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A B S T R A C T   

The recent technological advancements achieved in modular construction have accelerated the trend of building 
taller self-standing steel modular building systems (MBSs), leading to a consensus among researchers regarding 
the vital role that inter-module connections (IMCs) play in the structural performance of MBSs subjected to 
extreme lateral loading. However, existing IMCs are typically designed such that the global structural system 
heavily relies on the hysteresis of the steel framing members, leading to severe sustained damage and costly, 
impractical retrofitting programmes. To unlock the full “disassembly and reuse” potential of steel MBSs, IMCs 
can be designed to contribute more effectively to the global damage distribution mechanism, by engaging 
specific “fuse” components which are easy to replace, improving the reuse prospects of volumetric modules. In 
this regard, the present study proposes a novel, hybrid IMC using custom corner fittings, a high-damping rubber 
(HDR) core and a shape-memory alloy (SMA) bolt. Calibrated and validated material models using data from 
experimental material characterisation tests have facilitated the full characterisation of the hybrid mechanical 
response, determining the deformation modes, stress states, hysteresis loops and mechanical parameters. The 
parametric FEA included the variation of bolt preload, endplate thickness, axial load magnitude and the vertical 
layout of the HDR core. The study represents a preliminary, proof-of-concept investigation, showcasing the 
favourable cyclic performance of the proposed IMC under the main deformation modes expected in tall self- 
standing MBSs during lateral loading. Due to the effective contribution of each component to the combined 
hybrid response, the connection succeeds in preventing the formation of significant plastic damage in the MBS’s 
corner fittings to facilitate reusability of modules.   

1. Introduction 

Modular Building Systems (MBSs) are a sub-category of Modular 
Construction referring to the highest level of prefabrication [1], in 
which entire pre-engineered volumetric frames are manufactured within 
tight tolerance levels in a controlled factory environment, delivered to 
the location of the project on a ‘just-in-time’ basis, and finally assembled 
into complete building systems. The recent technological advancements 
achieved in Off-Site Manufacturing (OSM), Off-Site Construction (OSC) 
and Building Information Modelling (BIM) have accelerated the 
expansion of MBSs within the high-rise construction sector. Corner- 
supported volumetric modules made of hot-rolled structural steel or 
steel–concrete composite frame members [2] are a common structural 
solution in high-rise MBSs due to high strength-to-weight ratio, high 
load-carrying capacity, and enhanced overall sustainability [3] and 
represent the scope of this study. 

1.1. The role of inter-module connections in the structural response of 
steel MBSs 

The discrete nature of vertical and horizontal diaphragms made of 
volumetric modules connected through their corners at each level poses 
a challenge for the resistance and stability of high-rise steel MBSs under 
earthquake and strong wind scenarios as the increased height amplifies 
the effects of lateral loads. In this regard, tremendous effort has been 
demonstrated among researchers and academics to acquire a deeper 
understanding of the role that inter-module connections (IMCs) play in 
the structural response of steel MBSs under the action of lateral loading. 
Annan et al. [4] investigated the effect of reversed-cyclic loading on the 
hysteretic responses of a conventional braced steel frame and a steel 
MBS braced frame, and attributed the different load transfer mecha
nisms to the presence of vertical inter-module connections (IMCs) be
tween floor and ceiling beams in the steel MBS frame. Fathieh and 

* Corresponding author. 
E-mail address: Konstantinos.tsavdaridis@city.ac.uk (K.D. Tsavdaridis).  

Contents lists available at ScienceDirect 

Engineering Structures 

journal homepage: www.elsevier.com/locate/engstruct 

https://doi.org/10.1016/j.engstruct.2023.116281 
Received 16 January 2023; Received in revised form 4 April 2023; Accepted 3 May 2023   

mailto:Konstantinos.tsavdaridis@city.ac.uk
www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2023.116281
https://doi.org/10.1016/j.engstruct.2023.116281
https://doi.org/10.1016/j.engstruct.2023.116281
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2023.116281&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Engineering Structures 289 (2023) 116281

2

Mercan [5] assessed the seismic demand and capacity of steel MBSs by 
performing nonlinear static pushover and incremental dynamic analyses 
(IDA) on a detailed OpenSees® 4-storey building model and suggested 
that the distinctive detailing of vertical IMCs can influence the plastic 
hinge-formation mechanism and the distribution of inelasticity between 
upper and lower level columns. Gunawardena et al. [6] developed a 
purely modular structural system and assessed its behaviour under 
seismic loads through non-linear time history analyses against six 
earthquake ground motions using a 10-storey model in RUAUMOKO 
3D®, concluding that the IMCs are essential contributors to the lateral 
force resisting system (LFRS) of steel MBSs. Srisangeerthanan et al. [7] 
used MATLAB® and OpenSees® to measure the diaphragm service 
stiffness of a 4-storey MBS under 44 scaled ground motions along the 
weak axis of the volumetric module floor diaphragm and observed that 
changing diaphragm flexibility by considering specific behaviours for 
IMCs affects the mode participation, inter-storey drifts and connection 
forces. Chua et al. [8] studied the influence of simplified modelling of 
IMCs by subjecting a 40-storey steel MBS to wind loads and concluded 
that horizontal IMCs played vital roles in resisting lateral forces. Lacey 
et al. [9] investigated a 6-storey steel MBS under wind and seismic ac
tions using SAP2000® and highlighted that the overall response to 
lateral loads was highly dependent on the different stiffnesses of IMCs. In 
a recent optimality criteria-based minimum-weight optimisation study 
conducted on three-storey MBSs and a comparative moment resisting 
frame (MRF) benchmark structure, Wang and Tsavdaridis [10] revealed 
that while the flexural rigidity of vertical IMCs did not play a significant 
role in the overall lateral stiffness of unbraced MBSs, having hinged 
IMCs at each level equated to a diaphragm discontinuity which caused 
the optimised MBS to be heavier than the optimised benchmark MRF 
under the same target frequency constraint. Hence, from a system-level 
perspective there is a clear consensus among researchers that IMCs play 
a crucial role in the structural behaviour of high-rise steel MBSs during 
earthquake or wind loading. 

The behaviour of IMCs from a component-level perspective has also 
attracted a great deal of attention, leading to numerous studies which 
developed new connections and investigated their force resisting 
mechanisms, failure modes, and nonlinear mechanical properties. So 
far, studies which carried out cyclic loading protocols to characterise the 
hysteretic behaviours of steel MBS joint assemblies revealed that most 
IMCs were designed to work in the elastic state, while ultimate failure 
occurred either in the column-endplate interface [11], beams [12–16] or 
in beam-column interfaces [17,18]. However, designing the global 
plastic-hinge formation mechanism to be heavily reliant on the hyster
esis of the steel framing member leads to costly and impractical retro
fitting programmes or even demolition, particularly in high-rise steel 
MBSs where more complex and demanding load transfer paths severely 
impact the damage levels in the volumetric modules. 

1.2. Resilience of IMCs 

To unlock the full “disassembly and reuse” potential of steel MBSs, it 
is necessary to put more effort into devising IMCs with improved 
ductility and energy dissipation, harnessed by specific components 
which are easy to repair, retrofit or replace and which can contribute 
effectively to the overall damage distribution mechanism of the struc
ture, preventing the concentration of plastic stresses and strains in the 
framing members of volumetric modules. Although the potential bene
fits of developing smart IMCs, by means of passive damage control to 
improve the resilience of steel MBSs have been identified in the past 
[3,7,19,20], the volume of published studies around this topic is still 
limited. Sultana and Youssef [21] investigated the effect of superelastic 
shape-memory alloy (SMA) bolts in vertical IMCs of a 6-storey steel MBS 
using SeismoStruct® and revealed that adopting SMA IMCs in specific 
locations reduced residual drifts and improved damage distribution 
without significant increase of maximum inter-storey drifts. The study 
only considered the effect of SMA IMCs on the global behaviour of steel 

MBSs, without focusing on the implications of using SMA bolts on the 
working mechanisms, failure modes and local behaviour of IMCs. Wu 
et al. [22] studied the effects of a shock-absorbing IMC on the seismic 
behaviour of 2-storey container buildings using FEA software Abaqus® 
and found that the lead rubber bearing placed between volumetric 
modules delivered a fuller hysteretic curve, reduced stresses in frame 
elements, and decreased yield area and strength degradation post-yield. 
Nevertheless, the use of connection parts made of lead is detrimental to 
the overall sustainability of MBSs due to health and pollution risks 
during lead production. Jing et al. [23] developed a slider device with 
bonded rubber units (BRUs) integrated in the wall tracks of volumetric 
modules and discovered that due to the hyperelasticity of rubber the 
BRU could suffer large deformation without failing or losing its self- 
recovery ability. The system’s applicability is limited to MBSs made of 
cold-formed steel sections. Sendanayake et al. [11] conducted both 
experimental and numerical analyses on an IMC subjected to cyclic 
lateral loading and attributed the improved energy dissipation and the 
ability to shift the damage away from critical framing members to the 
addition of rubber pads between the endplates of columns. The config
uration did not include means of re-centring, and the investigation was 
carried out on double stub-column specimens with relatively short 
lengths, which influenced the moment – rotation curves reported. The 
findings reported so far support the need for further research into the 
development of smart and resilient IMCs by means of employing passive 
damage control methods. 

1.3. Properties of high-damping rubber (HDR) dissipative devices 

In the past decades, the use of high-damping rubber (HDR) in 
dissipating devices for passive damage control of conventional MRFs has 
gained a lot of traction, in a pursuit to increase the low inherent damping 
representative of high-rise steel buildings [24]. HDR inherits the nearly- 
incompressible behaviour, large elastic strain capacity, recoverability 
and hysteresis of unfilled rubber [25], while also benefiting from 
improved damping due to the addition of carbon black filler [26]. These 
favourable characteristics can enhance hybrid natural rubber bearings 
(NRBs) with viscous or metallic dampers [27,28], supporting the 
development of HDR-based dissipative devices [26,29–31] and bearings 
[32–34]. However, while effective in dissipating energy, HDR bearings 
can introduce excessive displacement and permanent residual drifts 
during high intensity wind or seismic actions because of their limited 
shear stiffness. 

