Spider Intermodular Connection: An innovative connection solution for
steel modular buildings

Ricardo Aguayo’, Jorge Conde®, Ana Francisca Santos? , Luis Simdes da Silva®, David Andra-
de?, Filip Ljubinkovi¢?, Sree Sabari®

# University of Coimbra, ISISE, ARISE, Department of Civil Engineering, Coimbra, Portu-
gal, Universidade de Coimbra
® Universidad Politécnica de Madrid, Departamento de Fisica y Estructuras de Edificacion,
Av. Juan de Herrera, 4, 28040 Madrid, Spain. https://orcid.org/0000-0002-5633-1170

* Author for contact. Tel.: +351 929432326; E-mail: aguayoortega@uc.pt

Abstract: Modular construction systems face significant challenges in ensuring structural con-
tinuity, particularly at inter-module joints where connection performance governs both local
behaviour and global response. Within the framework of the R2U project, which fosters the
industrialisation of modular construction in Europe, this study introduces the Spider inter-mod-
ule connector, a prototype specifically designed to guarantee vertical continuity in stacked 3D
steel modules with square hollow sections. A comprehensive full-scale experimental campaign
was carried out to characterise the connector’s tensile response. Complementary finite element
analyses were developed in Abaqus and calibrated against the experimental results, demonstrat-
ing the role of the horizontal preload levels and internal blocking plates support conditions exert
a decisive influence on the connection’s performance.

1. Introduction

The modular construction system has emerged as a promising solution for building facilities.
However, the structural performance of modular buildings is strongly conditioned by the local
response of intermodular connections (IMCs), which act as links ensuring continuity of load
paths across modules. The limited space available for connection detailing constrains the struc-
tural performance. Different studies have shown that the stiffness and energy dissipation capac-
ity of IMCs directly influence both the local and global behaviour under static and dynamic
conditions [1], [2]. Recent reviews have systematically classified the modular connection ty-
pologies [3], understanding their performance requirements [4], and highlighting persisting lim-
itations such as slips, gap opening, and insufficient ductility in conventional bolted system [5].
Fig. 1 describes 5 existing typologies of connections reported in the literature, together with
their description, advantages and disadvantages|[6], [7], [8], [9]. Parametric studies have been
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widely used to examine how local connection parameters influence the lateral behaviour, vi-
bration response, and collapse capacity of modular buildings [10]. Shin, et al. [11] proposed a
semi-rigid post-tensioned inter-module connection with a central shear key and reported that
applying approximately a preload of around 10% of the axial column capacity was sufficient to
prevent slip and ensure stable seismic performance. A novel HDR + SMA hybrid connection
enhances ductility, energy dissipation, and reusability of modular steel buildings, providing
more sustainable and resilient solutions [12]. Lee et al. [9] proposed a bolt-free preloaded sys-
tem with high—strength rods and developed a combined analytical-numerical method to deter-
mine the minimum preload required to avoid slip and gap opening, regarding the beam’s stiff-
ness and module self-weight. Rajanayagam, et al. [13] showed that “end plates™ inside of col-
umn’s module (plates welded and integrated within the column’s module manufacturing)
strongly affect the tensile response due to the lack of welding penetration inside the column’s
module. Kujawa et al. [14] demonstrated that post-tensioned inter-module connections, when
subjected to appropriate preload levels, can achieve high stiffness and strength while minimis-
ing slip and enhancing overall structural robustness. Peng et al. [15] showed that applying the
strong-column weak-beam (SCWB) concept enables modular buildings to achieve global rather
than local failures, while adequate preload in the connections further enhances slip resistance
and stiffness, ensuring safer and more robust seismic performance. Liew and Chua [16] devel-
oped plug-in modular connections for high-rise buildings that improve load transfer, ductility,
and energy dissipation, while reducing slip and gap opening compared with conventional bolted
systems.

