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The construction costs for nonstructural systems such as mechanical/electrical equipment, ceiling system, and piping system occupy a
significant proportion of the total cost. These nonstructural systems can also cause considerable economic losses and loss of life during
and after an earthquake. Therefore, reduction of seismic risk of nonstructural components has been emerging as a key aspect of research
in recent year. The primary objective of this study was to evaluate the seismic performance of a single-story and multi-story piping system
installed in low-rise building and to identify the seismic vulnerability of the current piping systems. The seismic performance evaluation of
the piping systems was conducted with 5 different earthquakes to account for the ground motion uncertainty and the preliminary results
demonstrated that the maximum displacements of each floor in the multi-story piping system increased linearly with increasing floor level
in the building system. This study revealed that the current design piping systems are significantly sensitive to the effect of floor height,
which stress the necessity to improve the seismic performance of the current piping systems by, for example, strengthening with seismic

sway bracing using transverse/longitudinal bracing cables or hangers.
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1. Introduction

Over the past few decades, the seismic design for the structural
systems has been significantly improved. According to Parulekar
(2009), previous seismic safety criteria related to structures of nuclear
power plants and hospital facilities were designed less rigorous than
the present design codes. Therefore, in order to meet the current design
criteria, some structures needed to retrofit or strengthen by various
devices such as fiber wrapping, steel and concrete jacking, and
passive/active dampers (Parulekar, 2009). However, damages from
nonstructural components such as mechanical/electrical equipment,
ceiling, and piping system were still observed during earthquakes.

During 1994 Northridge earthquake, approximately 85% of the
total damage cost, which was estimated about $7.4 billion, was
attributed to non-structural systems (Kircher, 2003). For example, the
Olive View Hospital had to be shut down shortly after the earthquake

due to water damage caused by failure of sprinkler systems (Ayer &
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Phillips, 1998). Similarly, during the 1971 San Fernando earthquake,
4 out of 11 medical facilities in the area experienced significant
economic losses due to the damages on the nonstructural components
(Wasilewski, 1998). Damage to components such as fire protection
piping system, Heating, Ventilating, and Air Conditioning (HVAC),
and water piping systems have resulted in direct economic loss and
caused causalities such as injuries or loss of life in many seismic events.

In recent years, many researchers have recognized a need to address
the challenges during the designing stages such that the nonstructural
components remain operational or functional during and after an
carthquake. Antaki and Guzy (1998) conducted static and dynamic tests
of the fire protection piping systems designed in accordance with
National Fire Protection Association (NFPA-13). The objective of
their tests was to identify the stiffness, failure modes, and limit states
for leakage of threaded pipe joints and grooved coupling systems that
are commonly used in the piping systems. Maragakis et al. (2003)
identified the capacity characteristics of a welded hospital piping
system with and without bracings as well as the system’s weak points.
Lee (2008) characterized the analytical modeling of fire protection

piping system using Finite Element (FE) platform, ANSYS. Seismic
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behavior of the piping system based on design spectrum was evaluated
in this study. ATC-58 has highlighted the need for a performance-
based design approach in nonstructural systems to mitigate seismic
risk and achieve reliable designs. Therefore, due to the high cost
associated with the repair and reinstallation of the piping systems, the
seismic performance evaluation and design of nonstructural systems
has received significant attention in recent years.

The primary objective of this study was to develop a framework for
evaluating seismic performance of multi-story fire protection piping
systems and water distribution piping systems using multiple time
history analyses. In order to identify and understand the tuning effect
between a 5-story building system and its piping system, analyses of
multiple time histories by OpenSees platform were conducted for a
single-story piping on top floor and a multi-story piping system in the
building system. Due to the complexity of the piping system, the

multiple linear time history analyses were conducted in this study.

2. Numerical Modeling of a 5—Story Building
System

Based on the building design from Wood et al (2009), a 5-story steel
frame building system was selected for this study. The building system

designed according to a strong column and weak beam frame design
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philosophy has been modeled in Open System for Earthquake Engin-
eering Simulation (OpenSees) based on structural analysis of Finite
Element (FE) method by Tck/Tk interpreter extension (Mazzoni et al.,
2006). Figure 1 showed a schematic design of the 5-story steel frame
building system. In order to simplify the analysis, only a single bay
system was adopted and the span of single bay was designed as width
6.0 (m) by height 5.5 (m) for the first floor and width 6.0 (m) by height
4.0 (m) for other levels, respectively. In addition, the soil and structure
interaction effects were not considered in this study.

