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Abstract

Earthquakes are among the most destructive natural disasters, often causing significant loss
of life and economic damage. While extensive research has focused on the structural safety
of buildings, the seismic performance of non-structural components has received
comparatively less attention. These components — such as suspended ducts, pipes, and
cable trays — are critical for building functionality after an earthquake and must be properly
restrained. Polyplas/Gripple has developed a bracing system using steel wire rope, a locking
device, and an anchorage system for securing suspended non-structural services. Although
the system’s capacity has been tested according to BSR/ASHRAE Standard 171-2008R, its
nonlinear behaviour — particularly ductility — remains insufficiently understood. This study
develops a nonlinear numerical model to simulate the behaviour of the wire bracing system
under seismic loading. The model aims to capture key response characteristics, enabling
deeper investigation into its performance beyond linear elastic limits. Validation is performed
using available experimental test data to ensure the accuracy and reliability of the
simulation. The findings will help inform future improvements in design and analysis of
bracing systems for non-structural components.
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1. Background

The seismic vulnerability of buildings poses significant risks to human safety and economic
stability, as evidenced by numerous post-earthquake surveys and analytical investigations
(Earthquake Engineering Research Institute; FEMA, 2018). While extensive research has
focused on improving the resilience of structural systems (Priestley et al, 2007; Krawinkler &
Miranda, 2004), non-structural components such as mechanical and electrical services have
received comparatively less attention, despite their critical role in ensuring post-event
functionality (Taghavi & Miranda, 2003; Dhakal, 2010). Losses due to non-structural damage
have consistently been far greater than those resulting from structural damage in recent
major earthquakes (Devin & Fanning, 2019). Seismic design standards and construction
codes increasingly recognize this issue. AS1170.4 (Earthquake Actions in Australia)
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prescribes earthquake load considerations for non-structural elements, with requirements
varying according to building importance and service type (Standards Australia, 2007). The
key point to all bracing strategies is the provision of a reliable load path from non-structural
components to the primary structure, ensuring adequate transfer of seismic demands under
prescribed load combinations (Badillo-Almaraz et al, 2006).

The majority of mechanical and electrical services in buildings such as piping systems,
HVAC ducts, and cable trays are suspended below the primary structure using threaded
rods, often in combination with trapeze frames or brackets (FEMA, 2011). This arrangement
facilitates coordination with architectural features, provides clearance for access and
maintenance, and allows flexibility in routing across the building. The threaded rods primarily
provide vertical dead weight support and are generally designed for serviceability rather than
seismic performance (Standards Australia, 2007).

During seismic events, however, service systems that are suspended are particularly
vulnerable. The relative flexibility of threaded rods permits excessive lateral displacement,
causing suspended elements to swing and amplify inertial forces (Taghavi & Miranda, 2003).
Such movement can lead to impact between adjacent services, detachment at hanger
connections, or overstressing of the rods themselves. In long-span configurations,
differential motion between multiple hangers can induce torsion or distortion of the supported
elements (Dhakal, 2010). Furthermore, the lack of inherent lateral restraint means that the
seismic demand is often concentrated at anchorage points, where failure may compromise
both structural safety and the post-earthquake functionality of critical building systems
(Miranda et al, 2012).

To mitigate these risks, seismic design standards recommend the incorporation of bracing or
restraint systems in addition to vertical hangers, ensuring that a clear load path is
established to transfer lateral forces into the primary structure (Standards Australia, 2007;
FEMA, 2011). The effectiveness of this bracing methodology depends on factors including
hanger spacing, anchorage detailing, service weight, and the importance classification of the
building or system.

Polyplas/Gripple manufactures a proprietary wire cable bracing system that has been widely
adopted in the building industry across Australia and New Zealand for securing non-
structural components. The system, illustrated in Figure 1, is composed of the following
elements:

1. End fitting for structural connection — Available in configurations such as
eyelets, loops, or brackets, these fittings provide the interface between the wire rope
and the primary structure. The selection of fitting type is governed by the connection
geometry and load requirements. The end fitting is permanently swaged to the wire
rope under controlled factory conditions (Factory-swaged termination), ensuring a
reliable mechanical bond and eliminating variability associated with on-site assembly.

2. Wire rope — Constructed from AISI zinc-galvanized steel wires woven into a pre-
stretched cable. Standard diameters include 1.5 mm, 2.0 mm, 3.0 mm, 4.75 mm, and
6.0 mm, enabling application across a wide range of service weights and seismic
demand levels.

3. Loose bracket — A steel angled bracket that facilitates the connection of the wire
rope to building services (e.g., mechanical equipment, piping, or electrical cable
trays). Its design accommodates different orientations and simplifies installation.

