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The evaluation of the seismic performance of piping networks is often difficult due to several parameters
involved in the process, such as complex geometry, modelling uncertainties and earthquake properties. Despite
several studies have been conducted on this topic, driven by the importance of piping networks from a building
serviceability standpoint, generalized guidelines to achieve defined performance criteria are still difficult to
develop. The hardships in analysing the seismic response of piping networks are mainly due to their peculiar
configuration, which leads to interaction between local vibration modes and the seismic acceleration. Additional
issues are also caused by great variability in piping systems’ design and quality. The scope of this study is to
investigate several aspects of the dynamic response of different types of piping networks, considering tri-
directional floor seismic input. A numerical model was developed, accounting for the non-linear behaviour of
piping restraint installations and pipe joints. The numerical model was used to perform nonlinear time-history
analyses aimed at assessing the seismic vulnerability in a performance-based design framework. The influence
of the geometric configuration and the mass of the system was investigated by analysing the accelerations and
displacements, alongside damage on pipe joints and suspended piping restraints due to earthquake. Additionally,
the response obtained considering and neglecting the vertical component of the floor acceleration were
compared. The results of the analysis were employed to compute fragility functions at different limit states,
considering the parameters investigated. A clear influence of the geometry and the mass of the system on the
seismic vulnerability is observed, while the effects of the vertical acceleration seem to be generally negligible.

procedures accounting for several additional parameters [9-11]. The
“cascade methods” are advanced approaches widely adopted in non-

1. Introduction

The increasing attention paid by modern design codes on the seismic
performance of non-structural components (NSCs) [1-3] testifies the
importance of this issue in performance-based earthquake engineering
(PBEE) frameworks. In fact, post-earthquake damage surveys high-
lighted the vulnerability of NSCs and their importance from an economic
loss standpoint [4-7]. This issue was also evidenced by a number of
numerical studies focused on the earthquake loss estimation and risk
assessment [8]. In most of the codes and guidelines, the seismic design/
assessment of NSCs in encouraged by providing simplified models to
compute seismic demand, depending on the ductility capacity, the dy-
namic properties and the importance of the considered component.
However, several parameters may influence the dynamic response of
NSCs, leading to hardships in adopting simplified formulations. In order
to overcome the shortcomings of the code provisions in predicting the
non-structural seismic demand, recent studies proposed more accurate

* Corresponding author.
E-mail address: gianni.blasi@unisalento.it (G. Blasi).

https://doi.org/10.1016/j.engstruct.2023.116713

structural analysis and consist in generating the seismic demand on
NSCs based on the analysis of the structural system.

In some cases, NSCs have high importance in both serviceability of a
building and life-safety [4,6] and the accurate definition of their seismic
performance is fundamental. To this regard, piping systems are
emblematic, since their operation may be required also in the immediate
post-seismic emergency (e.g. fire-fighting or medical gas distribution
systems). For this reason, several research studies were addressed at
characterizing the seismic vulnerability of such NSCs. Advanced ana-
lyses were conducted on single pipe lines with composite materials, to
investigate the effect of manufacturing-induced uncertainties on non-
linear dynamic response [12]. Several studies were also carried out on
buried pipelines with simple layout, to analyse local failure when sub-
jected to transverse loading [13,14].

However, the complex layout of suspended piping systems installed
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in civil buildings requires a global approach when analysing their
seismic response. In fact, the highly different boundary conditions
compared to buried pipes have major influence on global dynamics.
Recent works focused on fire-protection piping systems in strategic and
public buildings. Laboratory tests and numerical analyses were con-
ducted to assess the dynamic behaviour of different piping system
configurations [15,16] showing failure of pipe joints and piping re-
straints when subjected to seismic action. Numerical simulations were
performed in last years to identify reliable seismic design methods for
piping systems, by comparing fragility functions depending on the
design approach adopted [17,18].

The outcome of the recent research showed major hardships in
defining the seismic vulnerability of piping systems, mainly related to
the peculiar configurations of the networks, as well as their high irreg-
ularity. Despite the great efforts made in characterizing the non-linear
response of single components by laboratory testing, such as piping
restraining elements [19,20] or pipe joints [21-23], the definition of
simplified models for global analysis is still challenging. In fact, the
dynamic properties of piping systems are influenced by a large number
of aspects, such as type and location of piping restraints and connections
between pipes, presence of vertical and horizontal necks, and so on. In
some cases, only simple rods or cables are employed to connect the pipes
to the structures, which may lead to several effects from a seismic per-
formance standpoint. For instance, the absence of braced restraints
causes high displacements in case of earthquake, leading to possible
damage due to impact between pipes. Additionally, gravity restraints
may act as tie elements, leading to high sensitivity to vertical acceler-
ations. It is simply to understand that these aspects are significantly
connected to specific architectural requirements, which are significantly
variable.

In this study, the seismic vulnerability of fire-fighting and medical
gas distribution piping systems is analysed, by mean of non-linear dy-
namic analysis. A simple geometry is considered for the networks ana-
lysed, composed of a main line and two branch lines. The piping systems
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are modelled using OpenSees [24], simulating the non-linear hysteretic
response of piping restraints and pipe joints to detect damage due to
earthquake. Different layouts configurations were considered, varying
the location of the branch lines and the number of pipes in the main line,
to analyse their influence on damage of pipe joints and piping restraints
in the presence of seismic action. Numerical dynamic analyses were
conducted, using, as input motion for the piping systems, floor accel-
eration time-histories generated from the analysis of a case study infilled
RC frame examined in a previous work [18]. The influence of the ver-
tical acceleration on the seismic fragility of the case study piping systems
was also assessed. For each piping layout considered, non-linear time-
history analyses were conducted either assuming and neglecting the
vertical acceleration, comparing the damage to pipe joints and piping
restraints. Lastly, fragility functions were computed for all the analysed
configurations, aiming to evaluate the influence of the considered pa-
rameters on the seismic performances.

