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Abstract

The seismic performance of suspended piping systems can significantly compromise the
functionality of critical facilities due to the incorporation of inadequate seismic design
based on prescriptive empirical regulations and guidelines. The performance-based seis-
mic design (PBSD) of non-structural elements requires the evaluation of performance
parameters, based on experimental data or numerical studies, for comparison with engi-
neering demand parameters. Few research studies available in the literature provide the
performance parameters required to enable PBSD of piping systems and more specifically
of suspended piping restraint installations. This paper discusses the numerical modelling
of suspended piping trapeze restraint installations based on component testing. Reliable
numerical models capable of predicting the force—displacement (backbone) curves of sus-
pended piping restraint installations are developed based on monotonic and cyclic test
data of the components that make up these installations. The prediction capabilities of the
numerical models are assessed against the results of monotonic benchmark sub-assembly
tests reported in a previous study. The numerical models developed in this study can be
used to extract performance parameters from the predicted force—displacement curves to
be used within a probabilistic PBSD framework without the need to conduct additional
testing.
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1 Introduction

Recent advancements in earthquake engineering pointed out the importance of perfor-
mance-based seismic design (PBSD). The concept of PBSD appeared for the first time in
the Vision 2000 document prepared by the Structural Engineers Association of California
(SEAOC 1995). Vision 2000 defines PBSD as a seismic design framework that couples
desired system performance objectives with associated seismic hazard levels. In recent
years, the PBSD methodology has been developed further through a rigorous probabilistic
framework (Gunay and Mosalam 2013). Although PBSD has advanced substantially for
some types of structural systems to the point where it is starting to be incorporated into
building codes and standards (e.g. ASCE 2017), its application to non-structural building
elements remains largely unexplored.

Recent earthquakes that have occurred worldwide have clearly demonstrated the poor
seismic performance of non-structural elements (Filiatrault et al. 2001; Chock et al. 2006;
Gupta and McDonald 2008; Ercolino et al. 2012; Miranda et al. 2012; Perrone et al. 2019).
For example, piping systems that are key to the functionality of important facilities, such
as hospitals and schools, suffered severe damage during recent earthquakes. Following
the 2010 Chile earthquake, for example, the Santiago International Airport was closed for
several days because of the severe damage to piping systems interacting with ceiling sys-
tems (Miranda et al. 2012). Similar inadequate performance of piping systems was also
observed following the 2006 Hawaii Earthquake (Chock et al. 2006). The poor seismic per-
formance of piping systems was generally due to the inadequate bracing of the pipes that
led to excessive rotations of the piping joints (Tian et al. 2014).

The serviceability of a building is significantly affected by the damage to the multitude
of typologies of non-structural elements. At the same time, non-structural elements rep-
resent most of the total investments in typical buildings and the economic losses ascribed
to them are generally significantly higher than that of structural damage (O’Reilly et al.
2018). In the light of these considerations, the seismic behaviour of non-structural ele-
ments is now recognized to be a key issue in performance-based earthquake engineering.

In general, the poor seismic performance of non-structural elements can be associated
to two main factors: (1) the empirical design prescriptions available in current seismic pro-
visions and guidelines are generally inadequate and do not provide specific quantitative
indications on how to achieve defined performance objectives within the PBSD framework
and, (2) few experimental and numerical studies on the seismic performance of different
typologies of non-structural elements are available in the public literature to clearly assess
their performances under increasing seismic intensities.

The application of PBSD to non-structural elements requires on one hand the defini-
tion of performance objectives for each damage limit state through measurable engineer-
ing demand parameters and, on the other hand, the calibration of meaningful performance
parameters characterizing the seismic response of non-structural elements (Filiatrault et al.
2018a). For example, the serviceability damage limit state of suspended piping systems
could be related to the yielding of the trapeze restraint installations as well as to the leak-
age of the piping joints. This implies that the two performance parameters required to sat-
isfy the serviceability limit state are the yield displacement of suspended piping trapeze
restraint installations and the piping joint rotations at which significant leakage occurs. On
the other hand, the ultimate limit state of suspended piping systems could be related to vis-
ible distortion or failure of components associated with measurable drop in load bearing
capacity.
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A reliable quantification of non-structural elements performance parameters for use in
PBSD involves the development of detailed system design information by means of quasi-
static cyclic tests and/or numerical analyses. The cyclic tests and the numerical analyses
should be performed both at the component and system levels. Focusing on piping systems,
quasi-static cyclic tests can provide data to define meaningful performance parameters of
suspended piping trapeze restraint installations and piping joints, such as the initial stiff-
ness, the yield and maximum strengths, the ultimate deformation and the displacement
ductility capacity. Advanced nonlinear numerical models can then be used to predict the
performance parameters for similar elements that have not been tested as well as to extend
the analyses at the system level in order to quantify the system performance under pre-
scribed building floor motions shaking.

The dynamic response of piping joints, mainly for fire sprinkler piping systems and
medical gas pipelines, was investigated recently both from an experimental and numeri-
cal point of view (Tian et al. 2014, 2015a, b; Soroushian et al. 2015a, b; Blasi et al. 2018).
These recent studies, however, did not address the dynamic response of suspended piping
trapeze restraint installations. To the authors’ knowledge, the only experimental data on the
cyclic response of suspended piping trapeze restraint installations available in the public
literature are those reported by Wood et al. (2014) and Perrone et al. (2020). Similarly,
to the authors’ knowledge, no numerical modelling of suspended piping trapeze restraint
installations, both at the component and system levels has been reported in the public
literature.

This paper discusses the numerical modelling of suspended piping trapeze restraint
installations based on component testing. Reliable numerical models capable of predicting
the force—displacement (backbone) curves of suspended piping trapeze restraint installa-
tions are developed based on monotonic and cyclic test data of the components that make
up these installations. The prediction capabilities of the numerical models are assessed
against the results of monotonic benchmark tests carried out previously on suspended pip-
ing trapeze restraint installation sub-assemblies (Perrone et al. 2020). These numerical
models could then be used to predict the force—displacement curves of different suspended
piping trapeze restraint installations in order to extract their performance parameters and
predict their seismic response without the need to conduct additional sub-assembly testing.

2 Definition of trapeze restraint installations

The seismic restraint of suspended non-structural elements can be achieved through many
available typologies of sway bracing systems. Seismic restraint installations are mainly
used in critical facilities and industrial buildings due to the large number of piping sys-
tems, equipment and non-structural elements required for their continuous functionalities.
Based on the typology of non-structural element to be restrained, seismic restraint can be
achieved through wall and ceiling applications. A field survey carried out in industrial and
commercial facilities in Italy indicated that the most used seismic restraint installations are
ceiling applications made of channel frames and rod trapezes. Based on this information,
four trapeze restraint installations were selected for this study (Fig. 1).