The numerical discretization of the steel frame building was
modeled with an elastic uniaxial material. The elastic Beam-Column
element in OpenSees was designed to characterize the response
from the beam and column section under different earthquake ground
motions. Furthermore, lumped mass and equivalent loads were used
and the damping ratio using mass and stiffness proportional Rayleigh
damping in all modes distribution to the response in steel building
model was taken as 2%.

The fundamental and second frequencies conducted from an
eigenvalue analysis for the building system was 2.5891 and 9.0643
(Hz), respectively. Also, the mass participation of the fundamental
and second mode was 78.37 % and 12.72 %, respectively. As such, the
mass participation over 90 percent was dominated by the first two

modes in the building system.

3. Numerical Modeling of a Single—Story and

Multi—Story Piping Systems

In order to identify seismic performance of piping system installed
in the steel building system, the fire protection piping system in Figure
2 was selected. Typically, for multiple time history analyses, the piping
system in the rectangular area was selected as seismically critical zone.
Briefly, a single-story fire protection piping system was located on top

floor of the building, and it incorporated with a horizontal main piping

Fig. 2. Current Piping System Installed in a Building
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system with 14 sub-branch piping system (Figure 3). As can be seen in
Figure 4, the multi-story piping system was modeled from ground
level to top floor level in a 5-story building. The piping system was
incorporated with a vertical main piping system and horizontal main
piping systems with the branches of each floor. To represent a pressure
vessel at the ground level, lumped mass of 1000kg was included in the
multi-story piping system.

Essentially, main piping system was made of 5-inch schedule 40
Black Iron pipe while the branches comprised of pipes with smaller
diameter (1-inch) than those of main pipes. This single and multi-story
piping system was supported by unbraced single hangers, transverse/

longitudinal braced hangers, and anchors.

Location 2

Location 1

Fig. 3. Finite Element Modeling of the Single-Story on the Top
Floor by OpenSees

Ground

Level

A

Ground

Level

Fig. 4. Finite Element Modeling of the Multi-Story Piping System by
OpenSees

As described in above building section, the numerical discretization
of the piping systems was also modeled with elastic uniaxial material
and used lumped mass. The damping ratio using Rayleigh damping
method in all modes was also taken as 2%.

Table 1 showed the natural frequencies of the piping systems. The
fundamental and second mode frequencies of two different piping
systems were almost similar. Also, the frequencies of the first 5-mode

in the multi-story piping system were very closely together.

4. Selected Ground Motions

In order to evaluate seismic performance of the piping systems in
this study, 5 selected earthquakes from PEER-NGA database (PEER,
2009) were considered as ground motion uncertainty associated with
their fault mechanism. Table 2 showed the details of the ground

motions considered in this study and Figure 5 gave the response

Table 1. The Natural Frequencies of the Piping Systems

Mode Single—Story (Hz) Multi—Story (Hz)
1 0.314117 0.314055
2 0.314129 0.314062
3 0.378472 0.314070
4 0.378587 0.314076
5 0.378609 0.314080

Table 2. Earthquake Ground Motions

No. Date Seismic Events | Magnitude (M,) | PGA (g)
North Ridge,
1 Jan. 17, 1994 USA 6.7 0.5165
2 Nov. 12,1999 | Duzce, Turkey 71 0.8224
3 Jan. 16, 1995 Kobe, Japan 6.9 0.5098
4 Nov. 24, 1987 | EIl Centro, USA 6.5 0.3579
5 Sep. 20, 1999 | Chi-Chi, Taiwan 7.6 0.4401
45
—=— Northridge
40
—4— Turkey
35 —e—Kobe

—*— Elcentro

—e— Taiwan

Sa (g)

0 2 4 6 8 10 12 14
Frequency (Hz)

Fig. 5. Response Spectra with 5% Damping Ratio
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spectra with 5% damping ratio for the 5 earthquakes normalized to the
same PGA, 1g.

5. Seismic Performance Evaluation of Piping

Systems

As can be seen in the configuration of the piping systems, the
piping systems were very complicated and the piping system was
commonly connected with various joints such as threaded T-joint,
grooved T-joint, and elbow connections. Due to the prevalence of
significant higher mode effects, the complexity of the failure mechanism
was also enhanced. Moreover, the common damage or failure patterns
have been identified to exist at more than one location in a piping
system. Therefore, the primary goal of this study was to characterize
the seismic performance of a single-story and multi-story piping
system due to interaction with a low-rise building. In this section, the
time history analyses were conducted by OpenSees platform for the
piping systems, and the direction of the earthquake was applied to two
different horizontal directions. More specifically, in order to determine
the critical locations at the connections in the piping system, the
multiple linear time history analyses were preformed. The analyses in

the piping systems were evaluated as followings:

Step 1: Analyze the building system subject to 5 different earthquakes
by linear time histories.