2. Description of the case study piping systems

The medical gas distribution and fire protection piping systems (MP
and FP, respectively) analysed in this study were assumed to be installed
in an 8-storey healthcare facility. The network of both MP and FP,
characterized by copper and steel pipes, respectively, was composed of a
main line and two branch lines (Fig. 1). The piping systems were directly
connected to the slab of the building, through gravity and seismic piping
restraint installations, characterized by simple cables and trapezes with
longitudinal and transverse braces, respectively (Fig. 2). The height of
all restraints was equal to 600 mm, while the length of horizontal
channels in restraints for multiple pipes (Fig. 2¢ and d) was equal to 900
mm. 45° braces with length equal to 850 mm were assumed for seismic
restraints. Referring to FP, the main line and the branch lines were
composed of 60.3 mm (2") and 33.7 mm (1") steel pipes, respectively,
with threaded pipe joints. The dimension of the pipes was defined
depending on the required water flow prescribed in [25]. In case of MP,

Main Line
Branch Lines

Fig. 1. Geometry of MP and FP networks.
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Fig. 2. Illustration of suspended piping restraints adopted for the analysed systems: (a) single cables in branch lines, (b) braced restraint in branch lines (c) double

cable in main line and (d) braced restraint in main line.

the main and the branch lines were composed of 54.0 mm and 28.0 mm
pipes, with welded pipe joints, according to [26]. Aiming to assess the
influence of the geometry of the network on the seismic response of the
piping systems, two layouts were considered for each configuration. The
two layouts (Model A and Model B, respectively in Fig. 1) differ from the
distance of the first branch line from the first node of the main line (L in
Fig. 1).

In the main line, each restraint hosted both MP and FP pipes,
alongside additional pipe lines, as shown in Fig. 2¢ and d. This
assumption is consistent with the configurations usually observed in
strategic buildings, where main pipes of several piping networks are
often arranged along the same line, to minimize the number of sus-
pended piping restraints and ease design and maintenance. To this re-
gard, a variation of the total mass of the system and, consequently, its
dynamic response, is expected, depending on the number of pipes rigidly
connected to piping restraints. Since this number is defined based on
architectural and serviceability requirements, four configurations of the
main line were analysed herein. In the first configuration (C_1), one
additional steel pipe was included in the main line alongside either the
copper (for MP) or the steel (FP) pipe line. In the remaining configura-
tions, named C_2, C_3 and C_4, either three, five, and seven water dis-
tribution steel pipes, having 114.3 mm diameter, respectively, were
included in the main line alongside the MP and the FP pipes. It is worth
mentioning that the branch lines were composed of one single pipe
(either copper or steel in case of MP and FP, respectively).

The main properties of the piping layouts are provided in Table 1.
The values of Ly and L, representing the distance of the first branch line
from the first node of the main line, and the length of the main line,
respectively, are expressed as function of Lig . This symbol represents
the spacing between the gravity supports and varies depending on the
number of pipes in the main line.

The spacing between suspended piping seismic restraints, referred as
Lis,m and L;sp for main line and branch lines, respectively (Fig. 1), was
defined based on a simplified seismic design, according to Italian NTC18
[3]. Therefore, the equivalent static force, Fy,, acting on the single re-
straint, was computed according to the formulation:

Table 1
Properties of the piping system layouts analysed.
ID MP FP
Main Branch Main Branch
Line Line Line Line
Pipe diameter [mm] 54.0 28.0 60.3 33.7
Pipe material copper copper steel steel
Pipe’s Young’s modulus 113,086 113,086 194,383 194,383
[MPa]
L; model A 2-Ligm - 2-Ligm -
L, model B 8-Ligm - 8-Ligm -
Lm 10-Ligm - 10-Ligm -
Ly [m] - 38.5 - 38.5
Joint type welded welded threaded threaded

FHr _ anSan.x
Gns

(€]

In equation (1), Wy is the piping weight aliquot assigned to the
single seismic restraint, evaluated as the product between the pipeline
unit weight and the spacing between restraints. Sgns is the spectral ac-
celeration demand of the system and gy is the behaviour factor of the
element considered, assumed equal to 1.0. The adopted formulation is
similar to those provided in other codes (e.g. [27,28]), although it does
not account for the importance of the considered element. Moreover, a
very limited classification for gns is provided in Italian code. Wps was
computed for each layout configuration (i.e. C_1, C_2, C_3 and C_4).
Hence, different values were obtained depending on the number of pipes
in the main line. The mass of the system was calculated considering the
presence of water in all the pipes in main line and branch lines, except
for the MP pipe.

The value of Sg,s was computed adopting the simplified formulation
(2) provided by Italian NTC18 [3]:

5 (1+%)
2
1 a(1=5k) |

In equation (2), PGA and S; are the peak ground acceleration and the
soil coefficient, respectively, z and h are the quote of the piping system
and the height of the structure, respectively, Tns; and Ty are the
fundamental periods of the piping system and the structure, respec-
tively. Saqns was calculated according to a conservative approach,
assuming Tps1/Ty; = 1. The results obtained from the simulated design
of each configuration considered are provided in Table 2. The same
value of Lis m was eventually adopted in case of C_1 and C_2, because a
maximum seismic restraints’ spacing was set. Since Italian code does not
include provisions on such aspect, the maximum spacing assumed was
equal to that suggested by NFPA 13 [29]. This assumption also led to the
adoption of the same value of Lisp and, consequently, of gravity sup-
ports’ spacing (Ligp) and total length of the branch lines (Lp) in all
configurations. Lastly, the same seismic restraints spacing in MP and FP
was obtained.

