piping systems. 

Ju et al. [7] evaluated the system-level fragility of the piping 

system connected with a 2-inch threaded T-joint system. The 

system-level fragility of the complete piping system 

corresponding to the first leakage was determined from 

multiple time history analyses using OpenSees [8] finite 

element package.  

Ju and Jung [9] developed the seismic fragility of piping 

system installed in a low-rise building system. This publication 

focused on the evaluation of seismic fragilities in the 

multi-branch T-joint piping systems at each floor of RC and 

steel linear frame buildings. They reported that the probability 

of the failure at T-joint systems increased as the floor level in 

the two different buildings increased.  

Ju et al. [10] later evaluated the seismic fragility of the piping 

system connected to a single branch T-joint system subjected to 

21 earthquake ground motions. The piping system was installed 

in 5-, 10-, 15-, and 20- story RC and steel linear frame buildings. 

The system-level fragilities of the piping system on top floor of 

the building systems were conducted by a Monte-Carlo 

simulation accounting for uncertainties in demand. 

Therefore, many researchers have recognized a need to 

address this probabilistic seismic assessment to mitigate risk 

and to achieve reliable design of the nonstructural components. 

This paper presented the seismic performance of T-joint 

connections and development of an analytical Finite Element 

(FE) model for the T-joint systems of 2-inch fire protection 

piping system in hospitals subjected to seismic ground motions. 

In order to evaluate the FE models of the piping systems using 

an OpenSees, the two types of material types was used: 1) 

Steel02 material and 2) Pinching4 material. In particular, the 

system-level fragility of the piping system using two different 
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materials for the T-joint connection in Opensees was illustrated 

in this paper. 

II.  EXPERIMENTAL AND ANALYTICAL T-JOINT PIPING SYSTEM 

 University at Buffalo, State University of New York (UB) 
[11], [12] conducted the various T-joint systems such as 0.75-in, 
1-in, and 2-inch. The experimental tests (monotonic and cyclic) 
were conducted on two materials: 1) Black Iron Schedule 40 
and 2) Chlorinated Polyvinyl Chloride (CPVC). The loading 
rate of monotonic test was 0.01 in/sec and the maximum 
loading rate of cyclic test was 0.2 in/sec. Fig. 1 showed the test 
set-up for determining the stiffness of the threaded T-joint 
system subjected to monotonic and cyclic loading conditions. 
In addition, the pipe was connected to a water faucet to be 
capable of capturing the fist leakage point [11], [12].  
 

 

Fig. 1 Threaded T-joint test setup conducted by UB [11]  

 

In order to represent T-joint connection in the piping system, 

the Finite Element (FE) model was created in Open System for 

Earthquake Engineering Simulation (OpenSees) using two 

nonlinear rotational springs. This design was based on the 

experimental results under cyclic loading protocol. The FE 

model for the T-joint system was shown in Fig. 2. The FE 

model was also support by a hinge system at the end to allow 

small rotations.  
 

 

Fig. 2 FE modeling of T-joint system: 2-in pipe 

In order to validate the FE model, different material types 

(Pinching4 and Steel02) were used in this study. First, the 

Pinching4 material from the OpenSees platform was capable of 

modeling the hysteretic behavior of the threaded T-joint 

connection characterized by Pinched moment-rotation envelop 

points (Positive 4 points and Negative 4 points), as shown in 

Fig. 3. Furthermore, the cyclic degradation of strength and 

stiffness in both unloading and reloading was determined by 

pinching4 material [13]. 
 

 

Fig. 3 Pinching4 material in OpenSees [13]  

 

Second, to evaluate hysteretic behavior of the T-joint system, 

the Steel02 material in OpenSees was used (Fig. 4).  

The Steel02 material can be modeled with yield strength, 

initial elastic tangent, strain-hardening ratio, and isotropic 

hardening parameters [13]. 
 

 

Fig. 4 Steel02 material in OpenSees [13] 
 

A comparison of the moment-rotation relationship of the left 

spring between the analytical FE models based on two different 

materials with experimental test under the cyclic loading were 
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found in Figs. 5 and 6. In addition, the first leak was detected in 

cyclic tests at rotations of 0.014 to 0.017 radians as suspected 

from experimental tests. As can be seen in Figs. 5 and 6, the 

relationship characterized by steel02 material was in good 

agreement with the experimental results prior to the failure (i.e. 

the first leakage point). However, the nonlinear 

moment-rotation of Pinching4 material reconciled well with 

the experimental results till after the failure of the T-joint 

connection. 
 

