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A B S T R A C T

Suspended non-structural elements, such as water and sprinkler piping systems, are key to the functionality of
important facilities, such as hospitals and schools. Recent earthquakes have demonstrated the vulnerability of
these systems, particularly for those that were inadequately restrained. Seismic qualification requirements of
non-structural elements contained in recent building codes and industry standards rely on experimental pro-
cedures, such as quasi-static cyclic testing of components and sub-assemblies. When conducting such quasi-static
testing, the question arises as to what proper loading protocol to use. The first part of this paper reviews and
compare existing cyclic loading protocols for testing various types of components and sub-assembles and de-
veloped according to scientific methods, including two specifically developed for testing non-structural ele-
ments. These two non-structural loading protocols are then used for conducting quasi-static cyclic testing of
common components part of piping restraint installations. Characteristic response parameters resulting from test
results with each cyclic loading protocol are extracted and compared. Observations and recommendations are
provided on the effects of using different cyclic loading protocols for the performance evaluation and seismic
qualification testing of suspended piping restraint installations.

1. Introduction

Suspended piping systems (water distribution and circulation,
sprinkler systems, etc.) represent one of the key non-structural elements
that ensure the functionality and safety of critical facilities, such as
hospitals and schools. Piping systems in a building are primarily de-
signed to achieve appropriate water pressure and flow, and to avoid
contamination to potable water. The geometric configuration of piping
systems largely follows room layout and is based on code compliances,
building users' comfort, and sustainability. Typically, none of these
design considerations involves seismic performance. Recent earth-
quakes worldwide have demonstrated the vulnerability and sometimes
poor performance of suspended piping systems, which has caused a
wide range of damage resulting in substantial property loss, loss of
building functionality, as well as posing a significant hazard for po-
tential fire spread and loss of life.

During recent major earthquakes, such as the 1994 Northridge

earthquake in California, non-structural elements and systems installed
with proper bracing systems according to current building code re-
quirements generally performed well, with the exception of suspended
water piping and fire sprinkler systems. Leakage and water damage
resulting from suspended fire sprinkler and water supply piping systems
forced the temporary evacuation of a number of buildings following the
Northridge earthquake [18]. At least 13 hospitals suffered a wide range
of water damage caused by the failures of piping joints [4]. The 2006
Kiholo Bay, Hawaii Earthquake is another example where functionality
of critical facilities was impaired by the failure of suspended piping
systems. Although schools and healthcare facilities sustained little
structural damage during the ground shaking, they were not opera-
tional for weeks following the earthquake because of substantial da-
mage to the non-structural systems. Besides non-structural failures such
as fallen ceilings and light fixtures, damage to suspended fire sprinkler
and water supply systems was also found to be one of the primary
causes that led to the evacuation of the Kona Community Hospital [6].
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During the 2010 Chile earthquake, four hospitals in the central south
region of the country were rendered inoperable, and 12 hospitals lost
almost 75% of their functionalities due to failures of non-structural
elements including suspended fire sprinkler and water piping systems
[13,16].

To address the repeated damage to non-structural elements,
building codes have progressively increased their scope and strictness
of their seismic design provisions for non-structural elements in an at-
tempt to achieve better performance. In the last three decades, several
government agencies and industry groups have also developed and
implemented guidelines and standards for the seismic evaluation and
retrofit of non-structural elements. Some recent codes and standards
e.g. Refs. [1,9] rely on experimental seismic qualification procedures to
establish the performance of non-structural elements. For suspended
piping systems, experimental seismic qualifications are usually con-
ducted through quasi-static seismic testing of restrain components or
sub-assemblies [9]. When conducting such quasi-static testing, the
question arises as to what proper loading protocol to use.