The development of intermodular connections in the context of R2U -Technologies project (fo-
cused on modular building solutions to construction industry), primarily the Long Bolt [17] and
Spider [18] inter-modular joints for steel prefabricated modules, represents a major advance-
ment, offering prefabricated solutions that combine preloading, tolerance control, and efficient
assembly for stacked modular buildings. In particular, the Spider connector employs a horizon-
tal and vertical non-conventional preload friction system, combined with an internal mechanical
accommodation for tolerances, making its design unique within its typology. This paper pre-
sents the experimental campaign and preliminary numerical validation of the Spider connector
in tension developed at University of Coimbra within the scope of the R2U Project
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Theme to be defined by the Scientific Committee

2. Intermodular Spider Connector: Description

The Spider connector is an innovative modular joint system engineered to facilitate efficient
assembly and disassembly in steel modular buildings. It is specially designed to allow the stack-
ing of finished modules with tubular column sections, in which the access is restricted to the
top of the module. Fig. 2 shown the spider connector schematic in the modular building system
with component identification and summary table.
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Fig. 2 Spider connector — Modular connection, corner typology

The core of the system comprises a solid steel core (component 9 in Fig. 2) from which four
horizontal (component 5 in Fig. 2) and one vertical arm extend (component 10 in Fig. 2), all
based on M20 threaded rods. C45 steel (with a nominal yield strength of 600 MPa and tensile
strength of 400 MPa) was used for manufacturing the threaded rods. Each horizontal rod fea-
tures opposing threads: one end is embedded within the central core, while the opposite end is
externally preloaded using a washer—nut assembly (component 5 in Fig. 2). This mechanism
induces a compressive preload along the horizontal axis of the spider, clamping the internal
surfaces of the joining block (component 4 in Fig. 2) against the Spider’s core (component 9 in
Fig. 2) and establishing a stable, expansion-based innovative connection for modular joint sys-
tems.

The applied horizontal preload allows the Spider connector to mobilise frictional resistance
at the interface between the washers (component 5 in Fig. 2) and the internal faces of the joining
block. Once the maximum frictional capacity is exceeded, vertical load transfer is safeguarded
by dedicated locking components (component 7 in Fig. 2) acting as shear-transfer mechanisms.
These locking plates provide a secondary stiffness, ensuring reliable vertical force transmission
and preventing slippage in the event of frictional degradation or loss.

The joining block (component 4 in Fig. 2) acts as a combined tension — shear transfer mech-
anism. At the top, its serrated edges engage with wedge components (component 11 in Fig. 2)
to secure load transfer in shear. This system also accommodates construction-induced eccentri-
cities of up to +10 mm. At the base, tensile forces are transmitted through four M 10, class 10.9
bolts (component 3 in Fig. 2), with a reduced preload condition. These bolts are threaded ex-
clusively into the pre-tapped holes of the lower blocking plate.
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3. Experimental Campaign Summary

The experimental campaign was designed to evaluate the structural performance of modular
prototype connections. The test specimen comprised two SHS 160 x 10 columns, each 400 mm
in length, joined by a Spider connector. The total assembled height of the configuration was
868 mm. The connector was subjected to axial tension using a servo-hydraulic testing system
with a maximum capacity of 500 kN. The specimen was directly mounted over the reaction
frame as illustrated Fig. 3. The objective was to characterise its load-bearing capacity, initial
stiffness, ductility, and failure mechanisms. The specimen is presented in Fig. 3 with its respec-
tive LVDT instrumentation used for characterisation of axial response.
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Fig. 3 .- Experimental Layout of Spider - 160 under tension.

Fig. 4 summarises the results of the experimental campaign. The force—displacement re-
sponse of the Spider connector under axial tension, measured directly by LVDT 01, is pre-
sented in Fig. 4a LVDT 01 was strategically positioned in direct contact with the connector’s
central core through a 26 mm access hole (see Fig. 3). The curve shows an initial vertical pre-
load of approximately 15 kN, followed by a linear elastic response up to 53 kN. Beyond this
point, progressive engagement of the locking components introduces post-yield stiffness, mark-
ing the transition to the inelastic regime. The system exhibited notable ductility, reaching a
displacement of 7 mm at a peak load of approximately 75 kN, due to bearing of locking plates
(see Fig. 4b).

