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Abstract

Steel modular construction is an innovative technology that uses prefabricated volumetric module units
manufactured in a factory and assembled on site via inter-module connections. However, this system's application
in high-rise buildings is limited because the structural performance is strongly influenced by the inter-module
connection mechanism. This technology uses a translational spring model to transfer loads between modules through
inter-module connections. This approach uses threaded steel rod components, connection plates, shear keys, shear
plates, and tie plates. This research aims to determine the maximum tensile capacity of the connection. It also aims
to study stress distribution due to tensile forces and failure modes in vertical modular connections. This research
uses the finite element method (FEM) to perform numerical analysis by applying monotonic loads. Simulation results
indicate that the connection's maximum tensile capacity is 307.48 kN, distributed among two rods with capacities of
153.74 kN each at a displacement of 23.2 mm. The rod undergoes elastic deformation up to Fy = 900 MPa, followed
by a plastic phase up to nearly Fu = 1,100 MPa, causing permanent strain and necking. Tensile failure occurred due
to plasticity and necking conditions.
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1. Introduction

Modular steel construction is an innovative building technology that uses prefabricated volumetric modules, which
are entirely manufactured in a factory and assembled on-site using inter-module connections to construct fully
functional buildings, a general view is provided in

Figure 2 [1], [2]. The use of modular construction can reduce construction time by up to 50% and save costs by up
to 20%. Based on previous project case studies [3], the application of modular construction in high-rise buildings
remains limited [4], [5], due to several challenges, such as the lack of design guidelines, strong inter-module connection
techniques, and insufficient understanding of the structural behaviour and stability of modular buildings [6]. Inter-
module connections play a crucial role in withstanding lateral loads acting on modular building structures [7]. Bolted
and welded connections are the most commonly used types due to their high strength and efficiency in the
manufacturing process [8], [9]. However, their use on-site requires more time and can affect the building's aesthetics
due to the large number of bolts [10]. Therefore, the development of innovative module-to-module connections is a
key challenge in supporting the future development of modular steel buildings.

A translational spring model has been developed and can be generalised for all inter-module connections by
calculating the stiffness properties of structural components at the connection. As this type of connection has been
developed in research [6], [11], [12], [13], this connection type can be classified as semi-rigid, as shown in

Figure 2. The development of a tie rod connection system for prefabricated (offsite) modular steel buildings aims
to transfer lateral forces to damping systems such as core walls or bracing frames, precisely align columns between
upper and lower modules, and enhance connection stiffness and stability. Additionally, all three use components such
as threaded rods, base plates, and shear keys designed for easy on-site installation, and demonstrate potential in
improving structural performance, including energy dissipation capacity and prevention of local buckling Figure 1.
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Based on the direction of the connection, connections between modules can be divided into vertical and horizontal

connections [14].
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Figure 1. Steel structure inter-module connection model: (a) Proposed post-tensioned vertical inter-module
connection detail [11] ; (b) Vertical post- tensioned connection [12]; (c) Post-tensioned rod [15]

The development of a simplified yet realistic connection model is crucial for accurately analysing the global seismic
behaviour of high-rise modular steel buildings, as researched by [16]. These connections are expected to be able to
withstand the stress and strain caused by axial tensile and shear forces on modular connections. Some considerations
in selecting these connections include: a simple connection system to expedite installation, enhancing workplace safety,
suitability for tall buildings with appropriate seismic resistance systems, and cost-efficiency as they do not require
numerous bolts or welding. Based on the development of research on steel modular connections, this study continues
the research [16] to analyse the behaviour of high-rise modular structural connections using Finite Element Method
(FEM) numerical simulation. Structural performance, particularly in modular systems, is greatly influenced by non-
linear responses and semi-rigid joint behaviour. Therefore, numerical analysis using the Finite Element Method is
required to evaluate stress distribution, deformation, ductility, and structural and joint capacity more accurately than
linear analysis approaches [17], [18], [19]. This study aims to determine the maximum tensile capacity, stress due to
tensile force, and failure mode in modular structural connections.

