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Abstract. To bridge the gap between the unrealised disassembly and reuse potential of
volumetric modular buildings and the lack for seismic resilience, a hybrid inter-module
connection employing a high-damping rubber bearing was proposed to reduce the inelastic
deformation in the members of the volumetric module. The cyclic behaviour of the
proposed connection was previously investigated at connection level through validated
proof-of-concept FEA, reflecting promising damping and re-centring capabilities. In this
study, six in-plane cyclic loading tests on inter-module joints with the novel, hybrid inter-
module connection were carried out to investigate the connection’s influence on the cyclic
behaviour of steel modular buildings under lateral load at joint level. The tests focused on
the contribution of the laminated elastomeric bearing to the joint’s lateral behaviour and
the effect of different bolting assemblies on the working mechanism of the hybrid
connection system. The standard FEMA/SAC loading sequence was employed on single-
span, meso-scale joint prototypes with axial and in-plane lateral loading applied to the
top post. The results showed that the hybrid IMdJs exhibited nonlinear, multi-stage
hysteretic responses, governed by the bending resistance of the bolting assembly and the
stiffness of the intra-module connection. The aseismic performance of the joints was
characterised by residual drifts below the permissible limit of 0.5% up to 2% drift ratio
and high equivalent viscous damping during the low-amplitude cycles. Overall, the tests
demonstrated the feasibility of the proposed connection with respect to the mitigation of
damage in the structural elements of the volumetric modules after an earthquake, as

proved by the low inelastic deformation recorded up to 4% drift ratios.

Keywords: high-damping rubber, inter-module connections, seismic behaviour, shape-

memory alloy, steel modular buildings
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1. Introduction

In view of the ongoing climate emergency and exacerbating housing crisis around the
globe, the United Nations’ Sustainable Development Goals have accentuated the need to

embrace sustainability and resilience in the planning and design of urban landscapes [1].

In the last decade, the rapid technological advancements in modern methods of
construction (MMC) have reinforced the sustainability benefits of prefabrication,
standardisation, and lean design with regard to resource efficiency and reduced waste [2—
5]. Furthermore, with circular design principles such as Design for Manufacture and
Assembly (DfMA) and Design for Deconstruction (DfD) at the core of volumetric modular
construction, steel Modular Building Systems (MBSs) have been regarded as a compelling
solution that would help accelerate the transition to a circular economy in the built

environment [6-9].

Completing the SDGs narrative from a seismic-resistant perspective, the resilience of a
building can be conveyed by its ability to meet performance objectives such as functional
recovery on top of safety, motivated by the desire to minimise the major disruption and
financial losses associated with severe damage to the building’s structure in the aftermath
of an earthquake. Meanwhile, the ever-increasing height of self-standing steel MBSs in
the world’s megacities has drawn a lot of attention to the critical role of the inter-module
connections (IMCs) to the global structural response of steel modular buildings under
lateral load [10—14]. The design of IMCs is also paramount for the ease of disassembly
and adaptability of steel MBSs, yet current practice often compromises on demountability
in favour of frame continuity by adopting welded or grouted joints between modules [15].
At the same time, significant effort has been devoted to adopting capacity-based design
principles from traditional steel moment resisting frames (MRFs) in steel MBSs and
design inter-module joints to perform elastically, while plastic hinges would be
concentrated in the beams of the module [16-19]. Although effective for the goal of overall
safety, this design paradigm results in large residual deformation, reducing the
functionality and ease of disassembly of the steel MBSs, while the permanent damage to

the volumetric unit renders its reusability impractical.

Thus, when resources allow more expensive goals such as post-earthquake functionality
to be considered in the design of steel modular buildings under lateral load, it becomes
highly desirable to avoid damaging the structural framing of the module in order to meet

the functional objective and improve the seismic resilience of the modular building stock
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while also facilitating the disassembly and reuse of the volumetric module. Moreover,
given the discretised nature of volumetric modular buildings with multiple, repetitive
connection points at the interfaces of stacked or adjacent modules, there is ample scope
in aiming to spread the efforts developed under lateral load throughout the building by
engaging the numerous inter-module connections more effectively in the global damage
distribution mechanism. In this regard, there has been increasing interest among
researchers to enhance the mechanical response of IMCs by exploiting various energy-
dissipating and self-centring parts [20-26]. In a recent study [27], the authors have
introduced a novel hybrid IMC made with high-damping rubber (HDR) and superelastic
shape-memory alloy (SMA) parts, developed to reduce the permanent damage in the
members of the volumetric module. While the proof-of-concept finite element analysis
(FEA) study has reflected a favourable cyclic behaviour of the hybrid IMC at the material
(micro-) and connection component (small-scale) level, experimental evidence is necessary
to gain further insights into the force-transfer mechanism and cyclic performance of the

novel connection from a joint (meso-) and frame (large-scale) level perspective.

In this study, a series of tests has been carried out to determine the feasibility of the
proposed connection at joint level, by investigating the in-plane cyclic lateral behaviour of
inter-module joints (IMJs) equipped with the hybrid IMC. The tests simulated the effect
of gravitational and cyclic lateral load on single-span, meso-scale joint assemblies with
full-size members, considering the influence of the material and size of the bolting
assemblies as well as the intra-module connection stiffness on the mechanical response of

the hybrid IMdJ prototypes.

2. Configuration of the novel hybrid IMC

The proposed connection has been designed to fulfil the essential functions of vertical and
horizontal connectivity between modules, while the centred alignment of the member
cross-sections to the box corners eliminates the unfavourable effect of eccentric loads
caused by offsets. A corner inter-module joint equipped with the novel, hybrid IMC
consists of a laminated elastomeric bearing (LEB) clamped between steel box corner
fittings by means of a bolting assembly (Fig. 1). The size of the box corners was restricted
to that of the connecting frame members with a flush finish to allow a tight fit between
members at external or internal joints where more than two modules come together,
without increasing the horizontal gap between modules which would act adversely to the

stiffness of the structure. While the straightforward installation sequence in Fig. 1
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illustrates the assembly-friendly design of the IMC, the connection would still require
working at height to install bolt assemblies, which should be accounted for in the method
statement and risk assessment of the construction project. Among other prospective
limitations of the proposed connection system, the presence of the rubber bearings in the
joint may increase the design effort compared to simpler connections, particularly as it
requires due consideration of the staged construction process to control the compression

in the rubber layers as the building is erected.

Axial compression is transferred between the corner posts through the laminated
elastomeric bearing made with steel reinforcing plates to control the level of vertical
displacement, whereas tensile axial force is resisted by the bolting assembly. Horizontal
shear forces are transferred through a combined mechanism of friction between the faying
steel surfaces, shear resistance of the interlocking pins, rubber layers, and bending

resistance of the bolt rod, while the interlocking pins also prevent accidental sliding.

To improve the energy dissipation capacity of the connection, the bearing has been
fabricated with filled (high-damping) rubber instead of low-damping (unfilled) rubber, as
the presence of high percentages of carbon black filler in HDR results in a much more
pronounced hysteresis at the lower working shear strain levels (in the range of 50%-100%)
due to the breakdown of carbon filler chain networks [28]. By comparison, unfilled (low-
damping) rubber typically exhibits hysteresis due to strain-crystallisation at much larger
extensions. Moreover, filled (high-damping) rubber shows a higher initial shear stiffness,
ensuring that the IMC is not easily excited during more frequent low-magnitude seismic
events or common low-intensity wind loads, reserving the available supplemental

damping for stronger lateral loads.
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/(1) Bottom post \

(2) Ceiling box corner fitting
(3) Ceiling beam
(4) Laminated elastomeric bearing
(5) Floor box corner fitting
(6) Floor beams
(7) Top post

\(8) Bolt assembly

Fig. 1. Conceptual representation of the hybrid inter-module connection.

3. Cyclic loading tests

3.1. Test samples

The test IMd prototypes were made of top and bottom beam-column subassemblages, and
the inter-module connection between them. The meso-scale configuration (Fig. 2) was
adopted as a cost-effective solution that replicates the deformed shape and anticipated
points of inflection in planar modular frames subjected to in-plane lateral loads by taking

the lengths of the posts and beams as half of those in the full-size frame panel.