The first two seismic trapeze restraint installations consist of channel trapezes braced
respectively in the transverse (Fig. 1a) and longitudinal (Fig. 1b) direction with respect to
the pipes direction. The channel trapeze installation braced in the transverse direction is
referred herein as “SS1”, while the channel trapeze braced in the longitudinal direction is
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Fig. 1 Suspended trapeze restraint installations: a Trapeze with transverse channel bracing system (SS1),
b Trapeze with longitudinal channel bracing system (SS2), ¢ Trapeze with transverse rod bracing system
(SS3), d Trapeze with longitudinal rod bracing system (SS4)

referred as “SS2”. These two configurations typically include two vertical channels con-
nected by a horizontal channel. Depending on the bracing direction, one or two diagonal
elements are used to provide lateral restraint. The channels’ size is commonly equal to
41 mm square. The third and fourth typologies, referred herein as “SS3” and “SS4”, con-
sist of trapeze assemblies with transverse (Fig. 1c¢) and longitudinal (Fig. 1d) rod bracing
elements. Configuration “SS3” includes two 10-mm diameter threaded rods inclined at an
angle of 45° from the vertical to provide the lateral bracing. Similar considerations in terms
of inclination and diameter of the diagonal threaded rods apply to configuration “SS4”, but
in this case four diagonal bracing rods are used. The connections between the steel chan-
nels and the threaded rods are guaranteed by hinges, while the connections between the
vertical and diagonal elements and the supporting structure are provided by rail supports
for the channel trapeze installations and by hinges for the rod trapeze installations. Finally,
for all typologies, short threaded rods are connected to the horizontal channel through steel
plates in order to connect the pipes to the trapeze installations. The pipes are secured in
place by means of pipe rings bolted to the threaded rods. The dimensions and the inclina-
tion of the diagonal channels/rods vary with the applications. It is also possible to find
some applications in which the transverse and longitudinal bracing elements are combined.
Table 1 summarizes the main geometrical characteristics of the four suspended restraint
trapeze installations considered in this study.
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Table 1 Main geometrical properties of suspended piping trapeze installations

ID  Frame typology Bracing direction Brace Number Horizontal Height of vertical
inclina- of braces channel length  channels or rods
tion (°) (mm) (mm)

SS1 Channel Transverse 45 1 800 800

SS2  Channel Longitudinal 45 2 800 800

SS3  Rod Transverse 45 3 900 600

SS4  Rod Longitudinal 45 4 900 600

3 Sub-assembly benchmark tests

Perrone et al. (2020) carried out an extensive experimental program to investigate the
global response of suspended piping restraint trapeze installations. These sub-assembly
tests are used to benchmark the predictions of the numerical models developed in this
work. The experimental program consisted of monotonic and cyclic tests carried out on
an experimental set-up specifically designed to simulate real service conditions. During
the tests, two suspended piping trapeze installations were loaded simultaneously (Fig. 2).
The two trapeze installations were connected to each other through a system of four rigid
steel pipes. The system of rigid pipes was used to realistically simulate gravity and seismic
loading. The cyclic tests were carried out according to the FEMA 461 quasi static cyclic
loading protocol (FEMA 2007). The FEMA 461 loading protocol is considered the most
appropriate loading protocol available in the literature to perform cyclic tests on non-struc-
tural elements (Filiatrault et al. 2018b). The suspended piping trapeze installations exhib-
ited a significant strength capacity and a ductile behaviour. No brittle failure occurred in
any of the tests. The deformations were mainly concentrated in the components connecting
the channel elements for configurations SS1 and SS2 (Fig. 3a), while the buckling of the
diagonal and vertical rods (Fig. 3b) governed the response of the rod configurations SS3
and SS4. Further details regarding the observed behaviour and the performance parameters

Fig.2 General view of the experimental set-up
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Fig.3 Damage observed during cyclic tests: a SS1 test specimen, b SS3 test specimen

extracted from the sub-assembly tests on the suspended piping trapeze installations consid-
ered in this study are reported in Perrone et al. (2020).

4 Component testing
4.1 Selection of critical components

An experimental program was carried out to evaluate the monotonic and cyclic response
of the various components included in the four suspended trapeze piping installations
described in the previous section. The observations made during the benchmark sub-
assembly tests reported by Perrone et al. (2020) were used as a guide to identify the criti-
cal components to be tested. Figure 4 identifies those critical components for each trapeze
configuration.

Six critical components were selected for testing based on a critical evaluation of the
geometrical configuration of the suspended piping trapeze installations as well as on the
results of the sub-assembly tests briefly described in the previous section. Table 2 lists
and provides a short description of the components that were tested along with the indica-
tion of the suspended piping trapeze installations in which the components are included.
Three components were tested for the two channel trapeze configurations: (1) the connec-
tion between the vertical channel and the supporting structure (referred as “C1”), (2) the
connection between the horizontal and vertical channel (referred as “C2”), and (3) the rail
support connecting the diagonal channel to the supporting structure (referred as “C3”). The
results of the sub-assembly tests showed that the main deformations occurred in compo-
nents C2 and C3. Component C1 was also tested because it affects the global stiffness of
the channel trapeze installations. For the rod trapeze configurations, two components were
tested: (1) the hinge connecting the diagonal rod to the supporting structure (referred as
“C4”), and (2) the hinge connecting the diagonal and vertical rods (referred as “C5”). In
the rod trapeze configurations, the vertical rods are bolted to the supporting structure or
fixed through anchors, for this reason these connections were not tested during the experi-
mental program. Finally, the pipe rings connecting the pipes to the horizontal channels
were also tested (referred as “C6”) for both, channel and rod trapeze installations. These
components significantly affect the performance of the suspended piping trapezes because
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(b)

(d)

Fig.4 Critical components (C1-C6) tested for each suspended trapeze restraint installations: a Trapeze
with transverse channel bracing system (SS1), b Trapeze with longitudinal channel bracing system (SS2),
¢ Trapeze with transverse rod bracing system (SS3), d Trapeze with longitudinal rod bracing system (SS4)

they transfer directly the seismic load from the pipes to the trapeze installations. Two
typologies of pipe rings were tested and were referred as “soft” and “stiff” pipe rings. In a
soft pipe ring, a layer of insulation rubber is inserted between the inner surface of the pipe
ring and the outer surface of the pipe. In a stiff pipe ring, the pipe is directly in contact with
the pipe rings (i.e. steel-to-steel interface). The pipe rings are torqued to the threaded rod
with a moment force that is related to the diameter of the threaded rod, which prevent the
rotation around the Z axes.

4.2 Description of test set-up and loading protocol

A special experimental set-up was designed to conduct the monotonic and reverse cyclic
tests on each of the selected components. The experimental set-up needed to be modified
quickly to accommodate the geometry of the component to be tested and the loading direc-
tion. A universal testing machine was used to perform the monotonic and reverse cyclic
tests in displacement control. An array of potentiometers and laser measurement instru-
ments was used to measure displacements at key locations on the test specimens and to
record the information required for the numerical modelling.

Table 3 lists all the details of the 44 component tests that were carried out during the
experimental program. For each component and loading direction, one monotonic and
three cyclic tests were performed. The monotonic tests were also used to calibrate the
cyclic loading protocol used in the testing program, as described below. As suggested by
FEMA 461 (2007), quasi-static cyclic loading protocol are suitable to obtain data on hys-
teretic characteristics of the components that can be used to develop analytical and numeri-
cal models representative of the subsystems in which the tested components are installed.
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Table 3 Description of experimental program

Component ID Loading Loading parameter Number of mono- Number of
direction® tonic tests cyclic tests
Cl1 Y Bending moment 1 3
Z Bending moment 1 3
Cc2 Z Bending moment 1 3
C3 X Axial force 1 3
C4 X Axial force 1 3
C5 X-Z Axial force 1 3
Y-Z Axial force 1 3
C6-Stiff X Shear force 1 3
Y Shear force 1 3
C6-Soft X Shear force 1 3
Y Shear force 1 3
Total 11 33

*Loading direction for each test is indicated in Figs. 5, 6, 7, 8 and 9

For each component, different loading conditions were applied to investigate the
response in the directions of interest in the suspended piping trapeze installations. Figure 5
shows the experimental set-up developed to evaluate the hysteretic behaviour of compo-
nent C1. The moment capacity in the two main directions (around the Z and Y axes) was
evaluated by applying a displacement history to a steel channel connected to the compo-
nent (Fig. 5a and b). The displacement history was not directly applied to the channel but
was transferred through a diffusion steel plate (Fig. Sb). The component was bolted to a
rigid steel support fixed to the lower jaw of the testing machine.