(a) (b) (c) (d)
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Figure 2. Modular steel building construction process [20] . (a) Factory prefabricated units; (b) Units transportation;
(c) Units field assembly; (d) Overall extension completed
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Figure 3. Engineering applications of modular buildings [21]: (a) Houshenshan
hospital, Wuhan; (b) Jinghai ziya white collar apartment, Tianjin; (c) Drivelines stuidos residental building, South
Africa; (d) Brooklyn B2 residental building New York

2. Inter-Module Connection Configuration

This connection consists of tie plate, shear plate, and shear key elements, which lock the horizontal movement of
columns between modules, while vertical connections use rod bars. The force generated by one upper column is
transferred by the top plate element and received by the shear key, which is connected to the lower column through the
bottom plate. The rod used to connect the columns requires a Lower Plate and Upper Plate as supports for the rod. The
configuration of the modular steel connection is shown in Figure 4.

Column Modul
Upper Plate Beam Modul
Top Plate
Shear Plate Rod
Shear Key & Bottom Plate

Lower Plate

Figure 4. Proposed inter-module connection of steel structure [16]

In general, tie rod connections undergo elastic deformation until they reach the material's yield point. After that,
plastic deformation occurs, leading to tensile failure. Common failure modes in tie rod connections include yield failure
in the tie rod bar, shear failure in the bolt, and tear-out failure in the tie plate or other connecting components. When
the joint is under tensile force, the rod will resist the tensile force, and the length of the rod will increase in proportion
to the tensile force in the inter-floor structure.
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3. Methodology

The force transfer mechanism of the joint under load and the influence of various parameters on its structural
behaviour were investigated using ANSYS 19.2 finite element software. In this finite element model (FEM), three
types of non-linearity, namely material non-linearity, geometric non-linearity, and contact non-linearity, were
modelled. In monotonic testing, tensile force was applied to the joint specimen until failure occurred [20]. The tensile
testing scheme for the joint is shown in Figure 5.

Upper corner fitting

Lowercorner ﬁmng | s ‘
= \

Front view
Figure 5. Tensile performance scheme [20]

3.1. Materials

This connection applies the concepts of tie plates and shear keys, where tie plates lock the horizontal movement
of columns between modules at the same level. Shear keys and shear plates lock the horizontal movement of columns
between modules at different levels, while vertical connections use rod bars. The force generated by one upper column
is transmitted by the top plate element and received by the shear key connected to the lower column through the bottom
plate. The rod bars used are only sufficient to connect the columns, so a Lower Plate and Upper Plate are required as
supports for the rod bars [16]. The connection materials used in previous research [16] are shown in Table 1.

Table 1. Material properties of inter-module connections [16].

. . Ultimate Weld groove
Type Grade Dia. Thickness Fy Fu clongation & E Weld angle FE 6%)XX
mm mm MPa MPa N/mm? mm
(Y0) (mm)
Modular
column SHS S235 - 16 235 400 24 200000 - -
250 X 250
Upper Plate S235 - 10 235 400 24 200000 5 -
Bottom Plate S235 - 20 235 400 24 200000 - 14
Top Plate S235 - 20 235 400 24 200000 - 14
Lower Plate S235 - 10 235 400 24 200000 5 -
Shear key SHS
100 X 100 S235 - 5 235 400 24 200000 - 5
Shear Plate S235 - 10 235 400 24 200000 - -
Tie Plate S235 - 8 235 400 24 200000 - -
Rod F10T 15 - 900 1100 14 200000 - -
Tie Nut - 70 - 621 827 2 170000 - -
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3.2. Stress-strain for steel materials

The stress-strain model for steel materials under elastic conditions forms a linear line, and the Young's modulus
(elastic modulus) can be calculated using Hooke's law [22], where according to AISC 360-16, the Young's modulus
of steel can be taken as 200,000 MPa. The stress-strain model for steel materials in general, for computational
calculations such as the Finite Element Method (FEM), uses a simplified stress-strain model, namely the elasto-plastic
model. In this study, to determine the stress-strain curve and strain hardening area, a mathematical model approach
using the Ramberg-Osgood model was used. Ramberg-Osgood [23]. The Ramberg-Osgood mathematical model begins
by calculating the uniform strain (€us) Equation 2.1 and the Ramberg-Osgood exponent (n) Equation 2.2.

