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Abstract

While suspended non-structural elements (NSEs) in buildings are commonly designed for
earthquake loads using empirical rules and equivalent static force-based methods, clause
8.1.2(a) of AS1170.4 permits design using established principles of structural dynamics. This
study investigates the application of dynamic performance-based methods to improve
understanding of the dynamic response of NSEs to earthquake actions. This improved
understanding informs often overlooked design considerations, enabling the intended
performance objectives to be achieved. It also leads to improved design efficiencies by
opening a path to the development of flexible solutions that leverage the inherent isolation
and damping of suspended NSEs, rather than circumventing this via the introduction of
typical seismic restraint systems. Field vibration test tools and methods were developed to
measure natural periods and damping ratios of NSEs, providing direct input for analytical
models. Research into the development of floor response spectra and its use in establishing
the dynamic response of NSEs is reviewed, which are then used as input motions for a
custom-built inverted shake table. The measured displacements and corresponding pseudo-
spectral accelerations of suspended NSE tests showed close agreement with predictions,
confirming the feasibility of dynamic performance-based approaches for the seismic design of
NSEs.
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1. Introduction

Non-structural elements (NSEs) such as building services, ceilings, and partitions play a
critical role in the overall seismic performance of modern buildings. Studies have shown that
NSE damage accounts for most earthquake-related losses and often exceeds structural damage
in both cost and disruption (Applied Technology Council, 2018; Dhakal et al., 2011; Federal
Emergency Management Agency, 2012; Taghavi & Miranda, 2003).

In Australia, seismic design of NSEs is governed by AS1170.4, which provides equivalent
static force-based design loads, similar to most earthquake design load standards throughout
the world. While these provisions are simple and practical, they offer no guidance on how to
design NSEs to meet performance objectives. As a result, engineers rely heavily on
international industry design guides that specify restraint details and maximum brace
spacings, most of which are empirically derived from past earthquake observations. These
methods do not explicitly address the displacement behaviour of NSEs under seismic loads,
even though displacement is the primary driver of NSE damage.

Clause 8.1.2(a) of AS1170.4 permits the use of “established principles of structural dynamics”
for the seismic design of NSEs. This paper explores the use of field vibration testing,
analytical modelling, shake-table testing and Floor Response Spectra to determine the
dynamic displacement unbraced and braced suspended building services will experience when
subjected to a seismic design event. The study highlights the high-level seismic performance
and cost advantages of dynamic design methods compared with simplified force-based
methods using empirical brace spacing rules, while also discussing the additional work
required to develop a comprehensive dynamic design framework for NSEs.

2. Background and Literature Review

2.1. Evolution and Limitations of Current NSE Design Methods

Formal seismic design provisions for NSEs emerged after damaging earthquakes in California
during the 1970s led to government regulations and the Uniform Building Code introducing
NSE earthquake load requirements. Official standards provided equivalent static force-based
seismic loads, and an empirically derived list of design exclusions. However, it was the U.S.
industry association SMACNA that developed the first seismic design manual (building on
OSHPD’s guidelines for hospitals in California) that translated seismic load provisions into
prescriptive restraint rules, nominal brace spacings and standard seismic brace details.

While these prescriptive approaches have improved the seismic resilience of suspended NSEs,
they are primarily empirical in origin and offer limited insight into the actual seismic
behaviour of these systems.

An obvious example is the practice of adopting standardised 9m maximum brace spacing,
without considering the stiffness or capacity of a particular service over that distance. The
2025 SMACNA guide does reduce spacings for large service and/or large loads, which
appears to be governed by the capacity of the seismic brace, not the service. The one seismic
design standard that does consider the capacity of the service is New Zealand’s NZS4219
which specifies reduced spacings for small pipe and/or large loads, though performance
considerations aren’t extended to other distribution services.