Suns = PGA ® S, )

Table 2

Details of the piping network configurations analysed.
D C1 C2 Cc3 Cc4
N. of pipes in main line 2 4 6 8
Ligm [m] 3.50 3.50 3.25 2.50
Lis,m [m] 10.50 10.50 6.50 5.00
Ligp [m] 3.50 3.50 3.50 3.50
Lis;p [m] 10.50 10.50 10.50 10.50
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2.1. Description of the numerical model

The MP and the FP systems were modelled and analysed separately,
considering in each model the additional mass due to the presence of
multiple pipes in the main line, without explicitly modelling additional
lines. The numerical model was developed by adopting a lumped plas-
ticity approach in OpenSees [24]. Linear elastic beam elements were
used to simulate pipes, including zero-length bi-directional flexural
springs (Fig. 3) to reproduce the hysteretic moment-rotation behaviour
(M-0) at the joint between multiple pipes. The non-linear response of
suspended piping seismic restraints was simulated including non-linear
zero-length shear springs, oriented in both horizontal directions. Gravity
piping restraints were modelled using zero-length axial springs acting in
vertical direction (Fig. 3). Uneven positive and negative response in the
vertical direction was set for gravity restraints, accounting for axial
buckling.

The mass matrix was defined in the numerical model through a
smeared approach, assigning a unit length mass to each linear beam
element representing the pipe. The damping of the system was simulated
adopting the Rayleigh method [30], by defining a mass-proportional
damping for nodes with mass and a stiffness-proportional damping for
linear elements and lumped hinges. The mass-proportional (ap) and the
stiffness-proportional (fx) damping coefficients were evaluated as
function of the frequencies of the two modes with higher participating
mass ratio and the damping ratio. Two different values of damping ratio
were considered for FP and MP, equal to 2% and 5% respectively, ac-
cording to the values obtained experimentally from Blasi et al. [23].

The non-linear response of pipe joints was simulated using the
Pinching4 uniaxial material [31]. Referring to FP system, two different
hysteretic models were defined for 60.3 and 33.7 pipe joints, respec-
tively (i.e. for pipe connection in main and branch lines, respectively).
The parameters defining the M-0 backbone curve and the pinching
behaviour were calibrated in order to match the cyclic curves obtained
from laboratory tests [23,32]. The hysteretic M-6 behaviour defined in
OpenSees is provided in Fig. 4a and b for 60.3 and 33.7 pipe joints,
respectively. It is worth mentioning the significant difference between
the hysteretic loops obtained for the two pipe joints. This outcome could
be explained by the height of the threads, which is identical in 60.3 and
33.7 mm joints [33]. Hence, in case of 60.3 pipe joints, the ratio between
the threads’ height and the cross-section diameter of the pipe is

Z-oriented non-linear
axial spring

X-and Y- oriented
non-linear shear spring

ElasticBeamColumn

Engineering Structures 293 (2023) 116713

relatively low. Consequently, damage is mainly due to threads failure
and subsequent increase of gaps between the remaining threads,
significantly reducing stiffness during the load-inversion phase. On the
other hand, the ratio between the threads’ height and the cross-section
diameter of the pipe is greater in 33.7 mm joints, leading to higher
flexural strain of the cross section alongside threads damage. This
damage mode leads to generation of smaller gaps between threads and
less pronounced pinching effect.

Also in case of MP, the Pinching4 moment-rotation behaviour of
welded pipe joints (Fig. 5) was calibrated based on the hysteretic curves
obtained experimentally by Blasi et al. [23,34]. The failure mode of such
tee-joints subjected to cyclic loading features local buckling of the tee
element. Consequently, the pinching effect was nearly absent in this
case. Additionally, it is worth mentioning the significant difference be-
tween the enveloped cyclic response and the monotonic response ob-
tained (Fig. 5). This phenomenon is caused by the major distortion of the
joint’s geometry caused by local buckling, which leads to second order
resisting mechanisms at the load inversion.

Both gravity and seismic restraints were simulated including zero-
length non-linear springs, acting in vertical and in the two horizontal
directions, respectively, and directly connected to the elements simu-
lating the pipes. The mechanical behaviour of gravity supports was
defined assuming a tri-linear elastic-hardening-softening axial force-
—deformation (F-d) response in tension only (Fig. 6a). A classical
approach was adopted to calibrate the yielding and ultimate point in the
F-d bi-linear curve, based on the cross-sectional area of the cables and
steel’s yielding and ultimate strength, respectively. The softening slope
was aimed at simulating tensile failure of the cable, arbitrarily assuming
residual strength and deformation values as 10% and 120% of ultimate
strength and ultimate deformation, respectively. Near-zero strength and
stiffness were considered in compression, since buckling load was
negligible compared to yielding strength in tension.

The F-d behaviour of the lumped springs simulating seismic re-
straints (Fig. 6b) corresponds to the transverse response of the braced
elements. A similar behaviour was assumed for the response of longi-
tudinal braced elements, according to experimental findings in [35].
Similarly to pipe joints, the pinching parameters and the backbone curve
points in the F-d curve were calibrated based on laboratory tests results
[35].