1.4. Properties of hybrid HDR-SMA dissipative devices 

Recently, a new trend of hybrid dissipative devices has emerged, 
combining the viscoelasticity of rubber with the strain recovery of smart 
alloys (shape-memory alloys or SMAs) such as Nickel-Titanium (also 
known as Ni-Ti or nitinol). SMAs are a class of smart materials with 
physical properties comparable to those of structural steel, capable of 
‘memorising’ their shape due to the reversible transitions between its 
two main phases (i.e., martensite and austenite) caused by a shear lattice 
distortion mechanism [35]. The crystal structures of the two SMA phases 
are temperature-dependant: austenite is stable at high temperature, 
while martensite at low temperature [36]. For civil engineering appli
cations, Ni-Ti can be manufactured in austenite phase at a wide range of 
desirable working temperatures, which enables austenitic Ni-Ti com
ponents to manifest the superelastic (or pseudoelastic) effect (SE), 
characterised by the ability to accommodate large strains (as high as 
8–10%) under loading and recover their initial shape when unloaded 
[37]. Moreover, bespoke attributes such as the ability to dissipate energy 
through stable cyclic hysteresis, high damping, combined with excellent 
fatigue and corrosion resistance have fostered the application of Ni-Ti 
components in passive damage control devices [38,39]. The effective
ness of hybrid rubber-SMA passive damage control devices has been 
demonstrated on a wide range of applications [40–45], while the 
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promising results revealed by more recent research on hybrid HDR-SMA 
devices have been of particular interest for the purpose of the present 
study [46–48]. 

Consequently, the evidence presented so far indicates that a rela
tively new generation of hybrid passive damage control devices, namely 
high-damping rubber shape-memory alloy (HDR-SMA) dissipative de
vices can be effective in improving the ductility, energy dissipation, 
damping, and residual drifts of steel structures. In a recent review 
amassing sixty IMCs from the literature, the authors have identified the 
potential of enhancing resilience of high-rise steel MBSs by using rubber 
components and SMAs in IMCs and highlighted that such configurations 
have been explored up to a very limited extent [49]. Furthermore, there 
has been no account of adopting neither HDR nor hybrid HDR-SMA in 
the development of IMCs for steel MBSs, leaving room for further in
vestigations to narrow this gap. 

Therefore, to address these limitations and research gaps, the present 
study proposes a novel, hybrid IMC using custom corner fittings, a high- 
damping rubber core and a shape-memory alloy bolt. The smart and 
resilient IMC assists in the passive damage control of steel MBSs during 
lateral loading by reducing the inelastic deformation developed in the 
framing members and dispersing the effects throughout the building’s 
structure (i.e., effectively enabling a decentralisation of the global 
damage distribution mechanism by taking advantage of the numerous 
IMC points typically present in steel MBSs.). The practical value of this 
novel connection is fostered by the successful employment of unique 
mechanical properties of SMAs and HDR to improve the retrofitting, 
rehabilitation, reclaim and reuse opportunities for next-generation, 
sustainable MBSs. To this end, the structural behaviour of the 

proposed IMC has been fully characterised using high-fidelity finite 
element (FE) models by studying its mechanical response in tension and 
combined compression and shear. 

2. The proposed hybrid IMC 

The system has been developed to connect corner-supported volu
metric modules made with hot-rolled steel members joined by custom 
corner fittings. In the conceptual design phase, various preliminary 
connection configurations have been explored with the objective of 
improving damage control and demountability while satisfying struc
tural, constructional, and manufacturing constraints. A heuristic FEA 
optimisation has informed the present design by studying the use of 
high-strength steel bolts, the effect of length, number and layout of bolts, 
the influence of slotted bolt holes and types of washers, and the presence 
of supplementary yielding components to enhance energy dissipation. 

The proposed connection system comprises a resilient core repre
sented by a high-damping rubber bearing (HDRB) installed between the 
corner fittings of volumetric modules and a pseudoelastic bolt made of 
Ni-Ti based SMA. The conceptual details of the hybrid IMC are illus
trated in Fig. 1. For clarity, only the main framing members (i.e., beams, 
columns, corner fittings) of the modules are illustrated, yet it has been 
considered implicit that floor and roof cassettes, walls, lateral stability 
systems as well as MEP systems are also included in ready-to-install fully 
finished modules. 

The main advantages of the developed IMC are threefold: (1) 
demountable design using bolted joints, (2) supplementary damping on 
account of the HDR core, and (3) improved energy dissipation and 

Fig. 1. Illustration of the proposed hybrid IMC.  
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reduced lateral drifts by virtue of the superelastic response of the SMA 
bolt. 

To facilitate positioning of the volumetric modules, guiding lugs are 
provided on the outer plates of the HDRB with matching holes in corner 
fittings to accommodate the necessary level of constructional tolerances. 
The alignment of the double end threaded stud through the centreline of 
columns promotes a scalable and flexible design by keeping a simple and 
symmetric configuration with the same mechanical characteristics in 
both plan directions. This configuration ensures that load paths are 
provided explicitly through the rigid corners of the volumetric modules 
and placing the bolt inside the corner fittings provides an additional 
layer of protection from fire or thermal expansion. For corner and 
external joints (Type-C and Type-B), tensioning of the SMA bolts can be 
achieved through the access holes provided in corner fittings. While the 
challenge of securing the internal joint has been addressed before by 
either moving the connection in the beams [13,17] or using automatic 
devices [15,50], to avoid cutting holes in structural members and reduce 
their load bearing capacity, an alternative solution is considered herein. 
Corner fittings are extended to integrate access holes instead of weak
ening the module frame members. 

As the hybrid IMC consists of bespoke steel, rubber and shape- 
memory alloy parts, the material consumption of the proposed solu
tion needs some consideration. Of particular interest is the matter of 
increasing material usage in the case of connection duplication with 
each building level added. In this regard, it must be mentioned that in 
order to achieve an efficient use of material, the connection configura
tion needs to be optimised to meet specific performance design con
straints at each floor level. The impact of connection repeatability due to 
building scale may be further lowered by determining whether the 
developed solution is needed only at specific levels along the building 
height to achieve a desirable global response. A global study (at macro- 
level) including parameters such as site location, building height, or 
lateral load type and magnitude is required to prove this. 

2.1. The role of the resilient core 

The HDR core has two main functions and is regarded both as a 
bearing and a dissipative device. Firstly, it provides evenly distributed 
and continuous vertical load paths between volumetric modules through 
the outer plates made of structural steel, while the (nearly) incom
pressible rubber layers reinforced with steel shims can withstand large 
compressive stresses. Secondly, it accommodates inter-storey shear 
forces and lateral drifts by undergoing large elastic strains without 
failing, alleviating the high-stress force-transfer zones at the corners of 
volumetric modules and, thus preventing the development of plastic 
damage in the structural framing. The lugs on the outer plates also play a 
structural role, acting as stoppers in the later stages of post bolt-failure, 
ensuring the stability of the structural frame until the commencement of 
retrofitting works. While recently, the use of laminated double beams 
has been promoted for the beneficial composite effect [51,52], the small 
gap introduced by the HDRB is deemed beneficial for the structural 
flexibility of volumetric modules, as designing floor and ceiling beams to 
take load independently allows future repurpose or relocation if archi
tectural layout changes are desired during the life cycle of the MBS. 
Moreover, the gap created between ceiling and floor beams can be used 
to accommodate building services while the air barrier provides addi
tional fire resistance and improves the acoustic performance of the 
modular structure [53]. 

2.2. The role of the pseudoelastic SMA bolt 

The pseudoelastic SMA bolt serves two complementary structural 
functions: one is to provide uplift (tension) resistance to the joint 
through the clamping action generated by preload, while the other is to 
resist inter-storey drifts through a combined bending and shear action. 

However, the main benefits of the proposed IMC are furnished by the 

pseudoelastic response of austenitic Ni-Ti based SMA which allows the 
shank to undergo large elastic strains (up to 5–6%) and recover its initial 
shape without failing. In the context of the present study, this effect 
equates to easy dismantling after damage-inducing events such as 
intense winds or earthquakes, as opposed to HS steel bolts which either 
fail or become jammed. In addition, considerable energy dissipation and 
damping are supplied through hysteresis during the cyclic transition 
between austenite–martensite phases of the smart alloy. 

Among the limitations of the proposed IMC there can be a relatively 
high manufacturing cost for the SMA bolt, yet the cost may be offset by 
the gains related to the elimination of damage in the framing members 
improving reclaim and reuse prospects. Also, substantial advancements 
have been made in the technologies of manufacturing and processing 
smart alloys, specifically through the successful implementation of ad
ditive manufacturing techniques such as selective laser melting (SLM) or 
direct energy deposition (DED) [54,55] which mitigate the need for 
difficult machining processes, while further breakthroughs in this area 
are expected to drop future manufacturing costs for smart alloys. 

3. Methodology 

3.1. Study framework 

In the present study, the hybrid response of the proposed IMC has 
been analysed by carrying out detailed continuum finite-element sim
ulations using highly nonlinear material models calibrated with data 
from experimental material characterisation tests. A summary of the 
complete process is illustrated in Fig. 2. 

Validated high-fidelity FEA has facilitated the proof-of-concept 
connection tests undertaken to determine the mechanical behaviour of 
the hybrid IMCs with respect to two translational degrees-of-freedom 
(DOFs) of interest namely, axial tension and combined compression 
and horizontal shear. The DOFs selected correspond to the main defor
mation modes expected to be sustained by the proposed IMCs in the 
structural system of high-rise steel MBSs under the combined effect of 
vertical and horizontal loading. The influence of relevant structural 
parameters has been determined for each loading mode. Constitutive 
models have been calibrated using experimental test data to realistically 
reflect the stress–strain response expected from the adopted materials. 
The FEA test results have been used to fully characterise the mechanical 
behaviour of the novel connection by determining the deformation 
modes, strength, stiffness, ductility, energy dissipation and damping 
capabilities for all relevant connection components as well as their in
dividual contributions to the overall hybrid mechanical response. Ac
cording to the different levels of experimental testing for inter-module 
joints identified by Lacey et al. [56], the adopted connection test con
figurations consist of the inter-module connection (IMC) zone without 
consideration of beam-column (BC) sub-assemblages, in order to capture 
the pure structural contribution of the IMC within a prospective inter- 
module joint (IMJ) and to facilitate the extraction of these structural 
behaviours for prospective development of simplified joint models. 