4. Gripple locking mechanism — A patented mechanical fastener that grips the wire
rope in the field, enabling rapid, adjustable, and secure attachment to the loose
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bracket. This device is load rated and provides flexibility during installation and
ensures a clear, reliable, and safe load path. A locking wedges provides a vice-like
grip to the wire as the seismic load is applied to the opposite direction.

The integration of these components provides an efficient bracing system that is lightweight,
adjustable, and relatively quick to install, while maintaining compliance with seismic restraint
requirements.
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Figure 1: Cable wire bracing components.

Wire rope bracing systems are widely used in the building industry as an accepted method
for restraining non-structural elements against lateral movement. Despite their extensive
application, the overall behaviour and dynamic characteristics of these systems have not
received sufficient attention in research. Previous experimental programs, such as those
conducted by Polyplas/Gripple, have primarily focused on establishing the load-bearing
capacity of the bracing system. While these studies provide valuable data, a comprehensive
and validated numerical simulation is still lacking. Considering the significant cost and effort
associated with large-scale experimental testing, the development of a simplified yet reliable
numerical model offers an attractive alternative. Such a model has the potential to provide
meaningful insight into the performance of wire rope bracing systems under various loading
conditions, reducing the need for extensive physical testing.

The objective of this study is to develop a simplified macro-model capable of capturing the
behaviour of wire rope bracing systems across their full response range from the initial linear
stage through nonlinear behaviour and up to final failure. The reliability of the proposed
modelling strategy is evaluated through comparison with trusted experimental data.
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Furthermore, the study discusses results obtained from two representative wire rope brace
specimens to illustrate the model’'s applicability and accuracy.

2. Testing Program

This section presents the test results on wire rope brace specimens, which form the basis for
subsequent verification of the numerical model. A comprehensive experimental program was
conducted in accordance with BSR/ASHRAE Standard 171-2008R (November 2016),
Method of Testing for Rating Seismic and Wind Restraints. The objective was to evaluate the
performance of the cable bracing system and determine its load-bearing capacity,
specifically the maximum loads it can sustain without failure or excessive deformation.
Testing was carried out on a single-directional, single-axis, multi-angle, tension-only wire
rope bracing system, ensuring realistic representation of its performance under prescribed
conditions.

A total of 64 specimens were tested using a calibrated single-axis tension load frame. The
primary test variables included wire rope size, Gripple device model, end fitting type, bracket
model, fastener rating, and installation angle. The wire rope was pre-tensioned prior to
testing.

The loading protocol consisted of cyclical, low-frequency dynamic loads designed to
approximate in-service conditions during seismic events, thereby accounting for fatigue
under repeated loading. Each load cycle followed a half-sine waveform, beginning at the
initial position, reaching the target magnitude, and returning to the starting load. The
sequence began with 25 cycles at 50% of the anticipated maximum capacity load, followed
by continuous loading with an incremental increase of 3.5% per cycle until failure. The
single-directional load—time history is illustrated in Figure 2.
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Figure 2: single-
directional load-time history

The detailed review of the testing procedures and full set of results is beyond the scope of
this paper. As noted earlier, the experimental data are primarily used to validate the
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proposed numerical models. For this purpose, two representative specimens were selected
from the complete test program. Table 1 presents the specimen ID with the resulted
hysteresis load-displacement curves.

Table 1: specimen used as the case study

Specimen ID ID Load-Displacement Hysteresis
explanation

4.75 mm wire
size

End fitting:
M12 standard
bracket,
swage, M12
retrofit bracket

2 mm wire
size

End fitting:
M10 standard
bracket,
swage,
M12 retrofit
bracket

3. Numerical model Development

Although the behaviour of cable wire braces has been investigated in previous studies (e.g.,
Mousavi and Zahrai, 2016; Ghasemi et al., 2023), these works primarily examined
applications where cable braces were used to stabilize structural frames. In contrast, the
present study focuses on a distinct application of a unique cable brace product to restrain
non-structural services in buildings. To achieve this, a simplified macro-model was
developed to capture the overall behaviour and provide a clear understanding of system
performance.

The proposed model was implemented in the RUAUMOKO computer program (Carr, 2006).
A step-by-step procedure was adopted to represent the wire, Gripple device, and bracket as
a single equivalent element. The inherent slack of the cable was neglected, as Gripple cable
braces are hand tensioned prior to installation, and modelling this effect would introduce
unnecessary complexity. The specimen was represented using two nodes and one element,
with Nodes 1 and 2 defining the boundary conditions. Given the unilateral axial nature of the
cable brace, an element type with distinct tensile and compressive characteristics was
required. A spring model was therefore selected, with nonlinear degradation rules applied to
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represent the wire. Two degradation models were considered for the spring in order to
capture the inelastic responses: (i) a bilinear model, and (ii) the SINA degrading ftrilinear
hysteresis model. The latter provided a closer agreement with the experimental results and
was adopted for subsequent analyses. Rayleigh damping with default parameters and a
lumped mass were included to generate consistent mass and stiffness matrices, although
the actual weight of the wire was negligible. The key parameters of the spring model
included the initial stiffness, prestress force, and ductility factors. These parameters were
calibrated through iterative trial-and-error adjustments until the numerical response achieved
close agreement with the experimental results. To reflect the unilateral axial behaviour of the
cable brace, the spring stiffness and yield strength in directions other than the axial direction
were assigned close to zero values. Figure 3 shows the schematic of the model.