Seismic design guides typically consider the structural demand and capacity of a seismic
brace, but don’t specify brace displacement limits, or consider the impact of boundary
conditions like connections at penetrations through structural elements. Official standards and
industry guides include minimum clearance tables intended to prevent collisions between
elements, but the displacement performance objectives for services aren’t defined and
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clearance tables can yield both conservative and inadequate results. Similarly, standard
restraint details often overlook key load-path limitations, such as the friction capacity of pipe
clamps, or the effect of eccentricities between an NSE’s centre of mass and its restraint

connection.
While seismic design requirements for NSEs have existed within official design load standards

and design guides for over 30yrs, their actual implementation has progressed slowly. As a
result, examples of how these empirical design rules and force-based methods perform
under design level events is limited. NSEs designed and built with these methods performed
reasonably well in hospitals impacted by the Napa (2014) and Kaikoura (2016) events,
however peak ground accelerations were approximately half of the design acceleration.

It is well known that the displacement of NSEs under seismic loads drives damage, through
collisions, overstress, or connection failures. Seismic design methods that focus on inertial
forces and largely ignore the displacement of NSEs therefore have the potential of failing to
achieve the intended seismic performance objectives. For critical facilities like hospitals, the
failure of current force-based design methods to actively manage the displacement of NSEs
means current seismic designs may not actually achieve the intended post-disaster
performance objectives. Improved consideration of NSE displacement during earthquakes is
therefore essential, even if in the end, this works to validate current force-based methods.

2.2. Floor Response Spectra and Displacement-Based Design Methods

Response spectra describe the peak accelerations and displacements of idealised single-
degree-of-freedom (SDOF) oscillators subjected to ground motion and are used to
approximate the dynamic behaviour of real buildings in most code-based seismic design
procedures. More recent advances have led to the development of multi-degree-of-freedom
(MDOF) floor response spectra (FRS), enabling the prediction of acceleration and
displacement demands on components attached to specific building floors. Filiatrault et al.
(2021) proposed a direct displacement-based design (DDBD) method that uses floor-level
displacement spectra to determine the stiffness and strength required to meet defined
displacement objectives for suspended NSEs.

Subsequent studies have refined this concept from two directions. Haymes et al. (2020)
developed a mechanistic, modal-superposition formulation that expresses floor spectra in
closed form using dynamic amplification factors and damping adjustments, offering a
physically transparent, design-level tool. In contrast, Liu et al. (2025) derived empirical
design floor spectra from more than 26,000 time-history simulations, providing statistically
calibrated amplification factors for different building types and site conditions.

All of these approaches demonstrate that the explicit consideration of the dynamic behaviour
of NSEs results in designs that more accurately achieve the performance objectives of a
designer, compared with empirical restraint rules that ignore the actual behaviour of the NSE.
While dynamic methods offer improved accuracy over traditional force-based rules, they
depend on reliable estimates of damping and consistent characterisation of NSE hysteretic
behaviour, which can be challenging to obtain in practice. The implementation of this
approach in the present study is described in Section 4.

2.3. Computation of Floor Response Spectra and Peak Displacements

The method proposed by Filiatrault et al. (2021) derives floor response spectra (FRS) directly
from a building’s ground-response by treating the structure as a dynamic filter between the
ground and the attached NSE. The procedure begins with the maximum acceleration obtained
from the ground response spectrum at the natural period of the supporting structure (in most
cases the building). Period and damping-dependent amplification factors are then applied to
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represent how the NSE responds, based on the relationship between its natural period and
damping, the building’s period, and the building’s effective inelastic behaviour.

The resulting formulation produces a floor acceleration spectrum that increases as the
component period approaches that of the structure, then plateaus and gradually decays beyond
the effective period. Because the decay region can under-predict accelerations, Filiatrault et
al. (2021) recommended conservatively capping the spectrum at the corner period to maintain
conservative design values. Figure 2 is an example of such a curve, showing the plateau in the
plastic region as well as the capped behaviour deviation from the true response. Relative floor
displacements are obtained from the same spectrum through the standard pseudo-spectral
relationship between acceleration, period, and displacement.

This approach provides a direct and practical means of estimating floor-level accelerations
and displacements for NSEs using code-based design ground spectrums. It links analytical
spectral analysis to measurable floor motions and forms the basis for the dynamic validation
undertaken in this study.
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Figure 1. Piecewise floor acceleration response spectrum showing the capped design spectrum and the true

decaying response beyond the corner period.