Rigid Joint

Zerolength flexural
hinge

Main Line
Branching Lines

Fig. 3. Description of the modelling approach adopted in the numerical simulation.
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Fig. 4. Mechanical model (Pinching4 material) adopted for the simulation of the hysteretic M-0 response of (a) 33.7 mm and (b) 60.3 mm threaded steel joints.
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Fig. 5. Mechanical model (Pinching4 material) adopted for the simulation of the hysteretic M-8 response of (a) 28 mm and (b) 54 mm welded copper joints.
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3. Cascade analysis
3.1. Analysis setting

A non-linear dynamic analysis of an eight-storey RC framed hospital
building was firstly carried out to generate the floor acceleration time
histories employed in the seismic analysis of the piping networks. The
RC moment-resisting frame (Fig. 7) is characterized by nine bays at each
floor in both principal directions. The inter-storey height and the bay
length are equal to 3.4 m and 4.5 m, respectively. The properties of the
RC frame elements were defined by simulated seismic design, according
to Italian NTC 2018, [3]. A high seismic hazard zone (Benevento,
Campania), a soil type A (intact hard) and a nominal life of the building
equal to 100 years were assumed, as provided in NTC-18 [3] for hos-
pitals. The design peak ground acceleration (PGA) corresponding to life-
safety performance level (i.e return period equal to 949 years) is equal to
0.331 g. More details of the configuration of the building and the
modelling approach are available in [18].

The seismic input employed for the analysis of the RC frame is
composed of a set of 20 unscaled spectrum-compatible ground motions,
selected from the European strong-motion database [36] using REXEL
platform [37]. For each ground motion, the X, Y and Z components of
the acceleration were applied in the three principal directions of the
structure. The selected set was defined assuming 10% upper and lower
deviation tolerance of matching between the average and the design
spectrum. The so-defined criterion meets Eurocode 8 provisions [3,38].
The 5% damped elastic spectra of the selected ground motions, along
with the design spectra and the fundamental period of the frame Ty, are
provided in Fig. 8.

Even though the operation of the building is not required at LS
performance level, the analysis at this stage might be useful for the
damage assessment of the piping system in case of post-elastic response
of the structure. Moreover, the stability assessment of NSCs at life-safety
performance level is required in modern seismic design codes (e.g. [3]).

The floor response spectra (FRS) obtained for each of the principal
direction at last floor are provided in Fig. 9. A significant amplification
of the spectral acceleration response of the structure is observed,
particularly in the vertical direction. As expected, the amplification
range for floor spectral acceleration is narrower in the vertical direction
compared to horizontal one. On the other hand, very close results were
obtained comparing the two horizontal directions.

The seismic vulnerability of the piping systems analysed was
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assessed based on the damage rate of pipe joints and suspended piping
seismic restraints, as well as on the maximum displacements of the
network. The damage rate of each pipe joints was expressed as 6qx/0tim,
where Oqyx is the maximum rotation obtained from the analysis and O,
is the limit rotation.

The value of limit rotation is not necessarily equal to the ultimate
rotation capacity of the joint prior failure. Particularly, referring to
threaded steel joints employed in fire-fighting networks, leakage after
the attainment of the yielding rotation, 6, was observed by Tian et al.
[21], suggesting loss of operation before the attainment of the ultimate
rotation. In case of medical gas distribution systems, local buckling of
joints may represent a conservative loss of operation limit, because the
distortion of the geometry of joints causes re-distribution of internal
forces and possible low-cycle fatigue cracking. Hence, the value of Oy,
was set equal to 8y and 6p, for FP and MP joints, respectively, being 8, the
rotation corresponding to local buckling.

In case of suspended piping seismic restraints, the damage rate was
computed as Smax/OSlim, being Smax the maximum deformation of the
braced restraints obtained from the analysis and &pn, the yielding
deformation. For the sake of clarity, the damage rate was expressed
considering the maximum values of Opyqx/0tim and Smax/d1im computed
among all the elements in the systems. Lastly, the maximum displace-
ments (Dpmqy) at the nodes connected to suspended piping restraints were
monitored.

3.2. Modal periods and participating mass ratios

An eigenvalue analysis was firstly performed, to identify the modes
with higher influence on the dynamic response of the case study piping
systems. As expected, several local modes were detected; hence, the
highest values of participating mass ratio (M*) obtained for each degree
of freedom (DOF) are firstly provided in Fig. 10. Additionally, the cor-
responding modal periods are reported in Table 3 and Table 4.

Both in case of MP and FP, the mode with highest participating mass
ratio involves the translation of the main line along its longitudinal axis
(MX in Fig. 10). Referring to the translation along the Y and Z axis (MY
and MX, respectively) the highest value of M* is lower than 40% for all
the considered piping systems. This result is due to the presence of
several local modes along Y and Z, with participating mass ratios
ranging between 11% and 39%.

The variation of the dynamic behaviour comparing the two layouts is
mainly evidenced by the higher M*, in Model B compared to Model A,

41.0

4.5
=

41.0

(b)

Fig. 7. 3D (a) and plan (b) configuration of the RC building analysed.
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Fig. 9. Floor spectra obtained for (a) X, (b) Y and (c) Z direction.

for torsional local mode (RMZ in Fig. 10), alongside lower M* for Y-
translation mode. This outcome is related to the eccentricity between
the centre of mass and stiffness, due to the eccentric location of both
branch lines. Comparing the different configurations considered, higher
M* associated to the X-translation mode is observed as the number of
pipes in the main line increases, except for C_2 in case of FP. Addition-
ally, lower values of M* for vertical translation mode were obtained
comparing C_3 and C_4 to C_1 and C_2. This outcome is due to the
decrease of the spacing between suspended piping seismic restraints,
which reduces flexibility of the main line.