3.2. High-fidelity finite element analysis (FEA) 

The computational analyses in the present study have been con
ducted using the standard (implicit) solver of commercial FEA package 
Abaqus® [57]. The FEA model setup, test specimens and material model 
calibrations are discussed below. 

A parametric study is conducted to determine the influence of 
important test parameters on the hybrid IMC’s tension and combined 
compression-shear behaviours. For tension FEA, the selected parameters 
are bolt preload, Fp.C, and thickness of corner fitting’s endplate, tcfe, 
while for shear FEA, the studied parameters are magnitude of 
compressive axial load, NEd, and vertical layer (VL) layout of the HDR 
core. The bolt preload is determined based on a corresponding pre-stress 
level in the SMA bolts’ shank, σpre. To provide initial stiffness without 

D.-A. Corfar and K.D. Tsavdaridis                                                                                                                                                                                                          



Engineering Structures 289 (2023) 116281

5

affecting the ductility and re-centring capability of the bolts, the pre- 
stress in the bolts is limited to 50% and 100% of the forward trans
formation start stress, σMs. To simulate the effect of permanent gravi
tational loading on the shear behaviour of the hybrid IMC, axial load, 
NEd, equal to 5% and 10 % of the compressive yield capacity (Nc.Rd) of 
the column’s cross-section is adopted, as per Lacey et al. [56]. The two 
axial load magnitudes applied to the hybrid IMC, combined in turn with 
one of the two bolt preloads are equivalent to compressive stresses on 
the HDR core ranging from 8.35 MPa (for “N05-P50” specimens) up to 
16.9 MPa (for “N10-P100” specimens). While these values represent a 
rather upper bound limit from the perspective of maximum compressive 
stresses recommended by design codes [58,59], the decision is justified 
as the typical layout of building structures such as tall, self-standing 
MBSs results in higher axial load distribution per column, hence sub
jecting the HDR cores in such applications to higher compressive 
stresses. A summary of the test matrix and studied parameters is re
ported in Table 1. 

Nc.Rd = (Afy)/γM0 (1)  

Fp.C = Asσpre (2)  

3.3. FEA model setup 

A highly nonlinear FEA setup is employed, including all three types 
of nonlinearities, namely geometric, material and boundary. All contact 
interactions are modelled using surface-to-surface discretisation with 
finite sliding formulation. The complete definition of contact between 
all joint components includes contact surfaces for the bolt, the HDRB, 
and the corner fittings. Normal behaviour is defined using the nonlinear, 
penalty-enforced, “Hard” pressure-overclosure relationship, while for 
tangential direction, the default penalty friction formulation based on 
the basic Coulomb friction model is adopted. A friction coefficient μ =

0.3 has been adopted, assuming steel-to-steel interfaces that have been 
cleaned by wire-brushing or flame cleaning, with loose rust removed as 
per EN-1090–2 [61]. The unsymmetrical matrix storage and solution 
scheme is used to cater for the friction coefficient μ > 0.2. The HDRB 
components (outer plates, steel shims and elastomer layers) are created 
separately, and an ideal, error-free adhesive steel-rubber bond is 

Fig. 2. Overview of the present study.  
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assumed by merging all components into a single part while preserving 
geometric boundaries and material properties. This method is preferred 
to reduce the computational demand on the analysis required by 
defining numerous contact constraints. 

General static steps are defined for each loading stage. The initial 
bolt preload is applied during the first step in both tension and shear 
FEA. For the tension FEA setup, a displacement-controlled vertical load 
is applied during the second step, while for the shear FEA a compressive 
axial load is applied in the second step, followed by a displacement- 
controlled horizontal shear loading during the third step. Loading and 
boundary conditions are applied using reference points coupled to cross- 
sections with distributed continuum coupling constraints, while the bolt 
pre-tension is defined through an orthogonal surface passing through 
the middle of the bolt’s shank. The cyclic loading histories for tension 
and shear FEA are illustrated in Fig. 3. The EN 15129 loading protocol 
[59] is used in the tension FEA, with three positive-only cycles at +0.25 
Δbd, +0.5 Δbd, +Δbd, where Δbd is the design displacement limited to the 
maximum displacement, Δmax, corresponding to the displacement at 
which the stress in the bolt’s shank reaches the finish transformation 
stress σMf . The maximum displacement, Δmax, has been determined 
through an initial monotonic tension loading sequence for each tested 
specimen. Same protocol is adopted for cyclic shear loading, this time 
with three fully reversed cycles of ±0.25 Δbd, ±0.5 Δbd, ±Δbd, where 
Δbd has been determined based on the same method as explained above. 

All parts are rigorously partitioned to enable the use of structured 
mesh controls with Hex elements for better convergence. The steel and 

SMA parts have been meshed with first-order 8-node linear brick (3D 
solid) elements (C3D8R) with reduced integration, while the steel plates 
in the HDR core have been meshed with the equivalent hybrid elements 
(C3D8RH). The rubber layers have been meshed with fully integrated 
first-order 8-node hybrid linear brick elements (C3D8H). The adequate 
mesh refinement has been explored in terms of accuracy of results versus 
analysis efficiency. Following a rigorous sensitivity analysis, the 
connection parts have been discretised as follows. A minimum of three 
mesh elements are provided through the thickness of all thin-walled 
sections. The corner fittings are meshed with 5 mm global size ele
ments, while the bolts are meshed with 2 mm global size elements. The 
HDR core is meshed with 4 mm global size elements, while the elastomer 
layers have 5 elements through the thickness of each layer. An overview 
of the FEA model setup and mesh details are illustrated in Fig. 4. 

3.4. Test specimens 

Design details of the connected corner fittings and adjoining post and 
beam segments are based on typical sizes of modular framing members 
reported in the literature [1]. The plan dimensions of the corner fittings 
top and bottom cover plates are 150 mm × 150 mm, to accommodate 
SHS150x10 hot-rolled square hollow steel corner posts. Vertical plates 
have constant thicknesses of 15 mm, while different depths have been 
chosen, depending on the depths of the adjoining floor and ceiling beam 
members. Rounded access holes of 100 mm × 80 mm and rounded 
corner radii of 40 mm are considered on two adjacent vertical plates in 

Table 1 
Test specimen matrix.   

Specimen ID NEd (kN) Fp.C (kN) tcfe (mm) VL layout 

Tension FEA P50-E15 – 50%σMs = 80 15 VL1 
P50-E20 – 50%σMs = 80 20 VL1 
P50-E25 – 50%σMs = 80 25 VL1 
P100-E15 – 100%σMs = 160 15 VL1 
P100-E20 – 100%σMs = 160 20 VL1 
P100-E25 – 100%σMs = 160 25 VL1 

Shear FEA N05-P50-VL1 5%Nc.Rd = 97.5 50%σMs = 80 15 VL1 
N05-P50-VL2 5%Nc.Rd = 97.5 50%σMs = 80 15 VL2 
N05-P100-VL1 5%Nc.Rd = 97.5 100%σMs = 160 15 VL1 
N05-P100-VL2 5%Nc.Rd = 97.5 100%σMs = 160 15 VL2 
N10-P50-VL1 10%Nc.Rd = 195 50%σMs = 80 15 VL1 
N10-P50-VL2 10%Nc.Rd = 195 50%σMs = 80 15 VL2 
N10-P100-VL1 10%Nc.Rd = 195 100%σMs = 160 15 VL1 
N10-P100-VL2 10%Nc.Rd = 195 100%σMs = 160 15 VL2 

Notes: Nc.Rd is the design resistance of the cross-section for uniform compression as defined in Eurocode 3 [60] and is calculated using expression (1), for members not 
susceptible to local buckling failure, where A is the cross-sectional area, fy is the yield strength of steel, and γM0 is a partial safety factor. Results are based on a hot- 
rolled Celsius® SHS150x10 column cross-section of S355 steel grade. Bolt preload, Fp.C, is given by expression (2), where As is the cross-sectional area of the bolt shank 
and σpre is the pre-stress level in the bolt shank.  

Fig. 3. Cyclic loading histories.  
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each corner fitting. Detailed drawings of the corner fittings are illus
trated in Fig. 5 (a) and (b). 

The preliminary design of the HDR cores is based on recommenda
tions for elastomeric bearings as per EN 1337–3 [58]. All HDR cores 
considered herein have 150 mm × 150 mm square plan shapes to ensure 
flush alignment with the external surfaces of the vertical steel walls of 
corner fittings, while 3-mm-thick reinforcing steel shims and 15-mm- 
thick steel cover plates have been used throughout all bearing config
urations adopted in this study. A large 40 mm diameter hole is placed at 
the centre of the HDR cores to ensure that the SMA pin does not come 
into contact with the inner sides of the HDR core at any time during 
cyclic shear loading. Given the constraint on the plan dimensions, a 
preliminary thickness of the elastomeric layers has been set to 4 mm to 
ensure a reasonable compressive stiffness of the HDRBs, described by a 
shape factor S ≅ 8.85. The shape factor, S, is a property of the elasto
meric bearing that relates the geometry of the bearing to its compressive 
stiffness and is given by expression (3) as per EN 1337–3 [62]. A sum
mary of the sizes and layouts considered is reported in Fig. 5 (c). 

S =
A1

Ipte
(3) 

Where: 
A1- effective plan area of the bearing 
Ip- force-free perimeter of the bearing 
te- effective thickness of an individual elastomer layer in compression 
A preliminary M20 net shank diameter has been adopted for the 

bolts, as the single-bolt configuration of the proposed IMC requires a 
reasonably large bolt diameter. When sizing the dog-bone shaped SMA 
bolts, special concern has been given to the threaded regions which are 
known as potentially vulnerable zones prone to premature fracture. 
Consequently, to ensure an adequate ductility, the SMA bolt samples 
have been dimensioned with net diameters of the threaded regions 
larger than the diameters of the shank regions, having net threaded-to- 
shank diameter ratio, Dth.net/Dsh.net , in the range of 1.2–1.3. This value is 
expected to ensure a fracture-free tensile strain of at least 6%, as sug
gested by Fang and Wang [35] based on experimental test observations 
reported in the literature [63–65]. Details of the diameters and ratio are 

Fig. 4. Model setups: (a) tension FEA, (b) reference points coupling, (c) combined compression-shear FEA, (d) meshing details.  
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reported in Table 2, while detailed drawings are illustrated in Fig. 5 (d). 