The same trends were observed in the readings of LVDT 12 (located at the external hori-
zontal arms of the spider) in comparison with the LVDT 01 (see Fig. 4a), confirming the rigid-
body behaviour of the Spider connector. Additional curve was develop regarding the DIC point
measured at the front spide horizontal arm (see Fig. 4a). Additional displacements were rec-
orded at the specimen’s top and bottom using LVDT 10 (Upper Column) and LVDT 11 (Bot-
tom Column), as reported in Fig. 4d in comparison with DIC Data. In-plane and out-of-plane
eccentricities were also monitored with LVDT 08 and LVDT 09 (see Fig. 4¢), reaching max-
imum values of 0.7 mm (0.8% of the specimen height) and 0.4 mm (0.5% of the specimen
height), respectively. These eccentricities have a negligible influence on the global structural
response, as they remained below 2% of the total specimen’s height.
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Fig. 4 .- Experimental Campaing Summary data.

Additional displacement data were collected in the joint zone through LVDT 02, LVDT 03,
and LVDT 04 to characterise the local response. The measurements indicated a slight inclina-
tion of the specimen during the tensile test, with the right side showing uplift relative to the left.
To double-check this observation, Digital Image Correlation (DIC) analysis was performed
with particular focus on the connection zone. Fig. 4f confirms a maximum uplift of 0.70 mm
between the right and left sides; after reaching 50 kN, both sides remained aligned. This obser-
vation suggests that a geometric condition is responsible for the slight asymmetry and should
be further investigated through finite element modelling.
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4. Numerical simulations

4.1 Numerical Modelling Strategy

A detailed preliminary FE study was carried out to replicate the tensile response of the Spider
connector. As the system involves multiple nonlinear effects, including preloaded bolts in dif-
ferent directions, internal confinement, construction tolerances, and complex contact interfaces,
a progressive, multi-step modelling strategy was adopted to properly understand the structural
response. Fig. 6 details the different models and explains the outcomes and limitations imposed.
This approach allowed the role of individual components to be isolated, ensuring stable con-
vergence, and progressively reproduced the full assembly behaviour. The analysis was per-
formed in Abaqus/Standard using a Static General procedure, which provided greater accuracy
but also introduced potential convergence challenges due to complex contact interactions. The
General Contact definition allows the capture of relative slip and gap formation across the in-
terfaces. A hybrid mesh was employed, combining C10D3R tetrahedral elements for the Spi-
der’s steel core (due to its complex geometry) and C3D8R hexahedral elements for the remain-
ing parts. The static analysis was divided into two stages: (i) application of preload and (ii)
tensile loading, both considering geometric nonlinearities.
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Fig. 5 : Progressive Modelling Approach methodology

Geometric imperfections were not considered in the numerical models. For this initial stage,
nominal material properties were adopted for the calibration of the FEM simulations. A friction
coefficient of 0.20 was assumed for the final model, reflecting the untreated surface condition
of the joining block with ground steel; the influence of this parameter was also investigated in
sensitivity analyses.

Material behaviour for carbon steel was defined using the characterisation proposed by Yun
and Gardner [19], incorporating true stress—strain curves. Horizontal preload levels were eval-
uated between 20% and 40% of axial tensile rods strength, while tie conditions were varied
between 25% and 50% to approximate the contribution of the blocking plate weld, accounting
for the possible lack of full penetration due internal space limitation
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5. Analysis of Results

The validation process of the Spider connector under tensile loading is illustrated in Fig. 6,
representing the general information of the current validation work. Each model isolates spe-
cific aspects of the connector’s mechanical response.

The simplified model FEM_SP 160 1 in Fig. 6 (a) captured the influence of initial clear-
ances at the locking plates, reproducing slip at low load levels. The corresponding force—dis-
placement curve can be divided into three stages: (i) elastic friction, (ii) softening due to slip,
and (ii1) post-engagement tensile response.