Referring to modal periods, lower values were generally obtained for
local modes involving Z-translation, suggesting a possible amplification
of the vertical floor acceleration. For Y-translation modes, a great dif-
ference is observed comparing MP to FP. In case of MP, the greater
flexibility of the pipes leads to higher periods, suggesting minor spectral
acceleration amplification. On the other hand, Y-translation modal pe-
riods are generally in the range corresponding to the highest amplifi-
cation of spectral acceleration (Fig. 9b) in case of FP.

3.3. Influence of the vertical component on the performance

Considering the complexity of the piping systems’ geometry, the
influence of the interaction with the vertical component of the accel-
eration was firstly analysed. To this scope, the results obtained consid-
ering (Z accel ON) and neglecting (Z accel OFF) the vertical component
of the acceleration in the analysis are compared. As said before, the

resulting values of Omgx/Otim, Smax/O1im and Dmayx, provided and dis-
cussed in the following refer to the maximum values computed among
all the elements in the systems. For each parameter considered, the
median value (solid line) alongside the Q1-Q3 (i.e. 1st and 3rd quartiles)
ranges (dashed lines), computed among the results referred to the 20
floor acceleration inputs, are reported, depending on the configuration
considered (i.e. the number of pipes in the main line). Only results
referred to Model B are discussed in the following, since similar con-
siderations apply to Model A. The results obtained for 6,4x/01im, in case
of MP are illustrated in Fig. 11a and b, referring to main line and branch
lines joints, respectively. For all the considered configurations, the value
of Omax/O1im Was significantly higher than one, resulting in a high seismic
vulnerability of this type of pipe joints. Additionally, a great influence of
the number of pipes in the main line was observed. The median value of
Omax/Olim increases by 96% and 301% comparing C_1 to C_4 in case of
main line and branch lines, respectively. On the other hand, negligible
effect of the vertical component is detected. This outcome suggests a
lower participating mass in the modes involving the vertical motion of
the systems. Consequently, analyses conducted only considering the two
horizontal components of the earthquake may adequately approximates
the actual damage rate of pipe joints when subjected to tri-axial
excitation.

The same considerations apply for the damage rate of suspended
piping seismic restraints in MP (Fig. 12a). The median value of 8,qx/81im
increases by 494% comparing C_1 to C_4. Additionally, even if the me-
dian 8qx/dtim is lower than 1.0 in all cases, the third quartile (Q3) is
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Fig. 10. Highest values of M* for each DOF referring to (a) MP and (b) FP.

Table 3
Modal periods of modes with higher participating mass ratio at each DOF in case of MP.
Model A Model B

DOF C1 C2 Cc3 Cc4 C1 Cc2 C3 c4
MX 0.067 0.112 0.113 0.115 0.067 0.113 0.113 0.115
MY 1.195 2.014 0.068 0.070 1.314 2.215 0.068 0.070
MZ 0.013 0.021 0.009 0.027 0.013 0.021 0.026 0.027
RMX 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
RMY 0.011 0.018 0.023 0.023 0.011 0.018 0.023 0.023
RMZ 2.463 4.151 5.066 4.994 2.449 4.127 4.962 4.751

Table 4

Modal periods of modes with higher participating mass ratio at each DOF in case of FP.

Model A Model B

DOF C1 C2 Cc3 Cc4 C1 Cc2 C3 c4
MX 0.082 0.119 0.119 0.120 0.082 0.118 0.119 0.120
MY 0.342 0.483 0.251 0.184 0.038 0.538 0.262 0.189
MZ 0.017 0.024 0.028 0.028 0.017 0.024 0.028 0.028
RMX 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007
RMY 0.007 0.021 0.024 0.025 0.017 0.024 0.024 0.024
RMZ 0.038 2.175 2.256 1.740 2.440 3.450 2.488 1.793

equal to 1.23 and 1.25 for C_3 and C_4, respectively. On the one hand,
this outcome suggests that the adoption of equivalent static approaches
for the seismic design of suspended piping restraints may be adequate
even for complex piping systems. However, unconservative estimation
of the seismic demand could be obtained, since the presence of multiple
pipes in main lines may lead to uneven distribution of lateral forces.

In some cases, lower values of median 0Op,qx/01im Were obtained
considering the vertical acceleration. Such not-intuitive result may be
due to the post-elastic response in vertical direction, related to pipe
joints damage. This fashion causes reduction of the stiffness of the
network in both horizontal and vertical direction, leading to lower
seismic demand.
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Fig. 11. Comparison of the maximum 0,qx/0im at (2) main line and (b) branch lines joints obtained for all Model B configurations of MP considering and neglecting

the vertical component of the seismic action.

1.4

1.2 A

1.0 +

0.8 A

8max/SIim

0.2 A

0.0 T T T

(a)

[m
N
n
o
P

Fig. 12. Comparison of the maximum (@) 8,qx/81im and (b) Dmqx obtained for all Model B configurations of MP considering and neglecting the vertical component of

the seismic action.

Referring to the maximum displacements (Dpgy) of the MP system
(Fig. 12b), negligible effect of the vertical component on the results was
obtained, similarly to Opmqx/01im and Smax/Siim- On the other hand, the
influence of the mass in the main line doesn’t have a clear trend. This
result is due to the balance between the decrease of spacing between
seismic restraints and the increase of the mass as the number of pipes in
the main lines increases.

