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ABSTRACT

Damage observed during past earthquakes, as well as recent loss estimation studies, have demonstrated the
importance of the seismic design of non-structural elements. In a performance-based seismic design framework, the
achievement of adequate performance objectives is not only related to the performance of the structure but also to
the behaviour of non-structural elements. Because of lack of information on the seismic performance of non-structural
elements, current seismic design provisions are either empirical in nature or based purely on judgement and lack clear
definitions of performance objectives under specific seismic hazard levels. Current seismic design provisions are
generally based on a force-based seismic design approach. To address these shortcomings, this paper proposes a
direct displacement-based methodology for the seismic design of acceleration-sensitive non-structural elements in
buildings. The proposed design procedure applies mainly to acceleration-sensitive non-structural elements suspended
or anchored at a single location in the supporting structure and for which damage is the result of excessive
displacements. The design of the seismic restraints for a horizontal mechanical piping system suspended from the
top floor of a generic case-study four-story reinforced concrete frame building was performed both according to the
proposed direct displacement-based procedure and to the force-based design procedure recently adopted in the Italian
Building Code. Both design alternatives were evaluated through nonlinear time-history dynamic analyses in order to
evaluate the effectiveness of the direct displacement-based design methodology as well as the influence of the design
assumptions needed to perform the force-based design procedure.

1 INTRODUCTION

The performance-based seismic design of
structures has advanced considerably during the
last two decades. However, its application to the
design of non-structural elements is largely
unexplored. Recent loss estimation studies, as well
as the damage observed during recent earthquakes
in densely built areas, repeatedly demonstrated the
importance of non-structural elements and their
vulnerability even for low seismic intensities
(O’Reilly et al. 2018, Perrone et al. 2018, Ercolino
et al. 2012, Filiatrault et al. 2001). In comparison
to structural elements and systems, there is much
less information and specific guidance available
on the seismic design of non-structural building
elements for multiple performance levels (NIST
2018, FEMA 2012) . As a consequence the
prescriptive design information currently available
is based mainly on judgment and intuition rather

than on scientific experimental and analytical
results. Current seismic provisions distinguish
between acceleration-sensitive and displacement-
sensitive non-structural elements. For
acceleration-sensitive non-structural elements,
equivalent static design forces are specified while
in the case of displacement-sensitive non-
structural elements limits are imposed on the inter-
storey drifts of the supporting structure (NTC
2018, CEN 2004, ASCE 2016). Non-structural
building elements would benefit greatly from
rational  performance-based seismic  design
procedures. To this aim, a direct displacement-
based seismic design procedure has been recently
developed by Filiatrault et al. (2018). This
methodology applies to acceleration-sensitive
non-structural elements suspended or anchored at
asingle location in the supporting structure and for



which the damage is the results of excessive
displacements.

This paper compares the traditional force-based
seismic design approach, with special focus on the
prescriptions provided by the new Italian “Norme
Tecniche per le Costruzioni” (NTC), with the
direct displacement-based procedure recently
proposed by Filiatrault et al. (2018). The
comparison was done by performing the design of
the seismic restraints for a suspended horizontal
mechanical piping system. The effectiveness of
the two approaches was appraised thought
nonlinear time history analyses.

2 FORCE-BASED SEISMIC DESIGN OF
NON-STRUCTURAL ELEMENTS
ACCODING TO NTC

In current European and North American
design standards, the seismic design of
acceleration-sensitive  non-structural  elements
and/or its connections to the supporting structure
is performed by the calculation of equivalent static
design forces in the horizontal and/or vertical
directions, and by applying these forces to the
element’s center of mass. According to the new
Italian building code (NTC 2018), the horizontal
static design force, Fa, can be calculated as
follows:

Sa
F, = q_a Wa (l)

where W, is the operating weight of the element,
Qa is the behavior factor taking a value of 1.0 or 2.0
depending on the type of non-structural element,
while S, is the floor spectral acceleration. Unlike
the Eurocode 8 non-structural seismic provisions,
for which a simple equation is provided to
calculate S,, the new lItalian standard proposes a
more detailed procedure to calculate S, from a
floor response spectrum. Two methodologies are
provided in order to calculate the floor response
spectrum of the floor at which the non-structural
elements is attached. The first methodology can
be applied to all typologies of supporting
structures, while the second one can only be
applied to reinforced concrete (RC) moment
resisting frames. In particular, in order to estimate
the floor response spectrum for an RC moment
resisting frame the following equations are
proposed:

Sqo(Ty) = as (1 + E) 1+(ap—1)?1‘TTa)2] -

as if T, <aTy 2)

Sa(T) =as(1+%)a, if aT, <
T, < bT, 3)

S,(T,) = aS (1 + g)

a ]
1+(a,,—1)(1—bTT“1)2 -
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where:

1. o is the ratio between the peak ground
acceleration for the considered location
and design seismic hazard level, on soil
type A, and the acceleration of gravity, g;

2. Sisacoefficient that takes into account the
soil type, this coefficient is provided by the
code;

3. Ta is the fundamental period of the non-
structural element;

4. T1 is the fundamental period of the
supporting structure in the considered
direction;

5. z represents the elevation of the center of
mass of the non-structural element
evaluated from the foundation of the
supporting structure;

H is the height of the building;

a, b and ap are parameters defined as a
function of the fundamental period of the
supporting structure.

~No

According to NTC (2018), the floor response
spectra evaluated according to Equations 2 to 4 are
conservative for supporting structures with a wide
range of periods and also take into account the
period elongation due to the nonlinear response of
the supporting structure for high seismic
intensities. Table 1 lists the value to be assigned to
the parameters a, b and a, depending on the
fundamental period of the supporting structure.

Table 1. Parameters a, b and a, to be used to define the floor
response spectra according to NTC (2018).

a b ap

T1<0.5s 0.8 1.4 5.0
0.55<T1<1.0s 0.3 1.2 4.0
T:1>1.0s 0.3 1.0 25

Once the horizontal equivalent static force has
been calculated, this force should be used to design
the non-structural element and its attachments to
the supporting structure. A second important
modification introduced in the new lItalian code,
with respect to Eurocode 8 (CEN 2004), concerns
the definition of some rules that clarify who should
be responsible for the integration of structural and
non-structural designs and installations. The
Italian building code distinguishes between non-
structural elements built in-situ and assembled in-



situ. Examples of built in-situ non-structural
elements are masonry infill panels, while
examples of assembled in-situ non-structural
elements are piping systems and suspended
acoustic tile ceiling systems. For the non-structural
elements built in-situ, it is required that the
engineers/architects design the non-structural
elements in accordance with the code
requirements, while the construction manager
must verify the correct installation of the non-
structural elements and their seismic restraints. For
the non-structural elements assembled in-situ, the
engineers/architects should calculate the seismic
demand at which the non-structural elements are
subjected to for each limit state, the manufacturers
should verify that their products are able to
accommodate the demand provided by the
designer, and the construction manager should
verify the correct installation of the non-structural
elements and its seismic restraints.

3 DIRECT DISPLACEMENT-BASED
SEISMIC DESIGN OF NON-
STRUCTURAL ELEMENTS

Filiatrault et al. (2018) recently proposed a
direct displacement-based design (DDBD)
procedure for the seismic design of acceleration-
sensitive non-structural elements attached to a
single point on the supporting structure and for
which the damage occurs due to excessive
displacements. Non-structural typologies for
which the proposed DDBD procedure applies
include piping systems (including sprinklers),
cable trays, suspended ceilings, cantilevered
parapets, raised access floors, anchored shelves
and out-of-plane partitions, cladding and glazing.
Figure 1 presents a flow chart illustrating the
various steps of the direct displacement-based
seismic design process for non-structural
elements. These steps are discussed in this section
along with a description of the information
required to apply the methodology. More details
on the procedure are provided in Filiatrault et al.
(2018).