3.5. Experimental tests for material model calibration 

To calibrate the advanced material models required for capturing the 
viscoplastic behaviour of high-damping rubber (HDR) and the 

pseudoelastic (superelastic) behaviour of austenitic shape-memory alloy 
(SMA), both materials were characterised through specific experimental 
testing. Details of test configurations, loading modes and protocols were 
laid out in the following paragraphs. 

The ultra-high damping rubber compound from Tun Abdul Razak 
Research Centre (TARRC - https://tarrc.co.uk/) is adopted for the 
elastomeric layers of the HDR connector. Double-bonded shear tests 
have been carried out at TARRC on cylindrical test pieces made of two 
rubber layers hot-bonded to metal plates (Fig. 6 (a)). One test piece has 
been subjected to sinusoidal waveforms of 0.5 Hz frequency for 6 cycles 
at ± 1, ±2, ±5, ±10, ±20, ±50, ±100, ±150, ±200 % shear strains to 
determine the secant shear modulus, G, and the equivalent viscous 
damping ratio, ξeq, of HDR (Fig. 6 (b)), reported for the sixth cycle for 

Fig. 5. Detailed drawings of specimen components (units in mm).  

Table 2 
Design considerations of the dog-bone shaped SMA bolt samples.  

SMA bolt sample Dth (mm) Dth.net (mm) Dsh.net (mm) Dth.net/Dsh.net 

M20-27 27 25 20  1.25  
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each strain amplitude. The method for determining the respective pa
rameters is described in more detail by Orfeo et al [66]. The experi
mental tests for FEA material model calibration have been done at 
ambient temperature and the test pieces have been subjected to trian
gular waveforms up to ±200% shear strain for 6 cycles at 10% strain 
rate (0.1/s) with a 2-minute wait before being subjected to triangular 
waveforms up to ±200% shear strain for 1 cycle over an amplitude 
range of 25% shear strain with stress relaxation segments of 2 min 
inserted between each step change. The 6 consecutive cycles of ±200% 
shear strain have been done to account for the cumulative damage (also 
known as Mullins damage), such that the calibration was done on an 
already stabilised stress–strain behaviour of the HDR. The load-relax- 
load incremental steps are necessary for the calibration of the hystere
sis parameters of the Bergström-Boyce model, which requires test data 
for at least two different strain rates to accurately predict the desired 
mechanical behaviour. 

The Ni-Ti based SMA adopted is a Ni-rich Ni-Ti alloy (51Ni-49Ti % 
at.) supplied by the company 2SMArtEST Srl (https://2smartest.com/). 
The dog-bone samples have been heat treated at about 500 ◦C for 30 min 
to adjust the final transformation temperatures (austenite finish tem
perature Af ≈ 0 ◦C) and give proper superelastic behavior at a practical 
range of temperatures for real-life applications. 

Isothermal mechanical tests for material characterisation consisting 
of pseudo-static cyclic tensile tests with a monotonic strain controlled 
loading (ε̇ = 3⋅10− 4 s− 1) up to a given strain, εtot, followed by complete 
load-controlled unloading (σ̇ = 12 MPa⋅s − 1) have been performed at 
University of Calabria on standard dog-bone test pieces (Fig. 6 (c)) in 
fully austenitic conditions (T = 20 ◦C). The tests have been carried out 
by using a universal testing machine (Instron E10000, USA) and strains 
have been measured by an extensometer (accuracy class 0.5 ISO) with a 
gauge length of 10 mm. 

Data in the form of stress–strain and load–displacement curves has 
been extracted from the experimental tests detailed above and has been 
used for calibration and validation of the material models, as described 
in the following sections. 

3.6. Constitutive material models 

The theoretical formulations and calibration studies behind the 
advanced non-linear material models employed to define the mechani
cal behaviour of hot-rolled carbon steel, high-damping rubber, and 
austenitic SMA have been presented in the following paragraphs. 

3.6.1. Hot-rolled carbon steel 
In Abaqus®, the material library offers a variety of mechanical 

constitutive models to describe the behaviour of metals for imple
mentation in stress analysis problems. Based on the assumption of an 

additive relationship between strain rates (expression (4)) to decompose 
the deformation into elastic (recoverable) and inelastic (non
recoverable) parts, the full mechanical response of structural steel has 
been defined through a combination of complementary material be
haviours such as elasticity and plasticity. 

ε̇ = ε̇el
+ ε̇pl (4) 

Where: 
ε̇- the total strain rate 
ε̇el- the rate of change of the elastic strain 
ε̇pl- the rate of change of inelastic strain 
An appropriate elastic response model for steel is the isotropic linear 

elasticity represented by expression (5), indicating that stress is pro
portional to the applied strain and independent of the direction at a 
material point. This is a legitimate approximation because the elastic 
strains are small, of order 10− 3 (the yield stress being three orders of 
magnitude smaller than the elastic modulus) [67]. 

σ = Delεel (5) 

Where: 
σ- the total stress state of a material point 
Del- the fourth order elasticity tensor that is independent on the 

deformation 
εel- the total elastic strain state of a material point 
For the inelastic response of steel, a classical metal plasticity, rate- 

independent model using the Mises yield surface with associated plas
tic flow and isotropic hardening has been chosen. When defining plas
ticity in Abaqus®, a final step before the input of material data is the 
conversion of nominal (engineering) stress and strain values (σnom, εnom) 
to true stress and logarithmic plastic strain (σtrue, εpl

ln) for the solver to 
properly interpret the data. This is since the inelastic response of hot- 
rolled carbon steel occurs over a strain range which no longer belongs 
to the domain of small-strain theory (up to 16% ultimate tensile strain) 
which is formulated in terms of total stress and total strain values. 
Hence, it is necessary to adopt the finite-strain formulation which is 
defined in terms of “true” or Cauchy stress and logarithmic strain [67]. 
The conversion can be easily done using expressions (6)-(8). 

σtrue = σnom(1+ εnom) (6)  

εln = ln(1+ εnom) (7)  

εpl
ln = εtot

ln −
σtrue

E
(8) 

Where: 
σtrue– true stress (MPa) 

Fig. 6. Experimental test schemes for material model calibration: (a) rubber test pieces, (b) secant shear modulus of HDR, (c) SMA coupon.  
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σnom– nominal stress (MPa) 
εnom– nominal strain (%) 
εtot

ln – logarithmic total strain (%) 
εpl

ln– logarithmic plastic strain (%) 
To describe the inelastic behaviour of hot-rolled carbon steel, the 

standardised bi-linear plus nonlinear hardening model defined by ex
pressions (9)-(11) proposed by Yun and Gardner [68] has been adopted 
in this study due to its practicality, being able to accurately represent the 
stress–strain response of steel based just on the three basic material 
parameters readily available in design codes, namely the modulus of 
elasticity E, the yield strength fy, and the ultimate strength fu. The model 
is more accurate than other typical models available in the literature (i. 
e., the elastic, perfectly plastic [60], the elastic, linear hardening, the tri- 
linear [69] or the Ramberg-Osgood model [70]) as it captures the 
elastic, yield plateau, and rounded strain hardening with progressive 
loss of stiffness regimes.   

εu = 0.6
(

1 −
fy

fu

)

, but εu ≥ 0.06 for hot − rolled steels (10)  

εsh = 0.1
fy

fu
− 0.055, but 0.015 < εsh ≤ 0.03 (11) 

Where: 
εu– true stress (MPa) 
εsh– strain hardening strain 
Material parameters used to characterise the elasto-plastic behaviour 

of steel grade S355 (Table 3) have been taken from Eurocode 3 [60] 
based on nominal material properties and nominal element thickness t ≤
40 mm. The corresponding (true) stress–strain curve is illustrated in 
Fig. 7. 

3.6.2. High-damping rubber 
Since linear elasticity is no longer fit for purpose to describe the 

highly non-linear time-dependent, large-strain mechanical behaviour of 
carbon-black filled rubber vulcanizates such as high-damping rubber, a 
different class of constitutive models called hyperelasticity is intro
duced, representing a non-linear generalisation of isotropic linear elas
ticity into the finite-strain domain. 

Hyperelasticity in approximately incompressible isotropic elasto
mers can be described in terms of a strain-energy density function/po
tential (U), which relates the strain energy stored in the material per unit 

of reference volume to the strain in the material. While Abaqus® sup
plies a generous suite of strain-energy potentials, it is important to note 
that in cases where experimental test data is available for a single mode 
of deformation (such as the present study), it is advised to use particular 
forms based only on the first deviatoric strain invariant I1 (e.g., Neo- 
Hookean, Arruda-Boyce/Eight-Chain, Yeoh or Marlow/Response Func
tion), as the influence of the second deviatoric strain invariant I2 is 
generally difficult to quantify and requires data from at least 2 different 
loading modes. Nevertheless, this simplification does not represent a 
significant sacrifice on precision, as it is widely accepted that in the case 
of filled elastomers, the I2-term in the strain-energy function is numer
ically close to 0 [71]. 

Of the I1-based models, the Yeoh form has been selected in this study 
for its ability to give the most accurate prediction of HDR’s typical S- 
shaped stress–strain behaviour over the desired strain range, as 
demonstrated in the calibration studies (Fig. 8 (b)). Based on an additive 
decomposition of the deviatoric (I1) and volumetric (Jel) strain energy 
contributions, the Yeoh form of the strain-energy function [72] is given 
in Abaqus® as the third-order reduced polynomial illustrated in ex
pressions (14)-(16) [67]. 

U =
∑3

i=1
Ci0(I1 − 3)i

+
∑3

i=1

1
Di
(Jel − 1)2i (14)  

I1 = λ2
1 + λ2

2 + λ2
3 (15)  

λi = J− 1/3λi (16) 

Where: 
U- strain-energy per unit of reference volume 
C10- coefficient representing the initial shear modulus at low strains 
C20- coefficient representing the softening effect at moderate strains 
C30- coefficient representing the “upturn” at higher strain levels 
I1- first deviatoric strain invariant 
Di- temperature-dependent coefficients determining material 

compressibility 

Table 3 
Nominal material properties for steel grade S355.  