The connection between the horizontal and vertical channels (component C2) was tested
to assess its moment capacity (around the Z axis). The test set-up designed to evaluate the
moment capacity of the component C2 consists of a horizontal channel connected to a ver-
tical channel trough component C2. The horizontal channel was bolted to the supporting

(a) (b)

Fig.5 Experimental set-up component C1: a monotonic and cyclic tests in Y direction, b monotonic and
cyclic tests in Z direction
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Fig.6 Experimental set-up for
component C2

Fig.7 Experimental set-up for component C3 and C4: a axial capacity for channel configuration, b axial
capacity for rod configuration

steel plate, while the displacement history was applied to the vertical channel through a
diffusion steel plate (Fig. 6).

Component C3 was bolted to a rigid steel supporting frame connected to the lower jaw
of the testing machine and inclined at 45° in order to investigate its axial capacity (X direc-
tion). The load was applied to the component through a channel element fixed to the upper
jaw of the testing machine (Fig. 7a). A similar set-up was used to test component C4, but in
this case the load was transferred to the component through a rod element (Fig. 7b).

The axial capacity of component C5 was investigated by two loading conditions. In the
first condition, one brace was installed in the transverse (X—Z) direction (Fig. 8a) while in
the second condition, the brace was installed in the longitudinal (Y-Z) direction (Fig. 8b).
The component was connected to a horizontal channel bolted to a rigid steel support
inclined at 45°.

Finally, 16 different tests were performed to investigate the cyclic behaviour of the pipe
ring connections. The pipe rings were tested in the transverse (X) and longitudinal (Y)
directions (Fig. 9a, b) with and without the introduction of insulation (soft and stiff pipe
rings). The displacement history was applied to the pipe ring trough the pipes. For the tests
in the transverse direction, the pipe was connected to a rigid steel support, while for the
tests in the longitudinal direction the pipe was directly fixed to the upper jaw of the testing
machine.
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Fig.8 Experimental set-up for component C5: a axial capacity in the transverse direction, b axial capacity
in the longitudinal direction

Fig.9 Experimental set-up for component C6: a shear capacity in the transverse direction, b shear capacity
in the longitudinal direction

The cyclic tests were carried out following the FEMA 461 quasi-static cyclic loading
protocol (FEMA 2007). A recent study concluded that this protocol is the most suitable
for the assessment of the hysteretic behaviour of suspended piping restraint components
and to observe the inelastic response and damage propagation during the entire defor-
mation range (Filiatrault et al. 2018b). The loading history consists of repeated cycles of
step-wise increasing deformation amplitudes. In this study, two cycles at each amplitude
were considered. The main parameters necessary to define the FEMA 461 loading pro-
tocol are:

D,: target smallest deformation amplitude of the loading history;
D,,: target maximum deformation amplitude of the loading history;
n: number of steps in the loading history; and

a;: amplitude of the cycles.

The amplitude a;; of the step i+ 1 is given by:
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Ay a;
— = 1.4a— 1)

an n

where a; is the amplitude of the preceding step i and a, is the amplitude of the step close
to the target D,,. If a specimen had not reached the final damage state at D, the ampli-
tude was further increased by constant increment equal to 0.3 D,,,. The parameter D, is the
anticipated deformation at which the most severe damage level (i.e. failure) is expected to
occur.

The amplitude increment is controlled by the number of steps. As suggested in FEMA
461, the minimum number of steps were assumed equal to 10, with a;=0.048 D, (this
value corresponds to D). The monotonic tests to estimate D,, were performed in displace-
ment control up to the failure of the components or up to a decrease of 20% of the maxi-
mum load achieved during the test. A slow loading rate was selected to avoid inducing
inertia effects.

4.3 Monotonic and cyclic test results

In this section, the main results of the component experimental program are presented in
terms of load—displacement response and observed damage. For each component tested,
and for each loading direction, the load—displacement response measured during the mono-
tonic test is compared with those obtained during the cyclic tests.

Figure 10 shows the load—displacement response for component C1. The cyclic tests
in the X and Z directions were performed by applying the displacement history only in
one direction due to set-up restraints. The load values in the vertical axes in Fig. 10 are
provided as percentage of the maximum force (F,,,) obtained in all the tests conducted
on component C1. Each specimen was cycled from the zero position to the maximum
displacement and then returned to the zero position. The yielding of the components was
observed in both monotonic and cyclic tests (Fig. 11a, b). In all the monotonic and cyclic
tests, the universal testing machine reached its travel limits before failures of the C1 test
specimens could be observed.

Component C2 was tested to evaluate its moment capacity and exhibited a ductile
behaviour (Fig. 12). The yielding of the component, associated with a separation of the
horizontal and vertical channels, was observed during the tests (Fig. 13).

Components C3 and C4 were tested in the axial direction to evaluate the maximum
load at which the diagonal brace disconnected from the component. Figure 14 shows the

100% 100%
90%
80%
2 70%
g
L": 60%
S 5%
= 40%
5
3 30%
0%
10%
0%
20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140
Displacement (mm) Displacement (mm)
(@) (b)

Fig. 10 Load-displacement response for component C1: a Y direction, b Z direction
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(b)

Fig. 11 Damage observed during tests on component C1: a Y direction, b Z direction

Fig. 12 Load-displacement 100%
response for component C2 90%
80%
~ 10%
B 60%
S 50%
&
= 40%
g C2a_Cyclicl
— 30% C2a_Cyclic 2
20% C2a_Cyclic 3
10% ——— C2a_Monotonic
0
0%
0 10 20 30 40 50 60 70

Displacement (mm)

Fig. 13 Damage observed during
tests on component C2

load—displacement response for components C3 and C4. Again, the load values are pro-
vided as a percentage of the maximum force (F,,,) obtained in all the tests conducted
on components C3 and C4. The shearing of the thread between the component and the
diagonal channel was observed at the end of the tests (Fig. 15a). Component C4 exhib-
ited a high ductility (Fig. 14b). In all tests, the failure of the components was observed
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Fig. 14 Load-displacement response for components C3 and C4: a X direction for component C3, b X
direction for component C4

Fig. 15 Damage observed during tests on components C3 and C4: a X direction for component C3, b X
direction for component C4
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Fig. 16 Load-displacement response for component C5: a X-Z direction (45°), b Y-Z direction (45°)

and was due to the high deformations of the connection between the threaded rod and
the tested component (Fig. 15b).