The tests focused on the influence of six parameters on the mechanical behaviour of the
hybrid IMJ prototypes (Table 1). Two sizes of austenitic shape-memory alloy (SMA) studs
were considered to determine whether the nonlinearity associated with the phase
transformation of superelastic Ni-Ti alloy has a meaningful effect on the re-centring and
energy dissipation capacity of the joints. Likewise, high-strength steel bolts were adopted
to allow for a direct comparison with the SMA studs, further highlighting the contribution
of the size and material strength of the bolting assembly to the working mechanism of the

connection. Also, two details of beam-column joints were employed to determine the role
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of the intra-module connection’s stiffness at joint level. Finally, it is worth mentioning
that the six tests were carried out using only three joint assemblies and rubber bearings
by re-testing prototype IMJO1 as IMJO03 and then again as IMJ04, while IMJ02 was re-
tested as IMJO06. This decision was supported by the strain gauge readings which showed
that the performance of the steel frames during the tests with SMA studs was essentially
elastic, allowing for the reuse of the steel frames and bearings by just replacing the bolting

assembly.

e —— —— [ Meso-scale IMdJ configuration ]
Q‘ ,F

[ Top module ]

H/2

H/2

[ Bottom module ] ‘ N

Fig. 2. Details of the meso-scale IMdJ prototype.

Table 1. Test parameters.

Joint prototype Bolting assembly Beam-column joint
IMJo1 M20-27 SMA stud Unstiffened
IMJ02 M20-27 SMA stud Stiffened
IMJ03 M16-24 SMA stud Unstiffened
IMJ04 M24, class 8.8 bolt Unstiffened
IMJO05 M24, class 8.8 bolt Stiffened
IMJ06 M27, class 8.8 bolt Stiffened

3.2. Joint components and material properties

3.2.1. Beam-column sub-assemblages

Top and bottom beam-column sub-assemblages (Fig. 3) were made from standard cold-
formed hollow members of S355J2H steel grade. The hollow sections have been joined to
box corner fittings by complete joint penetration (CJP) groove welds, while cap plates were
attached to each member’s end through all around fillet welds. The role of the end-plates
was to help realise the bolted connections between the samples and test frame. The box

corner fittings (Fig. 4) were fabricated from 15-mm-thick steel plates of the same
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S355H2H steel grade, joined together by CJP groove welding. Additionally, three of the
tests included 100 mm x 100 mm x 10 mm triangular stiffener plates made of S355 steel,

welded on each side of the beam-column joints.

The material properties of the steel frame parts were determined from standard tensile
tests for metallic materials in accordance with the ISO 6892-1:2019 standard [29]. The
uniaxial tensile tests were performed on proportional test pieces (coefficient of
proportionality, k = 5.65) at room temperature using an Instron universal testing machine
(Fig. 5). The testing rate was based on a strain rate, ér,, equal to 0.00025 s which was
kept constant throughout the entire test. The resulting mechanical properties (Table 2)
were determined as the average of two test results for each frame part as shown in Fig.

6.

In general, the yield and tensile strength of all test pieces were greater than the nominal
values recommended by Eurocode 3, Part 1-1 [30], while the slightly lower tensile strength
of test piece B1 was attributed to the effect of residual stress as a result of cold-forming.
The relatively large variation in material properties was explained by the fact that the

coupons had been cut from the specimens post-test.
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Fig. 3. Details of the steel beam-column sub-assemblages (units: millimetres).
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Fig. 4. Details of the box corner fittings (units: millimetres).



@ @ @ Testing novel hybrid inter-module joints for steel modular buildings under cyclic load
‘ @ Dan-Adrian Corfar and Konstantinos Daniel Tsavdaridis

© 2024. license https://creativecommons.org/licenses/by-nc-nd/4.0/

irge,

|

W

' 3

-1 Assembled testing
loading train

’-ﬂ-
,4.‘.4,4‘.,4
\f& :P
0“,-07
167.5

Fig. 5. Tensile test details (units: millimetres).
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Fig. 6. Tensile test results.

Table 2. Material and section properties of the steel frame members.

Section
Frame properties Steel E fy e fu e A Wea Wot
part (mm x mm x grade (GPa) (N/mm?) 4 (N/mm?2) " (%) (cm?3) (cm?3)
mm)
Toppost  150x150x8  S355J2H 209 505 0.0044 546 0.1 28.2 188 296
Bgf)tsotm 150x150x8  S355J2H 205 438 0.0041 496 0.145  30.9 188 226
ﬂ‘;ﬁi 200x150x 8  S355J2H 190 433 0.0043 507 0.149 324 283 344
Cbil;‘;g 150x150x8  S355J2H 202 541 0.0047 565 0.044 195 188 226

NOTE: (1) E is the modulus of elasticity, (2) fy is the yield strength determined as the proof strength, Rpo2, by the 0.2% strain
offset method in lack of a flat yield plateau in any of the resulting stress-strain curves, (3) gy is the strain at yield strength, (4)
fu is the tensile strength, (5) &4 is the strain at tensile strength, (6) A is the percentage elongation after fracture, (7) Wer is
elastic section modulus, (8) Wy is plastic section modulus.
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3.2.2. Laminated elastomeric bearings

The laminated elastomeric bearings (LEBs) consist of two outer steel plates (150 mm x
150 mm x 15 mm), four high-damping rubber layers (150 mm x 150 mm x 4 mm) and three
steel shims (150 mm x 150 mm x 3 mm), designed to achieve a shape factor of S = 8.85. A
central hole (40 mm diameter) has been cut through the plates to accommodate the bolting
assembly. The hole diameter was purposefully made larger than the hole diameter in the
corner fittings to ensure that the bolt does not interfere with the inner surface of the
bearing during the lateral cyclic loading imposed on the IMJ prototype. Blind holes (15
mm diameter x 10 mm deep) have been milled on the external face of the outer plates to
insert the interlocking steel pins. The design details of the bearings are shown in Fig. 7.
The material properties representative for the high-damping rubber (Table 3) were
obtained from double-bonded shear tests based on data from the sixth loading cycle. A
detailed account of the material characterisation tests for the HDR can be found in Corfar

and Tsavdaridis [27].

The HDR bearing has been designed for the vertical load using equations (1)—(4) [31,28]
to limit the total deflection of the rubber layers to less than 0.5 mm in order to avoid
alignment issues during the specimen assembly, while still allowing sufficient shear

flexibility for the purpose of the present connection design.

Front view A-A
_— Outer plate,

t=15mm
4 x rubber layers,

3 x Steel shims,

Outer plate,
t=15mm

Top view
150 4 x @15 pins
wil —
)
8 : 3
i A

Fig. 7. Detailed drawings of the rubber bearings (units: millimetres).

S = (L2 —md?/4)/4Lt (1)
E. = 5GS? (for S > 3) (2)
K. =F/x (3)

F=EA (4)
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Where S is the shape factor accounting for the central hole, L is the length of the rubber
layer, d is the diameter of the central hole, t is the thickness of the rubber layer, E. is the
compression modulus, G is the shear modulus of rubber, K. is the compressive stiffness,
F is the compressive load, and A is the cross-sectional area of the bearing accounting for

the central hole.

Table 3. Material properties of the high-damping rubber.

Property Value
Hardness = 86 IRHDP
Shear modulus, G ¢ 0.61 MPa
Effective damping ratio, &gsp,° 18.46 %

a based on shear modulus at 5% shear strain
b International rubber hardness degree
¢ at 100% shear strain

3.2.3. Bolting assemblies

The bolting assemblies used in the tests included standard M24 x 150mm and M27 x
120mm full-thread hexagon head bolts (Fig. 8 (a) and (b)) made of class 8.8 high-strength
steel (HSS) and double-end threaded superelastic shape-memory alloy (SMA) studs (Fig.
8 (c) and (d)).

w
=
3
§
%
©
i€
L
L
1
&
E

1
vl
;

(b) M27 HSS bolt

i

it

R ¥
(d) M27 SMA stud

s’ ‘

! W
() M24 SMA stud
Fig. 8. Bolting assemblies.

