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The seismic resilience of steel modular building systems (MBSs) largely depends on the performance of inter-
module connections (IMCs). Conventional IMCs, designed to remain elastic while plastic hinges form in
beams, lead to significant residual drifts and permanent damage, limiting module reusability. To address these
limitations, this study investigates the cyclic performance of a novel, recently patented, hybrid inter-module
connection (HyMC™) and evaluates the influence of key design parameters, such as bolt size, material, and
joint stiffness on its seismic behaviour. The connection incorporates a rubber bearing to mitigate damage and
enhance post-earthquake functionality. A validated non-linear finite element (FE) model was developed to
complement previous experimental work, providing detailed insights into force-transfer mechanisms, stress
distribution, and the mechanical behaviour of the connection components. The FE simulations demonstrated
strong agreement with experimental results, confirming the effectiveness of the HyMC™ in reducing residual
deformations while maintaining structural integrity. The analysis showed that using larger bolt diameters and
superelastic SMA studs effectively reduced stress concentrations and permanent deformations, while the addition
of joint stiffeners redistributed stresses away from the beam-column zone but increased demands on the bolting
assembly, highlighting the need for careful detailing. Future work should further optimise the joint design to
enhance re-centring and energy dissipation and extend numerical studies to edge joints. This will support the

development of simplified global models to evaluate the effect of the HyMC™ at the building level.

1. Introduction

Modular construction, with origins in ancient prefabrication prac-
tices [1], has evolved into the modern volumetric approach prevalent in
today’s construction industry. Advances in precision manufacturing,
automation, and digital modelling have transformed this concept into a
highly viable and attractive solution for contemporary building de-
mands. In this approach, three-dimensional (3D) volumetric modules
are fabricated in controlled factory conditions and transported to site for
rapid assembly [2]. This approach has gained renewed prominence
among industry stakeholders and governments seeking to address
housing shortages and a diminishing skilled workforce [3], with re-
ported benefits including shortened construction programmes, consis-
tent quality standards, and significant sustainability advantages [4-6].

A key aspect of volumetric modular construction lies in its compat-
ibility with the circular economy ethos, particularly when steel is
employed as the primary structural material. Steel’s high strength-to-
weight ratio, design flexibility, and ease of disassembly through dry,
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mechanical connections enable steel modular building systems (MBSs)
to be repurposed or even fully relocated [7-10]. This extends the service
life of modules and reduces overall impact of embodied carbon. How-
ever, the expansion of steel MBSs to multi-storey, mid- and high-rise
developments has highlighted the critical need for improved seismic
resilience, especially in rapidly urbanising regions where growing pop-
ulations are exposed to hazards such as earthquakes [11-13]. In line
with the United Nations Sustainable Development Goals (UN SDGs)
[14], improving the seismic resilience of steel MBSs is essential to fully
harness the global potential of this technology.

In seismic design, performance-based earthquake engineering
(PBEE) [15,16] has shifted the focus from traditional strength-based
approaches to frameworks that explicitly consider damage states, re-
sidual drifts, and functionality objectives [17-21]. Within steel modular
buildings, inter-module connections (IMCs) are pivotal to the global
seismic response, governing load transfer between adjacent volumetric
modules [22,23]. Experimental studies on inter-module joints (IMJs)
under cyclic lateral loads have highlighted the risk of brittle failures in
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welds at the intra-module connection when not adequately detailed
[24-32]. To mitigate these failures, extensive research has explored IMC
details based on capacity-based design principles, with some configu-
rations designed to remain elastic under cyclic loading [30,32-38].
Although these IMCs exhibit energy dissipation capacity and reliable
failure mechanisms, they typically rely on plastic hinges forming in the
beams of the volumetric modules. Consequently, the resulting residual
drifts can be substantial, limiting reparability and impeding the
demountability and reuse of the volumetric members.

Alternatively, some studies have explored innovative solutions to
improve the seismic performance of the IMCs by incorporating energy-
dissipating and self-centring components [39-41]. Building on this
concept, Corfar and Tsavdaridis [42] proposed a novel hybrid IMC
(HyMC™) system that combines high-damping rubber bearings with
superelastic SMA studs. This configuration is the first of its kind to limit
damage to the module framing while providing a demountable
connection, thereby enhancing residual drift control and
post-earthquake functionality, and facilitating disassembly and reuse of
modules after a strong earthquake. In the initial study, a
proof-of-concept finite element (FE) analysis at the connection level
demonstrated promising re-centring and damage control capabilities.
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This was subsequently confirmed through meso-scale quasi-static cyclic
tests at the joint level [43,44], following the FEMA-SAC loading proto-
col, which validated the hybrid working mechanism of the
high-damping rubber and SMA studs and also explored the use of
standard high-strength steel bolts as an alternative.

Following the insights gained from the earlier experimental study of
the hybrid inter-module connection, a detailed numerical investigation
is required to fully capture the complex force-transfer mechanisms and
material-level behaviour under cyclic loading, as well as to enable sys-
tematic assessment of key design parameters. This paper develops and
validates a high-fidelity FE model as an efficient tool for further refining
the HyMC™ concept without the high resource demands of repeated
experimental testing. The FE analysis serves both to confirm the
experimental findings and to extend understanding of the connection’s
mechanical performance by revealing the evolution of stresses and
strains in each component at various stages of cyclic loading.

2. Concept of the proposed hybrid inter-module connection

The HyMC™ system has been developed to provide connectivity
between volumetric modules in steel modular buildings. It comprises
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Fig. 1. Concept details of the hybrid IMC.
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steel box corner fittings at the module corners, a rubber bearing
connector, and a fixing in the form of a bolting assembly. An imple-
mentation of the hybrid IMC concept is illustrated in Fig. 1, detailing the
connection components and configurations to accommodate corner,
edge, and internal joints within a generic assembly of 8 modules.