Figure 16 shows the load—displacement response of component C5 tested in the trans-
verse (X—Z) and longitudinal (Y-Z) direction. The failure of the component, in both direc-
tions, occurred at significantly smaller displacements in the monotonic tests than in the
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(a)

Fig. 17 Damage observed during tests on component C5: a X—Z direction (45°), b Y-Z direction (45°)
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Fig. 18 Load-displacement response for component C6: a X direction for soft pipe rings, b Y direction for
soft pipe rings, ¢ X direction for stiff pipe rings, d Y direction for stiff pipe rings

cyclic tests. In the transverse direction, the failure was related to the sliding of the com-
ponent in the horizontal channel until the end of the hole present in the channel, then the
failure of the diagonal threaded rods was observed (Fig. 17a). In the longitudinal direction,
the opening of the channel and the failure of the threaded rods were observed (Fig. 17b).
Component C6 was tested in two directions considering two different configurations:
with and without insulation. Figure 18a and b show the load—displacement responses of
component C6 when the insulation was introduced (soft pipe rings), while Fig. 18c and
d show the associated load—displacement response without insulation (stiff pipe rings).
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Again, the load values are provided as a percentage of the maximum force (F,,,) obtained
in all the tests conducted on component C6. Similar maximum loads were recorded with or
without the insulation. The insulation, on the other hand, had a significant influence on the
displacement capacities of the specimens in the longitudinal direction. The maximum dis-
placement recorded in the longitudinal (Y) direction was equal to 100 mm when the insula-
tion was present. The corresponding maximum longitudinal displacement was only 63 mm
when the insulation was removed. The deformation of the horizontal channel, as well as the
shear failure of the threaded rods, were observed in the transverse (X) direction (Fig. 19a
and c). The shear failure of the threaded rods also occurred in the longitudinal (Y) direc-
tion for the configuration without insulation (Fig. 19d), while the sliding of the component
in the pipe without any failure was observed for the insulated pipe rings (Fig. 19b).

5 Component numerical modelling

The development of numerical models to simulate the monotonic response (backbone
curve) of the suspended piping trapeze restraint installations described in Sect. 2 is based
on modelling assumptions resulting from the component testing described in Sect. 4 and
from previous observations of the benchmark sub-assembly tests reported by Perrone et al.

Fig. 19 Damage observed during tests on component C6: a X direction for soft pipe rings, b Y direction for
soft pipe rings, ¢ X direction for stiff pipe rings, d Y direction for stiff pipe rings
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(2020) and briefly discussed in Sect. 3. Based on the analysis of the benchmark sub-assem-
bly tests, the components were divided in two categories:

1. Components that require detailed numerical modelling. These components significantly
affect the global behaviour of the suspended piping trapeze restraint installations. The
performance of these components is dependent on the geometry (e.g. distance from pipe
to channel) and their interactions with other components. Detailed mechanics-based
numerical models were developed based on the component testing and were introduced
in the sub-assembly numerical models, as discussed below (see Sect. 6). The numerical
modelling of the components (as well as of the sub-assemblies) was undertaken using
the open source finite element (FE) software OpenSees (McKenna et al. 2006).

2. Components for which the performance parameters obtained from the component testing
(i.e. stiffness and strength) were directly implemented in the sub-assembly numerical
models without the development of detailed modelling. For the installations considered
herein, these components were not directly involved in the failure modes observed dur-
ing the benchmark tests. Their mechanical properties are introduced in the sub-assembly
numerical models by means of simple link and hinge elements in order to provide
the correct stiffness and strength to each element and to allow a generalization of the
numerical models for future parametric studies.

5.1 Modelling of component C1

Component C1 (rail support connecting the vertical channel to the supporting structure)
does not require a specific mechanics-based numerical model to simulate its behaviour in
the sub-assembly models. The simplicity of the component, and the perfect correspond-
ence between the configuration in the experimental set-up and in the installation condi-
tions, allows to directly introduce the mechanical properties of the component in the sub-
assembly numerical models. In particular, as further discussed in Sect. 6, the stiffness and
the strength of the component in the two main bending directions were implemented as
restraint boundary conditions of the vertical channels.

5.2 Modelling of component C2

A simple mechanics-based model, consisting of an assemblage of elastic, rigid and fibre
beam elements, was developed to reproduce the experimental response of component C2
(connection between vertical/diagonal and horizontal channels). Figure 20 illustrates both
the numerical model as well as one of the L-shaped specimens before testing. Key ele-
ments of the proposed model and the geometry of the corresponding specimen’s compo-
nents are shown in this figure.

As can be seen from Fig. 20a, two force-based fiber nonlinear beam-column ele-
ments, each with five integration points, were included in the model to simulate the flex-
ural response of the L-shaped steel plate connection between the horizontal and vertical
channels. The 41 x4 mm plate was modelled as a rectangular cross section discretized in
82x 16 fibres (plate depth X plate thickness) with a uniaxial hysteretic material model.
A one-to-two correspondence was assumed between the structural members and model
elements for both the horizontal and vertical portions of the L-shaped channel-to-channel
connection, meaning that each portion was split into two model elements in correspond-
ence to the position where the channel is fixed to the plate. Rigid elements connect the

@ Springer



3266 Bulletin of Earthquake Engineering (2020) 18:3247-3283

Elastic Beam-Column
Element
Rigid Element
g < v
<%
g
' Fibre Beam-Column Elements
Y / J - g —
Loading Direction \ p— "
> —_ v -
/ X o . Loading Direction -
"z Zero-Length Hinge  Rigid Element ~ Elastic Beam-Column _a— * .
Element Element : ‘ :

-
(@ (b)

Fig.20 Mechanics-based numerical model for component C2: a schematic of the adopted numerical repre-
sentation, b geometry of the tested specimen

fibre elements to the channel’s horizontal and vertical portions, each of which was discre-
tised into two elastic beam-column elements accordingly. A zero-length hinge element was
also included in the model to release the in-plane rotation between the horizontal and verti-
cal portions of the channel.

The monotonic pushdown analysis, whose results are presented in Fig. 21, was per-
formed in displacement-control mode by imposing a 0.1 mm displacement downward
for each loading step, taking also into account geometric nonlinearities through the P-A
geometric transformation. A good agreement can be observed between the experimental
response and the numerical predictions for the entire range of imposed displacements,
implying that the model described above (Fig. 20a) satisfactorily reproduced both the ini-
tial testing stages (i.e. elastic stiffness of the system/specimen) as well as the moderate/
large displacements (i.e. yield and ultimate strength). Even though this mechanics-based
model is accurate and computationally efficient, the computational costs could be further
reduced for the sub-assembly modelling, by condensing the model into a much simpler
rotational spring. The experimental and numerical force—displacement response curves
shown in Fig. 21a could be converted into the moment-rotation relationships presented in
Fig. 21b, by assuming a 130 mm lever arm (as shown in Fig. 20b). The Pinching4 model
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20% Eo 20% C2 - Experimental
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Fig.21 Comparison between experimental results and numerical predictions for component C2: a mechan-
ics-based model, b static condensation using Pinching4 model
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available in OpenSees was used to define a simple model to be introduced in the sub-
assembly models. This model provides the user/analyst with four adjustable floating points
on its response envelope.

5.3 Modelling of component C3

Component C3 (hinge connecting the diagonal channels to the supporting structure) does
not require the definition of a detailed mechanics-based numerical model because it was
not involved in the failure modes of the tested sub-assemblies (Perrone et al. 2020). The
maximum strength of component C3 is accounted for in the restraint boundary conditions
of the sub-assembly numerical models. Component C3 is also used in combination with
component C2 in order to connect the diagonal brace to the horizontal channel in sub-
assemblies SS1 and SS2. A detailed discussion on how the connection between compo-
nents C2 and C3 is modelled is provided in Sect. 6.

5.4 Modelling of component C4

Figure 22 illustrates the fibre-based numerical model developed to predict the response
of component C4 (hinge connecting the diagonal rods to the supporting structure), along
with a photograph of one of the C4 specimens during testing. As shown in Fig. 22a, the
proposed numerical model consists of an assembly of seven nonlinear beam-column ele-
ments featuring different rectangular and U-shaped cross sections used to reproduce the
stress—strain response of each portion of the component. The force-based fibre elements
were assembled to simulate the geometry and geometric eccentricities of the specimen,
thus reproducing its behaviour, with the latter being driven by a combination of axial and
flexural responses.