(a) M24 HSS bolt

The SMA studs (Fig. 9) have been machined from raw bars made of a Ni-rich (51 at.% Ni
— 49 at.% Ti) NiTi alloy and then annealed at 500 °C for 30 min to adjust the final
transformation temperatures (austenite finish temperature A¢ ~ 0°C) and provide the

desired superelastic (SE) effect at ambient temperature. Based on recommendations from
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previous tests [32,33], the NiTi SMA studs had a net threaded-to-shank diameter ratio of

1.25 to avoid premature fracture over the threaded area.

The results of the cyclic tensile tests for material characterisation of the NiTi alloy used
in the SMA studs have been shown in Fig. 10 (a), indicating the first complete load-unload
cycle up to a maximum deformation €, = 4.50%, as well as the evolution of the stress-
strain response of the material during fatigue cycling up to a maximum deformation €,y
= 5.50%. The findings suggested satisfactory flag-shaped hysteresis associated with
pronounced stress-induced phase transformation and good re-centring behaviour
(recoverable strain g, = 4.20%) during the first load-unload cycle. The repeated
martensitic transformation reveals the phenomenon known as functional or
transformation-induced fatigue (TIF) expressed by the accumulation of residual strain
(gres = 1.83%), decrease in the transformation stress, and reduction of dissipated energy.
The cyclic stabilisation (Fig. 10 (b)) of the NiTi sample was evident after 60 cycles,
showing 3.70% recoverable deformation without residual strain accumulation, while
strain ratchetting effects (also known as cyclic creep) characterised by shifting hysteretic
loops along the strain axis were in good agreement with previous experimental findings

[34,35].

The stress-strain curves in Fig. 10 are representative for 2 mm diameter dog-bone
samples, yet the stress-strain response of the full-size SMA studs may vary to some extent
due to size effects such as a £8 °C transformation temperature variation within the same
material batch provided by the supplier. Nevertheless, the data obtained from the
material test remains informative for predicting the behaviour of the SMA studs. The
material properties for the superelastic SMA extracted from the first isothermal load-

unload cycle shown in Fig. 10(a) were given in Table 4.

M24x3 mm M27x3 mm
3 . i
@24 @27
216 @20
2 Q
= !
(a) M24-16 stud (b) M27-20 stud

Fig. 9. Geometry of the double end threaded SMA studs (units: millimetres).
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Fig. 10. Stress-strain behaviour of the NiTi alloy.

Table 4. Material properties of the superelastic NiTi alloy.

Property Value
Young’s modulus of austenite, Ea 88 GPa
Young’s modulus of martensite, Em 61 GPa
Forward transformation start stress, oy, 525 MPa
Forward transformation finish stress, oy 600 MPa
Reverse transformation start stress, o, 180 MPa
Reverse transformation finish stress, o,¢ 135 MPa
Total transformation strain, g, 3.93 %

3.3. Test frame and instrumentation details

The loading system illustrated in Fig. 11 was designed to accommodate the loading on the
test IMdJ prototypes. The beam-column subassemblage with axial and in-plane lateral
loading applied to the top column has been chosen for its ability to realistically replicate
the deformed shape of unbraced modular frames subjected to a lateral load, including the
contribution of the connecting framing members and the effect of the beam-column joint

[36].

The constant, vertical axial load was applied at the top through the vertical jack, while a
pair of horizontal actuators were used to exert the cyclic push and pull motion at the top
of the prototype. The top and bottom end-plates of each specimen’s column were bolted to
the test (orange) rig frame using pinned supports to allow in-plane rotation. Hinge roller
supports were attached at the ends of each beam to enable relative horizontal

displacement between the top and bottom sub-assemblages.
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Details of the potentiometer layout were shown in Fig. 12 (a). The in-plane lateral
displacement applied at the top of the sample is recorded by the built-in linear variable
displacement transformers of the servo-hydraulic actuators (T04) and is used to obtain
the load-deflection hysteresis loops. Another two linear potentiometers (T01-02) have
been arranged along the centrelines of the floor and ceiling beams to determine the
relative horizontal displacement between upper and lower frames. A slide potentiometer
(T03) was set up on the side of the floor and ceiling beams to monitor the vertical
displacement near the rubber bearing. A total of 10 strain gauges were installed on the
beam and posts near the beam-column joint zone as illustrated in Fig. 12 (b) to capture

the strain distribution in key regions of the steel frame members.

(1) Test IMJ prototype

(2) Pinned support

(3) Hinged roller supports
(4) Loading crosshead beam

(5) Horizontal actuators

(6) Hydraulic jack

(7) Load cell

(8) Roller support

(9) Out-of-plane restraint

(10) Self-reacting frame

(11) 0.5m-thick strong floor

) 0.04 + ._‘fE:
& gg
[==} 4 £
S 0.02 £
g £E
< 0 3 0
£ iE
A -0.02 + 88
) k)
S -0.04 - ©
n

| i ! ‘ 0.06 ~ ¢ : :
H H 0 6 12 18 24 30
Number of cycles

Fig. 11. Schematic representation of the test setup and loading system dimensions.
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Fig. 12. Instrumentation details.
3.4. Load protocol

Based on a realistic on-site modular building installation sequence, a preliminary snug-
tight condition was achieved in the hybrid IMC by the full effort of manually tightening
the bolting assemblies using a spanner through the corner fitting access holes. The force-
controlled compressive axial load of Ngg = 100 kN was then applied at a rate of 1.67 kN/s
to simulate the gravitational load imposed by upper building levels. The applied vertical
load was equivalent to 5% of the compressive yield capacity of the column’s cross-section,
N¢rd, as defined in Eurocode 3, Part 1 [30] for members not susceptible to local buckling
failure, and exerted a compressive stress of 4.7 MPa on the rubber bearing, which was
maintained for 10 minutes before the commencement of the cyclic lateral load to account

for the effect of creep in the rubber layers.

The axial load was then kept constant and vertical throughout all subsequent test stages,
while the sample was subjected to the displacement-controlled standard FEMA/SAC
loading sequence [37], following the prequalification and cyclic qualification testing
provisions as per ANSI/AISC 341-22 [38]. The equivalent lateral displacement (Where 0
is the inter-storey drift angle (also known as chord rotation), Anis the equivalent lateral
displacement applied at the top of the column, and Hstorey is the total height of the

specimen (2,750 mm).

Table 5) applied at the top of the column, As, has been determined using equation (5). The
horizontal drift ratio was applied in a quasi-static manner at a rate of 10mm/min to limit

the influence of dynamic effects such as those arising from the inertial forces of the joint
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assemblies. The maximum lateral drift level that could be achieved at the top of the
specimen was that of 0 = £0.04 rad because of constructional limitations related to the

test frame and loading system.

0= Ah/Hstorey ®)
Where 0 is the inter-storey drift angle (also known as chord rotation), Anis the equivalent
lateral displacement applied at the top of the column, and Hstorey is the total height of the

specimen (2,750 mm).

Table 5. Cyclic loading sequence.

Load Inter-storey drift Equivalent lateral displacement, A, = Number of cycles
step angle, 0

1 0.00375 rad 10.3 mm 6

2 0.005 rad 13.8 mm 6

3 0.0075 rad 20.6 mm 6

4 0.01 rad 27.5 mm 4

5 0.015 rad 41.3 mm 2

6 0.02 rad 55 mm 2

7 0.03 rad 82.5 mm 2

8 0.04 rad 110 mm 2

The following potential failure modes have been envisaged for the test IMdJ prototypes:

Fracture due to shear failure in the threaded regions of the SMA studs

Bolt shank fracture under combined bending and shear deformation

Rubber layer fracture under repeated large shear strain cycles

Rubber layer delamination (signalling poor fabrication quality)

Weld cracking and failure at the beam-column connection

Inelastic failure (plastic hinge developed) in the beams and/or posts members near
the beam-column joint zone (least likely due to the design of the hybrid IMC)

4. Test results and discussion

4.1. General behaviour

The main test observations for the hybrid inter-module joints and the connection
components during the cyclic tests were shown in Fig. 14, while a summary of the failure

modes and other test phenomena was given in

Table 6.
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At the end of the 10-minute creep stage, it was reasonably assumed that the bolting
assemblies experienced a partial loss of pre-tension due to the deflection of the rubber
layers, losing the preliminary snug-tight condition. While this effect led to slightly lower
shear stiffness in the connections during the early cycles, it allowed for a larger
deformation capacity and provided a strength reserve by effectively delaying the full

contribution of the studs and bolts to the force-transfer mechanism of the connections.