Steel grade ρ E ν fy fu εu 

(kg/m3) (N/mm2) (-) (N/mm2) (N/mm2) (%) 

S355 7,850 210,000  0.3 355 490  16.53 

Note: (1) ρ is density of steel, (2) E is the modulus of elasticity, (3) ν is Poisson’s 
ratio, (4) fy is the yield strength, (5) fu is the ultimate strength, (6) εu is the 
ultimate strain.  

Fig. 7. Constitutive material models for structural steel.  

f (ε) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Eε, ε < εy

fy, εy < ε ≤ εsh

fy + (fu − fy)

⎧
⎨

⎩
0.4

(
ε − εsh

εu − εsh

)

+ 2
(

ε − εsh

εu − εsh

)/[

1 + 400
(

ε − εsh

εu − εsh

)5
]1/5

⎫
⎬

⎭
, εsh < ε ≤ εu

(9)   
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Jel- elastic volume strain 
λi- deviatoric stretches 
λi- principal stretches 
J- total volume strain 
A hyperelastic model alone cannot be used to study the energy 

dissipation and damping properties of a HDR during cyclic loading 
because this class of models deals only with the elastic (instantaneous) 
behaviour ignoring the viscous (time-dependent) response, hence failing 
to capture the hysteresis. It is also unfit for capturing additional non- 
linearities such as the pronounced softening during initial load cycles 
due to damage accumulation in the material followed by stabilisation 
(known as Mullins damage) and progressive loss of stiffness with 
increasing strain amplitude (known as Payne effect). For this reason, the 
hyperelastic formulation needs to be expanded by means of linear 
viscoelastic (LVE) models or the more advanced, non-linear viscoelastic 
(non-LVE or viscoplastic) models. While linear viscoelasticity is gener
ally useful in modelling elastomer-like materials, it is most accurate for 
the small-strain viscoelastic response of unfilled rubber compounds (i.e., 
low damping rubber) [66] and is therefore less adequate for the present 
study. 

A powerful generalisation of linear viscoelasticity is the non-LVE 
constitutive model developed by Bergström and Boyce [25,73]. The 
model’s theoretical formulation is rooted on the premise of 

decomposing the total stress response into an equilibrium response and a 
deviation from equilibrium response, and is represented by two parallel 
networks A (non-linear hyperelastic) and B (non-linear hyperelastic 
component in series with a non-linear viscoelastic flow element) [74]. In 
Abaqus®, the BB model can be employed as the ‘Hysteresis’ sub-option 
of ‘Hyperelasticity’, requiring the definition of four additional material 
parameters, namely a stress scaling factor (SF), creep parameter (A), 
effective stress exponent (m), and creep strain exponent (C). 

Therefore, to properly capture the non-linear viscoelastic (non- 
LVE) response of TARRC’s high-damping rubber, the constitutive ma
terial model adopted in Abaqus® has been defined using the Bergström- 
Boyce (BB) model, based on Yeoh hyperelasticity. The calibration of 
the material model has been performed using the commercial material 
parameter extraction tool MCalibration [75], which determines the 
material parameters for a given constitutive model and set of experi
mental data by treating the procedure as the non-linear mathematical 
minimization problem [74] defined by expression (17) as: 

min
ξ

∑N

i=1
f (Mi(ξ) − Ei) (17) 

Where: 
ξ- vector of material parameters to optimize 

Fig. 8. Material calibration of HDR: (a) flow chart with full process, (b) calibrated models.  
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N- number of experimental data sets 
f(•)- coefficient representing the softening effect at moderate strains 
Mi(ξ)- model prediction of experimental data set i 
Ei- experimental data set i 
This has been done to optimise the workflow, yet the same steps can 

also be performed through more time-consuming trial and error studies 
or by developing custom-made optimization routines using a general- 
purpose programming language of choice, both falling outside the 
scope of the present study. A flowchart outlining the complete process of 
calibrating and validating a constitutive model for rubber vulcanizates is 
illustrated in Fig. 8 (a). The material parameters corresponding to all 
non-LVE material models considered in the calibration studies were 
summarised in Table 4. All Di terms defining material compressibility 
are taken as 0 to approximate the fully incompressible behaviour of 
elastomers. 

3.6.3. Pseudoelastic shape-memory alloy 
In order to accurately describe unique features of the mechanical 

behaviour of SMAs (e.g., the recovery of large deformations during load- 
unload cycles) that could not be represented by conventional inelastic 
models, an extension of the classical plasticity framework called 
generalised plasticity has been formulated [76]. On this basis, Auricchio 
and Taylor [77,78] have developed a constitutive model to characterise 

the pseudoelastic (superelastic) effect of SMAs at finite strains based on 
the typical uniaxial stress–strain response of phase transforming mate
rials that illustrates a closed hysteresis (flag-shaped) loop as seen in 
Fig. 9. 

This constitutive model has a built-in formulation in Abaqus®/CAE 
and can be defined by using the Mechanical, Super Elasticity material 
behaviour when creating a new material. It is intended for modelling Ni- 
Ti based SMAs that undergo solid–solid, martensitic phase trans
formation and exhibit superelastic response [67]. Due to its practicality, 
it has been widely adopted in the literature and has accurately reflected 
the mechanical behaviour of Ni-Ti based SMA bars [79–85]. The 
following input material parameters need to be defined: Young’s 
modulus and Poisson’s ratio of austenite (EA, νA), Young’s modulus and 
Poisson’s ratio of martensite (EM, νM), the forward (load) transformation 
start stress σMs, the forward (load) transformation finish stress σMf , the 
reverse (unload) transformation start stress σAs, the reverse (unload) 
transformation finish stress σAf , and the transformation strain εL. In the 
present study, the input data reported in Table 5 has been chosen from 
the inspection of the experimental stress–strain curve corresponding to 
the first load-unload cycle. 

One limitation of this model is the inability to capture the degrada
tion of the mechanical behaviour of pseudoelastic Ni-Ti based SMA. 
While alternative ‘hybrid’ modelling methods have been employed in 
the past with some success by introducing ‘fake’ steel fibres/layers 
characterised by metal plasticity with isotropic hardening [63,86–88], 
this technique is most appropriate for modelling SMA cables or strands 
rather than bolts, remaining impractical for general adoption. 

3.7. FEA validation 

The FEA conducted in this study is validated by simulating the 
experimental tests for three IMCs and a laminated elastomeric bearing. 
In addition, the validation of the calibrated material models presented in 
the previous section is also completed by simulating the experimental 
characterisation tests. 

FEA validation I is conducted on the IMC with a rotary locking device 
studied by Chen et al. [89,90]. The experimental setups and corre
sponding numerical models are illustrated in Fig. 10. The validation 
results demonstrate the accuracy of present FEA in capturing the 
deformation modes and overall working mechanisms reported in the 
reference study. FEA validation II has been carried out on the post- 
tensioned IMC studied by Lacey et al. [91]. The experimental setup 
and corresponding numerical model can be seen in Fig. 11. The 

Table 4 
Material properties for high-damping rubber.  

Constitutive model Hyperelasticity coefficients Non-linear viscoelasticity (Bergström-Boyce) NMAD Fitness 

SF A m C 

Neo-Hookean C10 0.135 - - D1 0 - -  11.9  109.1  10.6  − 1 12.0 % 
Yeoh C10 0.139 C20 -0.014 C30 0.003 D1 0 D2 0 D3 0 24.7 141.4 10.85 − 0.99 8.2 % 
Arruda-Boyce μ 0.166 λm 1.789 – D 0 – –  27.9  90.4  10.44  − 0.96 8.9 % 

Note: (1) Ci0 are stiffness coefficients, (2) Di are compressibility coefficients, (3) μ is the initial shear modulus coefficient, (4) λm is the locking stretch, (5) SF is the stress 
scaling factor, (6) A is the creep parameter, (7) m is the effective stress exponent, (8) C is the creep strain exponent, (9) NMAD is the Normalized Mean Absolute 
Difference/Error.  

Fig. 9. Constitutive model of pseudoelastic Ni-Ti based SMA.  

Table 5 
Material properties for constitutive model of pseudoelastic SMA.  

EA (MPa) EM (MPa) νA νM σMs (MPa) σMf (MPa) σAs (MPa) σAf (MPa) εL (%) 

87,500 38,438  0.33  0.33 525 615 180 90  3.64 

Note: (1) EA is the Young’s modulus of austenite, (2) EM is the Young’s modulus of martensite, (3) νA is the Poisson’s ratio of austenite, (4) νM is the Poisson’s ratio of 
martensite, (5) σMs is the forward transformation start stress, (6) σMf is the forward transformation finish stress, (7) σAs is the reverse transformation start stress, (8) σAf 

is the reverse transformation finish stress, (9) εL is the total transformation strain.  
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force–displacement curves indicate a good agreement between the 
experimental and numerical results. The slight difference in the initial 
stiffness is attributed to the contribution to the shear resistance provided 
by the faying surfaces which are modelled through varying combina
tions of friction coefficients and elastic slip factors and thus cannot fully 
capture the condition and potential imperfections of the steel surfaces. 
Nevertheless, the slip loads and slip stages are predicted with great 

precision, supporting the overall reliability of the results. FEA validation 
III is based on the IMC studied by Chen et al. [92], illustrated in Fig. 12. 
The comparison of the monotonic and cyclic lateral load – displacement 
curves support the accuracy of the present FEA models and their 
experimental counterparts. The minor deviations are justified by the 
modelling simplifications of the experimental setups. 

FEA validation of the calibrated high-damping rubber material 

Fig. 10. FEA validation I.  

RP-1

RP-3

RP-2 

Fig. 11. FEA validation II.  

Fig. 12. FEA validation III.  
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model is presented in Fig. 13 (a). The simple shear loading mode 
occurring in the double bonded shear (DBS) test setup has been imposed 
on a single cylindrical rubber strip by fixing the bottom surface and 
applying two cycles of up to + 200% shear strain (12 mm horizontal 
displacement) at the top by means of a reference point connected to the 
top surface through kinematic coupling activating all available DOFs. 
Taking advantage of the symmetric configuration of the DBS test, only 
half of the cylindrical rubber strip has been modelled, applying sym
metrical boundary conditions for the other half. A qualitative interpre
tation of test results seen in Fig. 13 (a) demonstrates that the calibrated 
BB-Yeoh model is highly efficient in fully capturing the stabilised non- 
linear large-strain behaviour, hysteresis and energy dissipation man
ifested during the cyclic loading of the HDR. 