The steel corner fittings have a square hollow lateral cross-section,
designed to match the plan dimensions of the connecting columns and
beams of the module’s structural chassis. In the current implementation,
the fittings form the rigid corners of a typical framed module made of
SHS150 columns and ceiling beams and RHS200 x 150 floor beams. The
fittings are arranged flush with the external edges of the connecting
members to minimise gaps between modules at joints, which could
otherwise adversely affect the structure’s stiffness. They are also aligned
with the columns’ centreline to eliminate the unfavourable effect of
eccentric loads caused by offsets. Access holes measuring 80 mm x 100
mm with rounded corners (40 mm radius) are provided on two sides of
the corner fittings to facilitate the tightening of the bolting assembly.
The fitting walls and plates should be sufficiently thick to ensure the
corner fittings are stiffer than the connecting members, thus maintaining
the structural integrity of the module. For instance, if the section
members are 10 mm thick, a 50 % increase in thickness can be assumed
when sizing the corner fittings, resulting in 15 mm thick plates.

The rubber bearing connector is sized to match the lateral cross-
sectional shape of the corner fittings, with a vertical layout resembling
a typical laminated elastomeric bearing, including elastomer layers,
reinforcing steel shims, and outer steel plates. As the outer steel plates
connect the rubber bearing to the corner fittings, their thickness should
be designed to match that of the corner fitting plates. The rubber bearing
itself may require customisation in terms of the number and thickness of
elastomer layers depending on the specific load requirements and design
conditions. This ensures that the structural integrity of the rubber
bearing is maintained as a primary means of vertical support for the
module corner.

To facilitate positioning of the volumetric modules during installa-
tion, the rubber bearing includes guiding lugs (or locating pins) pro-
jecting from the outer steel plates, designed to mate with corresponding
recesses in the abutting plates of the corner fittings. The diameters of the
matching holes are prescribed with a clearance relative to the size of the
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vertical pins. A 2 mm clearance accommodates typical manufacturing
tolerances for the mating parts, while limiting total out-of-verticality by
controlling positional errors during installation. To ensure the structural
integrity of the pins during assembly, their preliminary size should be
proportional to the thickness of the corner fitting plates (e.g., 15 mm
diameter pins for 15 mm thick plates). The vertical pins are arranged in a
square grid on the rubber bearing outer steel plates to control horizontal
misalignment when one module is placed on top of another.

Apertures are provided through the centrelines of the rubber bearing
and the abutting corner fitting plates, arranged to form a channel when
vertically aligned. The channel is sized to accommodate a bolting as-
sembly, allowing the bottom corner of the upper modules to be coupled
to the top corner of the lower modules, with the rubber bearing sand-
wiched between the fittings. The aperture in the rubber bearing is
intentionally larger than those in the abutting corner fitting plates to
ensure that the bolting assembly does come into contact with the rubber
bearing under horizontal shear deformation. This arrangement provides
a number of advantages. Firstly, the centred alignment of the bolting
assembly facilitates the design flexibility by providing a simple and
symmetric configuration. Secondly, the bolting assembly within the
joint is shielded by the corner fitting plates, limiting its direct exposure
to flames in the event of a fire and reducing potential damage. Thirdly,
as the proposed connection only requires a single bolting assembly to
connect adjacent modules at their corners, the assembly and disas-
sembly procedures are streamlined in modular buildings with a large
number of connection points.

An example installation sequence for two modules coupled using the
proposed connection was illustrated in Fig. 2. In the first two steps, the
lower module is installed, followed by the rubber bearings which are
inserted into the fittings at each module corner using the vertical pins as
guide. In the third step, the upper module is lifted and positioned on top
of the lower module, lowered onto the rubber bearings, and aligned
using the locating pins on the rubber bearings’ top plates for a smooth
plug-in motion. Finally, the vertical connection between the stacked
modules is secured by installing the bolting assemblies. For corner and
external joints, the bolting assemblies can be inserted through the access
holes in the corner fittings. For internal joints, corner fittings may be
extended to allow access for bolt tightening, avoiding the need to
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Fig. 2. Suggested installation sequence.
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weaken the module frame members by cutting holes into the section
walls. Alternatively, parallel flange channel (PFC) sections can be used
for the beams, oriented with the cavity facing inward and flush with the
outline of the corner fittings, which would be inverted. This configura-
tion positions the access holes inside the module, enabling connection
assembly at internal joints without extending the corner fittings. In some
cases, an alternative approach could involve eliminating bolts at internal
joints altogether, instead relying solely on the bearings and shear keys,
as significant tensile forces are not typically expected in these locations.
In practice, for fully prefabricated modules with enclosed finishes, small,
concealed latch doors can be provided to allow access for bolt tightening
where needed. The connections should be positioned in non-intrusive
locations, ideally in corridors or service areas, to avoid interference
with doorways, windows, and interior finishes.

While the installation procedure is straightforward and demonstrates
the assembly-friendly design of the proposed hybrid IMC, some practical
considerations remain. For example, working at height is required to
install the bolting assemblies, which should be addressed in the method
statement and risk assessment for each project. Additionally, the pres-
ence of rubber bearings necessitates careful planning of the staged
construction process to accurately predict compression in the rubber
layers as the building is erected.

===q
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Shear deformation
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2.1. Working mechanism

The proposed connection is designed to provide both vertical and
horizontal connectivity between modules, with each connection
component essential for different loading scenarios. For the case of
vertical connectivity, the main force-transfer mechanisms are illustrated
in Fig. 3.