The rectangular base section was a 24X 6 mm plate and was modelled as a rectan-
gular cross section discretised in 48 and 12 fibres along the plate depth and thickness,
respectively. The element at its top was also modelled as a rectangular plate with depth

(@) ®)
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o
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Nonlinear Beam-Column ("
Elements N

Fig.22 Fibre-based numerical model for component C4: a schematic of the adopted numerical representa-
tion, b geometry of the tested specimen
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and thickness equal to 28 and 6 mm, respectively. The fibre size was kept constant for
the other nonlinear beam-column elements, one of which features a rectangular cross sec-
tion and the other three have U-shaped cross sections with and without holes. The seventh
fibre-based element of the assembly, whose longitudinal axis is oriented along the Z axis
(see Fig. 22a), was again modelled as a rectangular cross section with 34 x4 mm dimen-
sions and 688 fibres. Each fibre element was characterized by five integration points
and the potential geometric nonlinearities were taken into account by the P-A geometric
transformation.

The comparison between the experimental and numerical force—displacement response
curves of component C4 is presented in Fig. 23a. Similar results could be also obtained by
a condensed approach using the Pinching4 model available in OpenSees (Fig. 23b),

5.5 Modelling of component C5

The results of the benchmark tests clearly showed that the buckling of the diagonal and
vertical rods governed the response of the rod configurations (SS3 and SS4), before the
failure of the connections between the diagonal and vertical rods. For this reason, only the
maximum capacity of component C5 (hinge connecting diagonal and vertical rods) was
directly introduced in the sub-assembly numerical models, as further discussed in Sect. 6.

5.6 Modelling of component C6

Figure 24 illustrates the numerical models of component C6 (connection between the pipes
and horizontal channel) in the longitudinal direction and shows its component testing set-
up that identifies the geometry and configuration of the model elements.

As shown in Fig. 24a, the proposed numerical model consists of an assembly of one
force-based fibre element for the threaded rod connecting the channel to the pipe ring, one
elastic beam-column element simulating the channel and a series of rigid elements, the lat-
ter being modelled as elastic beam-column elements with high stiffness properties. The rigid
elements are in series: the distance between the barycentre of the pipe and the pipe ring, R3,
which is the distance between the pipe and the fibre element, R5 that consists in the distance
between the threaded rod and the channel. The elements R3 and RS are considered rigid due
to the higher thickness of their cross section with respect to the stiffness of the threaded rod.
Figure 24b shows the way these rigid elements are assembled together and indicates where
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Fig.23 Comparison between experimental results and numerical predictions for component C4: a fibre-
based model, b static condensation using Pinching4 model
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Fig. 24 Mechanics-based numerical model for component C6: a schematic of the adopted numerical repre-
sentation, b geometry of the testing set-up and rigid links

flexural releases have been included (R1 represents the distance between the hinge and the
horizontal channel, R2 is the distance between the fix point and the hinge and R4 is the length
of the fibre element). Four zero-length elements with very low flexural stiffness were intro-
duced in the numerical model in order to release rotations and to simulate the cylindrical
hinges of the testing set-up. The force-based nonlinear beam-column element was assumed to
have five integration points, whereas the circular fibre section was discretised into 8 X8 sub-
divisions along the radius and circumference using the circular patch command available in
the OpenSees software. Maximum iterations and convergence tolerance (at the element level)
were set to 10 and 10716, respectively. The uniaxial hysteretic material model was used to sim-
ulate the stress—strain response of steel fibres, accounting for permanent inelastic deformations
exhibited by them. The material model parameters used for simulation are reported in Table 4.

In Table 4, 5;, and ¢;, are the stress and strain at the jth point of the envelope in the positive
direction. The material model was set to be symmetrical, meaning that Si=Sjp and € =€y
where the sub-script # identifies the counterpart stress and strain on the negative side of the
backbone curve. The pinching factors (for stress and strain during reloading) were set to 0.5
and 0.2, although the component and sub-assembly models presented in this study are mainly
concerned with monotonic simulations.

For modelling the channel, the Bernoulli beam element implemented in OpenSees relies
upon a six degrees-of-freedom (DOFs) beam formulation, which in turn implies that the tor-
sional stiffness value, K_7, used as input should be adapted according to Eq. (2):

6GIl, 12EI,
K7=2-
T3 YD

(@)

where GI/L is the term associated with uniform torsion, G is the tangential modulus, E
is the Young’s modulus, L is the length and [/ is the second moment of area, whilst the
sub-scripts ¢ and w stand for uniform torsion and warping, respectively. The stiffness K_7
accounts for the contribution that is expected by a more sophisticated seven DOFs beam
formulation, in a computationally efficient manner.

Table 4 Parameters for uniaxial

MP: - MP: — MP: -
hysteretic material model sip MPa) ey, ) S2p (MPa) e, ) S3p MPa) —e5, )

340 1.7x1073 810 4.1x1072 1600 3.0
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Figure 25 compares the experimental results obtained from the component testing of
a rigid pipe ring (i.e. component C6) with the cyclic and monotonic numerical predic-
tions. The relatively simple model described above reproduces reasonably accurately
the response of the tested specimen for the entire range of imposed displacements.

Focusing on key aspects for sub-assembly modelling, the above curves (Fig. 25) lay
evident that both the elastic stiffness of the specimen as well as its peak and ultimate
strength can be predicted in a satisfactorily manner with a mismatch between experi-
mental and numerical data up to approximately 6%. For the peak strength, the percent-
age difference is 6% at a displacement of 31 mm (and 18% strain) and, for the ultimate
resistance, the percentage difference is 3% at a displacement of 43 mm (and 28% strain).
The prediction capability of the numerical model proved the effectiveness of the mod-
elling assumptions used to model the channel and the pipe ring, this is of paramount
importance considering that both components played an important role in the response
of the tested sub-assemblies.

A numerical model to simulate the pipe rings behaviour in the transversal direction
was not developed because, based on the benchmark sub-assembly tests, this component
did not affect the monotonic and cyclic response of the sub-assemblies. Therefore, the
numerical models described in Sect. 6 only include the measured maximum strength of
the pipe rings in the transverse direction.

The pipe rings with insulation (soft pipe rings) were not taken into account at this
stage of the study because the benchmark sub-assembly tests did not include any insu-
lation. Two different approaches could be used to account of the soft pipe rings. In
the first approach, the insulation could be introduced in the mechanics-based numeri-
cal model of component C6 by means of shear springs calibrated according to the test
results. Even if from a theoretical point of view this approach could be efficient, some
numerical issues could make very difficult its application into practice. For this reason,
it is suggested to account for the effect of the insulation on the response of the soft
pipe rings by post-processing. Based on the component testing, the ratio between the
stiffness of the soft and stiff pipe rings could be evaluated and an amplification factor
could be directly applied to the relative displacement of the rigid pipe rings in order to
account of the higher displacement in the longitudinal direction due to the rubber defor-
mation. In the transverse direction no modification is required.

The component rupture-driven failure mechanism(s) of the tested sub-assembly
specimens (Perrone et al. 2020) makes the relatively straightforward numerical models
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presented in this section into pivotal building blocks for sub-assembly modelling and
analysis, as discussed in the next section.