FEA validation of the calibrated SMA material model is shown in 

Fig. 13 (b). The loading conditions of the cyclic uniaxial tension test are 
imposed on the coupon by fixing the bottom gripped end and applying a 
cyclic displacement based on the desired strain amplitude by means of a 
reference point connected to the surface of the top gripped end through 
kinematic coupling. The stress–strain response simulated using the 
extracted material parameters for the superelastic model shows a good 
match with the experimental data. 

Further supporting the FE modelling technique of the rubber bearing 
connector in the proposed inter-module connection, a numerical model 
has been developed based on the rubber isolator studied by Rahnavard 
and Thomas [93]. The bearing is loaded with two cycles of ±450 mm 
shear displacement (equivalent to 375% shear strain) under 2 MPa 
compressive stress. As shown in Fig. 13 (c) , the hysteretic behaviours 
predicted by the present FEA closely match the validated numerical 

(b)

(a) (c)

ZSYMM
Fixed

Tension 
Load

Fig. 13. Material model validations: (a) BB-Yeoh model, (b) supereleastic SMA model, (c) laminated elastomeric bearing model.  

Fig. 14. Mises stress plots at yield and peak tensile displacement levels.  
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models from the literature in terms of initial stiffness and shear capac
ities in both positive and negative loading stages. Errors less than 5% are 
recorded, while the overall shape of the hysteretic curves in the present 
FEA model are in good agreement with those from the comparison data, 
proving that the current numerical model captured the structural 
behaviour and working mechanism of the rubber isolator with adequate 
precision. 

All things considered, the results from this validation study demon
strate the high accuracy of the present FEA modelling techniques, 
further supporting their use for predicting the mechanical behaviour of 
the proposed hybrid IMC. 

4. FEA results 

4.1. Tension behaviour of the hybrid IMC 

4.1.1. Deformation modes and stress states 
To study the main deformation mode of the hybrid IMC under tensile 

axial load, specimen P50-E15 has been chosen as representative for the 
working mechanism of all specimens. As the bolt preload, Fp.C, is 
applied, it causes an initial compressive displacement in the elastomer 
layers of the HDR core, governed by the compressive stiffness of the 
rubber compound. This compressive displacement is considered when 
interpreting the results by calibrating the point of zero displacement at 
the start of the subsequent tension loading stages. 

The stress contour in Fig. 14 (a) shows the Mises stress in the bolt’s 

shank, corresponding to the start of “yield”-like point, just as the stress 
overcomes the forward transformation start stress, σMs = 525 MPa. As 
the applied tensile displacement increases (Fig. 14 (b)), the inelastic 
stress concentrates uniformly in the bolt’s shank, up to the ultimate/ 
maximum point corresponding to the stress contours in the SMA bolt ‘s 
shank reaching the forward transformation finish stress σMf = 615 MPa. 
Fig. 14 (c) shows the Mises plots limited by the yield strength of S355 
steel, fy = 355 MPa, indicating stress concentrations near bolt holes in 
the steel endplates of corner fittings, while the actual values barely 
exceed the yield limit. These results indicate that the hybrid IMC ach
ieves the desired working mechanism in tension, as the tensile axial 
loading is mainly resisted by the SMA bolt, while the contribution of the 
endplates bending remains negligible. 

This observation is further supported by the equivalent plastic strain 
(PEEQ) contours in Fig. 15, in which the non-zero values represent re
gions where the steel has sustained plastic deformation. The figures 
reveal that the plastic regions at the end of the third cycle of maximum 
tensile loading are localised towards the inner sides of the IMC, at 
interface between endplates and the outer plates of the HDR core, 
caused by the sudden section change as part of the endplates near bolt 
hole rims cantilever over the larger hole in the HDR core. While the 
overall values of PEEQ are reasonably low for all six tested specimens, 
the comparison between contours in Fig. 15 shows that increasing the 
endplate thickness, tcfe,reduces the inelastic deformations in corner fit
tings to insignificant values regardless of the level of bolt preload. 
Hence, in case of IMCs prone to experience tension loading due to uplift, 

Fig. 15. Tension FEA: Equivalent plastic strain contours at end of third cycle of +δ/δmax = 1.  
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the corner fittings’ endplates need to be provided with adequate thick
ness to ensure that the energy dissipated by the hybrid IMC during cyclic 
tensile axial loading is mostly provided by the pseudoelastic stress–
strain response of the SMA bolts without damaging the module’s corner 
fittings. 

4.1.2. Force-displacement curves 
The tension behaviour of the hybrid IMC comprises four character

istic stages (Fig. 16) governed by key changes in the stress–strain 
response of the SMA bolt. Stage I (green square) represents the initial 
decompression of the preloaded bolt (Ft.0,δt.0) and is characterised by a 

high initial stiffness, kI, that depends on the preload level and the elastic 
modulus of austenite. As the tensile axial load increases, a slight stiffness 
degradation is observed during Stage II (orange triangle), described by 
kII which depends mostly on the elastic modulus of austenite. Stage III 
(red diamond) represents the beginning of the transition from austenite 
to martensite marked by the onset of the ‘yield-like’ pseudoelastic 
plateau (Ft.y, δt.y) and is characterised by a low stiffness, kIII, until the 
maximum tension strength and displacement (Ft.max,δt.max) are achieved 
at the start of Stage IV when the transition to martensite is complete and 
indicating a slight hardening effect as the stress state in the bolt con
tinues to develop towards the onset of plastic deformation. Since stress 
state beyond the martensite transformation point equates to the devel
opment of permanent inelastic strains in the SMA, it is desired to keep 
the mechanical response of the connection within the first three stages to 
maintain the re-centring effect under tension loading and the post-load 
demountability of the hybrid IMC. For this reason, the present study is 
only concerned with the mechanical behaviour of the IMC during the 
first three stages. The overall shape and stages that characterise the 
force–displacement behaviour of the hybrid IMC in tension are in good 
agreement with previous findings reported in the literature [63,81,86]. 

The comparison of hysteresis loops between the hybrid IMC speci
mens subjected to cyclic tensile axial loading is illustrated in Fig. 17. The 
blue dashed curve represents the initial monotonic loading performed to 
determine the maximum displacement used for tailoring the cyclic 
loading protocols for each of the tested specimens. The black dotted line 
indicates the “yield-like” tension strength of the SMA bolt predicted 
analytically using expression (18), confirming that the main yield 
mechanism of the hybrid IMC in tension is controlled by the forward 
transformation start stress, σMs. 

Ft.y.pred = AsσMs (18) 

Where As = the cross-sectional area of the bolt’s shank and σMs = the 
forward transformation start stress of SMA. The stage limits defined in 
Fig. 16 are also shown, while the corresponding values for tensile 

Fig. 16. Tension behaviour of hybrid IMC.  

Fig. 17. Hysteresis loops for cyclic tensile axial loading.  
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strength and displacement are given in Table 6. 
In this regard, it can be observed that the analytical formula predicts 

the ‘yield-like’ strength, Ft.y, with reasonable accuracy for all tested 
specimens (max. 2.1% error), supporting the use of the analytical 
method as a preliminary measure of the expected results when designing 
the hybrid IMC for tension. Moreover, the difference of less than 2% 
between values of Ft.y reported in Table 6 reveals that the influence of 
the chosen design parameters on the expected yield strength is negli
gible as long as the same bolt diameter is adopted, further confirming 
the SMA bolt is the main contributor to the tensile strength of the pro
posed IMC. 

The evolution of the hysteresis loops shows that with each cycle of 
increasing loading amplitude (0.25 to 1 × δ/δmax), the decompression 
strength (Ft.0) decreases, causing the second stiffness (kII) to progres
sively degrade. While this effect is less pronounced for specimens P50- 
E15, P50-E20, and P50-E25, it becomes more noticeable in specimens 
P100-E15, P100-E20, and P100-E25. These results indicate that while 
lower bolt preload provides less stiffness in the initial loading cycle, it is 
generally more stable in subsequent cycles, while the higher stiffness 
supplied by the large bolt preload degrades to a larger extent, further 
suggesting that the effect of higher initial stiffness provided by the larger 
bolt preload is only relevant during the initial loading cycles and should 
not be counted for at later stages. 

The ductility factor, µ, is a dimensionless ratio expressed by the 
normalisation of the maximum displacement, δt.max, relative to the 
“yield-like” displacement, δt.y [94]. In the present study, µ has been 
determined using data from the initial monotonic loading representative 
of the first loading cycle up to peak displacement, δt.max. As seen in in 
Fig. 17 and Table 6 all IMC specimens achieve reasonable ductility (µ 
>2), while the best results are present in specimens P50-E25 and P100- 

E25, highlighting the favourable effect of the thicker endplates. Gener
ally, the higher initial stiffness provided in specimens with a high bolt 
preload (P100-E15, P100-E20, and P100-E25) causes a much smaller 
yield displacement, without the same impact on the peak displacement, 
which translates to larger ductility for specimens preloaded up to the 
forward transformation start stress. Nevertheless, it is important to note 
that the specimens preloaded only up to half the forward transformation 
start stress (P50-E15, P50-E20, and P50-E25) benefit from larger peak 
displacement capacities due to the lower initial stress levels in the bolt’s 
shank. This effect equates to larger ductility factors available during 
latter loading cycles since the initial stiffness and the yield displacement 
in these specimens are less prone to degradation than their high bolt 
preload counterparts. 

4.1.3. Energy dissipation and damping 
The flag-shaped loops in Fig. 17 are a good first qualitative measure 

of the hybrid IMC’s good energy dissipation capacity due to the 
transformation-induced pseudoelastic deformations in the SMA bolt, 
while a self-centring effect with limited residual displacements is pre
sent. Since the SMA bolt exhibits inherent energy dissipation capacity 
(EDC) and damping, it is of interest to further quantify these mechanical 
properties as illustrated in Fig. 18, based on data corresponding to the 
third cycle of each load amplitude. 