The following observations were common between all test specimens. At the onset of cyclic
loading, the inter-storey drift occurred mostly in the inter-module connection (up to the
end of the +0.5% drift ratio cycles), as expected due to the low shear stiffness of the rubber
layers, highlighting the rubber bearing as the major contributor to the joint’s response to
small-amplitude lateral loading cycles (Fig. 13 (a)). During these initial stages, it was
observed that the bolting assemblies were allowed to translate horizontally together with
the upper box corner fittings until the gap provided by the bolt hole tolerance was fully
closed and the bolting assemblies became locked in a bending deformation state (Fig. 13
(b)). Then, as the loading sequence progressed towards the larger drift ratio levels, the
shear deformation of the rubber layers increased up to the point when the contribution of
the flexural stiffness of the beam-column sub-assemblages was evident as shown by the
pronounced deflection of their framing members (Fig. 13 (c) and Fig. 14 (a)). The ceiling
beam suffered a more noticeable deflection than the floor beam, explained by the smaller

size of its cross-section.

Taking a closer look at the connection level, the rubber bearing was subjected to the
combined effect of axial load and horizontal shear throughout the cyclic loading protocol.
Due to the quasi-static nature of the tests and the low thickness of the rubber layers, heat
build-up was not expected to be an issue, which was confirmed with the aid of a thermal
camera, registering a constant temperature throughout the first test. There was no gap
opening between the box corner fitting end-plates and the outer plates of the rubber
bearing, while the top and bottom surfaces remained reasonably parallel even at
maximum shear deformation levels, as shown in Fig. 14 (b). This was partly due to the
constant axial load acting vertically on the corner post all throughout the test and due to
the shear and flexural flexibility of the rubber bearing which accommodated the rotational
deformations imposed preventing any uplift. While the tolerance in the interlocking pin
holes was limited to 1 mm — 2 mm, no relative sliding was noticed between the steel plate
surfaces during the repeated load reversals, suggesting that the four pins on the rubber

bearing outer plates were quickly engaged in the horizontal shear, transferring the force
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to the rubber bearing and perhaps with some contribution from the friction resistance.
For the present tests, the contact surfaces of the box corner fittings were cleaned by wire-
brushing, with loose rust removed as per Eurocode 3, Part 1-8 [39] and EN 1090, Part 2
[40], while the contact surfaces of the rubber bearing outer plates were as resulted from

the milling process.

As the rubber bearings for the hybrid IMC were smaller than typical bridge bearings or
seismic isolators, the dimensional tolerances were also tighter, requiring special attention
to quality control. The finish quality on the steel contact surfaces should also be given due
consideration, to ensure good friction resistance and avoid relative slipping between

connection components.
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Fig. 18. Deformation mechanisms of the hybrid IMdJ.
4.2. Test phenomena and controlling failure modes

To identify the differences between the tests as well as the effect of the test parameters

considered, each specimen was discussed separately.
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The test on prototype IMJO01 included an M27-20 SMA stud and unstiffened beam-column
connection. Half-nuts were also added to determine if using two nuts would have any
meaningful effect in preventing self-loosening in this particular case. After completing 26
cycles without signs of damage to the naked eye, a loud sound announced the sudden
fracture of the SMA stud during the reversal loading of the first +3% drift ratio cycle at a
lateral load of 52 kN, and the test was stopped.

During the test on specimen IMJ02 with the same size of SMA stud and stiffened beam-
column connection, the first £3% drift ratio cycle was completed, while the SMA stud was
fractured during the 28t cycle at a similar lateral load as IMJO1 (49 kN). This result
revealed a favourable effect of the intra-module connection stiffeners over the load-
transfer mechanism of the inter-module connection as the SMA stud survived one extra
loading cycle before being loaded beyond its ultimate capacity. Moreover, the comparable
failure load levels proved the consistency of the test results and confirmed the limited
influence of the lock nuts as the SMA studs were likely already loosened by the deflection
of the rubber bearing.

The last of the SMA specimens was IMJ03, which included an M24-16 SMA stud and
stiffened beam-column connections. During this test, the specimen completed 25 cycles,
while the smaller SMA stud failed during second +2% drift ratio cycle, confirming the key
role of the bolting assembly in the lateral response of the joint at this drift ratio level, as
well as the predictability of the results as the smaller size SMA stud performed worse in

terms of lateral load capacity.

During the test on specimen IMJ04, the M24 HSS bolt experienced significant bending
deformation as well as damage to the threads. The onset of weld cracking at the ceiling
beam-column connection (Fig. 14 (c)) was noticed after the peak was reached in the
positive loading direction during the second +4% drift ratio cycle, causing the peak lateral
load in the reverse direction to fall to 85% of the previous maximum. At the end of the
load programme, the reduction was still well above the 20% failure criterium defined in
the FEMA/SAC guidance [37], yet the controlling failure mode could be identified as the
weakened beam-column connection. This finding was in good agreement with results from
similar tests [41-43], emphasising once more the importance of the weld quality at these

highly stressed regions.

Specimen IMJO05 suffered similar damage levels to the HSS bolt, while the test was

completed without any damage to the beam-column connection due to the effect of the
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stiffener plates. In the positive loading direction of the +4% drift ratio cycles, a
malfunction of the control system caused the two actuators to enter load reversal before
reaching the peak lateral displacement corresponding to 4% drift ratio. Nevertheless, the
results from specimen IMJ04 and IMJO06 provided sufficient evidence to suggest that the
lateral load capacity corresponding to the 4% drift ratio would have been very close to 66

kN, supporting the validity of the present result.

The last of the HSS specimens was IMJO06, which completed the full 30 cycles of the
FEMA/SAC protocol without any damage to the beam-column connections or framing
members, while the deformation of the bolting assembly was less pronounced due to its

larger diameter.

An overview of the failure modes of the bolting assemblies was shown in Fig. 14 (d). While
the ultimate tensile strength of the Ni-Ti alloy in the SMA studs was exceeded at different
drift ratio levels, the type of failure mode was identical for all samples, as revealed by the
similar fracture patterns which occurred in the top of the stud, at the border between the
reduced diameter and the transition zone to the threaded ends. The direction of the
fracture development was revealed by a small wedge present in the M27-20 SMA stud
samples that broke off from the highly stressed region on the right hand side, showing
that two cracks were initiated in the tension zone and were eventually joined on the
compression zone on the left hand side. This finding was in good agreement with the
results reported by the proof-of-concept FEA study [27], which highlighted the same
highly stressed wedge at the base of the transition zone of the SMA stud. The same type
of deformation was also evident in the shanks of the HSS bolts, suggesting that the yield
strength was exceeded, while the ultimate strength of the 8.8 class bolts was not, as no

fracture occurred in the threads.

Although the SMA bolts failed before the full protocol was completed, the location of the
fractures proved that the dog-bone shape design of the SMA studs was effective in shifting
the damage away from the threads which were known as vulnerable zones prone to
premature fracture. The net threaded-to-shank diameter ratios of the M27-20 and the
M24-16 SMA studs were 1.25 and 1.375 respectively. Overall, these consistent, repetitive
failure modes highlighted the limited randomness and supported the validity of the test

results.
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4.3. Demountability and reuse potential

To showcase the demountability of the hybrid inter-module connection, it is worth noting
the ease of disassembling the joint prototypes to change specimens between tests. In spite
of the deformed shapes of the HSS bolts, none were jammed, allowing for easy unfastening

using a regular spanner.