Under the action of permanent and variable gravitational loads, axial
compression (Fig. 3 (a)) is resisted by the rubber bearing, which pro-
vides even and continuous vertical load paths between the upper and
lower module corner fittings. As an almost incompressible material
subjected to a compression force, the sides of the rubber layers are ex-
pected to bulge as the top bearing plate displaces vertically downwards.
The level of vertical displacement can be controlled during design by
adding reinforcing steel plates to reduce the thickness of the individual
elastomer layer without affecting the horizontal stiffness.

For combinations of actions including lateral loads such as those
from wind or earthquake, most IMCs are subjected to horizontal shear
forces as shown in Fig. 3 (b). Under this load case, the resilience of the
rubber bearing is critical, as it accommodates the inter-storey shear
forces by undergoing large shear deformations without failing. In this
regard, the use of a high-damping rubber compound is highly desirable
as provides a bespoke mechanical response based on the level of shear
strain reached. The shear stiffness of high-damping rubber is higher than
that of regular, low-damping rubber at small strains, ensuring that the
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Fig. 3. Possible force-transfer mechanisms in the hybrid IMC for a vertical connection.
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IMC is not easily excited under small loading caused by wind or low-
intensity earthquakes. With increasing strains, the stiffness decreases,
initiating a hybrid working mechanism as the bolting assembly is
engaged in bending between the upper and lower corner fitting bolt
holes, contributing to the overall shear resistance of the IMC. At larger
strains, the shear stiffness of high-damping rubber increases again,
providing a fail-safe action, while in more onerous load cases which may
cause a total failure of the bolt, the vertical pins provide a further means
of fail-safe action, preventing the modules from accidentally topping off
of the rubber bearings.

Consequently, an envisaged implementation of the proposed hybrid
IMC includes a bolting assembly made of superelastic SMA, which is
intended to limit the permanent bending deformation of the shank by
virtue of the shape recovery property of SMAs. Such a behaviour would
be favourable for reducing the residual drifts to facilitate the connection
demountability even in the aftermath of strong winds or major earth-
quakes, as opposed to HSS steel bolts which may deform to such an
extent as to become jammed in the connection.

In some cases, the uppermost floors in high-rise modular buildings
may experience uplift as the structure behaves like a vertical cantilever
under lateral loads. In such scenarios, the bolting assembly is crucial for
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resisting the resulting tension force in the hybrid IMC, as shown in Fig. 3
(c). On the other hand, in the absence of lateral loads, the bolting as-
sembly is also essential for ensuring robustness, providing the necessary
tying action between modules during extreme loading events that may
cause a loss of support.

Accordingly, the preliminary design of the hybrid IMC at a corner
joint should adopt a minimum bolt size of M16. This recommendation is
based on a minimum tying force of 50 kN for a typical corner supported
steel modules with a self-weight up to 6 kN/m? as specified by Lawson
et al. [2], while assuming an ultimate tensile strength of 800 N/mm? for
class 8.8 bolts, in accordance with Eurocode 3, Part 1-8 [45]. While the
final bolt diameter will be determined by the bending resistance
required to resist the horizontal shear forces and control inter-storey
drift, it is important to note that the upper bolt diameter limit is con-
strained by constructional considerations. Specifically, the tools needed
to tighten the bolt (e.g., spanner/torque wrench, socket heads, adapters)
must fit within the access hole of the corner fitting.

Another force-transfer mechanism for the vertical connection is pure
bending of the hybrid IMC, as shown in Fig. 3 (d). In this scenario, the
flexural rigidity of the IMC would be relatively low, equivalent to a
pinned connection. The centred alignment of the bolt provides a limited

Active — e e |
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P L [ 4L
i Active
N N P p segment
— e a = —
(a) Axial compression (b) Axial tension

segment

(c) Vertical shear

Active
segment
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Fig. 4. Possible force-transfer mechanisms in the hybrid IMC for a horizontal connection.
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lever arm to counteract the joint’s flexure, potentially leading to gaps
between the corner fittings and the rubber bearing.

However, this type of loading is less likely to occur in a modular
building under typical loading scenarios. The volumetric modules are
expected to behave as rigid box-like frames due to rigid connections
between the ceiling and floor beams and the corner posts, which prevent
excessive rotational deformations at the module corners.

Fig. 4 shows the primary force-transfer mechanisms envisaged for
horizontal connectivity at an edge joint equipped with the hybrid IMC.
In this configuration, the rubber bearing serves as the main functional
component, providing the necessary resistances to compression, tension,
shear, and bending through the respective active segments highlighted
in Fig. 4. The corresponding resistances of the horizontal connection are
therefore governed by the cross-sectional properties of the rubber
bearing component, with preliminary sizing potentially simplified by
ignoring the contribution of the rubber layers. Due to the multiple steel
plates within the rubber bearing component, the horizontal connection
is expected to be stronger and stiffer than a typical gusset or side plate.
Consequently, the horizontal connection can reasonably be assumed to
exhibit a rigid, elastic behaviour for the purposes of simplified joint
modelling for global analysis.

2.2. Special considerations for the hybrid IMC

2.2.1. The gap between modules and fire safety

Recent studies have investigated the potential benefits of eliminating
the horizontal gap between modules to create composite action between
ceiling and floor beams [46-49]. However, the gap introduced by the
rubber bearing is deemed beneficial for the structural flexibility of
volumetric modules. Designing floor and ceiling beams to span inde-
pendently between corner columns allows future repurposing or relo-
cation of individual modules if architectural layout changes are desired
during the steel modular building’s life cycle. This design approach also
facilitates lifting and moving the modules, enhancing their versatility
and ease of handling during transportation or reconfiguration. More-
over, the air barrier enhances the acoustic performance of the modular
structure by reducing sound transmission [50].