The energy dissipated per cycle due to hysteresis, ED, is defined as the 
area enclosed by the hysteresis loop, while the cumulative ED, is the total 
level of energy dissipated up and including the current cycle. Fig. 18 
shows that for all specimens, ED increases with increasing load ampli
tude, while the energy dissipated during the third δ/δmax = 1 cycle more 
than doubles compared to the previous load amplitude. The graph also 
indicates a better performance in terms of ED per cycle for specimens 

Table 6 
Mechanical parameters for monotonic tension FEA.  

Specimen ID Ft.0 δt.0 kI Ft.y δt.y kII Ft.max δt.max kIII µ 

(kN) (mm) (kN/mm) (kN) (mm) (kN/mm) (kN) (mm) (kN/mm) (-) 

P50-E15  44.27  0.08  610.44  168.05  1.11  119.80  181.07  2.48  9.50  2.24 
P50-E20  51.96  0.08  679.76  166.94  0.81  157.31  180.92  2.64  7.62  3.27 
P50-E25  64.77  0.08  843.86  166.76  0.66  175.71  180.10  2.81  6.21  4.27 
P100-E15  81.69  0.14  580.25  168.51  0.85  122.46  180.70  2.14  9.47  2.51 
P100-E20  96.14  0.14  676.96  166.44  0.53  180.02  181.06  2.32  8.19  4.35 
P100-E25  120.52  0.14  840.45  167.68  0.37  207.56  180.66  2.53  6.02  6.82  

Fig. 18. Tension FEA: Energy dissipation/cycle, cumulative energy dissipation and equivalent viscous damping ratio.  
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with lower preloads (P50-E15, P50-E20, and P50-E25), regardless of the 
endplate thickness, which is in close agreement with the previous 
observation regarding the enhanced ductility available for these speci
mens during subsequent load cycles when compared to specimens with 
higher bolt preloads. As ED per cycle is negligible during the low 
amplitude load cycles, the cumulative ED registered in the high ampli
tude cycle is not substantially larger than the corresponding ED per 
cycle, suggesting that the hybrid IMC is not very effective in dissipating 
energy during low amplitude tensile loading, with the major effect 
occurring during displacement levels equal to at least the maximum 
tensile displacement. 

The equivalent viscous damping ratio, ξeq, is an alternative, dimen
sionless measure of the energy dissipation properties of the hybrid IMC, 
accounting for all energy dissipation mechanisms present during the 
cyclic loading [94] and is determined using expression (19) 

ξeq =
1

4π
ED

ESo
(19) 

Where ED = the energy dissipated in a cycle andESo = maximum 
strain energy of an equivalent linear system. Data plotted in Fig. 18 
reveals that all specimens exhibit reasonable levels of damping ranging 
from 3.57% for P100-E15 up to 7% for P50-E25 during the high 
amplitude load cycle. Once again, the unfavourable effect of high bolt 
preload is highlighted by the poorer damping properties of specimens 
P100-E15, P100-E20, and P100-E25 compared to their less preloaded 
counterparts. Moreover, it is observed that increasing the endplate 
thickness can greatly improve the damping capacity during the third δ/
δmax = 0.5 cycle, implying that as the hybrid IMC’s tension behaviour is 
governed more by the SMA bolt and less by the bending of the endplates, 
the SMA bolt also contributes more efficiently to the overall damping 
capacity of the connection. 

4.1.4. Effect of bolt preload and corner fitting endplates thickness 
To qualitatively highlight the effect of the initial bolt preload and 

corner fitting endplates thickness on the tension behaviour of the hybrid 
IMC, the load–displacement curves under monotonic tension loading are 
illustrated in Fig. 19 (a) and (b), showing that a higher preload increases 
the decompression strength, Ft.0, while thicker endplates improve kII, 
regardless of the level of bolt preload. The interaction graph in Fig. 19 
(c) shows that the influence of preload is small and almost the same for 
both endplate thicknesses of 15 mm and 20 mm as the two lines are 
virtually parallel, while it is significantly different for an endplate 
thickness of 25 mm, suggesting that there is a strong interaction between 
bolt preload and endplate thickness at this level. 

4.2. Combined compression and shear behaviour 

4.2.1. Deformation modes and stress states 
Taking N05-P50-VL1 as representative for all combined 

compression-shear specimens, the main deformation modes and stress 

states are shown in Fig. 20, to study the working mechanism of the 
hybrid IMC. Fig. 20 (a) shows the Mises stress in the hybrid IMC when 
the shear displacement reaches the onset of slipping, δs.os. At this point, 
the initial gap of 1.5 mm due to the 3 mm bolt hole clearance provided in 
the corner fittings is still unchanged, while the two diagonally opposite 
shank regions which exceeded the forward transformation start stress, 
σMs = 525MPa, are a sign of the bolt’s main deformation mode defined 
as combined bending and shear. As the shear displacement increases and 
the bolt begins to slide, closing the clearance gap (Fig. 20 (b)), the stress 
in the bolt shank decreases below σMs. At this stage the end of slipping 
displacement, δs.es, is reached as the bolt shank has come into full contact 
with the bolt hole walls in the corner fitting. Further loading beyond this 
point resumes the development of stress in the tension side of the shank 
up until the forward transformation finish stress, σMf , is eventually 
exceeded at the peak shear displacement, δs.max (Fig. 20 (c)). As 
explained in the case of pure tension loading, the hybrid IMC is intended 
to work only within the pseudoelastic limits of the SMA bolt, hence σMf 

governs the ultimate limit of the mechanical behaviour during combined 
compression-shear loading as well. Overall, the stress evolution in
dicates that the hybrid IMC achieves the desired working mechanism in 
combined compression-shear, as the stress mainly develops in the SMA 
pin by virtue of the HDR core’s flexibility in shear which prevents the 
direct bearing of corner fittings, keeping the stress levels in the module 
members negligible. 

The equivalent plastic strain (PEEQ) contours illustrated in Fig. 21 
reveal that the plastic regions at the end of the third cycle of peak shear 
displacement are localised around the rims of the bolt holes in the corner 
fitting endplates, and are caused by the high contact pressure that acts 
repetitively upon these surfaces as the SMA pin slides from side to side 
during cyclic shear loading. The comparison in Fig. 21 shows that 
increasing both the bolt preload and the depth of elastomer in the HDR 
cores has a favourable effect on the inelastic deformations in corner 
fittings, reflected by “P100-VL2” specimens with zero plastic strains, 
being most appropriate for achieving the desired reusability of the MBS 
frames. 

4.2.2. Force-displacement curves 
The combined compression-shear behaviour of the hybrid IMC is 

defined through four stages, as illustrated in Fig. 22 (a). Stage I (green 
square) represents the initial shear strength and stiffness up to the onset 
of slipping (Fs.os, δs.os) and is characterised by a high initial stiffness, kI, 
that depends on the bolt preload and the shear stiffness of the HDR core. 
Before the SMA pin starts slipping it is also noticed that the stress rea
ches the forward transformation start stress, σMs, in a small region of the 
shank, suggesting that the elastic modulus of austenite also contributes 
to the first branch of the shear behaviour. As the shear load increases, 
the friction resistance due to the initial preload is exceeded and the 
hybrid IMC enters Stage II (orange triangle), described by a negligible 
slipping stiffness, kII until the end of slipping shear strength and 
displacement (Fs.es, δs.es) are reached. In Stage III (red diamond) the 

Fig. 19. Effect of bolt preload and endplate thickness on the mechanical response.  
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Fig. 20. Mises stress plots at: (a) onset of slipping, (b) end of slipping, and (c) peak shear displacement levels.  

Fig. 21. Combined compression-shear FEA: Equivalent plastic strain contours at end of third cycle of +δ/δmax = 1.  
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contact pressure between the SMA pin and the corner fitting’s bolt hole 
walls increases, characterised by a lower stiffness, kIII, as the IMC ap
proaches the peak shear strength and displacement (Fs.max, δs.max). As 
defined for the tension behaviour, Stage IV reaches beyond the upper 
limit of the pseudoelastic response in the SMA pin and is considered 
outside of the safe working mechanism intended for the proposed 
design. 

Fig. 22 (b) shows the force contribution of the SMA bolt and HDR 
core when loaded up to a shear displacement of + 8 mm, while the 
corresponding maximum shear strengths of each component, FSMA =

45.11 kN, FHDR = 12.43 kN, are in good agreement with the total FIMC =

57.02 kN (error less than 1%). From the graph, it is confirmed that in the 
current design the SMA pin provides the major contribution to the total 
shear response of the hybrid IMC (i.e., 79.1%) while the HDR core plays 
a secondary role. In terms of available EDC, it is also observed from the 
size and shape of the hysteresis loops that the SMA bolt is the main 
contributor, while the HDR core’s impact on energy dissipation is most 
effective after the end of the initial slipping stage. Another noteworthy 
observation is that the HDR core’s hysteresis does not affect the overall 
self-centring effect of the hybrid IMC, which remains governed by the 
SMA bolt alone, confirming the favourable hybrid working mechanism 
expected from the IMC. 

To facilitate the qualitative and quantitative assessment of the cyclic 
shear response of the hybrid IMC, the hysteresis loops are plotted in 
Fig. 23 and corresponding mechanical parameters are extracted in 
Table 7. While IMCs with higher bolt preloads (“P100” specimens) 
generally achieve larger onset of slipping strengths (Fs.os), the initial 
stiffness branches are weaker than those of IMCs with lower bolt pre
loads (“P50” specimens), which is further confirmed by the higher kI 
values in “P50” specimens. The larger friction resistance due to higher 
bolt preloads in “P100” specimens delays the slipping stage, which is 
highlighted by the onset of slipping displacements, δs.os, that are 
generally larger in these specimens. It is also noteworthy that while the 
shorter HDR cores (“VL1” specimens) generally deliver better shear 
strength and stiffness during the first and third stages (kI and kIII), at the 
expense of lower deformation capacity. This is further reflected by the 
peak shear displacements of δs.max = 7.25 mm achieved by “VL1” spec
imens, and δs.max = 8.25 mm for “VL2” specimens, corresponding to 
shear strain values in the HDR cores of γ = 90% and γ = 50% respectively 
(where γ is the percentage of applied shear displacement relative to the 
total height of elastomer layers). Consequently, IMCs with shorter HDR 
cores may cause the adjoining module frame members to attract larger 
seismic forces, contributing more radically to the overall joint resistance 
during lateral loading, and thus suffering more damage. 