 

Fig. 5 Validation of T-joint system using Steel02 material 

 

 

Fig. 6 Validation of T-joint system using pinching4 material  

III. DEFINITION OF SEISMIC FRAGILITY OF PIPING SYSTEM  

 The seismic fragility and definition of limit state of the 

piping system was determined by Ju et al. [7]. Seismic fragility 

for the nonstructural components was the function that relates 

the probability, such that a nonstructural component would 

exceed a certain level of damage as a function of the 

Engineering Demand Parameter (EDP) [14]. The expression for 

fragility at a Peak Ground Acceleration (PGA) level was 

defined by (1). 
 

( ) [ ]λθθλ =≥= PGAPPf |lim  (1) 

 

 The structural fragility given in (2) was usually estimated 

empirically by conducting multiple nonlinear time history 

analyses of the structure for various ground motions.  
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where, λθ ,i was the maximum rotation from ith earthquake time 

history analysis at a PGA level of λ and 1(.) is the indicator 

function. 

In order to evaluate the system-level fragility, Ju et al. [7] 

characterized the limit state criteria corresponding to the first 

leakage points under cyclic loading. The limit state for the 

2-inch Black Iron T-joint piping system was defined by Twice 

the Elastic Slope (TES) based on ASME Section III BPVP code 

[15]. As shown in Fig. 7, the rotations corresponding to the first 

leakage points during three cyclic tests were plotted along with 

the moment-rotation relationship from the experiment. It can be 

noted that all the 3 failure rotations lie between the line 2ϕ θ====  

and 2.5ϕ θ==== . Therefore, the limit state of the T-joint 

connection was defined by 0.0135 radians as a minor damage.  
 

 

Fig. 7 The limit state of 2-inch black iron T-joint piping system  

IV. PIPING FRAGILITY EVALUATION 

 Evaluation of the fragility at the 2-inch Black Iron threaded 

T-joint piping system using two different materials in OpenSees 

was conducted. The full scale piping system on top floor (Fig. 

8) was selected from a hospital building. The piping system was 

supported by hangers, transverse/longitudinal bracing systems, 

and anchors were located at the end of each side. Furthermore, 

the main piping system was connected with a T-joint branch 

piping system at the critical location determined as the point of 

maximum displacements and rotations from linear time history 

analyses. In this study, in order to evaluate the system-level 

fragility, 75 real earthquakes normalized to the same PGA [16] 

were selected in consideration to the ground motion 

uncertainty. The fundamental mode frequency conducted by 

eigenvalue analysis was 1.82 Hz.  
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Fig. 8 Piping system with a T-joint branch system  

 

 

Fig. 9 Piping fragility using different materials in OpenSees  

 

Fig. 9 illustrated the seismic fragility based on log-normal 

distribution at the T-joint system corresponding to the first 

leakage damage state (0.0135 rad). The nonlinear time history 

analyses were conducted at different PGA levels from 0.5g to 

3.0g at an interval of 0.2g. As shown in Fig. 9, the piping 

fragility at the T-joint between the Pinching4 and Steel02 

materials in OpenSees was slightly different. In addition, the 

maximum difference from the probability of failure at the 

T-joint connection was 8.99% at PGA level (1.5g). In another 

word, it revealed that the fragility using Pinching4 material was 

more conservative than the piping fragility using Steel02 

material (i.e., predicts the system to be more fragile). 

Furthermore, the median peak ground acceleration capacity, 50 

% probability of failure for Pinching4 and Steel02 material at 

the T-joint system was 1.6g and 1.7g, respectively. The primary 

reason for the differences in the two different models was 

concluded that there could be existed energy dissipation and 

strength degradation under unloading and reloading.  

V. CONCLUSIONS 

 In this paper, we presented the seismic fragility of piping 

system at the T-joint connection subjected to 75 earthquake 

ground motions to account for the function of uncertainty such 

as fault mechanism, soil types, and frequency. The particular 

focus was to evaluate the fragility of the piping system using 

two different models (Pinching4 and Steel02) in OpenSees. The 

conclusions of current study were as followings: 

1) The numerical FE models in both cases reconciled well 

with the experimental test results. Besides, the Pinching4 

FE model was capable of capturing the post-failure 

behavior of the T-joint connection.  

2) The piping fragility subjected to 75 different earthquake 

set normalized to the same PGA level was slightly different 

between the Pinching4 and Steel02 material in OpenSees. 

3) Furthermore, More experimental with varying diameters 

and materials should be conducted, in order to mitigate the 

risk and to achieve a reliable design of the piping system.  
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