At the end of the tests on specimens IMJ04, IMJ05, and IMJ06, the rubber bearings were
removed from the joint assembly for inspection. As shown in Fig. 14 (e), the bearings
displayed various levels of permanent deformation caused by the permanent set of the
rubber. Since most of the set in rubber occurs on the first few loading cycles, it may be
concluded that the repeated tests on the bearings from specimens IMJ04 and IMJO06 did
not have a significant cumulative effect and did not have a negative impact on subsequent
retesting. Out of the three bearings, the most prominent deformation was observed in the
rubber bearing from IMJ04. The comparison with specimen IMJO05 suggested that the
stiffened beam-column connection had a more significant part in the force transfer
mechanism, reducing the deformation demand in the bearing. When comparing
specimens IMJ05 and IMJO06, the permanent deformation was less evident, while the
slightly larger deformation in specimen IMJO05 was explained by the smaller diameter of
the M24 bolt which influenced the horizontal stiffness of the IMC, causing larger

deformation in the rubber layers.

Despite the noticeable permanent deformation, the bonds between the rubber layers and
reinforcing steel plates were still in perfect condition with no signs of delamination in
either one of the three rubber bearings owing to the high-quality of their fabrication. This
observation is particularly relevant, given the higher manufacturing costs of the rubber
bearings compared to the other connection components. Overall, these findings offered
valuable insights into the resilience and reuse potential of the rubber bearing component.
The favourable behaviour of the bearings that underwent repeated cyclic loading protocols
(representative of aftershocks) was reflected by their condition at the end of the tests

which was deemed satisfactorily to be reused.
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Table 6. Summary of test phenomena and controlling failure modes.

Specimen Observed behaviour

IMJo1 SMA stud fracture, Test stopped during the reverse loading of the first cycle of
+3% drift ratio

IMJ02 SMA stud fracture, Test stopped during the reverse loading of the second cycle
of +3% drift ratio

IMdJ03 SMA stud fracture, Test stopped during the reverse loading of the second cycle
of +2% drift ratio

IMJ04 HSS bolt bending, Weld cracking at bottom beam-column joint, Last cycle
completed with reduced strength and stiffness

IMdJ05 HSS bolt bending, No signs of damage at intra-module connections, Last cycle
completed without signs of reduced capacity

IMdJ06 HSS bolt bending, No signs of damage at intra-module connections, Last cycle

completed without signs of reduced capacity
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Fig. 14. Test observations of IMdJs and connection components during cyclic loading.
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4.4. Hysteretic behaviour

The relationship between the applied lateral displacement and the corresponding reaction
force at the top of the IMdJ prototype generated the hysteresis loops shown in Fig. 15,
offering insights into the seismic response of the hybrid joints. A summary of the main

lateral load capacities and secant stiffnesses of the test specimens was given in Table 7.
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Fig. 15. Hysteretic curves.

All six specimens displayed similar reversed S-shaped curves with well-defined, stable

hysteresis and multiple stages indicating the successive activation of different connection

components.
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During the first stage (0 to £0.5% drift ratio), the rubber bearing was immediately
engaged by the horizontal shear developed between the box corner fittings of the IMC due
to the frictional resistance of the steel contact surfaces. On closer inspection, the major
contribution of the rubber bearing was further highlighted by the low strength and
pronounced nonlinearity of the curves, described by high initial stiffness followed by quick
softening leading to increasing stiffness at higher strains, typical of filled rubber under
shear loading. The curves also exhibited the stress-softening effect (or Mullins’ effect [44])

typical for rubber under repeated shear straining.

In the second stage (+0.5% to +3%), the bolting assembly was completely engaged in a
bending deformation as the bolt hole clearances closed under the relative horizontal
displacement of the box corner fittings. This limited the shear deformation in the rubber
layers, initiating the partial involvement of the framing members through their flexural
stiffness. The failure of the SMA studs confirmed their critical role in the force transfer
mechanism of the connection during this stage, while the behaviour recorded after the
failure offered valuable insights into the redundancy of the hybrid joints. As shown by
specimens IMJ02-03, the moment of failure was marked by a sudden drop in the lateral
load capacity, which was now provided only by the rubber bearing and framing elements,
as the path was resumed with reduced stiffness. It may also be assumed that the
interlocking steel pins on the rubber bearings’ outer plates played an important part as
they acted as shear keys and stoppers for the rubber bearing, allowing the joints to

develop the necessary strength reserve.

The third and final stage (+3% and beyond) was identified by the comparison between the
stiffened and unstiffened beam-column connections, signalling the prominent influence of
the intra-module connection in the force resisting mechanism developed at high drift
ratios. Secondarily, the size of the bolting assembly was also a differentiator in the joint’s
behaviour in the third stage, as would be expected by the increased deformation suffered
by the bolt. Overall, the IMdJs displayed stiffer behaviour in the negative loading direction
(pulling direction for the actuators), which was attributed to the lack of symmetry of the
one-sided T-shaped specimens, with rigid intra-module beam-column connections only on
one side of the assemblage. This finding was in good agreement with the results from
other experimental work that employed one-sided T-shaped joints with column loading

[41,43].
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The shear deformation demand of the rubber bearings at different drift ratios (Fig. 16)
was estimated as the relative horizontal displacement, A:, determined by the difference
between the measurements from transducers T02 and TO1. The corresponding shear
strain percent, y, was then determined as the ratio between the shear displacement and
the total thickness of the rubber. Based on these results, the equivalent lateral load
developed in the bearings at maximum drift ratio, Pw, was added to the plots in Fig. 15 to
1llustrate the contribution of the rubber bearings to the lateral load capacity of the hybrid
IMJs. P, was obtained by equation (6), where Gix was the shear modulus of the rubber
corresponding to i% shear strain (also given in Fig. 16) and A was the cross-sectional area

accounting for the central hole.
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Fig. 16. Shear deformation demand in the rubber bearings.

Moreover, the equivalent lateral load developed by the bolts, Prot, was added to the plots
in Fig. 15 to reflect the combined capacity of the rubber bearing and bolting assembly in
relation with the total lateral load capacity of the joint assemblies. The results showed
that the maximum lateral load capacities of the HSS bolt specimens and corresponding
failure loads of the SMA stud specimens were actually higher than the design predictions,
confirming the multi-stage hybrid mechanical behaviour of the IMC in which the bolting
assemblies were not fully engaged from the beginning of the loading cycle. The test lateral
load capacities exceeded the predicted resistances by 19% to 95%, suggesting that it would

be overconservative to design the hybrid IMdJs based only on the combined contribution of
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the rubber bearing and bolting assembly, ignoring the additional contribution from the

steel frame members.

The combined and individual contributions of the joint components to the lateral load
capacity of the IMdJs were further highlighted in Fig. 17, where Piwst was the lateral load
capacity at maximum drift ratio reached during the test in each direction. The results
showed that the ratio of the combined response of the rubber bearing and bolting assembly
to the total lateral load capacity of the joints varied between 0.6 and 0.76 in the positive
loading direction and between 0.45 and 0.66 in the negative loading direction, showcasing
a significant contribution of the hybrid IMC to the lateral load capacity at joint level. The
negative loading direction exhibited a larger influence from the steel frame (up to 55% in
IMJO05), which can be correlated with the overall higher lateral load capacity and stiffness
recorded in this direction. The larger contribution of the rubber bearing in IMJ03 was
correlated to the larger deformation demand observed in Fig. 16, explained by the reduced

stiffness of the M24-16 SMA stud causing more force to be transferred to the rubber

bearing.
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Fig. 17. Lateral load contribution ratios of the hybrid IMdJ components.
Pyoi: was estimated by equations (7) and (8) as the shear force corresponding to the bending
resistance of the bolt rod (see also Fig. 25). Since the HSS bolts exhibited plastic
deformation at the end of the tests, it was considered sensible to use the yield strength,
fyb, when calculating the bending resistances, Mravoit. However, in the case of the SMA
studs which were all fractured, the forward transformation finish stress, omr, was used

instead, in lack of data about the ultimate tensile strength of the Ni-Ti alloy from the
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material characterisation tests. The section modulus, Webe:, of the HSS bolts was
determined based on the tensile diameter in the threaded region, while for the SMA studs,

the reduced diameter between the transition zones was adopted instead.