The gap between modules also raises fire safety concerns, particu-
larly regarding the sensitivity of the rubber bearings to fire compared to
typical seismic isolators located at the base of structures. In this regard,
it should be mentioned that the rubber bearings benefit from the implicit
fire safety measures specific for modular buildings. Modules are effec-
tively isolated from each other by fire protection layers, typically made
of plasterboard, and additional fire stoppers are installed in cavities to
prevent the rapid spread of fire through the air gaps between modules
[2]. These measures effectively mitigate the risk of damage to rubber
bearings in the event of a fire.

2.2.2. Cost implications and connection repeatability

The inclusion of rubber parts in the hybrid IMC includes cost im-
plications compared to simpler bolted or welded connections. Fabrica-
tion costs for rubber bearings should be considered alongside with
potential offsets from mitigating module damage during an earthquake,
maintaining asset value for future reuse, and improving repairability.
Moreover, as the building height increases, the cost impact of connec-
tion duplication also rises. To optimise material use, the connection
configuration must meet specific performance design constraints at each
floor level. The impact of connection repeatability may also be lowered
by determining whether the developed solution is needed only at spe-
cific levels along the building height to achieve a desirable global
response. This should be assessed by global analysis, considering all
relevant parameters such as site location, building height, or earthquake
intensity.

In addition to the rubber bearings, the use of superelastic shape-
memory alloy (SMA) studs also affects the overall cost of the hybrid
connection. The relatively high manufacturing cost of commercially
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available Nickel-Titanium (Ni-Ti) parts must be accounted for, although
this can be justified by the gains in residual drift control, enhanced
demountability, and reusability, as SMA studs recover their original
shape after deformation. Meanwhile, advancements in manufacturing
technologies, including additive manufacturing techniques such as se-
lective laser melting (SLM) or direct energy deposition (DED), are ex-
pected to reduce future manufacturing costs for Ni-Ti parts [51-53].
Alternatively, iron-based SMAs (Fe-SMAs) could be used for the bolting
assembly. Widely recognised for their improved low-cycle fatigue
resistance compared Ni-Ti-based SMAs, Fe-SMAs are also cheaper and
easier to manufacture due to their composition [54]. However, since
Fe-SMAs do not provide the same level of shape recovery and residual
deformation control, further investigation is needed to assess their
suitability for the proposed hybrid IMC.

3. Validation of the numerical model of the hybrid inter-module
joints

The finite element (FE) models of the hybrid IMJs were developed in
Abaqus [55] based on the meso-scale cyclic tests by Corfar and Tsav-
daridis [43].

Fig. 5 shows a diagram of the test frame and its loading system,
designed to simulate the appropriate support conditions for the IMJ
prototypes under the effect of bi-axial loading applied to the top column,
according to the J/C test setup for unbraced modular frames subjected to
lateral load [56]. The tests were carried out according to the ANSI/AISC
341-22 [57] recommendations, while the displacement-controlled
standard FEMA/SAC [58] loading sequence was applied through the
horizontal actuators in a quasi-static manner at a rate of 10mm/min to
limit the influence of dynamic effects. To capture the effect of gravita-
tional actions, an axial load equivalent to 5 % of the compressive yield
capacity of the 150 x 150 x 8 SHS post and 4.7 MPa compressive stress
on rubber bearing was kept constant throughout the test.

3.1. Material models

3.1.1. Structural steel

Structural steel was defined by a bi-linear model with kinematic
hardening and plasticity based on the Von Mises yield criterion. The
material properties for the frame members were derived from the tensile
coupon tests (Table 1). For the corner fittings, stiffeners, outer steel
plates, and the steel shims within the rubber bearings, nominal material
properties corresponding to S355 grade steel were assumed in accor-
dance with Eurocode 3, Part 1-1 [59]. Similarly, the high-strength steel
for the class 8.8 bolting assemblies was based on nominal properties
provided in Eurocode 3, Part 1-8 [45].

3.1.2. High-damping rubber

In order to describe the large-strain and highly non-linear mechan-
ical behaviour of the high-damping rubber vulcanizate, the constitutive
material model for rubber has been defined using the Bergstrom-Boyce
(BB) hysteresis model, based on Yeoh hyperelasticity.

The calibrated stress-strain response was illustrated in Fig. 6. The
comparison with the engineering stress-strain curve from the double
bonded shear (DBS) test demonstrated the accuracy of the BB-Yeoh
model in capturing the HDR’s typical S-shaped stress-strain behaviour as
well as the pronounced hysteresis over the desired strain range.

The resulting material parameters adopted in the FE model were
summarised in Table 2. To approximate the fully incompressible
behaviour of elastomers, the solver required that the D; terms defining
material compressibility be taken as zero. For additional insights into
the material model calibration process, the background on the hyper-
elasticity class of constitutive models, as well as other forms of the strain
energy function considered during the calibration study, refer to Corfar
and Tsavdaridis [42].

The simplified FE model of the DBS test illustrated in Fig. 7 was
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Fig. 5. Details of the cyclic tests on hybrid inter-module joints (adapted from [44]).

Table 1
Material properties of structural steel.

Frame Steel Young’s Yield Ultimate tensile
member grade modulus strength strength
Top post $355J2H 209 GPa 505 N/mm? 546 N/mm?>
Bottom post  S355J2H 205 GPa 438 N/mm? 496 N/mm?
Floor beam  $355J2H 190 GPa 433 N/mm? 507 N/mm?
Ceiling $355J2H 202 GPa 541 N/mm? 565 N/mm?>
beam
1.5
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e
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Fig. 6. Material calibration of the BB-Yeoh model for rubber.

adopted to check the validity of the calibrated BB-Yeoh model. The
simple shear loading mode was imposed on a cylindrical rubber strip by
fixing the bottom surface and applying two displacement-controlled
cycles of up to 200 % shear strain (12 mm horizontal displacement)
at the top. The displacement was applied to a reference point connected

Table 2
Material properties for high-damping rubber.

to the top surface through kinematic coupling, while the symmetric
configuration of the DBS test allowed for only half of the cylindrical
rubber strip to be modelled by using the symmetrical boundary condi-
tions. The hysteretic loops illustrated in Fig. 7 demonstrated a good
agreement between the FE prediction and the DBS test, capturing the
non-linear S-shaped load-displacement curve as well as the pronounced
hysteresis of high-damping rubber.