The first step in the design procedure is the
definition of the target displacement, Atas, OF
ductility, pta, that the non-structural element
should not exceed under a given seismic hazard
level. This target displacement is associated with
the acceptable peak deformation of the non-
structural element relative to its attachment point
on the supporting structure. The seismic hazard
associated with the target displacement must then
be defined in terms of a design floor relative
displacement  response  spectrum.  Several

performance objectives could be considered
simultaneously. Significant efforts have been
made in recent years to develop simplified but
accurate means of estimating design absolute
acceleration floor response spectra (Sullivan et al.
2013, Calvi and Sullivan 2014, Calvi 2014,
Vukobratovi¢ and Fajfar 2017, Merino et al.
2019). Once an absolute acceleration floor
spectrum is constructed, the floor relative
displacement response spectrum can be easily
obtained by using the usual pseudo-spectral
relationship (Filiatrault et al. 2013). In this study,
the procedure developed by Merino et al. (2019) to
construct consistent absolute acceleration and
relative displacement floor response spectra was
used.
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Figure 1. Flowchart of Direct Displacement-Based Seismic
Design of non-structural elements (Filiatrault et al. 2018).

The second step of the DDBD procedure consists
in estimating the energy dissipation characteristics
of the non-structural element at the target non-
structural displacement, A, (or ductility pta). This
quantity is represented by an equivalent viscous
damping ratio, &eqa. For this purpose, a non-
structural damping database, in the form of a pre-
established Eeqa - Ata (OF Eeqa - Hta) relationship,
must be established from cyclic testing data on the
non-structural typology under consideration. Once
this non-structural damping database has been
established, &eqa can be established using the
energy-based equivalent viscous damping
approach originally proposed by Jacobsen (1930,
1960).

EpArg

Eeq,a - + fi,a (5)

2MKeq,alf o



where Epata IS the energy dissipated per cycle by
the non-structural element at the target
displacement, keqa is the equivalent lateral
stiffness of the non-structural element at the target
displacement. A nominal inherent damping ratio,
&ia, Can also be considered to account for the
energy dissipation not associated with the
hysteretic response of the non-structural element.
Knowing the target displacement, Ata, and the
equivalent viscous damping ratio, &eq,a, Of the non-
structural element at that target displacement, the
equivalent (secant) period of the non-structural
element, Teqa, Can be obtained in Step 3 directly
from the design floor relative displacement
response spectrum derived in Step 1.
The non-structural equivalent lateral stiffness,
Keg,a, Can be obtained in Step 4 as follows:
42 W,
keq,a B gTeZq,a

(6)

Finally, in Step 5, the resulting design force, Fa, on
the non-structural element can be computed by:

F, = keq,a At,a (7)

This design force can then be applied at the
centre of mass of the non-structural element and
used to design the specific bracing/anchorage
components supporting the non-structural element
and/or the non-structural element itself. Note that
no iteration on Kegq,a is required since the equivalent
period of the non-structural element, Tega, IS
obtained directly from the floor response spectrum
at the proper damping level and that the operating
weight, W,, and damping ratio, &eq,a, Of the element
are known at the design non-structural
displacement At.a.

4 DESIGN EXAMPLE: SUSPENDED
PIPING RESTRAINT INSTALLATION

To illustrate the applications of the force-based
design approach included in the most recent
edition of the Italian code (NTC 2018) and of the
newly proposed DDBD procedure previously
described, the design of the seismic restraints for
an horizontal mechanical piping system is
performed. The mechanical piping system is
suspended from the top floor of a generic case-
study four-storey RC building located in a
medium-high seismicity site in Italy (near the city
of Cassino). All the details on the supporting
structure, the mechanical piping system, and the
results of the design calculations are provided in
this section. Both design approaches then are

appraised by nonlinear dynamic time-history
analyses in the next section.

4.1 Case-study building

A four-storey generic case-study RC building
was considered for the design example. To
simplify the design, only one four-storey seismic
moment resisting frame, belonging to the lateral
force resisting system of the building, was
designed, as shown in Figure 2. All storeys of the
frame are 3.5 m in height. The frame was designed
using the NTC seismic provisions (NTC 2018)
with a force reduction factor q = 3.75,
corresponding to a ductility class B on a assumed
firm ground site near the city of Cassino, Italy with
a design peak ground acceleration (with a return
period of 475 years) of 0.21g. The dimensions and
reinforcement details of the beams and columns
are also shown in Fig. 2. The concrete strength was
assumed to be 30 MPa, while the yield strength of
the steel reinforcement was assumed equal to 450
MPa.
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Figure 2. Case-study four-storey RC moment resisting
frame.

An eigenvalue analysis of the designed
frame vyielded the following first three elastic
natural periods based on  cracked section
properties: T1 =0.99 s, T2 =0.29 s, and T3 = 0.15
S.