Py = Gi,A ®)
Pyoie = ZMpg poie/Prp @)
Mga poit = fybWerbore ®

Where P, is the lateral load developed in the rubber bearings, Gi% is the shear modulus
of rubber corresponding to 1% shear strain, A is the cross-sectional plan area of the rubber
bearing accounting for the hole, Puot is the shear force corresponding to the bending
resistance of the bolt rod, Mrabol: is the bending resistance of the bolt rod, hw is the height
of the rubber bearing, fy» is the yield strength, and Welvoit 1s section modulus of the bolt

rod.

Table 7. Summary of lateral load capacity and secant stiffness of hybrid IMds.

Specimen Lpadipg Posvw Ko.5% Py Ko Prmax Kinax Last cycle reached
direction (kN) (kN/mm) (&N) &N/mm) &N) (&N/mm)
TR
e R T
e BB R O o
o8B R IR WD W o
R EE RN
e & B oo EOM OB B s

NOTE: Pos% and Kosv% are the lateral load capacity and corresponding secant stiffness at 0.5% drift ratio,
P29 and Kzo are the lateral load capacity and corresponding secant stiffness at 2% drift ratio, Pmax and
Kuax are the maximum lateral load capacity and corresponding secant stiffness reached during the test.
Values correspond to the first cycle of each loading amplitude.

4.5. Skeleton curves

The skeleton (or envelope) curves shown in Fig. 18 were obtained from the peak strength
reached during the first cycle at each drift ratio. The bolt size and intra-module connection
stiffness had a limited effect on the lateral load capacity of the specimens up to +0.5%
drift ratio (+13.8 mm lateral displacement). In the latter stages of deformation, specimens
IMdJ05 and IMJO06 stood out with higher lateral load capacities than specimen IMJ04, due
to the addition of stiffeners at the intra-module connection, while the slightly higher
overall capacity of IMJ06 was attributed to the additional impact provided by the bolting

assembly with a larger diameter.
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Fig. 18. Skeleton curves.
4.6. Joint classification

Fig. 19 illustrated the stiffness and strength classification of the ceiling and floor beam-
column connections according to the boundaries defined by Eurocode 3, Part 1-8 [39]. Both
the ceiling and floor beam-column connection were classified as semi-rigid, partial-
strength. From the perspective of strength characteristics, neither the floor nor the ceiling
beams were able to develop their full strength, owing to shear flexibility of the rubber
bearing which combined with bending of the bolting assemblies, influenced the limit state
of the hybrid IMdJs, reducing the forces transferred to the beams as previously shown in
Fig. 17. From the point of view of stiffness, both joints were conservatively classified as
semi-rigid, indicating that the nonlinear behaviour of the beam-column connections
should be explicitly considered in the macro-mechanical models for global analysis.
However, in the design of steel modular buildings, it is recommended that the intra-
module connections are designed as rigid, to ensure the volumetric units perform
elastically. It must be noted that the stiffness classification was based on theoretical
formulae for the rotation angles which did not account for the presence of stiffeners at the

beam-column joints, hence the present classification remains conservative.

The bending moments in the ceiling and floor beams, namely M« and M, were obtained
from equations (19) and (20) while the corresponding rotation angles, 6. and Om, were
calculated using equations (21) and (22) as shown in Fig. 25. The classification boundaries
were based on the plastic moment resistance of the beams, My p1,r4, calculated by equation

(9) using the section and material properties given in Table 2.
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Fig. 19. Classification of beam-column joints based on moment-rotation envelope curves.

My, pira = Wy X fy (9)

Where My pira is the plastic moment resistance of the beams, Wy is the plastic section

modulus, and fy is the yield strength.

4.7. Stiffness degradation

Fig. 20 indicates the variation of the stiffness characteristics of the joints with the
progression of cyclic loading, represented by the secant stiffness, Ki, and the stiffness
degradation factor, &, obtained by equations (10) and (11) respectively. The overall stiffer
response of the joints in the negative (pulling) loading direction was confirmed in Fig. 20
(a), while the most rapid stiffness changes were observed during the small amplitude
cycles in both loading directions. These changes were attributed to the stress-softening of
the high-damping rubber and the partially loose state of the bolting assemblies, which
experienced various movements during these early stages due to the different bolt hole
clearances. After the 1% drift ratio level, the overall stiffness of the connections increased
steadily, owing to the increasing contribution of the frame members as all bolting
assemblies were engaged completely by the shear deformation of the bearings at this
stage, peaking during the 2% drift ratio cycle. Fig. 20 (b) demonstrated the remarkable
performance of the samples, which generally showed limited degradation rates in both
loading directions, emphasising the effectiveness of the hybrid IMC in hindering the
cumulative damage in the joints. Overall, specimen IMJ06 outperformed the others
finishing the test with about 20% stiffness increase, showcasing the favourable influence

of the M27 HSS bolt and stiffened intra-module connections.
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Fig. 20. Stiffness characteristics of hybrid IMdJs.
P
K, = —Lmex (10)
di.max
Ko 59,
(=—22 (11)
L KL

Where Ki is the secant stiffness, i is the stiffness degradation factor, Pimax and dimax are
the maximum lateral load capacity and corresponding displacement during the first cycle

at “i%” drift ratio, and Kose% is the initial secant stiffness.

4.8. Re-centring capacity and residual drift

While in seismic-resistant design the main focus used to be only on the overall safety, the
emerging resilient-based design philosophy has put forward other objectives such as
functional recovery, motivated by the desire to minimise financial losses associated with
impracticable repair costs. The functional recovery of a building may be assessed by

looking at the level of residual deformation suffered by the structure.

Fig. 21 shows the re-centring capacity (RCC) determined by equation (12). The results
reflected a rapid surge in the re-centring capacity of the joints during the early stages of
loading up to 0.02-0.03 rad, followed by a general plateau in the positive loading direction,
with more obvious reductions observed on the opposite side. Overall, the HSS bolts
performed slightly better at larger drift ratios, while the self-centring effect due to the
superelasticity of the SMA studs was evident in specimens IMJ01-03 during the lower

amplitude cycles, which registered generally higher re-centring capacities from the start.
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The residual drift ratio, Bres, was obtained by equation (13). Fig. 22 shows the residual
drifts plotted against the applied drift ratios in each loading direction, with indicative
damage states (DS) defined by FEMA P-58-1 [45] overlaid for reference. The results of the
specimens were comparable up to 1% applied drift ratio, with residual drifts generally
below the limit of 0.2% (DS1) in the negative loading direction, requiring no re-alignment.
Up to 2% applied drift ratio, the residual drifts were below or slightly fluctuating near the
0.5% limit (DS2), indicating that the specimens may only require realignment without the
need for structural repairs. During the low amplitude drift ratios, specimens IMJ01-03
recorded lower residual drifts, reflected also by the higher re-centring capacity, owing to
the superelasticity effect of the SMA studs which was highly evident particularly in
specimen IMdJO03. The remarkably low residual drifts of IMJO3 in the negative loading
direction may also be attributed to a higher pretension achieved when manually
tightening the stud due to its smaller size. Between 3% and 4% applied drift ratio,
specimen IMJO06 outperformed the others in terms of reduced residual drift, emphasising
the favourable effect of stiffer intra-module connections designed to perform elastically
and larger bolt diameters on the re-centring ability. Above the 1% residual drift limit
(DS3) the major realignment required to restore the safety of the building may render the

structural uneconomical or unpractical to repair.
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Fig. 21. Re-centring capacity curves.
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d.
RCC; = (1 —ﬂ> x 100 (12)
imax
eres — = ires x 100 (13)
storey

Where RCCi; is the re-centring capacity, dires is the residual displacement measured at the
point of lateral load reversal during the i% drift ratio cycle, dimax i1s the maximum
displacement reached in that loading direction during the same cycle, 6res1s the residual

drift ratio, and Hstoreyis the total height of the specimen (2,750 mm).