6 Sub-assembly modelling

In this section, the 3D numerical models developed to predict the monotonic response
of the suspended piping trapeze restraint installations described in Sect. 2 (SS1-SS4)
are presented. The numerical model for each of the four trapeze restraint installations
considered predicts the response of a single trapeze with its bracings. The predic-
tions of each numerical model is compared against the average monotonic response
of the two corresponding suspended trapeze installations tested simultaneously in the
sub-assembly benchmark test described in Sect. 3. Because the numerical models are
developed to predict the monotonic response of the analysed suspended piping trapeze
restraint installations, considerations on the hysteretic damping are not provided in this
work. However, useful details on this issue are provided in Perrone et al. (2020).

All four sub-assembly models include both material nonlinearities (at the element
and/or component level) and geometric nonlinearities (using the P-A or co-rotational
geometric transformation). Each model includes a different level of sophistication and
features according to the expected/observed response from the sub-assembly bench-
mark testing (Perrone et al. 2020). For the rod configurations (i.e. sub-assemblies SS3
and SS4), the co-rotational transformation was assigned to the diagonal and vertical
slender rods, which were found to be prone to buckling, whereas the P-A transforma-
tion was considered for both the pipe rings and the horizontal channel, none of which
experienced large displacements/rotations during testing. On the other hand, for con-
figurations SS1 and SS2, both of which include channels as bracing system, the P-A
geometric transformation was used for all model elements. Moreover, for sub-assem-
blies SS3 and SS4, diagonal and vertical elements (i.e. rods) were modelled using ine-
lastic force-based fibre elements, whereas elastic beam-column elements were used to
simulate the response of diagonal and vertical members of the channel configurations
SS1 and SS2.

Finally, for the pipe rings (i.e. component C6), the relatively simple mechanics-
based fibre model concept presented in Sect. 5.6 was implemented in the longitudi-
nally loaded sub-assembly models (i.e. configurations SS2 and SS4), whilst fibre ele-
ments were replaced by elastic beam-column elements for the transversally loaded
sub-assemblies (i.e. configurations SS1 and SS3), given that these latter suspended
piping trapeze installations did not exhibit any sort of damage in the pipe rings during
the monotonic and cyclic tests, in both channel or rod configurations (Perrone et al.
2020). The possible rotation of the pipes due to impact forces is not considered in this
study and should be accounted for in the numerical modelling at the system level.

The general considerations offered above were merged with more specific details
collected in Sects. 6.1-6.4, where the key assumptions underlying every sub-assem-
bly model are outlined and discussed case-by-case. Finally, a number of performance
parameters necessary for the elaboration of performance-based seismic design proce-
dures for suspended piping restraint installations were extracted from the experimental
pushover curves and compared to the predicted values by the numerical models for the
four sub-assembly configurations considered.
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6.1 Modelling of sub-assembly SS1

Figure 26 shows the numerical model developed to predict the monotonic response (back-
bone curve) of sub-assembly SS1 (trapeze with transverse channel bracing system). The
major components of the proposed model include elastic beam-column elements, zero-
length hinges, rigid elements and inelastic rotational and axial links assembled together.

For the sub-assembly configuration SS1, the pipe rings did not exhibit damage of any
sort and, hence, were modelled using elastic beam-column elements with elastic proper-
ties calibrated according to the geometric properties of their cross section and according
to the strength obtained from the component test results. Vertical and horizontal rigid ele-
ments were used to connect the four pipe rings together and simulate the test setup. Addi-
tionally, the equal DOF option available in OpenSees was used in order to constrain the
top and bottom nodes of the vertical rigid elements, imposing the four pipes/pipe rings
to deform together. Vertical rigid elements were also used to connect the bottom nodes of
the four elastic beam-column elements with the horizontal channel underneath the pipe
rings. The horizontal channel was modelled by five elastic beam-column elements, with
their torsional stiffness calculated in accordance with Eq. (2). Based on the results of the
benchmark sub-assembly tests, the torsional stiffness of the horizontal channel did not play
any significant role in the response of this sub-assembly system.

Zero-length link elements were included to connect the horizontal and vertical channels,
thus modelling the inelastic response of the L-shaped plate for channel-to-channel connec-
tion. These zero-length elements considered only the in-plane rotation, whereas the other
two rotations and the three translations were simply restrained associating a rigid material
model with these DOFs. By contrast, the Pinching4 material model was adopted to simu-
late the behaviour of the L-shaped plate connection (i.e. component C2).

An inelastic axial link (i.e. zero-length element) was included in the model to simulate
the flexural failure mechanism of the brace-to-channel bolted steel plate connection, intro-
ducing a limit in the axial resistance of the diagonal brace of the sub-assembly. The resist-
ance of the steel plate (and, hence, of the axial link), F, was calculated by:

Wi 21 2nm? nm?f, 2
poM _ W 2 _anmly mmly 6282355 o0 3)
e e me 12me 6e 6 *x 40

where W is plastic modulus of the steel section, f, is the yield stress, I is the second
moment of area, n and m are the base and height of the plate, and e is the eccentricity of the
brace with respect to the channel. A 30% strength drop was also implemented in the consti-
tutive model of the link after the above capacity was exceeded.
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Fig. 26 Numerical model for sub-assembly SS1
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Finally, because the diagonal brace member was not subjected to buckling during the
benchmark sub-assembly tests, it was modelled as an elastic beam-column element with
the geometric properties of the channel’s cross section. The connections at the top of the
brace and vertical channels were treated/modelled as zero-length spherical hinge elements.

6.2 Modelling of sub-assembly SS2

Isometric (3D) and planar views (i.e. top, front and side views) of the numerical model for
sub-assembly SS2 (trapeze with longitudinal channel bracing system) are shown in Fig. 27.
The element type employed for each member and/or component of sub-assembly SS2 is
indicated in the figure.

As shown in Fig. 27, the numerical model developed for sub-assembly SS2 relies upon
the mechanics-based model of component C6 (see Sect. 5) for which the pipe rings were
modelled using a distributed plasticity approach. Four nonlinear fibre beam-column ele-
ments were used to simulate the inelastic response of the four pipe rings, thereby implying
that a one-to-one correspondence was assumed between these structural members and the
counterpart model elements. Such an assumption is valid as long as the exact force-based
formulation is considered, given that the latter does not require any element discretisation.
Each force-based fibre element had five integration points, and the circular cross section
was discretised by 8 x 8 fibres along the radius and circumference. Similarly, the uniaxial
hysteretic material model, with parameters calibrated as reported in Table 4, was employed
for the integration of the stress—strain response of each fibre composing the pipe ring’s
cross section. As implemented in the SS1 sub-assembly model, four vertical rigid elements
and three horizontal rigid elements were incorporated in such way that the four pipe rings
could be connected together, replicating the loading condition of the experimental setup.
The pipelines were prevented from rotating out-of-plane, namely around the longitudinal
axis of the horizontal channel.

Four additional rigid elements were included in the SS2 numerical model to connect the
bottom nodes of the fibre-based pipe ring elements to the horizontal channel. This horizon-
tal channel was modelled by means of five elastic beam-column elements. Their material
properties were calculated according to the elastic properties of the channel’s cross section,
adjusting also the torsional stiffness in accordance with Eq. (2). This permitted to account
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Fig. 27 Numerical model for sub-assembly SS2
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for the 7th DOF, within a six-DOF Bernoulli beam formulation, as demonstrated in Sect. 5
for the component modelling of pipe rings.

Furthermore, two zero-length elements, one per each end of the horizontal channel,
were included in the model in order to connect the horizontal and vertical channels.