FEM_SP 160 2 presented in Fig. 6 (b), friction was found to play a dominant role in the
connection behaviour. Increasing the friction coefficient («) from 0.30 to 0.50 did not affect the
initial stiffness (~282.5 kN/mm) but increased the peak resistance by up to 48.5%. These find-
ings confirm that friction increase the axial capacity of Spider connector.
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Fig. 6: Summary of result data

FEM_SP 160 3 isolates the case where the joint engages only with the bottom column spec-
imen. In this configuration, preliminary analyses indicated that a friction factor of 0.20 provided
better agreement with the experimental response and more accurately represented the realistic
condition. Further analysis (see Fig. 6¢) indicated that horizontal preload significantly enhances
stiffness and strength; for instance, a 20% of bolt preload in combination with 50% tie of block-
ing plate shown good agreement with the experimental data. Additionally, the influence of the
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support condition of blocking plate welded inside the columns was studied (see Fig. 6d). Rep-
resenting the tie surface between both elements at 50% and 25% demonstrated that the execu-
tion quality of this weld significantly affects both stiffness and resistance.

The results of FEM_SP 160 4 are presented in Fig. 6¢ and Fig. 4f (Calibration against the
LVDT 10 and LVDT 01), incorporating the complete specimen without wedges components,
providing a first robust FEM framework for validation under tensile loading. Three simulations
were conducted incorporating the effect of horizontal preload in the structural model. The re-
sults showed that a preload of 20% of axial rod capacity and combined with 25% tie of the
blocking plate to the tube provided the best agreement with the experimental curve presented
by the LVDT 10 within the elastic range. An additional model incorporating clearance also
exhibited good agreement with the experimental curve; however, the slip behaviour predicted
numerically was not observed in the LVDT records (after 2 mm of displacement, an abrupt
increase in connection stiffness is observed, attributable to the engagement between the M6
screw and the locking holes plates). For larger deformation levels, the DIC curve should be
considered for calibration process, as LVDT 10 provided reliable data only up to 1.5 mm at the
upper part of the specimen due to instrumentation limitations.

6. Conclusions
The main conclusions of this study can be summarised as follows:

1. Numerical validation: The multi-step FEM strategy successfully reproduced the axial re-
sponse of the Spider 160 connector, capturing slip, post-yield engagement, and ductile behav-
iour consistent with experiments. Model FEM_SP 160 4 replicated the tensile response with
deviations below 15% regarding the top specimen calibration, providing the first reliable nu-
merical framework for this complex connector and opening new avenues for the study of non-
conventional preload systems. Coupon test data and wedge and spring components will be in-
cluded in the final FEM validation.

2. Preload sensitivity and blocking plates support condition: Horizontal preloads between 20—
40% of the axial tensile rod capacity significantly influenced joint strength and stiffness, while
excessive preload in the vertical M10 bolts resulted in overestimated strength. The blocking
plates, particularly when assumed as pinned supports, proved essential to reproduce the exper-
imental response owing to the lack of full welding penetration (manufacturing constraint). The
most accurate configuration corresponded to a preload equal to 20% of the axial tensile rod
capacity combined with pinned blocking plates and no vertical preload in the M10 bolts, which
yielded close agreement with the experimental results obtained from LVDT 10 (external meas-
urement) and LVDT 01 (internal measurement). The influence of the wedge components
within the linear range remains under investigation, especially for the internal calibration.

It should be emphasised that this study is ongoing, and complete validation of the Spider con-
nector will only be achievable once coupon tests are performed and the full set of material
properties is determined. At the present stage, the work constitutes a preliminary attempt to
establish calibration strategies tailored to numerical models of this complex joint.
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Notation
IMCs Intermodular Connections
HDR-SMA High Damping Rubber and Shape Memory Alloy
DIC Digital Image Correlation
LVDT Linear Variable Differential Transformer
LK Locking Plates (rectangular plate components of the Spider
connector)
BK Blocking Plate (welded plate inside HSS 160 x 10 columns)
PRH Horizontal preload applied to Spider’s arms
PRV Vertical preload applied to Spider’s arms
FF Friction Factor used for contact interfaces
FEM SP160 1 Simplified FEM modgl to study the impact .of preload and clearances
- - on the tensile response of the Spider connector.
FEM model to analyse the tensile response of the Spider connector
FEM_SP160_2 considering friction conditions.
FEM model to evaluate the influence of the blocking plate and
FEM_SP160_3 preload effects. °F
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