4.2  Mechanical piping and seismic restraints
properties

The mechanical piping layout selected for the
design example was assumed to be part of the
water supply piping system and was assumed to be
suspended from the top floor of the generic case-
study building described in the previous section.
Figure 3 shows a plan view of the horizontal piping
layout selected. The system includes three separate



pipelines: 1) a cold-water distribution line, 2) a
hot-water distribution line, and 3) a hot-water
recirculation line. The system includes one 18-m
long main feed line connected to a perpendicular
36-m long cross main line. All pipes in the system
are assumed to be made of black standard steel
with a diameter of 127 mm (5 inch) along with a
wall thickness of 6.5 mm. All pipe elbows and
longitudinal splices are assumed rigid welded
connections. The unit weight of each water filled
pipe, W, is equal to 0.31 kN/m.

Feed Main Line
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Legend: o Static supports

All dimensions are in meter
Figure 3. Case-study piping layout.

The pipes are supported by unbraced trapezes
used to support vertical gravity loads only (static
supports) and sway braced trapezes providing
transverse or longitudinal supports. The positions
of the vertical static supports are based on a
standard static design considering the self-weight
of the water filled pipelines. For this design
example, the spacing between vertical static
supports is assumed equal to 3 m. The main
dimensions of the transverse and longitudinal
sway braced trapezes are shown in Figure 4. For
both directions, the vertical supports are provided
by a horizontal channel and two vertical steel
channels (all 41 mm deep) connected to the top
floor slab by rail supports. The vertical channels
are connected to the horizontal channel by pipe
ring saddles. The transverse and longitudinal
seismic restraints are provided by one and two
diagonal channels, respectively. Each diagonal
channel is oriented at 45° with respect to the
vertical and is connected to the ends of the
horizontal channel and to the ceiling slab by
channel hinges.
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Figure 4. Configuration of the sway braced trapezes: a)
Transverse, b) Longitudinal.

The design properties for the sway braced
trapezes used in this design example are based on
the quasi-static cyclic testing conducted by Wood
et al. (2014) on standard configurations of braced
trapezes. Table 2 lists the mean values of the peak
strength (Fmax.a), the yield displacement (Ay,a) and
the ductility ratio (ua) extracted from these test
results and used for the design of the two sway
braced trapeze configurations.

Table 2. Main properties of the sway braced trapeze systems
based on the experimental test by Wood et al. (2014).

Direction Mean Properties
Fmax,a Ay,a Ha
(kN)  (mm)
Transverse 8.6 13.8 15
Longitudinal 11.9 18.2 2.5

4.3 NCT Force-Based seismic design

First, the force-based procedure included in

NTC (2018) was applied to perform the seismic
design of the transverse and longitudinal sway
braced trapezes.
The first step in this procedure consists in the
calculation of the design floor response spectrum
in order to estimate S, (Equations 2 to 4) at the
fundamental period of the mechanical piping
system, Ta.. The following parameters were
assumed to calculate the floor response spectrum
at the top floor of the case-study building: o =
0.16g, S = 1.0, T = 0.99s, z/H = 1.0. The
parameters a, b and ap were taken from Table 1 and
are equal to 0.3, 1.2 and 4.0, respectively. Figure
4 shows the resulting design floor response
spectrum evaluated according to the NTC (2018)
formulation.
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Figure 5. Design floor response spectrum evaluated
according to NTC (2018).

In order to evaluate the seismic coefficient S, in
Equation 1, the fundamental period of the sway
braced trapezes, Ta, must be estimated. There are
significant difficulties in rationally computing
natural periods of non-structural elements because
of the lack of information and guidance in current
building codes. In this illustrative example two
assumptions were made: 1) T,=0 representing off-
resonance conditions in accordance with the
current state of practice for the seismic design of
piping seismic restraints (Hilti 2014); and 2) T.=T1
representing resonance conditions in order to
conservatively maximize the value of S, to be
applied for the design of the sway braced trapezes.
Once Sa is calculated, the spacing, s, between
adjacent sway braced trapezes can be obtained by
ensuring that the seismic demand provided by
Equations 1 is less than the factored seismic
capacity of each sway brace trapeze. This leads to
an equation for the required spacing, s, between
adjacent sway braced trapezes:

s < _qa Fmax,a (8)
YmSa 1.15Npwq
where ym is a resistance factor assumed equal to
1.25, 1.15Npwa represents the seismic mass
assigned to each sway braced trapeze (Wa) in
which N, represents the number of pipes
(multiplied by a factor of 1.15 to take into account
the weight of the fittings and welded connections).