2.4. Time-History Analysis for Validation of Response Spectra

Time-history analysis has long been used to examine how response spectrum methods
compare with actual building behaviour. When recorded earthquake data for a region are
limited, motions from other sites are often scaled to reflect the target design spectrum. This
approach is common in regions of low seismicity such as Australia (AS 1170.4-2007
Commentary, Second Edition, 2021; Somerville et al., n.d.). Scaling ensures that analyses
remain applicable to the seismic hazard of interest.

Another approach is to generate synthetic accelerograms that are spectrum-compatible, which
guarantees conformity with the design spectrum while preserving realistic temporal
characteristics (Brewick et al., 2018; Rizzo et al., 1975). Databases such as the PEER
Simulated Ground Motion Database (SGMD) provide large suites of simulated motions, for
example representing conditions in the San Francisco Bay Area (McCallen et al., 2025).
Together, scaled and synthetic records broaden the range of input motions available for
reliable response spectrum studies.

A common way to interpret seismic input is through single-degree-of-freedom (SDOF)
oscillator models, which offer a simple means of linking input motions to dynamic properties.
However, SDOF analyses only capture first-mode contributions. Multi-degree-of-freedom
(MDOF) analyses are required to capture higher modes, which can have a significant
influence when secondary mode periods align with peaks in the design spectrum or with the
fundamental period of non-structural elements. Recent studies have shown that such higher-
mode interactions can produce secondary peaks in floor response spectra (Liu et al., 2025).
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3. Methods

3.1. Field Measurement of Dynamic Properties

The natural period and effective damping of pipe and duct systems were measured using a
portable accelerometer. The services were excited manually to induce free vibration.
Recorded decay curves were fit to a viscous-damped oscillator model, and results were
averaged across five repetitions of the measurement. This approach captures composite
damping effects, including friction and hysteretic energy loss, which are difficult to model
explicitly. Figure 2 shows typical test arrangements for the attached accelerometer on pipe
and duct systems.

b)

Figure 2. Photos showing the attached accelerometer circled in red for a) pipe system 1, b) pipe system?2, c) duct
system

3.2. Finite-element Modal Analysis of NSE Systems

Finite-element modal analysis was undertaken in Space Gass to estimate the natural periods
and mode shapes of one of the suspended services. Beam elements, lumped masses, and
support conditions were modelled based on site observation. These models are sensitive to
assumptions about connection stiffness, mass distribution, and boundary conditions, which
can shift predicted responses significantly. The analysis was therefore used alongside field
measurements for validation rather than as a sole predictor.

3.3. Time-history Simulation

In this study, 200 ground motion records were drawn from the PEER Simulated Ground
Motion Database (SGMD) and scaled to match the AS1170.4 design spectrum given specific
site parameters (Z = 0.08, kp = 1.3, Subsoil Type E,). The scaling process was

implemented in Python and involved three stages. Ground motions were first individually
scaled to minimise the logarithmic error against the design spectrum. A refinement step
applied small, iterative collective adjustments so that the average spectrum more closely
followed the target, without pushing individual records to extremes. Finally, a global gain was
applied to align the overall mean level with the design spectrum. The scaled records were
applied to single-degree-of-freedom oscillators with periods between 0.01 s and 5.0 s to
generate ground response spectra. Displacement histories from an oscillator with a natural
period of 1.0 s were then used as input for secondary oscillators, producing floor response
spectra (FRS) that captured in-structure amplification effects.

These FRS served two purposes. They enabled direct comparison with predictive methods
such as the Filiatrault formulation, and by selecting a representative ground motion and using
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the corresponding simulated building response as the shake table input, they also provided a
realistic means of validating the numerical predictions against experimental results.

3.4. Shake Table Design & Experimental Program

An inverted single axis shake table was used to test the dynamic response of suspended
services. The table was designed to reproduce floor-level motions by driving a carriage with a
servomotor and ball screw mechanism. For this study, only synthetic earthquake motions were
applied, scaled to be consistent with the design as discussed in Section 3.3. These motions
were imposed directly at the suspension points of a steel pipe specimen, replicating how
building floor displacements are transferred to services. Displacements were recorded during
testing and later compared with analytical predictions to assess displacement demands and
validate the modelling approach.