The results of Opmax/O1im obtained for FP system are provided in
Fig. 13. A noticeable influence of the vertical component of the seismic
acceleration on the resulting median values is observed in this case. This
outcome is probably caused by the greater participating mass associated
to the modes involving vertical translation of the main line.

A significantly lower influence of the number of pipes in the main
line on the value of Opqx/0lm in branch lines’ joints is observed
compared to MP. The average 0pyqx/01im increases by 93% and 31% for
main line and branch lines joints, respectively, comparing C_4 to C_1.

This result is probably caused by the higher flexural stiffness of pipe
joints in FP, which leads to a more uniform distribution of internal forces
in the pipes. Additionally, it is worth noting that the median value of
Omax obtained for FP was lower than the yielding rotation for all the
considered floor accelerograms, both in case of main line and branch
lines’ pipe joints. Hence, loss of operation of the system was not attained
due to absence of yielding.

The results referred to &mgx/Otim in FP systems are provided in
Fig. 14a. Differently from MP results, greater damage rate was obtained
in seismic restraints compared to pipe joints in this case. The value of
Smax/O1im was, indeed, higher than 1.0 for almost all configurations.
Moreover, the presence of pipe joints with higher stiffness with respect
to MP led to a more uniform distribution of lateral forces on seismic
restraints. Hence, a lower increase of Smax/Siim for higher number of
pipes in the main lines (+340% comparing C_1 to C_4) was observed
compared to MP. On the other hand, a similar trend is observed in
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Fig. 12a and Fig. 14a. Lastly, the results referred to the maximum
displacement D4y of the piping systems are illustrated in Fig. 14b.
Similarly to MP, the negligible effect of the vertical component on the
results is due to the lower spacing between seismic restraints and the
increase of the mass as the number of pipes in the main lines increases.

3.4. Influence of the geometry on the performance

In order to analyse the effect of the geometry of the network on the
performance of the piping systems, the results referred to Model A and
Model B, are compared in the following. Fig. 15 reports the results of
Omax/0O1im for main and branch lines’ pipe joints (Fig. 15a and Fig. 15b,
respectively) in case of MP. The difference between the response of
Model A and Model B seems not clearly influenced by the number of
pipes on the main line. This result suggests the hardships in providing
general statements regarding the seismic response of such piping
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systems, because of the high variability of the influence of higher modes.

In the case of branch lines joints (Fig. 15b), higher damage was
generally observed in case of Model A, even though the great variability
of the results hinders a proper interpretation. The average value of Ogx/
01im reduced by 46%, 16%, 21% and 49% comparing Model B to Model
A. This outcome might be caused by the higher effects of torsional modes
in Model B, due to the irregular geometry. Consequently, the relative
translation between main and branch lines is reduced, leading to lower
rotation of branch lines joints.

Referring to suspended piping seismic restraints, similar response
was observed comparing Model B to Model A (Fig. 16a), except for the
case C_3. Also in this case, the reason of this specific outcome might be
the torsional motion obtained in Model B, which amplifies the defor-
mation of eccentric suspended piping seismic restraints. However, it is
worth mentioning that the great variability of the results hinders their
comprehensive interpretation also in this case. Lastly, no significant
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influence of the geometry of the system on the maximum displacements
is detected, as shown in Fig. 16b. This result confirms the relevance of
local modes on the seismic response of the piping layout, which leads to
different relative displacements/deformations comparing Model A to
Model B, although the absolute displacements are not significantly
affected.

The results obtained in case of FP systems are reported in Fig. 17 and
Fig. 18. A significantly higher damage rate on main lines pipe joints is
observed in case of Model A with respect to Model B. The average 0mqgx/
Oim increased by 197%, 62%, 94% and 231% in case of C_1, C_2, C_3 and
C_4, respectively, comparing Model A to Model B. This outcome may be
caused by higher participating mass in local modes involving transverse
translation of the main line, which led to noticeable relative rotation of
joints with respect to branch lines.

Referring to branch lines joints (Fig. 17b), a lower difference be-
tween damage rate in Model A and Model B is detected compared to
main lines joints, because the low mass of the branch lines led to

11

negligible relative motion with respect to the main line. On the other
hand, the position of the branch line seems to significantly affect the
maximum rotation at the joint in case of C_2, for which Opax/01im Was
39% higher in Model A compared to Model B. However, this specific
outcome was likely obtained because of the peculiar interaction between
local modes and the seismic input.