4.9. Energy dissipation capacity

The seismic performance of the hybrid joints was further evaluated based on the ability
of the specimens to dissipate the input energy during the cyclic lateral loading. Fig. 23
shows the total energy dissipated in the first cycle, Ep, at each drift ratio level,
represented by the area enclosed by the hysteresis loops. The reduced values up to 2%
drift ratio confirmed the limited inelastic deformation of the frame members up to this
level, indicating that the samples were still within the elastic stage. The sudden spike in
the energy dissipated during the 3%-4% drift ratios was mostly attributed to the late
activation of the frame members hysteresis, which was also reflected by the strain

response.
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Another method of evaluating the energy dissipation capacity is by the equivalent viscous
damping coefficient, £.q, obtained by equations (14) - (16) adapted from Chopra [46]. Fig.
24 illustrated the variation of &¢q at different drift ratios, showing significantly higher
equivalent viscous damping coefficients during the early stages, followed by a progressive
decrease and a slight recovery after the 2% drift ratio level. This finding was quite unique
when compared to the variation of the equivalent viscous damping, provided by steel
yielding mechanisms, which usually starts close to zero followed by a steady increase with
the progression of the cyclic loading. The remarkable behaviour of the hybrid joints was
attributed to the activation of the rubber bearings during the early stages of loading and
in particular to the mechanical properties of the high-damping rubber compound used in
the rubber layers, while the recovery after the 2% drift ratio was correlated with the
delayed influence of the steel frame elements during the third stage of deformation

observed on the hysteresis loops.
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Fig. 23. Energy dissipation capacity.
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Where Kiave is the averaged secant stiffness at the 1% storey drift, Es is the area of the
averaged equivalent linear response, and Ep is the total energy dissipated in the first cycle

at each drift ratio level.

5. Strain response and back analysis verification of test results

The strain vs. displacement curves reflected the seismic response of the hybrid joints from
a material level perspective, illustrating the distribution of effort between the framing
members of the joint. The yield strain was taken as the average of the yield strain results
reported in Table 2, while the nominal yield strain based on nominal EC3 material
properties was also given for reference. Due to operational issues during the tests on
specimens IMJ01, IMJO03, and IMdJ04, the readings from gauges SG01, SG04, SG07, and
SG10 were not available. Nevertheless, it was reasonably simple to predict the outcome
of the missing readings to a practical extent, based on the repetitive data available from
the other tests. As shown in Fig. 26 and Fig. 27, the beams and columns of the specimens

with SMA studs were well below the yield limit at the moment of the studs’ failure,
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allowing the beam-column sub-assemblages to be reused for the tests with HSS bolts as

previously explained in Section 3.1.

In general, Fig. 26 showed the expected strain distribution in the beams, with larger
values in the top and bottom flanges of the hollow profiles and almost negligible strain
levels near the neutral axes (SG04 and SG07). Up to 3% drift ratio, the beams strain
values were less than 50% of the yield strain in all specimens, oscillating around 2000
microstrains. Unsurprisingly, the outer flanges in the two beams (SG03 and SGO0S8)
recorded higher strains than the inside flanges (SG05 and SGO06), attributed to the
increased stresses in the rigid regions closest to the intra-module connection. Moreover,
the presence of stiffeners at the beam-column joint resulted in a steeper increase of the
strains, observed after the 3% drift ratio level, confirming the greater influence of the
intra-module connections stiffness on the cyclic behaviour of the IMdJs during the third
stage of deformation. Also, when compared to IMJ05, the larger diameter of the HSS bolt
in specimen IMJ06 prevented the yielding of the bottom flange of the ceiling beam (SG03)

in the negative loading direction.

Similarly, Fig. 27 showed that the column strains fluctuated below the yield strain up to
4% drift ratio, with the notable exception of IMJ06 in which the inside flanges yielded at
the 4% drift ratio in the negative loading direction. However, it was noticed that the
strains of the outside flanges of the column (SG01, SG10) were generally lower than the
strains of the inside flanges (SG02, SG09). The higher strain values were attributed to
the effect of the two stiffener plates which created a highly stressed region at the location
of these strain gauges (SG03 and SG08), suggesting that the actual stress levels recorded
on the inside flanges of the beams and columns may have been lower. This observation
was supported by the results of IMJ04 which did not have stiffeners at the beam-column
connection, exhibiting comparable strains between both sides of the beam and column

flanges in both loading directions.

The higher inelastic strains observed in specimens IMJ05 and IMJ06 showed that
increasing the strength and stiffness of the hybrid connection causes larger efforts
developed in the volumetric frame. Hence, the effectiveness of the proposed connection
requires a fine balance between the design of each component in order to ensure the
hybrid IMC can resist the forces transferred between the modules, without fully engaging
the volumetric module early on and damage its framing elements beyond practical

repairability.
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Overall, the strain results supported the damage control capability of the hybrid
connection, which effectively minimised the effort in the connecting members of the joint.
This was mainly attributed to the multi-stage mechanical response of the joints
characterised by a sequential activation of the connection components at different
deformation levels, delaying the full contribution of the steel frame members until the
large amplitude cycles. It must be noted that the current assessment was based on the
yield strain determined from the steel coupon tests. When compared to the yield strain
from nominal material properties of S355 steel (ca. 1690 microstrains), it may be judged
that the yield of the beams and columns occurred between the 2% and 3% drift ratio levels,
highlighting the need for careful consideration of overconservative design values when

selecting the steel grade to meet the desired yield strain limit in the volumetric module.

To check the validity of the test results, the back analysis was conducted based on the
strain gauge readings at maximum lateral load capacity and the comparisons were
summarised in Table 8. The results reflected a good overall agreement between the
internal forces from the test loads and those obtained from the recorded strains, with some
exceptions attributed to the difference between the idealised connection behaviour and its

localised mechanisms which cannot be fully explained.

The bending moments developed in the frame elements during the tests were also
compared with the predicted resistances of each member in Table 9. The low utilisation
ratios in the specimens reflected that the joint members of specimens IMJ01-03 were still
in the elastic stage at the failure of the SMA studs, while the yield limit was reached in
the bottom column of specimens IMJ05 and IMJO06 at 4% drift ratio, demonstrating the
need for thicker or larger sections in the columns of the volumetric module to avoid

undesirable failure in the vertical members.

M. = P(H,c — hgp/2) + Ndg, a7
My, = P(Hpe = hep/2) + Ndg, (18)
Mg, = (PHic + N(4p, — dgp)) /(1 — hye/2Ly) (19
My, = (PHpe + Ndgp) /(1 = hyc/2Lp) (20)
Gy = Mpp/(3Elsp) (21)
Oy = Mcp/(3Elp) (22)
Mstrain = E€testWer (23)

M, = Welfy (24)
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Where MEESE, Mpest, M{GS, MZ®" are the bending moments in the frame members at the
location of the strain gauges, P is the lateral load recorded at the top of the specimen, Hc
1s the distance from the centreline of the floor beam to the level of the horizontal actuators,
Huc is the distance from the bottom pin to the centreline of the ceiling beam, Ly is the
distance from the centreline of the columns to the pinned roller supports, htc , hye, hm, and
he are the cross-sectional depths of the frame members as shown in Fig. 25, Anis the
equivalent lateral displacement applied at the top of the column, ds is the horizontal
displacement recorded at the level of the floor beam by potentiometer TO01, dw is the
horizontal displacement recorded at the level of the ceiling beam by potentiometer T02,
Om and O are the rotations of the floor and ceiling beams, In and Io are the second
moments of area of the floor and ceiling beams, E is the Young’s modulus of the steel
members, Mstrain 1s the equivalent bending moment calculated using the strain recorded
during the test, gtest1s the strain recorded during the test, We is the elastic section modulus
of the steel members, Ma is the elastic design resistance of the members, and fy is the

yield strength of the steel members.

Table 8. Comparison of bending moments in IMd frame members.