3.5. Integration of Methods

These methods are used to explore different approaches to modeling, analysing and assessing
the dynamic behaviour of suspended. Field tests (Section 3.1) provided direct measurements
of natural period and damping, avoiding the uncertainties of purely analytical modelling.
Finite-element modal analysis (Section 3.2) offered additional insight into elastic periods and
mode shapes. Floor response spectra and displacement calculations (Section 2.3) linked these
properties to seismic demand predictions, while time-history simulations (Section 3.3)
translated recorded ground motions into realistic floor-level inputs.

The inverted shake table (Section 3.4) provided the final step of validation by subjecting
suspended services to controlled motions representative of building floor displacements. This
integration ensured that the analytical predictions could be benchmarked against observed
response, linking seismic input records to measurable NSE displacement.

4. Results and Validation

4.1. Field Measurements of Natural Period and Damping

Free-vibration tests confirmed that suspended services behave as lightly damped oscillators.
Periods ranged from 0.13-0.49 s, with damping ratios between 0.5% and 1.5% (Table 1).
Figure 3 illustrates the oscillator fit to recorded acceleration decay. These values provide
direct inputs for displacement-based analysis (Section 4.3).
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Figure 3. Example of generation of best fit viscous damped oscillator model to raw accelerometer data

Figure 3 presents an example of the fitting procedure, showing the best-fit viscous damped
oscillator model applied to raw accelerometer data. This figure illustrates the method used to
extract natural period and damping values from the recorded vibration response. The results
are summarised in Table 1.
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Table 1. Measured periods and damping ratios for installed NSEs

NSE Thxo(s) Damping Ratio * o (%)
Pipe 1 0.1319 + 0.0002 1.13+0.07
Pipe 2 0.1835 + 0.0003 0.53 £ 0.05

Duct 0.486 £ 0.003 1.52 £ 0.05

4.2. Modal Analysis Results

The analysis reported a natural period of 0.148 seconds for the fundamental mode which
corresponded to a lateral sway motion of the suspended pipe. Higher modes, involving
localised bending of the pipe span and vertical oscillations of the suspension rods, were also
identified but at significantly shorter periods and with reduced participation in overall
response.

4.3. Numerical Time History Simulation

From the PEER ground motion history chosen for the shake table program, Figure 4 shows
the displacement time history of the record and the corresponding response of a single-
degree-of-freedom oscillator with a natural period of 1.0 s. The comparison illustrates how
building-level motions filter and amplify the ground excitation.

Tn=1.0 s Response to Ground Motion

---- Ground Motion

50 4

—-50 4

Absolute Displacement (mm)

—100 1

0 20 40 60 80
Time (s)
Figure 4: Time history simulation showing the ground motion of the earthquake and the corresponding response
Jfrom an SDOF oscillator with T,, = 1.0 s.

The spectral characteristics of the records are presented in Figure 5. Specifically, Figure 5a
shows the ground response spectra generated from the full set of motions with individual
spectra, the averaged spectrum from these records, the selected shake table record singled out
for reference, as well as the design spectrum. Figure 5b presents the corresponding floor
response spectra derived from using a building with a natural period of 7, = 1.0 s.
The predictive formulation of Filiatrault et al. is included for reference, while the selected
shake table motion is highlighted to illustrate its representativeness within the overall dataset.
The time-history analysis of the selected ground motion gave an NSE acceleration of 0.54 g.
In comparison, the predictive model based on the average spectrum estimated 0.25 g, while
the predictive design-spectrum model gave 0.42 g.

AEES National Conference
7



—— Individual Spectra 74 — Individual Spectra

--- Average Spectrum | [ Shake Table Experiment
—— Design Spectrum
-------- Shake Table Experiment

0.8

6 === Prediction From Averaged Spectrum
—— Prediction From Design Spectrum

0.6 4

0.4

0.2

Peak Spectral Acceleration (g)
Peak Spectrak Acceleration (g)

0.0 4

2 é :1 _'I) 0 1 2 3 4 5
Building Period T, (s) NSE Period T, (s)

a) b)

Figure 5: a) Ground response spectra, b) Floor response spectra for an oscillator of 1.0 s period, compared to
Filiatrault et al.