3.1.3. Superelastic shape memory alloy

In Abaqus, the uniaxial flag-shaped stress-strain response of phase
transforming materials such as austenitic SMAs can be modelled by the
superelasticity model developed by Auricchio and Taylor [60,61]. The
superelasticity model is intended for modelling Ni-Ti based SMAs that
undergo solid-solid, martensitic phase transformation defined by the
stress-strain curve shown in Fig. 8, capturing the closed hysteresis loop
with large recoverable deformations during load-unload cycles at finite
strains.

The superelasticity model has been widely adopted for modelling
self-centring structural systems using SMA components with reasonable
accuracy [62-68].

In this study, the superelastic model was calibrated based on data
from the first cycle of a uniaxial tensile test presented in [42]. To
facilitate the calibration process, a simplified FE model of the test was
adopted (Fig. 9). The loading conditions of the cyclic uniaxial tension
test were imposed by means of reference points connected to the outer
surfaces of the coupon ends using kinematic coupling. The resulting
stress-strain response (Fig. 9) showed a good match with the experi-
mental data, supporting the validity of the calibrated superelastic
model. The corresponding material parameters were given in Table 3.

3.2. Geometry and loading

Fig. 10 shows details of the FE models, including constraints,

Hyperelasticity coefficients Hysteresis

(Yeoh model) (Bergstrom-Boyce model)

Cio Cao C3o D Dy Ds S A m [
0.139 -0.014 0.003 0 0 0 24.7 141.4 10.85 -0.99

Note: (1) Cj are stiffness coefficients, (2) D; are compressibility coefficients, (3) S is a stress scaling factor, (4) A is the creep parameter, (5) m is the effective stress

exponent, (6) C is the creep strain exponent.
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Fig. 8. Constitutive model for the superelastic SMA.

boundary conditions, applied loads, and meshing controls.

The FE models focused on the influence of six parameters on the
mechanical behaviour of the hybrid inter-module joint (IMJ) prototypes.
Specifically, two sizes of austenitic shape-memory alloy (SMA) studs
were considered to assess whether the nonlinearity associated with the
superelastic Ni-Ti alloy’s phase transformation significantly affects the
joints’ re-centring and energy dissipation capacity. High-strength steel
bolts were also used to provide a direct comparison with the SMA studs,
highlighting the effect of bolt size and material strength on the

+0.96 mm along U2

C3DS8R
Global size =1 mm

ﬁ RP-2 (Loading)
<

(4.8% strain)

[

TR

i

!

‘Strain gauge’
element set

400
200
RP-1 (Fixed)
U1=U2=U3=0
N UR1=UR2=UR3=0 0

connection’s working mechanism. Additionally, two beam-column joint
details were included to investigate the role of intra-module connection
stiffness at the joint level. The parameters for each model are listed in
Table 4 and illustrated in Fig. 11.

To enhance computational efficiency, the symmetry of the test
configuration was leveraged by modelling only half of the specimen. The
nuts, washers and bolt rod were modelled as a single part. The welded
connections between the hollow members and the corner fittings were
modelled using surface-to-surface “Tie” constraints, while the reference
points at the members’ ends were connected to the specimens using
kinematic coupling constraints. An ideal steel-rubber bond was assumed
for the rubber bearing by merging its components (outer steel plates,
steel shims, and elastomer layers) into a single part while preserving
geometric boundaries and material properties. This approach reduces
computational cost by avoiding numerous contact definitions.

Table 3

Parameters for the superelastic material model.
Property Value
Young’s modulus of austenite, E4 87,500 MPa
Young’s modulus of martensite, Ey 38,438 MPa
Poisson’s ratio of austenite, 4 0.33
Poisson’s ratio of martensite, vy 0.33
Forward transformation start stress, o 525 MPa
Forward transformation finish stress, oy 615 MPa
Reverse transformation start stress, cas 180 MPa
Reverse transformation finish stress, caf 90 MPa
Total transformation strain, ¢, 3.64 %

800

[— Uniaxial test

600

Uniaxial stress (MPa)

0 1 2 3 4 5 6
Strain (%)

Fig. 9. FE model of the uniaxial tensile test for the Ni-Ti coupon.
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Fig. 10. Overview of the FE models.

Table 4
Summary of parameters considered in the FE models.

Joint prototype Bolting assembly Beam-column joint
IMJO1 M20-27* SMA stud Unstiffened

IMJO2 M20-27 SMA stud Stiffened

IMJO3 M16-24* SMA stud Unstiffened

IMJ04 M24, class 8.8 bolt Unstiffened

IMJO5 M24, class 8.8 bolt Stiffened

IMJ06 M27, class 8.8 bolt Stiffened

“ Note: M20-27 and M16-24 indicate double-end threaded SMA studs with a
reduced internal shank diameter of 20 mm or 16 mm, respectively, and M27 or
M24 threaded ends, forming a dog-bone profile.

Surface-to-surface contact pairs with small sliding formulation were
defined between the rubber bearing outer steel plates and the corner
fitting abutting plates, as well as between the bolting assembly and the
corner fittings. “Hard” contact was enforced in the normal direction,
with the default penalty friction formulation applied in the tangential
direction. Following extensive trials, a friction coefficient of 0.2 was
determined for the contact between the rubber bearing and the corner
fittings. A friction coefficient of 0.05 was assumed for contact between
all bolt assemblies and the corner fitting plates to replicate the slip
condition observed during testing, where the loss of initial hand-
tightening pretension resulted in bolt movement within the clearance
of the bolt holes.