) Load  Prest MEest mgtrain Mpest ygtrain MESE MErem o migst psgrain
Specimen g " kN)  (Nm) (Nm) (Nm) (Nm) (Nm) (Nm) (Nm) (kNm)
IMJO1 (@) 51 56 51 57 50 59 70 59 55
Q) 52 55 51 57 46 59 61 59 53
IMJ02 ) 52 55 66 57 64 58 60 59 59
Q) 59 63 73 65 58 66 58 67 65
IMJ03 ) 31 33 28 34 29 35 38 35 29
Q) 39 41 34 49 30 44 43 44 35
IMJ04 ) 63 68 49 71 69 72 78 73 73
) 73 78 83 80 55 83 99 83 62
IMJ05 ) 66 70 55 73 76 74 65 75 57
Q) 80 86 74 88 98 91 97 91 92
IMJ06 ) 69 74 81 78 57 78 80 80 80
Q) 84 91 115 92 103 96 87 95 88

NOTE: Prest was the maximum lateral load recorded during the test, M{et, Mye*, M, MG were the

bending moments in the frame members at the location of the strain gauges obtained by equations (17)-

(20), and Mstrain pstrain ppstrain - psirain weye the bending moments in the frame members obtained by
tc be b cb g

equation (23), where gtest was the strain recorded during the test corresponding to Prest.

Table 9. Summary of test results and analytical predictions at peak lateral load capacity.

S . Load Prest Mttht MlgiSt M;ESt MgleJSt
pecimen " . &N)  (kNm) n (kNm) n (kNm) n (kNm) N
IMJO1 (@) 51 56 0.58 57 0.70 59 0.48 59 0.58
Q) 52 55 0.58 57 0.69 59 0.48 59 0.58
IMJ02 () 52 55 0.58 57 0.70 58 0.48 59 0.58
Q) 59 63 0.66 65 0.78 66 0.54 67 0.66
IMJ03 ) 31 33 0.35 34 0.41 35 0.28 35 0.35

Q) 39 41 0.44 49 0.51 44 0.36 44 0.43
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IMJ04 ) 63 68 0.72 71 0.86 72 0.59 73 0.72
Q) 73 78 0.82 80 0.98 83 0.67 83 0.81
IMJO05 ) 66 70 0.74 73 0.89 74 0.60 75 0.74
Q) 80 86 0.90 88 1.07 91 0.74 91 0.90
IMJ06 ) 69 74 0.78 78 0.94 78 0.64 80 0.79
) 84 91 0.95 92 1.12 96 0.78 95 0.94

NOTE: Prest was the maximum lateral load recorded during the test, M{et, Mye*, M, MG were the
bending moments in the frame members at the location of the strain gauges obtained by equations (17)-
(20), and n was the utilization factor calculated as the ratio between the test moment resistances and the

elastic design resistance of the element obtained by equation (24).
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Fig. 25. Mechanical analysis model of the hybrid IMdJ.
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Fig. 26. Strain variation in the ceiling and floor beams.



(oo

Strain (ue)
o

-8000

8000
6000
4000
2000
0
-2000
-4000

Strain (ue)

---SG02 —-SG09
yield strain
!
nominal yield strain
nominal yield strain
f
yield strain
-150 -100 -50 O 50 100 150
Lateral displacement (mm)
(a) IMJO1
| ---5G02 —-SG09
yield strain
!
nominal yield strain
e
nominal yield strain
I
yield strain

-6000
-8000

-150 -100 -50 O 50 100 150
Lateral displacement (mm)
(c) IMJO3
—SGO01 ---SG02
——=SG09 — -SG10

8000
6000
4000
2000
0
-2000
-4000
-6000
-8000

Strain (ue)

yield strain

!

nominal yield strain

nominal yield train

!
yield strain
-150 -100 -50 O 50 100 150
Lateral displacement (mm)

(e) IMJO5

Testing novel hybrid inter-module joints for steel modular buildings under cyclic load
Dan-Adrian Corfar and Konstantinos Daniel Tsavdaridis
© 2024. license https://creativecommons.org/licenses/by-nc-nd/4.0/

Strain (ue)

Strain (ue)

Strain (pe)

8000
6000
4000

[\
(=]
(=]
(=]

0
-2000
-4000
-6000
-8000

8000
6000
4000
2000
0
-2000
-4000
-6000
-8000

8000
6000
4000
2000
0
-2000
-4000
-6000
-8000

—SGO01 ---8G02 ‘
——SG09 —-SG10
yield strain
!
nominal yield strain
nominal yield train
f
yield strain
-150 -100 -50 O 50 100 150
Lateral displacement (mm)
(b) IMJO2
---SG02 —-SG09
yield strain
!
nominal yield strain
e
nominal yield strain
]
yield strain
-150 -100 -50 O 50 100 150
Lateral displacement (mm)
(d) IMJ04
—SGO01 ---SG02
——S8G09 — -SG10
yield strain
!
1al yield strain,
,,,,,,,,,, 7o
7 P
nominal / // - SN
il oot = e ox :\:~
strain//// e o T .
g yield strain
P/
-150 -100 -50 O 50 100 150
Lateral displacement (mm)

(H) IMJo6

Fig. 27. Strain variation in the top and bottom corner posts.
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6. Concluding remarks

A hybrid inter-module connection (IMC) employing a high-damping rubber bearing and a
bolting assembly was proposed and previously investigated at connection level through
proof-of-concept FEA models. The novel IMC was developed to reduce the permanent
damage sustained by the volumetric module after an earthquake through the hybrid force-
transfer mechanism harnessed by the rubber bearing. In this study, six inter-module joint
(IMJ) prototypes equipped with the novel connection were tested under cyclic loading
scenarios to evaluate their aseismic performance and to validate the feasibility of the
proposition. SMA studs were introduced to investigate if the superelastic effect of
austenitic NiTi would yield meaningful improvements to the re-centring and energy
dissipation capacity of the joints when compared to standard high-strength steel (HSS)

bolts. The main findings were summarised as follows:

1. The hybrid IMJs exhibited nonlinear hysteretic responses characterised by the
sequential activation of different connection components at three different stages.
The first stage (up to 0.005 rad) was governed by the low shear stiffness of the
rubber bearing, the second stage (0.005 to 0.03 rad) reflected the key influence of
the bolting assembly, now fully engaged by the shear deformation in the rubber
bearing, while the third stage (0.03 rad and above) highlighted the role of the intra-

module connection stiffness.

2. The controlling failure mode of the specimens with SMA studs was the fracture of
the Ni-Ti pins, localised away from the threads, at the base of the transition zone,
while the HSS bolts survived the full cyclic protocol with noticeable deformation
and damage to the threads, without affecting the lateral load capacity.

3. The replacement of the SMA studs after failure uncovered the potential of the
bolting assembly as a fuse-like component which could be easily swapped in the
aftermath of an earthquake and demonstrated the promising repairability
prospects of the connection, supported by the consistent hysteretic responses
obtained in the retested specimens. Moreover, the strength reserve observed at the
moment of the failures offered valuable insights into the redundancy of the hybrid

IMdJs.

4. The higher equivalent viscous damping coefficients registered right from the very
first stages of deformation emphasised the governing role of the rubber bearing

and further proved the effectiveness of the high-damping rubber compound.
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5. All specimens exhibited remarkably low residual drifts, below the 0.5% limit up to
2% drift ratio. The overall better results recorded by the SMA specimens
illustrated the favourable influence of the superelastic Ni-Ti alloy, yet the
difference may not be convincing enough to justify the higher costs compared to
the standard HSS bolts. Nevertheless, the falling fabrication costs expected with
the rapid advancements in the manufacturing of Ni-Ti parts for civil engineering

applications should encourage future efforts in improving the current design.

6. The multi-stage, hybrid mechanical behaviour fostered by the rubber bearing
effectively delayed the full participation of the members in the lateral response of

the joints, as revealed by the limited inelastic deformation.

7. In the end, the cyclic tests demonstrated the feasibility of the proposed connection
with respect to the limitation of damage in the structural elements of the
volumetric module after an earthquake, improving the reclaim and reuse potential

of the module.

The experimental characterisation of the hybrid IMC has set the benchmark for future
work on the validation of high-fidelity FEA models, which will allow further optimisation
of the connection components through parametric analyses, while a macro-mechanical
model of the hybrid IMC is also being developed to assess the effect of the proposed IMC

on the aseismic performance of structures at a system level.
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