The experimental program was conducted under force-controlled cyclic loading to
characterize the response of the cable brace specimens. Although displacement-based
analysis is generally preferred for capturing detailed hysteresis behaviour such as pinching,
the primary objective of this study was to develop a numerical model and verify it against
experimental results. To achieve this, a series of pushover analyses was performed, in which
the applied load at each step of the static pushover was adjusted to approximate the cyclic
input used in the tests. This approach allowed the resulting envelope curves to closely
match the experimental data, particularly with respect to maximum load capacity and
maximum displacement, providing a reliable basis for model calibration and validation.
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Figure 3: (a) schematic of the model (b) Bi-linear hysteresis (Carr, 2006) (c) SINA degradation
hysteresis (Carr, 2006)

4. Result and Discussion

4.1.  Envelope Curves

The pushover envelope curves obtained from the numerical analyses are presented in
Figure 4. A visual comparison indicates a reasonable agreement between the maximum load
capacity observed experimentally and that predicted by the numerical analyses.
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Figure 4: Envelope compared with the
idealised curve for the specimen from the numerical model

The equivalent idealised approximation of the envelope curve is commonly used to evaluate
the limit states of load-bearing elements, including peak, ultimate, and yield loads with their
corresponding displacements. These limit states also allow estimation of seismic
characteristics such as ductility.

Among various idealisation methods, ASTM E2126-11 (2011) standardises a bilinear
approach known as the Equivalent-Energy Elastic-Perfectly-Plastic (EEEP) backbone curve.
In this method, the ultimate load is defined as the point where the post-peak strength has
dropped by 20% of the maximum load. The elastic stiffness (Ke) is obtained from a line
drawn through the origin and the point on the envelope at 40% of maximum load. The yield
load and displacement are determined by the equivalent energy principle, ensuring equal
areas beneath the envelope and bilinear curves.

Alternatively, (ASCE/SEI 41,2013) introduces a trilinear (or multi-linear) idealisation. While
based on the same Equivalent-Energy Elastic-Perfectly-Plastic (EEEP) principle, this
method employs multiple linear segments to capture critical response points (A—-B—-C-D-E).
Point A denotes the origin, Point B the yield point, Point C the peak strength, Point D the
onset of post-peak degradation, and Point E the residual strength. It was concluded that the
trilinear idealisation provides a closer representation of the seismic response of the cable
wire bracing compared with the bilinear model. Both bilinear and trilinear methods are
illustrated in Figure 5.
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Figure 5: Idealised curve for the seismic evaluation (ASTM E2126-11, 2011; ASCE/SEI 41,2013)

4.2.  Ductility

Ductility is a key parameter in overall seismic behaviour, as it reflects a component’s ability
to undergo large inelastic deformations while maintaining its load-carrying capacity. In
seismic design, higher ductility enables greater energy dissipation and allows for a reduction
in the design seismic forces. Ductility provides a measure of the deformation capacity of the
specimens beyond their elastic limit, and is a critical indicator of seismic performance, as
higher ductility reflects improved resilience under earthquake loading. The ductility of the
cable wire bracing specimens will be examined in further detail in the following discussion.
The ductility factor is defined in equation 1.

A, (1)

Where 4, is the ultimate displacement and 4, is the yield displacement. In this study, the
ultimate displacement (4,) was taken as the displacement corresponding to 80% of the
maximum load capacity after the peak strength was reached. Yield displacement was
calculated based on the equal area under the envelope curve and idealised curve. It should
be noted that there is another definition of the ductility which is called peak ductility. Equation
2 shows the peak ductility as the ratio of the peak displacement (4,.,) to the yield
displacement (4,). While peak ductility reflects the maximum deformation attained at peak
load, the ultimate ductility defined in equation 1 captures the sustained deformation capacity
until significant strength degradation (0.80 of maximum load), making it a more reliable
measure of seismic resilience of the cable brace.

Apeak 2)

A,

Hp =

As explained earlier, the yield force and yield displacement of the cable brace specimen
were determined using the EEEP method, which assumes that the areas under the envelope
curve and the idealised curve are equal (Figure 6). Equations (3) and (4) were derived
based on this assumption to calculate the yield displacement (4,) and yield force ( Py) of the
cable brace specimen in this study.
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L, Area- 3P4, = (0.9P)(4, - 4,) (3)
y 1 1
SkA, =3P,
Py= keAy (4)

k, represents the initial stiffness of the cable brace, defined as the slope of the first segment
of the idealised curve. (4,) is the ultimate displacement corresponded to the ultimate load
(P,). Table 2 summarises the critical values obtained from the experimental tests and the
numerical models (Specimen A and B); and highlights the key response parameters for both
cable brace specimens. In particular, the ductility factor is reported based on the numerical
modelling results in Table 3.