Table 3 summarizes the final required spacing
values according to the NTC force-based design
procedure for the transverse and longitudinal sway
braced trapezes using a behaviour factor ga = 2.0,
as specified in NTC for suspended systems.

Table 3. Summary of NTC (2018) forced-based seismic
design for transverse and longitudinal sway brace trapezes.

Ta=0 Ta=T
s transverse direction 37.8m 10.1m
s longitudinal direction 52.4m 139m

Based on the required spacing values listed in
Table 3, the required numbers of transverse and
longitudinal sway braced trapezes to be installed
in the feed and cross main lines were calculated,
and are illustrated in Figure 6. From the data
reported in Table 3 it is possible to observe wide
differences in the two obtained designs depending
on the assumption made for the non-structural
period Ta. In particular, the value of S, varies from
0.34gto 1.28g for Ta= 0 and Ta= Ty, respectively.
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Figure 6. Resulting force-based design of sway braced
trapezes according to NTC (2018): a) Ta=0, b) Ta=Tu.

4.4 Direct Displacement-Based seismic design

In this section, the steps described in Section 3 are
applied to design the transverse and longitudinal
sway braced trapezes according to the DDBD
procedure. The design was performed for two
different performance objectives linked to
different ground motion return periods: T, = 100
and T, = 475 years. The damage prevention
performance objective, associated with T, =100
years, is assumed to be related with a target
displacement equal to the yield displacement, Ay
of the sway braced trapezes. This performance
objective is associated with a target ductility ratio
equal, pta, equal to 1.0 corresponding to target
displacements of 13.8 and 18.2 mm in the
longitudinal and transverse braced directions of
the sway braced trapezes, respectively (Table 2).
The second performance objective is associated



with life-safety limit state under design
earthquakes with a return period T, = 475 years.
For this example, the life-safety prevention
performance objective is associated with collapse
prevention of the sway braced trapezes and is
assumed to be associated with a ultimate
displacement causing a 20% strength loss, Ay.a, for
the transverse and longitudinal directions,
respectively. The associated safety prevention
target ductility ratios of the sway braced trapezes
are wa = 1.5 and 2.5 in the transverse and
longitudinal braced directions, respectively (Table
2). The corresponding target displacements are
20.7 mm and 45.5 mm in the transverse and
longitudinal braced directions, respectively. The
required spacing, s between sway braced trapezes,
Sa, Can be obtained by insuring again that the
seismic demand expressed by Equation 7 is less
than the factored resistance of each sway braced
trapeze:

gTeZq,a Fmax,a (9)
T 4an?Apq 115y, Npwg

where all the variable were previously defined. For
further details on Equation 9, refer to Filiatrault et
al. (2018). Based on the results by Wood et al.
(2014), Filiatrault et al. (2018) developed a simple
damping model that was used in this illustrative
example. The resulting &eqa - 2 relationship can
be expressed as follows:

$eqa =0.15 forpu., < 1.0
$eqa = 0.18 forpu,, > 1.0

To construct the design top floor relative
displacement response spectrum, Spr, for the case-
study building, the methodology proposed by
Merino et al. (2019) was adopted. Figure 7 shows
the resulting design top floor relative displacement
response spectra for the case-study building. The
floor response spectra are plotted for equivalent
viscous damping ratios of 15% and 18% of critical
according to Equation 10 for T,= 100 years and T,
= 475 years, respectively.

(10)

Ty =475 years, &, = 0.18

Tp =100 years, &, = 0.15

0 0.5 1 1.5 2 2.5 3
T, [sec]
Figure 7. Top floor relative displacement response spectra
according to Merino et al. (2019).

These floor relative displacement response spectra
were used to complete the seismic design of the
sway braced trapezes according to the DDBD
procedure described in Section 3. Table 4
summarizes the results for the two considered
performance objectives in terms of required
spacing between adjacent sway braced trapezes, s.