The FE models included three general static analysis steps: bolt
tightening, axial load, and the cyclic lateral load protocol. Because only
half of the specimen was modelled, the magnitude of the applied loads
was also halved, while this had to be accounted for in the results by
multiplying the reaction forces by two. Therefore, to simulate the initial
snug-tight condition, a 10 kN bolt load was applied, which was then
reduced to 1 kN during the axial load step to replicate the loss of preload
due to the vertical displacement of the rubber bearing. This reduction
still ensured a minimal level of contact between the washers and the
corner fittings to aid convergence. The magnitude of the bolt load was
then fixed during the cyclic load step. In the second step, a 50 kN axial
load was applied, followed by a truncated cyclic load protocol (Table 5)
that included a single cycle at each drift ratio level to enhance compu-
tational efficiency. Since the tests showed no significant degradation in
the hysteretic behaviour of the IMJs over repeated cycles, this approach
was considered a satisfactory trade-off between computational time and
validation accuracy, ensuring the FE model can accurately capture peak
responses, deformation, failure modes, and overall force transfer
mechanisms at each drift ratio level, while minimising computational
demands.

All steel parts were modelled using first-order 8-node linear brick
(3D solid) elements (C3D8R) with reduced integration and hourglass
control, while fully integrated first-order 8-node hybrid linear brick el-
ements (C3D8H) were employed for the rubber layers. To increase the
accuracy of the stress contours, a finely meshed region was defined,
which included the connection parts and 400 mm segments (twice the
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Fig. 11. Summary of the six FE models.

Table 5
Truncated cyclic test protocol based on FEMA/SAC loading history.
Loading Inter-storey drift Applied lateral Number of
stage ratio displacement cycles
1 0.375 % 10.3 mm 1
2 0.5 % 13.8 mm 1
3 0.75 % 20.6 mm 1
4 1% 27.5 mm 1
5 1.5% 41.3 mm 1
6 2% 55 mm 1
7 3% 82.5 mm 1
8 4% 110 mm 1

floor beam depth) near the beam-column joint zone. The mesh element
size for the corner fittings and frame members within the IMC region
was set to 5 mm, the bolting assembly to 2 mm, and the rubber bearing
to 4 mm. Outside the IMC region, the mesh element size for the frame
members varied between 10 mm and 100 mm. Following well-
established recommendations in the literature, a minimum of three
mesh elements was ensured through the thickness of the hollow section
walls to accurately capture stress and strain gradients under bending and
shear. To balance computational effort and accuracy, the rubber layers
were modelled with five mesh elements through their thickness, which
was sufficient to accurately capture the bulging effect of the rubber
under compression. The 3mm-thick steel shims similarly modelled with
three mesh elements through their thickness. A visual representation of
the meshed parts was shown in Fig. 10.

3.3. Validation study

The FE models were validated by experimental test data from the
reference study [43]. Fig. 12 presents a comparison of the hysteresis
loops from both the tests and FEA, demonstrating a strong correlation in
terms of stiffness and strength in both loading directions. The FE models

10

accurately predicted the reduced strength of specimen IMJ04 during
reverse loading at a 4 % drift ratio, as well as the enhanced stiffness and
lateral load capacity of the specimens with stiffened beam-column joints
and larger bolt diameters. Fig. 13 shows a direct comparison of the
observed failure modes for IMJ04, confirming the validity of the stress
and strain distributions predicted by the FE model. Specifically, the FEA
identified high stress concentrations at the intra-module connection
(Fig. 13 (a)), consistent with the weld cracking observed experimentally
at —4 % drift ratio, with predicted stresses exceeding the nominal ulti-
mate tensile strength of S355 steel. Similarly, the predicted plastic strain
distribution in the bolt shank Fig. 13 (b) matches the deformed shape
and thread damage observed in the tested specimen after the cyclic
loading protocol.

While there are some isolated differences between the FEA results
and the experimental tests, further refinement of the FE models is con-
strained by the unpredictable movement of the bolt during testing,
which introduces uncertainties that are difficult to model accurately.
Therefore, to improve the FEA validation, the design of the hybrid IMC
connection must be optimised to achieve more controllable bolt
behaviour. Nevertheless, the overall findings confirm the FE model’s
capability to accurately simulate the hysteretic behaviour of hybrid IMJs
under cyclic lateral loading. This validation supports the reliability of
the FE model for further analysis, providing deeper insights into the
stress and strain states of each connection part, which were not fully
captured during the tests.

4. Insights into the behaviour of the hybrid IMC from FEA
4.1. Stress and strain development in the connection components

Figs. 14 and 15 illustrate the Von Mises stress distribution at the
maximum drift ratio achieved in each direction for the specimens

equipped with shape memory alloy (SMA) studs and high-strength steel
(HSS) bolts, respectively. The stress contours reflect the anticipated
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Fig. 13. Comparison of test and FEA failure modes for unstiffened specimen IMJ04 with M24 class 8.8 bolt.
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force-transfer mechanisms characterised by the flexural bending of the
joint members, with tensile and compressive stresses developing in the
walls of the hollow sections perpendicular to the loading direction.