The main objective of this paper is to evaluate the influence of
quasi-static cyclic loading protocols on the seismic performance eva-
luation of suspended piping restrain installations. The effects of loading
protocol has been studied for specific types of structures [10]. for ex-
ample, studied the effect of loading protocol on the cyclic response of
wood frame shear walls. The authors observed that the number of cy-
cles for each loading amplitude was the most sensitive parameter in
measuring ultimate strength and deformation capacity. This first part of
the paper reviews and compare existing cyclic loading protocols for
testing various types of components and sub-assemblies and developed
according to scientific methods, including two specifically developed
for testing of non-structural elements. These two non-structural cyclic
loading protocols are then used for testing two different common
components of piping restraint installations (a Hilti MQS-AB-10 base
hinge and a Hilti MQS-H10 connector). Characteristic response para-
meters resulting from each loading protocol are extracted and com-
pared. Observations and recommendations are provided on the effects
of using different loading protocols for the seismic qualification testing
of suspended piping restraint installations.

2. Review of quasi-static cyclic loading protocols

Several scientifically based quasi-static cyclic loading protocols
have been proposed over the years for the cyclic testing of structural
and non-structural elements and systems. In the context of this paper
“scientifically based” relates to the development of a loading protocol
based on the statistical analyses of inelastic excursions obtained from
time-history dynamic response analyses of singled-degree-of-freedom
(SDOF) systems subjected to ground motions using the rain flow cycle
counting method [2]. Since suspended piping restrain installations are
typically made of steel components, this section concentrates on re-
viewing formal cyclic loading protocols that have been proposed for the
testing of steel elements and systems. Two other cyclic loading proto-
cols that have been developed from a scientific basis and widely used to
test light-frame wood components and sub-assemblies are also re-
viewed. Finally, two recent cyclic loading protocols developed specifi-
cally for the testing of non-structural elements are reviewed and com-
pared to the structural cyclic loading protocols. Note that before the
development of these recent non-structural cyclic loading protocols,
cyclic loading protocols developed for testing steel and wood structures
were also used to test non-structural elements.

2.1. Cyclic loading protocols for testing steel structures

Two cyclic loading protocols have been developed and used ex-
tensively for the cyclic testing of structural steel components and sys-
tems: the ATC-24 protocol and the SAC protocol. These two cyclic
loading protocols are reviewed in this section.

2.1.1. The ATC-24 cyclic loading protocol
As part of the ATC-24 project, Krawinkler developed a loading

protocol for the cyclic testing of components of steel structures [3]. The
ATC-24 protocol is based on a yield deformation (Δy) obtained by ex-
trapolating the deformation of the test specimen at 75% of its theore-
tical strength (Vi) measured either during the third cycle of the loading
sequence, as illustrated in Fig. 1, or during a preliminary monotonic
test. The cyclic loading history of the ATC-24 protocol shown in Fig. 2
was developed based on statistical studies of nonlinear time-history
dynamic response of bilinear and stiffness degrading SDOF systems
subjected to a set of 15 Western United States earthquake ground mo-
tions [11,17]. These studies provided statistical information on seismic
demand parameters for inelastic systems having ductility capacities
between 2.0 and 8.0. The parameters that were analyzed in order to
provide support to the development of the ATC-24 protocol were the
number of inelastic excursions, the individual plastic deformation
ranges and the cumulative plastic deformation ranges. Table 1 presents
the sequence of loading of the ATC-24 protocol. The first six cycles are
force-controlled while the rest of the loading sequence is conducted in
displacement-controlled mode.

2.1.2. The standard SAC cyclic loading protocol
Krawinkler [19] developed for the SAC (Structural Engineering

Association of California/Applied Technology Council/California Uni-
versities for Research in Earthquake Engineering) Joint Venture steel
research project in the United States two loading protocols for the cyclic
testing of steel moment-resisting connections: a standard loading pro-
tocol and a near-fault loading protocol. Near-fault effects are not

Fig. 1. Determination of first yield displacement, δy, of ATC-24 cyclic loading
protocol.

Fig. 2. ATC-24 cyclic loading protocol.
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