Referring to Smax/S1im, NO significant influence of the position of the
branch lines on the results was observed (Fig. 18a), since both average
values and Q1-Q3 ranges are similar for each configuration considered.
It is worth noting the different values of 8y4x/31im Obtained varying the
number of pipes in the main line. Particularly, a great difference is ob-
tained in C_1 compared to the remaining cases. This fashion is due to the
adoption of the maximum allowed spacing between restraints in C_1,
according to provisions by NFPA 13 [29], instead of the result of
equation (1). Consequently, a lower exploitation of the restraints was
obtained in this case. On the other hand, similar values were obtained
for C_2, C_3 and C_4, in which the restraints’ spacing varied depending
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on the number of pipes in main line. This aspect evidences that equiv- Each joint is identified with an ID, expressing the pipe line where it is
alent static approaches (such as [3,27,28]), assuming the demand on the located (ML = main line, BL = branch line) and numbered starting from
seismic restraint being linearly proportional to the mass of the pipe line, the left end of the main line (Fig. 1). For both MP and FP, the vertical
might be suitable also for complex networks. Furthermore, the rotation was generally lower than the horizontal rotation, suggesting the
maximum deformation obtained in case of C_2, C_3 and C_4 was not negligible effect of vertical acceleration on maximum damage. The
significantly higher than yielding deformation, confirming the previous highest rotation was generally obtained at ML1, due to the horizontal
statement. translation of the first span in main line, which was not restrained with
Lastly, the results obtained for the maximum displacement Dpq, of braced connections.
the FP systems are reported in Fig. 18b. The same considerations Aiming to emphasize the significant difference between MP and FP
regarding MP systems apply in this case. In fact, the response of the response, Fig. 20 provides a summary of the results obtained for Model
networks was highly influenced by local modes also for FP systems, A. Also in this case, the reported Omqx/Otim, Smax/dtim and Dmqx are the
resulting in a great difference in relative displacements/deformations median values computed among the 20 input motions. The great dif-
rather than absolute displacements comparing Model A to Model B. ference in terms of pipe joint damage, due to the different materials
As said before, the complex configuration of the piping networks led employed for pipes, is evidenced in Fig. 20a and b, confirming the high
to uneven distribution of internal forces, causing localized failure of pipe vulnerability of MP from a loss of operation standpoint. On the other
joints. Fig. 19 is provided as an example to confirm the previous state- hand, higher damage rate was detected for seismic restraints in case of
ments, showing the average values of 0p,qx/01im obtained for Model A in FP compared to MP (Fig. 20c), due to the greater mass of the system.
case of MP and FP. Lastly, the type of the system seems not to influence the maximum

12
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Fig. 19. Average values of of maximum damage rate obtained for all pipe joints in the network, in case of (a) C_1 for MP, (b) C_1 for FP (c) C_4 for MP and (d) C_4 for

FP (results referred to Model A).

displacements, as shown in (Fig. 20d).
4. Fragility functions

The parametric study performed allowed to identify the influence of
several parameters on the seismic response of piping systems. Particu-
larly, the peculiarity of the interaction between local modes and floor
acceleration time-history was evidenced. This aspect leads to hardships
in providing general statements regarding the effect of the geometry of
the network on the seismic vulnerability. On the other hand, a clear
correlation between the mass of the main line and the seismic demand
on suspended piping seismic restraints and pipe joints was observed.

Aiming to provide a more accurate estimation of the seismic
vulnerability on such NSCs, incremental dynamic analyses (IDA, [39])
were performed on all the configurations considered in this study, to
compute fragility functions depending on the parameters analysed. The
incremental dynamic analyses were carried out by progressively scaling
each of the 20 tri-directional floor accelerograms through a non-
negative factor Apg € [0; +0), up to the achievement of a specific
performance level (PL) of the piping system. This approach neglects the
modification of the filtering effect of the structure, due to non-linear
response, as the ground motion intensity increases. Considering the
importance of such piping systems, two PL were considered for the IDA,
namely operation-limit and life-safety. The attainment of the operation-
limit PL was assumed once leakage at pipe joints occurred (i.e. Omax/0im
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> 1.0). Referring to life-safety PL, a reasonable limit state assumption
could be the collapse of a pipe line in the network. This event was related
to either collapse of seismic restraints or pipe joints.

Based on the IDA results, the fragility functions were computed by
fitting the values of peak floor acceleration (PFA) either at operation
limit or collapse of the system, obtained for each ground motion through
log-normal cumulative density functions (CDF). Despite Spectral accel-
eration is generally used for such applications, the great influence of
higher modes hindered identifying a mode with significant participating
mass ratio for the analysed systems. The CDF were calibrated through
the maximum likelihood estimate for the mean and the standard devi-
ation. The resulting values of the median PFA (PFA,,) and the loga-
rithmic standard deviation (o) referred to each fragility function are
reported in Table 5.

The fragility functions obtained at operation-limit PL for MP systems
are provided in Fig. 21, in case of Model A and Model B, respectively. For
both configurations, a clear influence of the mass of the main line on the
vulnerability is observed, confirming the results obtained in previous
sections. However, no significant variation is observed comparing C_3 to
C_4. The reduction of spacing between seismic restraints, due to the
increase of main line’s mass, reduced flexibility of the pipes. At the same
time, greater influence of modes involving the translation of main line
cause higher rotation at pipe joints.

Referring to life-safety PL (Fig. 22), the collapse of the system was
related to seismic restraints failure for all the considered cases. A
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Fig. 20. Comparison between MP and FP response in case of Model A, referring to (a) Omax/61im for main line joints, (b) Omax/61im for branch lines joints, (¢) Smax/Stim
and (d) Dpax-
Table 5
Obtained values of PFA,, and o4 for all the considered cases.
Model A Model B
PL C1 Cc2 Cc3 C4 C1 Cc2 Cc3 C4
MP DL PFA,, [g] 0.156 0.100 0.054 0.047 0.246 0.168 0.065 0.059
Clog 0.577 0.570 0.527 0.447 0.427 0.504 0.489 0.482
LS PFA,, [g] 2.517 0.868 0.772 0.687 2.398 0.846 0.704 0.627
Glog 0.379 0.413 0.398 0.362 0.428 0.421 0.392 0.439
FP DL PFA,, [g] 0.938 0.513 0.655 0.544 0.947 0.617 0.637 0.546
Clog 0.348 0.375 0.341 0.386 0.245 0.366 0.330 0.348
LS Sam [g] 1.178 0.574 0.618 0.600 1.256 0.593 0.611 0.530
Clog 0.356 0.416 0.351 0.405 0.371 0.359 0.335 0.402

significantly higher performance was obtained in case of C_1 compared
to the remaining configurations. This result is likely caused by the design
approach employed for suspended piping seismic restraints. In fact, the
maximum allowed spacing between restraints was adopted both for C_1
and C_2, according to provisions by NFPA 13 [29], regardless of the
results of equation (1).