Thin-Walled Structures 216 (2025) 113736

specific differences in the stress levels at the intra-module connections,
near the stiffeners, and within the shank of the bolting assemblies.
The FE models accurately captured the stress concentrations at the
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corresponding to the weak regions that failed by weld cracking in
specimen IMJ04, as previously reported [43]. It was also observed that
specimens with stiffened intra-module connections demonstrated
different force-transfer mechanisms. Specifically, the triangular

Drift ratio =+4%
HSS bolt
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stiffeners shifted the highly stressed regions away from the corners near
the beam-column joints, reducing the stresses in these regions. FEA re-
sults further confirmed that adding stiffeners at the intra-module con-
nections increases the stresses in the bolting assemblies as shown in
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Figs. 14 (a)-(b) and 15 (a)-(b). Conversely Fig. 15 (c) demonstrated that
increasing the bolt size can help reduce the stresses developed in the
bolts.

Overall, these findings emphasise the importance of balancing the
design of the intra-module connections and the bolting assemblies to
achieve an optimal force-transfer mechanism while ensuring that the
hybrid IMCs fulfil their damage mitigation function. It is also note-
worthy that there was no significant bending deformation or yielding of
the steel reinforcing plates of the rubber bearings, supporting their
resilience for continued reuse, provided that the permanent deformation
of the rubber layers is also deemed acceptable.

4.2. Observations on plasticity and critical regions

In Fig. 16, the distribution of equivalent plastic strain (PEEQ) is
utilised to evaluate the extent of irreversible deformation (damage) in
the hybrid IMJs, with blue areas indicating regions of zero plastic
damage. The results supported the test observations, confirming that the

Thin-Walled Structures 216 (2025) 113736

hybrid IMC effectively restricts the spread of permanent damage into the
main framing members of the volumetric module. Instead, plastic strains
remain highly localised within the intra-module connection region and
at the corners of the stiffeners where stress concentrations occur.

Notably, the plots also illustrated plastic strain concentrations at the
four corners of the circular access openings in the vertical plates of the
module corner fittings. The distribution of these strains is characteristic
of the Vierendeel bending mechanism, which is typical for members
with circular web openings subjected to high shear forces. Although the
weakened corner fittings plates were sufficiently thick to prevent failure,
these findings emphasise the critical regions around the access openings
that require special attention to ensure the robustness of the corner
fittings.

The parametric results indicate that the use of stiffeners has con-
trasting effects depending on the bolting assembly material. For speci-
mens with SMA studs, adding stiffeners reduced the maximum
equivalent plastic strain at +3 % drift ratio, from approximately 6.8 %
to 5.1 % in the positive loading direction and from 12 % to 7.5 % in the
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Fig. 16. Equivalent plastic strain (PEEQ) distribution of the joint members.
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negative direction. In contrast, for specimens with standard high-
strength steel (HSS) bolts, stiffeners increased the plastic strain de-
mand at +4 % drift ratio, with values rising from 17.8 % to 32.5 %
(positive) and from 28.9 % to 50.9 % (negative).

Compared to the unstiffened M24 configuration, increasing the bolt
diameter to M27 and adding stiffeners together helped reduce the peak
plastic strain, from 18.8 % to 14.9 % in the positive direction and from
29.0 % to 21.6 % in the negative direction. These equivalent plastic
strain (PEEQ) values must be interpreted with caution: the PEEQ mea-
sure does not apply to the superelastic material model used for the SMA
studs. Therefore, for IMJ01-IMJO03, the PEEQ plots reflect plastic strain
only in the surrounding steel parts, whereas for IMJ04-IMJO6 they
include the HSS bolts as well.

Fig. 17 shows that using an HSS bolt (b) instead of an SMA stud (a)
slightly reduced the peak equivalent plastic strain in the surrounding
steel parts: from 6.8 % to 4.8 % in the positive loading direction and
from 12.2 % to 9.6 % in the negative direction at +3 % drift ratio.
However, the PEEQ plots for the SMA configuration do not capture the
superelastic behaviour of the Ni-Ti alloy itself but only the plasticity in
the adjacent steel components. In both cases, localised plastic strain
peaks occur mainly around the access hole edges and, for the HSS bolt, in
the bolt shank under reverse loading.

This comparison highlights that the amount of plasticity developed
in the joint is governed more by bolt size and joint detailing than by bolt
material alone. The SMA stud’s key benefit lies in its superelastic re-
centring capability and its reduced tendency for permanent deforma-
tion, which can greatly facilitate post-earthquake demountability. In
contrast, HSS bolts may become severely bent, complicating disas-
sembly and reuse. Properly sized HSS bolts remain a practical alterna-
tive when combined with thoughtful joint detailing.

Overall, these findings emphasise the importance of balancing bolt
dimensions and connection stiffness to achieve reliable seismic perfor-
mance and maintain the ease of module disassembly for future reuse.

4.3. Stress and strain distribution in the rubber bearings

A detailed investigation was conducted to analyse the stresses and
strains developed in the rubber bearing at various critical stages
throughout the test. Specimen IMJ06 was selected for this in-depth
analysis, while the observations discussed are relevant for the rest of
specimens as well, which exhibited the same type of behaviour differing
only in specific stress and strain levels. The true (Cauchy) stresses (S)
defined as force per current area and logarithmic strains (LE) were used
to plot the contours in Fig. 18, where the positive values indicate ten-
sion. Logarithmic strains were preferred over nominal (engineering)
strains (NE) due to their improved accuracy for geometrically non-
linear, large-strain analysis of hyperelastic materials, such as the pre-
sent constitutive model used for high-damping rubber.
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Fig. 18 (a) illustrates the compressive stresses (S22) and strains
(LE22) and the shear stresses (S12) and strains (LE12) developed in the
rubber layers subjected to the 100 kN axial load. While the global
compressive stress in the bearing matched the analytical prediction
obtained by dividing the vertical force by the cross-sectional area of the
rubber bearing (4.7 MPa), the results also revealed two vertical struts of
higher compressive stress, up to 7.2 MPa, located midway between the
inner hole and outside face of the bearing. Local tensile stresses and
strains were developed in the extremities of the rubber layers along the
bulging areas, with high shear stresses and strains concentrated at
opposite corners near the edges of each rubber layer.