Step 2: Obtain the acceleration and displacement time histories from
each floor in the building system.

Step 3: Apply the acceleration time histories on the top floor to the
single-story piping system, while simultaneously applying the
displacement time histories of each floor to the multi-story
piping system from ground level to top floor level using the
multiple-support excitation in OpenSees platform.

Step 4: Evaluate the seismic performance of the single and multi-story
piping system from two different horizontal directions.

The displacement responses on the top floor of the single-story and
multi-story piping system subjected to the seismic ground motions
was listed in Table 3. Location 1 connected with elbow system was a
critical location of x-direction and location 2 connected with T-joint
system was another critical location of z-direction for the piping
systems. The maximum displacements between the single-story and
multi-story piping system on the top floor were slightly different.
However, the maximum displacement from the Taiwan earthquake
was significantly increased to the multi-story piping system on the top
floor level. Figure 6a and 6b showed the maximum displacements on

each floor for the multi-story piping system in each direction of the

Table 3. The Maximum Displacements of the Piping Systems at Each Direction

Location 1: X—direction Location 2: Z—direction
Seismic
Events Max Disp. Max Disp. Max Disp. Max Disp.
Single—Story (cm) Multi—Story (cm) Single—Story (cm) Multi—Story (cm)
North Ridge 43.42 39.55 120.54 126.12
Turkey 74.82 77.04 61.10 55.41
Kobe 37.49 42.84 21.25 21.30
Elcentro 47.26 62.50 35.56 47.03
Taiwan 128.09 194.76 35.08 91.65
250 140
< NorthRidge
120 + O Turkey
200 5 AKobe
100 L XElcentro
< NorthRidge O Tarwan
—~ 150 | 0O Turkey o~ -
é AKobe g,
% XElcentro %
E 100 + O Taiwan Q 60
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a) Location 1
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Fig. 6. Maximum Displacements of the Multi-Story Piping System
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Fig. 7. Force-Displacement Relationships from 5-Different Earth-
quakes on the Top Floor at Location 1
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Fig. 8. Force-Displacement Relationships of the Multi-Story Piping
System Subjected to El-Centro Earthquake

carthquakes. As shown in these Figures (Figure 6a-6b), the maximum
displacements increased linearly with increasing floor level of the
multi-story piping system. Taiwan and Northridge earthquake led to
the excessively large displacements (194.76 and 126.12 cm) of the
multi-story piping system of the top floor at location 1 and 2, res-
pectively. In contrast, the largest force (93.72 KN) of the piping system
at location 1 was observed from the Turkey earthquake. Furthermore,
the force-displacement relationships on the top floor for the multi-story
piping system subjected to 5 different ground motions were shown in
Figure 7. Figure 8 illustrated the force-displacement relationships on
the each floor for the piping system from the El-Centro earthquake.

6. Conclusion

The construction cost of nonstructural systems account for a signi-

ficant proportion of total cost. Furthermore, damage to the nonstructural
systems in critical facilities comprise a significant proportion of the
total economic loss incurred in the event of an earthquake. Therefore, it
was necessary to understand the seismic performance of the complex
piping systems a nonstructural system. This paper focused on the
evaluation of the seismic characteristics of the single-story on the top
floor and the multi-story piping system in 5-story steel frame building
system as decoupled analysis between piping system and building

system. The analytical conclusions of this paper were as followings:

1) For consideration of ground motion uncertainties, 5 different
earthquakes distributed in different geographical regions were
used. The maximum displacements of the piping systems on the top
floor between the single-story and the multi-story piping system
were close to each other approximately. However, the maximum
displacements between two piping systems subjected to Taiwan
carthquake was significantly different because the Taiwan earth-
quake was tuned at low frequency level as shown in the response
spectra figure. In addition, the performance was significantly
changed due to higher mode effects of piping systems and tuning
effect between the multi-story piping system and the building.

2) The maximum displacements and forces on each floor of the
multi-story piping system showed linear increment along with
interaction with building performance in both horizontal directions.
It showed that Current piping system in South Korea was not
properly designed in accordance to design force levels. In another
word, current piping system on top floor level was designed with
same force level as the piping system applied on the ground level.
Therefore, it is necessary to strengthen the piping system with
seismic sway bracing (i.e. transverse and longitudinal braced hanger

systems) based on the floor height of the building.

Further, performance-based earthquake engineering for risk and
safety assessment based on probabilistic framework of the piping
system must be evaluated and nonlinear performance of the complex
piping system such as T-joint, elbow, and supporting systems must be

achieved.
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