Consequently, the mass increase in C_2 led to significantly higher
demand on the seismic restraints compared to C_1. Referring to the
remaining configurations, the increase of the mass in the main line was
balanced by the reduction of the restraints’ spacing, leading to similar
results as the mass increases.

In case of FP, a similar trend of the results was obtained compared to
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MP at operation-limit PL. In fact, a clear influence of the mass of the
main line on the vulnerability of the system is evidenced in both Model A
and Model B (Fig. 23a and b). On the other hand, significantly higher
performances were obtained for FP, for which the median PFA was
268-1105% higher compared to MP. This outcome is related to the
higher flexural strength of threaded steel joints with respect to welded
copper joints employed in MP.

Referring to life-safety PL (Fig. 24a and b), the higher mass of FP
with respect to MP caused an increase of vulnerability, due to the higher
demand on suspended piping seismic restraints. In case of Model A, the
reduction of PFA at life-safety performance level in FP compared to MP
was equal to 53%, 34%, 20%, 13% for C1, C2, C3 and C.A4,
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Fig. 21. Fragility functions for MP at operation-limit performance level in case of (a) Model A and (b) Model B.
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Fig. 22. Fragility functions for MP at life-safety performance level in case of (a) Model A and (b) Model B.
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Fig. 23. Fragility functions for FP at operation-limit performance level in case of (a) Model A and (b) Model B.

respectively. Referring to Model B, the PFA at life-safety PL was 48%,
30%, 13%, 15% lower in FP compared to MP for C_1, C_2, C_3 and C 4,
respectively.

It should be evidenced that the additional pipes included in the main
line were identical in FP and MP. Hence, the influence of the mass of
either MP or FP line on the total mass reduced by increasing the number
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Fig. 24. Fragility functions for FP at life-safety performance level in case of (a) Model A and (b) Model B.

of pipes in the main line. Consequently, the results obtained were closer
in case of C_4 comparing FP to MP.

The different response observed comparing MP to FP performance is
evidenced in Fig. 25, which provides fragility functions obtained at DL
and LS in case of Model A for C_3. This specific case was considered as
example to highlight several aspects, addressed in the following.

Firstly, the influence of the material used for pipes and pipe joints is
higher at DL performance level, because early local buckling of copper
pipes leads to significantly higher vulnerability of MP compared to FP.
On the other hand, the lower mass of MP causes lower seismic restraints’
damage and, consequently, higher global performance at LS with respect
to FP. Lastly, it is worth noting the close values of PFA,, comparing DL to
LS in case of FP. In fact, high flexural strength of pipe joints causes loss of
operation occurring for a seismic demand close to that referred to
seismic restraints’ failure.

5. Conclusions

The cascade analysis performed in this study was aimed at assessing
the influence of several parameters on the vulnerability of two types of
piping systems. The dynamic response of the systems was accurately
simulated by modelling non-linear behaviour of suspended piping re-
straints and pipe connections. The utilized model allowed to analyse the
mechanical damage and the loss of operation of the systems due to
earthquake.
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The main outcomes of the study are listed pointwise in the following.

- The effect of the vertical acceleration on the damage rate seems
negligible for both medical gas and fire-fighting piping system in all
the configurations considered. On the other hand, the high vari-
ability of the results, as well as the peculiarity of the geometry of
such non-structural components, suggests the need of deeply inves-
tigating the possible interaction between local modes and vertical
component. Additionally, the influence of the type of conveyed fluid
on the dynamic performance should be examined, by developing
more complex micro- or meso-models.

- The results of the numerical simulation showed an influence of the
geometry of the layout on the maximum pipe joints’ rotations and
the maximum displacements. The position of branch lines influenced
the occurrence of pipe-joint yielding/buckling in case of high num-
ber of pipes in the main line, because of the different participating
mass in local modes.

- For the analysed cases, the geometry of the layout seems to have
negligible influence on seismic restraints damage. On the other hand,
a clear dependency between seismic restraints damage and mass of
the main line was detected. This is the consequence of the pre-
scriptive requirements adopted in terms of maximum spacing be-
tween seismic restraints, which often rules their seismic design in
case of light systems.

25

PFA
(b)

Fig. 25. Comparison between MP and FP fragility functions at (a) DL and (b) LS, in case of Model A and C_3.
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- Fragility functions suggest satisfactory performance at both life
safety and operation limit performance level in case of light piping
systems. Particularly, the vulnerability of pipe joints was signifi-
cantly lower when reducing the number of pipes in the main lines,
even though higher seismic restraints’ spacing was assumed.

The type of the system and, consequently, the type of material
adopted for pipes and joints, highly influenced the operation limit
performance level. The higher strength of joints in fire-fighting
networks compared to medical gas distribution networks signifi-
cantly increased peak floor acceleration at loss of operation. On the
other hand, lower peak floor acceleration at collapse of suspended
piping seismic restraints was obtained in fire-fighting systems, due to
their greater mass.

The results obtained in this paper evidence that simplified ap-
proaches may be reliable for the design of seismic restraints regardless of
the geometry of the layout. However, local modes may lead to notice-
able variation of the damage on pipe joints and, consequently, on the
operation of the piping system. Additionally, the geometry of the layout
was found to influence the seismic demand, particularly in case of high
number of pipes in main line. Some aspects were not considered in this
work and need further investigation, such as the presence of different
types of gravity and seismic restraints and the presence of vertical necks,
which may significantly affect maximum displacements/joint rotations
due to earthquake action.
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