4.4. Shake Table Experiments

Figure 6 illustrates the measured absolute of the shake table and relative displacement
histories of the test specimen under the imposed motions. The response was characterised by
a maximum relative displacement of 399.8 mm.

For consistency with spectral analysis procedures, this peak displacement was converted to an

Ar?
equivalent pseudo-spectral acceleration using the relation S, = FSD’ where T is the

measured natural period of the pipe, giving 0.52 g.
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Figure 6. a) Absolute displacement of the shake table representing the top floor of a building with T,, = 1.0 s
b) relative displacement of the pipe in the shake table experiment when subjected to building motion.

5. Discussion and Design Implications

The analytical and experimental results demonstrate that dynamic analysis provides a
technically robust and practical basis for assessing and predicting the dynamic response and
peak displacement demand of suspended NSEs under seismic design loads. Free-vibration
testing confirmed that suspended services can be effectively represented by viscous-damped
single-degree-of-freedom systems, while comparison with analytical modal analysis showed
that predicted natural periods are sensitive to boundary conditions and connection stiffness.
These findings highlight the value of direct measurement for determining system properties
and for validating analytical assumptions used in design.

Numerical time-history simulations and shake-table experiments confirmed that dynamic
analysis can accurately reproduce the measured behaviour of suspended services subjected to
design-level excitations. The floor-response spectra generated from these simulations closely
matched both analytical formulations and observed responses, particularly when design-
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spectrum-compatible motions were applied. This agreement validates the use of spectral-
based dynamic analysis as a reliable means of predicting the displacement demands imposed
on suspended NSEs by seismic floor motions. Together, the numerical and experimental
results demonstrate that, when appropriate dynamic properties are defined, these methods can
quantify expected NSE movement with the precision required to support performance-based
seismic design methods.

Dynamic analysis directly addresses the limitations of empirical or rule-based restraint
methods. Conventional force-based procedures and nominal brace-spacing rules provide
simplified design solutions, however these methods do not confirm if seismic performance
objectives are actually achieved, such as NSE collisions and damage. By explicitly linking
seismic demand to measured or predicted system response, dynamic methods allow engineers
to develop both braced and unbraced design solutions that achieve intended displacement and
ductility limits under the required seismic design actions. For facilities that must remain
operational following earthquakes, this provides a measurable level of performance assurance
unavailable through simplified static approaches.

The dynamic seismic design of NSEs will require assessment of the seismic loads transmitted
from suspended services to surrounding partitions, ceilings, and structural members, as well
as the stresses generated within the services themselves under design-level displacements.
Consideration of the impact braced and unbraced NSE displacements have on typical passive
fire systems should also be considered. Detailed methodologies and acceptance criteria have
not been covered in this investigation, and further work is required to enable the formulation
of'a comprehensive dynamic design framework for NSEs.

In summary, dynamic analysis supported by measurement, modelling, and testing provides a
practical and evidence-based approach for assessing the actual seismic performance of
suspended services, representing a key step toward performance-based designs of both braced
and unbraced systems.

6. Conclusions

This study demonstrated that dynamic methods provide a practical and accurate basis for the
seismic design of suspended non-structural elements. Field testing confirmed that services
behave as damped oscillators with measurable dynamic properties that can be incorporated
into analysis. Comparisons between time-history simulations, floor response spectra, and
shake table tests showed close agreement, validating the use of dynamic and displacement-
based approaches. These results highlight the potential of Clause 8.1.2(a) of AS1170.4 to
enable more rational, flexible designs that account for inherent isolation and damping, rather
than relying solely on prescriptive restraint rules. Future work should extend the approach to
multi-degree-of-freedom systems and develop simplified design tools to facilitate adoption of
dynamic, displacement-based methods in practice. Adopting established principles of
structural dynamics in the seismic design of non-structural elements will enable engineers to
design suspended systems with verified performance, improving post-disaster functionality
and potentially reducing construction cost.
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