Table 2: Summary critical results of the specimen under the numerical analyses

S Total displacement

p. Peak load (kgf) P

eci (mm)

me Ke A

n Diff Diff P y & A
mo i mo i

D test . test . Y (kgf) | (Mm)

A 1379.10 | 1336 4.50 36.00 | 37.82 4.81 19.29 338.74 | 17.56 | 1068.80 | 37.37

B 239.50 | 237.15 1.0 17.60 | 18.58 5.27 6.27 61.31 | 9.78 | 189.72 | 18.28
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Table 3: Ductility values of cable bracing specimens obtained from numerical analyses

Specimen ID U Hp
A 2.07 1.99
B 1.87 1.74

The Australian Standard (AS1170.4) incorporates ductility through the reduction factor R, in
the calculation of seismic design load. For bracing systems, this factor is specified as R.
=1.0 for rigid or non-ductile behaviour, and R.=2.5 for other cases. While applying the higher
reduction factor to cable braces may appear unconservative, since these systems typically
demonstrate only limited overstrength, assigning R.=1.0 arguably underestimates their
capacity to undergo nonlinear behaviour and dissipate energy. As shown in Table 3, the
ductility factors of two representative cable braces, A and B, were calculated as 1.87 and
2.07, respectively. These values confirm that cable braces can contribute to structural
resilience through nonlinear deformation and energy dissipation. Even when considering
ductility at peak displacement (x,), which reflects a more conservative measure of nonlinear
behaviour, the corresponding values (1.74 and 1.99) still exceed unity, though they remain
below the upper limit of 2.5. Nevertheless, the potential brittleness of brace-to-structure
connections should be considered in seismic force evaluation, and further studies are
recommended to validate the suitability of the current ductility assumptions in AS 1170.4.

In contrast, the ASCE 7 Standard does not prescribe a specific ductility reduction factor for
cable bracing systems. Instead, it employs force reduction factors and response modification
coefficients, which indirectly account for inelastic behaviour and energy dissipation of the
bracing and its connections. ASCE 7 acknowledges that cable braces can sustain inelastic
deformations during seismic events; a critical consideration, as these systems are often
subjected to significant deflections and forces beyond the elastic range. For more complex
applications or higher performance objectives, ASCE 7 further recommends nonlinear
pushover analysis to explicitly assess overstrength and ductility, ensuring the bracing system
can withstand the expected inelastic demands.

NZS 1170.5 also considers inelastic deformation capacity and therefore allows ductility
factors greater than 1.0, provided these values are justified through a special study or
supported by experimental or analytical validation (NZS 1170.5:2004, Clause 8.6). This
contrasts with the more restrictive approach of AS 1170.4, which generally prescribes lower
component response factors. By accommodating higher ductility where evidence exists,
NZS 1170.5 provides designers with greater flexibility and promotes a more performance-
based framework for seismic design.

Overall, AS 1170.4 adopts a simplified approach by assigning fixed values of R., which can
sometimes misrepresent the ductility capacity of cable bracing systems. In contrast, ASCE 7
and NZS 1170.5 apply force reduction and response modification factors that more broadly
capture inelastic behaviour, and it permits nonlinear analyses when higher accuracy is
required. This approach provides greater flexibility to reflect the actual performance of cable
braces under seismic loading. The comparison underscores the importance of further
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research to assess whether the fixed ductility assumptions in AS 1170.4 are appropriate for
representing the true seismic response of these systems.

5. Conclusion

Cable wire bracing is widely employed to restrain non-structural components such as
electrical and mechanical services in buildings. While manufacturers have conducted
numerous tests to establish the ultimate capacity of these braces, this study presented part
of the testing program with a simplified numerical modelling approach to capture their critical
behaviour. Based on the findings, the main conclusions are:

* The performance of cable wire braces, including their attachments, can be effectively
represented by a spring model within a macro-modelling framework.

* Pushover analyses demonstrated good agreement with experimental results in terms
of both maximum load capacity and overall displacement capacity.

* Aftrilinear idealised curve, developed using the principle of equal energy dissipation
up to the ultimate point, was successfully applied to define the critical limit states and
yield behaviour of the specimens.

* The ductility factors of the tested cable braces were approximately 1.8 for specimen
B (2mm wire) and 2.0 for specimen A (4.75 mm wire), suggesting that the fixed
values specified in AS 1170.4 may not fully capture the seismic performance of such
systems and warrant further reassessment.
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