Table 4. Summary of direct displacement-based seismic
design for transverse and longitudinal sway brace trapezes.

T,=100 Ti=475 year
years s
s transverse direction 27.8 m 13.6 m
s longitudinal direction 35.4m 158 m

The resulting spacing of the sway braced
trapezes from the direct displacement-based
seismic design procedure for both the transverse
and longitudinal directions is governed by the
safety prevention performance objective for
ground motions having a return period T, = 475
years. Based on the governing spacing values
listed in Table 4, the required numbers of
transverse and longitudinal sway braced trapezes
to be installed in the feed and cross main lines were
calculated, and are illustrated in Figure 8.
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Figure 8. Resulting DDBD of sway braced trapezes
according to Filiatrault et al. (2018).



5 DESIGN EXAMPLE APPRAISAL

In this section, the seismic performance of the
mechanical piping systems designed according to
the force-based and direct displacement-based
design approaches are assessed and compared in
terms of maximum displacements of the sway
braced trapezes. A cascading approach was
followed by performing nonlinear time history
(NLTH) analyses. For this purpose, the case-study
RC frames was analyzed with an ensemble of 20
ground motions to generate the floor input
motions, these floor motions were then used to
analyze the mechanical piping system and to
evaluate the maximum displacements in the
transverse and longitudinal sway braced trapezes.
The analyses were performed only for T, = 475
years because this return period governed the
design.

5.1 Evaluation of the seismic demand

A set of 20 ground motions representative of
the seismicity at the site of the case-study building
was selected from the PEER NGA-West database
(PEER 2018). In this study, a site close to the city
of Cassino in Italy was chosen for the ground
motions selection. This site is close to the areas
struck by recent earthquakes in Italy (e.g. 2009
L’Aquila Earthquake and 2016 Central Italy
Earthquake). Hazard-consistent record selection
was based on spectral compatibility (matching of
the geometric mean) with a conditional mean
spectrum according to the methodology proposed
by Jayaram et al. (2011).

5.2 Numerical modelling

The numerical models were developed using
the OpenSees software (Mazzoni et al. 2006). The
interaction between the structural and non-
structural elements was neglected in this cascading
approach, which is appropriate for this design
example considering the small weight of the
piping system compared to the weight of the
supporting structure.

For the modelling of the RC frame, a lumped
plasticity approach was used when modelling the
beams and columns. Fibre sections were assigned
in locations of possible plastic hinges (i.e. extreme
ends of the elements), while the rest of each
element was modelled using elastic properties.
Elastic sections were given a reduced moment of
inertia in order to simulate the cracking of the
concrete per CEN (2004). The fibre sections were

discretized using twenty fibres along the height of
each element and ten along its width. The
constitutive model assumed for the steel
reinforcement was the Steel01 material in
Opensees (a bilinear hysteresis with hardening in
the post-elastic range), while the Concrete01 (with
zero tensile strength) material was used for the
concrete. The material properties of the confined
concrete (peak compressive strength and strain at
peak strength) were determined using the
recommendations given in Priestley et al. (2007),
while the ultimate compressive strain was assumed
as five times the compressive strain at peak
strength (Mazzoni et al. 2006).

Numerical models of the different mechanical
piping system designs were also developed in
OpenSees. All pipes were modelled as elastic
frame elements in the same horizontal plane
located at a drop height of 800 mm from the top
slab of the case study building. All nodes were free
to deform in translations and rotations except at the
locations of vertical gravity load trapezes (static
supports), where the vertical translations were
constrained. The longitudinal and transverse sway
braced trapezes were modelled by horizontal non-
linear springs in their bracing directions using the
Pinching4 uniaxial material model available in
OpenSees. The hysteretic properties of each
Pinching4 hysteretic spring were obtained by
fitting the global force-displacement relationship
obtained from the quasi-static cyclic testing
conducted by Wood et al. (2014).

5.3 Results

The results of the NLTH analyses are assessed
in terms of cumulative distribution functions
(CDFs) of peak transverse and longitudinal
displacements in the sway braced trapezes for the
three design alternatives (two force-based
alternatives according to NTC and one DDBD
alternative) considering a ground motion return
period equal to T, = 475 years (Figure 9). The
empirical CDF data shown in each graph were
fitted with a lognormal CDF following the
procedure proposed by Baker (2015). The target
displacement associated with the performance
objective is indicated by a vertical dashed line in
each plot. The performance objective is associated
with life-safety prevention.