Under axial load and horizontal shear (Fig. 18 (b)), diagonal
compression struts were formed on the side of the bearing opposite to
the loading direction, with tension developed on the opposite sides. The
FE results showed that the logarithmic shear strains were in good
agreement with the analytically predicted 80 % shear strain reported in
[43] for a large portion of each rubber layer. However, the analysis also
revealed significantly higher shear strains, ranging from two to four
times larger, concentrated at the corners of each rubber layer. These
stress concentrations were due to the constraint provided by the bonded
steel reinforcing plates, underscoring the importance of ensuring the
quality of the rubber-to-metal bond to prevent premature failure by
delamination in these highly stressed regions.

These observations were consistent with the findings reported in the
literature [69-71], supporting the accuracy of the present FE model in
capturing the typical behaviour of rubber bearings subjected to axial
load and horizontal shear.

4.4. Evolution of stress distribution in the bolting assemblies

Fig. 19 shows the stress state in the SMA stud at critical stages during
the cyclic load sequence, providing insights into the force transfer
mechanism developed by the hybrid IMC up to the failure of the bolting
assembly observed during testing. While the results are presented for
specimen IMJO1, they remain highly representative for all other speci-
mens, as the tests revealed consistent deformation and failure modes
characterised by bending of the bolts.

Overall, the FEA results aligned with the experimental observations,
confirming the low stress levels developed by the bolting assembly up to
0.5 % drift ratio. The stress levels nearly doubled during the 0.75 % drift
ratio as the bolting assembly experienced more pronounced bending
deformation due to the increasing horizontal shear in the hybrid IMC.

According to the stress contours in Fig. 19, the forward trans-
formation start stress oy, = 525 N/mm? was first reached during the +1
% drift ratio cycle, indicating that the initial linear elastic stage was
exceeded in certain regions at the base of the transition zone in the SMA
stud. The forward transformation finish stress oy = 610 N/mm? was
first reached during the reverse loading at 2 % drift ratio, signalling that
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Fig. 17. PEEQ comparison between the unstiffened specimens with SMA studs (M20-27) and HSS bolts (M24) at +3 % drift ratio.
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Fig. 18. Deformation, stress, and strain distribution in the rubber bearings.

the superelastic limit was exceeded in the SMA stud. Finally, the stress
developed in the SMA stud during the -3 % drift ratio cycle (failure in the
tests) suggested that the ultimate tensile strength of the austenitic Ni-Ti
alloy was approximately 1370 N/mm?, which is consistent with the
typical range of 895 N/mm? to 1900 N/mm? provided by Fang and
Wang [72].

5. Concluding remarks

This study investigated the cyclic behaviour of a novel hybrid inter-
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module connection (HyMC™) designed to enhance the seismic resil-
ience of steel modular buildings. A high-fidelity finite element (FE)
model was developed to validate and complement earlier experimental
work, providing insights into the force-transfer mechanisms and stress
distribution within the connection components. The FEA demonstrated
a strong correlation with the test data in terms of stiffness, strength, and
overall hysteretic behaviour, confirming the model’s ability to capture
the structural response under cyclic lateral loading.

The analysis revealed that stress concentrations were primarily
located at the intra-module connections, aligning with observed failure
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Fig. 19. Stress development in the bolting assembly (shown for specimen IMJO1).

patterns in past experiments. The inclusion of stiffeners in these con-
nections effectively redistributed stress away from the beam-column
joint zone but led to increased stresses in the bolting assemblies.

The stress response of the bolting assembly evolved as cyclic loading
progressed, with initially low stress levels increasing significantly as
deformation demands grew. In particular, the forward transformation
start stress in the SMA studs was reached at relatively small drift ratios
(£1 % drift ratio), indicating that superelastic deformation contributed
to the connection’s response. However, further cycles led to higher
stresses, with the forward transformation finish stress exceeded at larger
drift levels (>2 % drift ratio), suggesting that the bolts experienced
increasing plasticity and loss of stiffness.

Comparisons with high-strength steel (HSS) bolts highlight that bolt
size and joint detailing play a more decisive role than bolt material alone
in controlling stress concentrations and plastic strain spread within the
connection. While increasing the bolt diameter effectively reduced stress
levels, the superelastic properties of SMA studs provide an added benefit
by promoting re-centring and facilitating post-earthquake demount-
ability. In contrast, HSS bolts are more prone to permanent bending,
which could complicate disassembly and reuse. These findings under-
score the importance of balancing geometric design, such as appropriate
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bolt sizing and stiffener use, with material choice to achieve robust
seismic performance and support the reuse of modular units.

The rubber bearing component performed as expected under
compression and shear, though higher stress concentrations were
observed at the corners of the rubber layers, highlighting the importance
of ensuring a strong rubber-to-metal bond to prevent premature failure.

Overall, the findings reinforce the effectiveness of the hybrid IMC in
limiting the spread of permanent damage in the framing elements of the
volumetric modules, particularly through the combined contribution of
the rubber bearings and bolting assembly in resisting lateral loads. The
proposed connection offers a promising step toward improving the
seismic resilience and reusability of modular buildings, supporting the
broader goal of sustainable, damage-resistant, and reconfigurable
construction.

Future work should focus on refining the hybrid IMC design through
parametric FE studies to optimise its geometry and in some cases the
material selection, to enhance the connection’s energy dissipation ca-
pacity, re-centring capability, and thus overall seismic performance.
Numerical studies should also be extended to edge joints where four
modules meet, to facilitate the development of accurate simplified joint
models for global analysis. Future studies should also investigate the use
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of anti-vibration fasteners with controlled preloads to enhance the slip
resistance and overall reliability of the connection under cyclic loading.
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