Each of these channels was modelled as a single elastic beam-column element fully
fixed (at its top) to the support frame used for testing. The elastic uniaxial material model
associated with all six DOFs was used for the definition of the two zero-length elements.
The constitutive laws were calibrated in order to reproduce the flexural stiffness of the hori-
zontal channel and the torsional stiffness of the steel plate connecting the horizontal and
vertical channels. Uniform torsion was considered and the second moment of area (/,) of
each channel was computed according to:

I, = %m3 = % % 41 % 4% = 875 mm* )
where n and ¢ are the base and thickness of the plate. The other degrees of freedom were
restrained by assigning high stiffness properties to the elastic material model.

Two orthogonally oriented rigid elements at each channel’s end were included to con-
nect the horizontal channel with the diagonal braces, simulating also the effect of geomet-
ric eccentricities between the horizontal/vertical channels and the bracing elements of the
system. Because buckling was not observed during the benchmark sub-assembly tests, the
latter elements were modelled as elastic beam-column elements (without element discreti-
sation) and their elastic properties were again calculated according to the channel’s cross
section. Their top connections (to the support frame) were also modelled by adding another
zero-length axial element per diagonal brace. The stiffness in compression of these elastic
axial links was assumed to be equal to the stiffness in tension obtained from component
testing. The DOF corresponding to the other two translations were restrained, whereas the
three rotations were released.

The monotonic pushover simulation was performed with the braces in compression,
which is in agreement with the test procedure that mobilizes the most critical mecha-
nism for the sub-assembly (Perrone et al. 2020). Geometric nonlinearities were taken into
account by using the P-A geometric transformation.

6.3 Modelling of sub-assembly SS3

A front view of the numerical model developed to simulate the response of sub-assembly
SS3 (trapeze with transverse rod bracing system) is shown in Fig. 28. In this case, the
diagonal and vertical elements of the suspended piping trapeze installation, which con-
sists of slender rods prone to fail by buckling, were modelled as inelastic force-based fibre
beam-column elements. Each nonlinear beam-column element was divided into two sub-
elements, each of which had five integration points. The number of sub-elements was
selected in order to accurately reproduce the deformed shape obtained in the tests, thereby
minimizing the computational efforts. An initial camber, equal to 0.5% of the element’s
length, was assigned (at mid length) to the two diagonal and the two vertical elements of
the sub-assembly so as to make them buckle. The initial imperfection/camber was imple-
mented using the simplest piecewise linear form.

To account for large displacements/rotations that are expected to occur in these ele-
ments because of buckling, a co-rotational geometric transformation was used, which
applies well to this type of large displacement-small strain problems/kinematics. Within
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Fig. 28 Numerical model for sub-assembly SS3

this computational framework, material nonlinearities were also modelled, using a dis-
tributed plasticity approach, which relies on the Giuffré-Menegotto-Pinto constitutive rule
(Filippou et al. 1983). To accurately simulate the spreading of inelasticity over the circular
cross section of both vertical and diagonal rods, they both were discretised into 16 X 6 sub-
divisions along the radius and circumference, respectively.

Consistently with the approach adopted for the other transversally loaded sub-assembly
(i.e. sub-assembly SS1), the four pipe rings were modelled as four elastic beam-column
elements connected together and to the horizontal channel of the suspended piping trapeze
installation by means of vertical and horizontal rigid elements. The top and bottom nodes
of the vertical rigid elements above the elastic beam-column ones were again constrained
to have the same zero-rotation, thus using the equal DOF option in OpenSees to prevent
rotations from occurring in this portion of the SS3 sub-assembly. Furthermore, the hori-
zontal channel was connected to the vertical and diagonal rods by means of elastic zero-
length elements that simulated a spherical hinge (i.e. a release of bending moment). The
top connection of the two vertical rods (with the support frame) was treated and modelled
in the same way, whereas that of the diagonal rods was modelled using the Pinching4 mate-
rial model for component C4 (see Fig. 23b).

6.4 Modelling of sub-assembly SS4

Figure 29 shows isometric (3D) and planar views (i.e. top, front and side views) of the
numerical model developed for sub-assembly SS4 (trapeze with longitudinal rod bracing
system). Since this sub-assembly is also a rod configuration, its response and damage/fail-
ure mode were again governed by the buckling of vertical and diagonal elements (Perrone
et al. 2020).

The numerical modelling of the SS4 sub-assembly was very similar as that of the SS3
assembly and involved again an initial camber/imperfection and a co-rotational geometric
transformation. As shown in Fig. 29, four inelastic force-based fibre elements with five
Gauss—Lobatto integration points were used to model the vertical and diagonal rods sup-
porting the horizontal channel. The horizontal channel was in turn modelled as a series
of five elastic beam-column elements. Rigid elements were incorporated to connect the
channel with the four pipe rings as well as the pipe rings together, as per the test setup
(Perrone et al. 2020). Even though the SS4 sub-assembly is a longitudinally loaded trapeze
restraint installation, the pipe rings were modelled as elastic beam-column elements, given
that no tested specimens exhibited damage in these components (Perrone et al. 2020).
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The channel-to-rod connections were assumed to be unable to transfer bending moments
between these trapeze elements, and the same assumption was made for the rod-to-support
frame connections. Each diagonal rod was assigned the Pinching4 material model devel-
oped for component C4.

6.5 Comparisons between experimental and numerically-predicted sub-assembly
monotonic force-displacement curves

To evaluate the accuracy/effectiveness of the modelling approaches discussed in the
previous sections, comparisons between numerical predictions and experimental data
are systematically presented hereafter, in terms of both monotonic and/or backbone
force—displacement response curves as well as damage mechanisms exhibited by the tested
sub-assembly specimens. Figure 30 compares the numerical response and deformed shape
obtained from monotonic simulation of sub-assembly SS1 with the experimental results.

The numerical model predicts very well the experimental monotonic pushover curve
including the sudden strength drop due to the flexural failure mechanism of the brace-
to-channel bolted steel plate connection observed during the test. Both elastic stiffness
and peak strength were reproduced in the model by the flexural and axial link elements
included in the model at the connection level, yielding a discrepancy between numerical
and experimental results of only 1-2%. The model is able to predict accurately the exper-
imental response for displacements up to approximately 40 mm. Beyond that point, the
model is unable to reproduce the load pick-up exhibited by the specimen during the large-
deformation testing stages.

The comparison between the experimental and numerical monotonic response curves
obtained for sub-assembly SS2 is presented in Fig. 31a, whereas Fig. 31b shows isometric
and side views of the deformed shapes of the model at the ultimate displacement imposed
and compares them with a photograph of one of the tested specimens.

Although larger differences (10-12%) in initial stiffness and peak strength can be
observed between the experimental data and numerical predictions, the numerical model
can reproduce satisfactorily the damage/failure mode of sub-assembly SS2. For this sub-
assembly, the inelastic response of the pipe rings drives the global behaviour of the speci-
men. The numerical model can reproduce fairly accurately the behaviour of the tested
specimen for displacements up to approximately 40 mm, beyond which the experimental
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Fig. 30 Comparison between experimental results and numerical predictions for sub-assembly SS1: a
monotonic force—displacement response, b deformed shape and damage/failure mechanism

force—displacement response curve shows a roughly 35% drop in strength, owing to the
rupture of one of the four pipe ring installed on the test specimen. The drop in strength was
not accurately predicted by the numerical model because the threaded rods are simulated
using fibre beam-column elements that are only able to predict the threshold in terms of
strength due to their mathematical formulation. By contrast, after yielding at approximately
20 mm, the numerical response enters in the nonlinear regime, with small level of hard-
ening for displacements in the 20-40 mm range, followed by a flat portion, due to P-A
effects. The slope of the numerical response curve matches well that of the experimental
curve beyond a displacement of 40 mm.