In the case of shear FEA, µ is expressed by the normalisation of the 
maximum displacement, δs.max, relative to the onset of slipping 
displacement, δs.os, which is regarded as an equivalent “yield”-like point 

on the F-δ curve. As before, ductility ratios are based on data from the 
initial monotonic loading cycle up to the maximum displacement, δs.max 
represented by the blue dash curves. Table 7 reveals that the best 
ductility ratios are achieved in specimens with lower preloads (“P50” 
specimens) due to the larger post end of slipping deformation capacities 
available as opposed to specimens with higher preloads (“P100” speci
mens), defined by much lower peak shear displacements. This is in 
contrast with the results reported in the tension behaviour, where larger 
preloads equated to better ductility ratios during the first loading cycles. 
It is also noted that there is virtually no difference in ductility ratios 
between specimens with different compressive axial loads applied 
(“N05” vs. “N10” specimens), highlighting the lack of influence of the 
gravitational loading on the deformation capacity of the hybrid IMC 
during combined compression-shear loading. Furthermore, it becomes 
clear that the IMCs with shorter and hence stiffer HDR cores in shear 
(“VL1” specimens) are generally more efficient in terms of ductility than 
their more flexible counterparts (“VL2” specimens). 

4.2.3. Energy dissipation and damping 
The hysteresis loops reported in Fig. 23 for the combined 

compression-shear FEA indicate reasonable EDC in all IMC specimens, 
marked by the round and “fat” shapes up to the end of slipping shear 
displacement, δs.es. While the high preload “P100” specimens generally 
provide more robust hysteresis loops throughout each displacement 
amplitude cycle and up to the peak displacement, δsmax, due to the higher 
initial strength and stiffness, the low preload “P50” specimens demon
strate comparable EDC due to the ‘flap’-like region in the hysteresis 
loops present post δs.es as an effect of the larger deformation capacity 
available in the less stressed bolts. 

These observations are further supported by data illustrated in 
Fig. 24, which highlights the favourable effect of higher preload in 
“P100” specimens in terms of energy dissipated during the third δ/δmax 
= 1 cycle. While the effect is more pronounced in IMCs subjected to the 
lower axial load (“N05” specimens), the difference becomes marginal as 
the axial load also increases (“N10” specimens). The graph also indicates 
a better performance in terms of ED per cycle for IMCs with shorter and 
stiffer HDR cores (“VL1” specimens), which is in close agreement with 
the previous observation regarding the enhanced ductility available for 
these specimens. The cumulative ED registered in the high amplitude 
cycle is reasonably larger than the corresponding ED per cycle, as it in
dicates that all tested hybrid IMCs are efficient in absorbing energy 
during lower amplitude shear loading cycles too, demonstrating a robust 
cyclic shear behaviour in terms of EDC. 

Fig. 24 reveals that the highest damping ratios (up to 45%) are 
achieved during the third δ/δmax = 0.5 cycle in IMCs with lower bolt 
preloads (“P50” specimens). Moreover, it is observed that “P50” speci
mens experience an abrupt decrease in damping capacity as the applied 

Fig. 22. Shear FEA: (a) generalized F-δ behaviour, (b) individual contribution of IMC components.  
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Fig. 23. Hysteresis loops for cyclic shear loading.  
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shear displacement approaches the peak values (third ‘δ/δmax = 1’ 
cycle), reflected by the irregularity of the hysteresis loops too, while 
“P100” specimens follow a more constant upward trend achieving lower 
damping ratios during low amplitude cycles, but better overall perfor
mance at peak shear displacement. However, it is noteworthy that while 
“P50” specimens compromise on damping capacity at high amplitude 
cycles, they achieve much better recentring than IMCs with higher bolt 
preloads. Therefore, the impact of the bolt preload on EDC and damping 
achieved during cyclic shear loading need to be carefully considered, 
depending on the displacement amplitude for which the hybrid IMCs are 
to be designed for and the desired level of recoverable displacement. 

4.2.4. Effect of compressive axial load magnitude, bolt preload and, vertical 
layout of HDR core 

To qualitatively highlight the effect of the compression load, bolt 
preload and vertical layout of the HDR core on the shear behaviour of 
the hybrid IMC, the monotonic load–displacement curves for all tested 
connections are illustrated in Fig. 25. The dotted curves in Fig. 25 (a) 
indicated that the higher axial load has a negligible effect on the overall 
mechanical response regardless of the bolt preload or shear stiffness of 
the HDR core. This observation is further supported by the interaction 
graph in Fig. 25 (c), as the four lines are perfectly parallel. Furthermore, 
the favourable effect of preloading the bolts up to σMs on the onset of 

Table 7 
Mechanical parameters for monotonic shear FEA.  

Specimen ID Fs.os δs.os kI Fs.es δs.es kII Fs.max δs.max kIII µ 

(kN) (mm) (kN/mm) (kN) (mm) (kN/mm) (kN) (mm) (kN/mm) (-) 

N05-P50-VL1  24.25  1.00  24.25  26.27  3.75  0.73  54.43  7.25  8.05  7.25 
N05-P50-VL2  22.36  1.50  14.90  23.68  4.26  0.48  42.05  8.26  4.59  5.51 
N05-P100-VL1  39.62  2.50  15.85  42.55  5.25  1.07  49.43  6.25  6.87  2.50 
N05-P100-VL2  35.74  4.00  8.93  36.59  6.75  0.31  38.47  7.25  3.75  1.81 
N10-P50-VL1  25.21  1.00  25.21  28.33  3.75  1.13  55.83  7.27  7.82  7.27 
N10-P50-VL2  22.89  1.50  15.26  24.24  4.26  0.49  42.35  8.26  4.53  5.51 
N10-P100-VL1  40.06  2.50  16.02  43.38  5.25  1.21  50.43  6.25  7.06  2.50 
N10-P100-VL2  35.93  4.00  8.98  36.81  6.75  0.32  38.61  7.26  3.54  1.81  

Fig. 24. Shear FEA: Energy dissipation/cycle, cumulative energy dissipation and equivalent viscous damping ratio.  

Fig. 25. Effect of axial load magnitude, bolt preload and HDR core vertical layout on the mechanical response.  
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slipping strength, Fs.os, is highlighted in Fig. 25 (b), as the onset of 
slipping stage is delayed, yet at the expense of slightly weaker pre- 
slipping stiffness, kI, and smaller maximum shear displacements. 

5. Concluding remarks 

In the present study a novel hybrid IMC employing a high-damping 
rubber (HDR) core and shape-memory alloy (SMA) bolt is proposed 
and its tension and combined compression-shear behaviours are studied 
and quantified by means of validated high-fidelity FEA modelling ap
proaches in Abaqus®. Calibrated and validated material models using 
data from experimental material characterisation tests have facilitated 
the full characterisation of the hybrid mechanical response, determining 
the deformation modes, stress states, hysteresis loops and mechanical 
parameters. The parametric FEA included the variation of bolt preload, 
endplate thickness, axial load magnitude and the vertical layout of the 
HDR core. The study represents a preliminary investigation of the pro
posed IMC, serving as a proof-of-concept to give insight into its working 
mechanism. The key points are summarised as follows.  

1. The hybrid IMC’s tension behaviour is governed by the stress–strain 
response of the SMA pin and is divided into four separate load stages 
corresponding to transformation-induced stress changes suffered by 
the bolt. The “yield”-like tension capacity of the IMC can be 
analytically predicted with reasonable accuracy, giving a good pre
liminary measure for the elastic design of the connection. The IMC 
presents robust cyclic performance under tension loading, delivering 
good ductility, EDC and damping ratio combined with effective re- 
centring effects due to the pseudoelastic behaviour of the SMA bolt.  

2. The studied parameters for tension FEA have revealed that providing 
sufficiently thick corner fitting endplates has a favourable effect on 
the initial strength and stiffness of the IMC, while also improving the 
overall ductility, EDC and damping due to a more efficient contri
bution of the SMA bolt to the IMC’s tension behaviour. At the same 
time, preloading the SMA pin up to the forward transformation start 
stress improves the initial stiffness and overall ductility of the IMC, 
but has a negative impact on the EDC and damping during subse
quent load cycles as the stiffness degrades more noticeably due to the 
higher initial stress in the bolt’s shank.  

3. The combined compression-shear behaviour of the proposed IMC 
relies on the effectiveness of the resilient HDR core to undergo large 
shear straining without failing, while the main resistance is provided 
by a combined shear-bending deformation state in the SMA pin’s 
shank. The total shear response has been successfully decoupled, 
revealing the major contribution of the SMA bolt in terms of EDC and 
recoverable deformation, while the HDR core plays a supporting, yet 
critical role.  

4. The parameters varied during combined compression-shear FEA 
have indicated that a deeper HDR core can have a more favourable 
effect on the lateral load resilience of the IMC as it delays the for
mation of plastic strains in the corner fittings, improving the mod
ule’s reuse prospects. Moreover, the level of bolt preload applied has 
a significant impact on the ductility, EDC and damping of the IMC 
under cyclic shear, requiring careful consideration based on the 
intended deformation capacity. In addition, it has been found that 
while increasing the compressive axial load slightly improves the 
strength and stiffness of the IMC, the effect is mostly negligible 
within the range of magnitudes considered.  

5. Overall, the study showcases the favourable cyclic performance of 
the proposed IMC under the main deformation modes expected in tall 
self-standing MBSs during lateral loading. Due to the effective 
contribution of each component to the combined hybrid response, 
the connection succeeds in preventing the formation of significant 
plastic damage in the MBS’s corner fittings to facilitate reusability of 
modules, while the resilience and demountability of the IMC are 

ensured provided that the SMA pin is designed to work within the 
pseudoelastic domain. 

In the near future, a meso-scale experimental campaign currently 
underway at City, University of London will be the subject of follow-up 
research. The meso-scale tests will focus on capturing the structural 
system behaviour including the influence of the beam-column joints 
(BCJs). The results can then be correlated to the present study to reverse 
engineer and fine-tune specific material properties at IMC level, while 
also advising on the development of accurate simplified joint models for 
analytical and global analysis models (macro-scale level). 
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