Comparing the force-based configuration with
Ta= T1 and the displacement-based configuration
it is worth noting that for both cases the number
and locations of the sway braced trapezes coincide



(due to the rounding up of the sway braced
trapezes’ number). The sway braced trapezes
designed according to the NTC force-based design
procedure, and assuming Ta = 0, fail to meet the
target displacements in both directions. The
median peak displacements obtained with this
design procedure exceed the target displacements
by 52 mm (3.5 times) and 27 mm (1.6 times) in the
transverse and longitudinal directions of the sway
braced trapezes, respectively. The resulting
lognormal probabilities of exceedance of the target
displacements are equal to about 100% and 77%
for the transverse and longitudinal sway braced
trapezes, respectively.

The sway braced trapezes designed according
to the proposed DDBD procedure (and according
to the force-based procedure assuming Ta = Ty),
meet the target displacements in both directions.
The resulting lognormal probability of exceedance
of the target displacement is nearly 0% in the
longitudinal direction, while in the transverse
direction, which governs the design, the
probability of exceedance of the target
displacement is approximately 50%.
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Figure 9. Cumulative Distribution Functions (CDFs) for
Peak Transverse and Longitudinal Displacements in Sway
Braced Trapezes for NTC Design and Direct Displacement-
Based Design (DDBD), T, = 475 years, a) Transverse
direction and b) Longitudinal direction.

The results demonstrate the effectiveness of the
DDBD procedure. At the same time, it is observed
that the calculation of the fundamental period of
the non-structural element, in the force-based
procedure, represents one of the most critical
issues. Widely different designs are obtained
depending on the what value of non-structural
period is used.

The formulation adopted by NTC (2018) to
evaluate the floor response spectra is also
significantly affected by the fundamental period of
the supporting structure. The variation of the
fundamental period from 0.99 s, which is the
period of the considered case-study RC frames, to
a period slightly higher than 1 s implies a reduction
of the floor spectral acceleration from 1.28g to
0.8g, with significant variations in the design of
the sway braced trapezes system. This issue could
be resolved by adopting a more accurate
formulation for the definition of the floor response
spectra both in terms of relative-displacements and
absolute-accelerations, such as the methodology
proposed by Merino et al. (2019).

The two issues above illustrate the main
weaknesses of the force-based procedure for non-
structural elements This issue does not occur in
the DDBD procedure since the elastic periods of
the non-structural element and of the supporting
structure do not enter the design process.

6 CONCLUSIONS

The achievement of adequate performance
objectives for non-structural elements requires the
use of consistent design procedures. This paper
compared the force-based procedure proposed by
the most recent version of the Italian building code
with a recently proposed direct displacement-
based procedure. As illustrative example, the
design of the sway braced trapezes for a
mechanical piping system installed at the top floor
of a generic case-study four-storey reinforced
concrete frame was conducted using both design
procedures. Both design alternatives were
evaluated through non-linear  time-history
dynamic analyses using floor motions generated
from earthquake records representative of a
medium-high seismic zone in Italy. Two
assumptions were made for the force-based
approach, in the first case the suspended piping
system was assumed to be off-resonance with the
supporting structure, while in the second case the
maximum amplification in the floor response



spectrum was considered assuming that the
suspended piping system was in resonance with
the supporting structure. Two main conclusions
can be gathered from the results:

1. The direct displacement-based seismic
design procedure satisfied well the
performance objectives.

2. The force-based design procedure is very
sensitive to the assumption made during
the design. The value selected for the non-
structural period could significantly
modify the design the non-structural
system. For the design example
considered, the assumption of off-
resonance between non-structural elements
and the supporting structure, which is often
used in practice for piping systems, leads
to inadequate design, while the assumption
of resonance between the supporting
structure and the non-structural element
leads to the same design and performance
as that of the direct displacement-based
procedure. Finally, it is worth noting that
the fundamental period of the supporting
structure could significantly affect the
accuracy of the design due to the
formulation proposed by the Italian code to
construct floor response spectra.
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