The comparison between numerically-predicted and experimental monotonic force—dis-
placement responses, shown in Fig. 32, demonstrates the effectiveness of the numerical
model in predicting the buckling-driven response of sub-assembly SS3. The initial elas-
tic stiffness of the subassembly is almost perfectly predicted by the numerical model, as
shown in Fig. 32a. The peak strength predicted by the numerical model is within 1% as
that observed in the test. The largest differences between the predictions of the numerical
model and the test results occur in the post-buckling regime, soon after the buckling peak
strength is reached for a displacement of approximately 10 mm. Following the buckling of
the diagonal rods, the model underestimates by approximately 20% the strength of the test
specimen. Even though the model results in a more pronounced post-buckling mode and,
hence, a weaker post-buckling strength, the numerical response becomes more stable and
aligns much better with the experimental response for displacements ranging between 30
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Fig.31 Comparison between experimental results and numerical predictions for sub-assembly SS2: a
force—displacement response, b deformed shape and damage/failure mechanism

and 75 mm. Figure 32b presents a comparison between the deformed shape of the model
at the ultimate displacement imposed and a photograph of one of the specimens during the
last testing stage. The numerical model is able to predict the buckling-dominated failure
mode of the test specimen.

Figure 33 shows the comparison between the numerical and experimental monotonic
pushover curves for sub-assembly SS4. Figure 33a presents both experimental and numeri-
cal response curves as well as the relationship between the compression forces recorded
in each diagonal rod during the analysis and the lateral displacement applied to the sub-
assembly. The right-hand side plot of Fig. 33a, along with the overall force—displacement
capacity curve, confirms that the buckling of the slender vertical and diagonal rods sup-
porting the horizontal channel and the pipes is the dominating response mechanism of the
analysed/tested sub-assembly. Additionally, the isometric and side views of the deformed
shapes at maximum displacement predicted by the numerical model is compared against a
photograph of the specimen at failure. Again, the numerical model is able to capture well
the damage/failure mode of the test specimen.
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Fig.32 Comparison between experimental results and numerical predictions for sub-assembly SS3: a
force—displacement response, b deformed shape and damage/failure mechanism

6.6 Comparisons between experimental and numerically-predicted performance
parameters

The performance-based seismic design of suspended piping restraint installations
requires the definition of performance parameters that characterize their monotonic and
cyclic responses and that can be linked to performance objectives. Based on the FEMA
P-795 (FEMA 2011) methodology for structural elements, some simple performance
parameters can be defined based on the results of the monotonic and cyclic tests con-
ducted on the suspended piping restraints or based on numerical models such as those
developed in the previous section. These performance parameters can then be correlated
to various damage states observed during the tests or following real earthquake shak-
ing. The following three performance parameters were identified as the most critical for
the elaboration of performance-based seismic design procedures for suspended piping
restraint installations (Perrone et al. 2020):

1. The maximum load capacity (Qyy);
2. The I=initial stiffness (K;) based on force and deformation at 0.4 Q,;
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Fig.33 Comparison between experimental results and numerical predictions for sub-assembly SS4: a
force—displacement response and behaviour of the rods in compression, b deformed shape and damage/
failure mechanism

3. The effective ductility (p.q): defined as the ratio A/Ay, where Ay is the effective yield
displacement (defined as the ratio Qy/K;) and Ay, is the ultimate deformation corre-
sponding to a strength of 0.8 Qy;.

These three performance parameters were extracted from the experimental and
numerically-predicted hysteretic load—displacement responses of suspended piping
restraint installations. These performance parameters are illustrated in Fig. 34.

Table 5 lists the performance parameters for the four sub-assemblies (SS1 to SS4)
that were calculated on the basis of the FEMA P-795 (FEMA 2011) methodology using
the experimental results presented by Perrone et al. (2020) and the numerical predic-
tions obtained in this study. A very good match (differences less than 15%) is obtained
in terms of maximum strength (Qy) and initial stiffness (K;). A higher mismatch is
observed in terms of ductility (p.g) for configuration SS2 due to the reason explained
above (see Fig. 31a). These results indicate that the numerical models developed in this
study based on component testing can be used to determine with acceptable accuracy
the performance parameters of suspended piping restraint installations without the need
to conduct further sub-assembly tests.
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Table 5 Comparison between numerical and experimental performance parameters

ID  Experimental Numerical Percentage difference

Qu&N) Ky (kN/mm) pz(-) QukN) K;(kN/mm) pgr) Qu) K peg)

SS1  14.1 1.0 1.5 139 1.0 1.5 1.4 0.0 1.4
SS2 19.1 1.0 2.0 21.1 0.9 33 10.5 12.0 64.0
SS3 109 1.8 2.2 11.0 1.8 1.7 1.0 0.0 20.9
SS4 222 1.3 29 21.5 1.5 2.6 32 133 9.3

7 Conclusions

The numerical modelling of suspended piping trapeze restraint installations is described
in this paper. The main objective of this study was to develop reliable numerical models of
suspended piping trapeze restraint installations for the prediction of monotonic force—dis-
placement curves from which performance parameters to be used in the performance-based
seismic design framework can be extracted. Four typologies of suspended piping restraint
installations were modelled: (1) trapezes with transverse channel bracing systems, (2) tra-
pezes with longitudinal channel bracing systems, (3) trapezes with transverse rod bracing
systems, and (4) trapezes with longitudinal rod bracing systems. The numerical models
were developed based on cyclic test data of the components that make up suspended pip-
ing trapeze restraint installations. The prediction capabilities of the numerical models were
assessed against benchmark sub-assembly test results described in a previous work. Based
on the results obtained, the following main considerations can be drawn:

1. Six components were tested during the experimental program. The components were
selected based on a critical evaluation of the geometrical configurations as well as on
the results of the sub-assembly tests.
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2. No brittle failure occurred in any of the component tests and all components exhibited
ductile response.

3. Mechanics-based component models were developed for three of the tested components
(i.e. pipe rings in the longitudinal direction, connection between the horizontal and verti-
cal channel, connection of the diagonal rods to the supporting system). The component
numerical models reproduced accurately the response of the tested specimens for the
entire range of imposed displacements. For the components for which the numerical
models were not developed, the mechanical properties were directly introduced in the
sub-assembly models.

4. The numerical models developed for the channel configurations were able to reproduce
relatively accurately the results of the benchmark sub-assembly tests both in terms of
force—displacement curves and failure modes. The failure mode of the suspended piping
trapeze restraint installation braced in the transverse direction is controlled by yielding
of the connection between the diagonal and horizontal channel while in the longitudinal
direction it is related to the shear failure of the pipe ring threaded rods. The numerical
models were able to predict both failure modes correctly.

5. The numerical models developed for rod suspended piping trapeze restraint installations
were also capable of predicting their monotonic responses accurately. The deformed
shapes predicted by the numerical models reproduced accurately the buckling that
occurred in the vertical and diagonal rods during the benchmark sub-assembly tests.

6. The comparison between numerically-predicted and experimental performance param-
eters, identified as the most critical for the elaboration of performance-based seismic
design procedures for suspended piping restraint installations, demonstrated the effec-
tiveness of the developed mechanics-based numerical models in predicting with accept-
able accuracy these performance parameters without the need to conduct sub-assembly
tests.

All the components and sub-assemblies considered in this study were intentionally
tested beyond their ultimate limit. All these failures occurred at loads far beyond the pub-
lished technical resistance data of these products.
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