( - E“ ) x 100 (1)
o i)
_ \&/
(& ) )
F
With :
& = Strain rupture
Fu = Ultimate Tensile Strength (MPa)
Fy = Yield Strength (MPa)
& = Offset yield strain = 0.2%

Then calculate the engineering stress (ceng) — strain (geng) curve.

=2 + 0,002 o)
€eng = E ’ X Fy 3)
Finally, calculate the true stress (ctrue) — strain (Etrue) curve.
Otrue = Oeng x(1+ 8eng) 4)
€rue = LN X(1 + seng) (5)
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Figure 6. Rod stress-strain curve
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Figure 6 and Figure 7 show the Ramberg-Osgood stress-strain curve model for modular columns. Engineering
stress-strain Equation 2.3 is the relation between stress and strain calculated based on the initial cross-sectional area
and initial length of the test specimen. Meanwhile, true stress-strain Equation 2.4 — Equation 2.5 is the relation between
stress and strain calculated based on the current cross-sectional area and actual length change during deformation. In
ANSYS simulations involving material plasticity, it is recommended to use true stress-strain. This enables accurate
modelling of non-linear behaviour after yielding.
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Figure 7. Stress-strain curve of S235

3.3. Numerical model of inter-module connection

The connection load was applied using the displacement control method, in which the load was applied in the
form of gradual displacement to the specimen. The tensile force that occurred was recorded as a response to the
displacement, so that the load-displacement relationship and the failure behaviour of the connection could be analysed
comprehensively. The appropriate mesh density for each component was selected to ensure accuracy and minimise
calculation time. The mesh element size is 57 mm for columns and 5 mm for the joint area Figure 8.

175,00 525,00

Figure 8. Meshing in joint modelling
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The contact types in this model consist of bonded, frictionless, and friction. Bonded contact is used when the
elements in this contact simulate two surfaces that are permanently bonded together, without allowing any relative
movement (either separation or slip) between them. Loads can be transferred in both the normal and tangential
directions. Frictionless contact allows surfaces to slide past each other without resistance (zero friction), but prevents
penetration (overlapping) of one another. Loads can only be transferred in the normal direction (compression).
Frictional contact, on the other hand, allows surfaces to press against and slide past each other, with friction resistance
defined by the coefficient of friction. Surfaces will stick together and resist slipping until the applied tangential force
exceeds the friction limit (calculated by multiplying the coefficient of friction by the normal force). Once the friction
limit is exceeded, slipping occurs.

Welded connection components, nuts with rods, are modelled using contact bonding. Frictionless contact types
connect the modular columns to the shear plates, while frictional contact types connect the connection plates to the rod
holes, with a frictional coefficient value of 0.2. To define the tensile test, the load placed on the column surface is
controlled using displacement control in the Y direction (perpendicular to the column). The X and Z coordinate
systems, as well as the X, Y, and Z rotations, are locked at ‘0’, as shown in Figure 9.

U1=0,U2=0,U3=0
0% 400,00 800,00 (mm)
I . )
200,00 600,00

Figure 9. Proposed connection, boundary conditions and points of the displacement

4. Results and Discussion
4.1. Stress distribution

Figure 10 shows the distribution of Equivalent Stress (von Mises) from the FEM simulation, with maximum stress
occurring on the upper plate, bottom plate, rod, and nut. However, on the column profile, shear plate, and shear key,
the stress is relatively low, indicated by the blue colour, with stress values below the material's yield strength (Fy =
235 MPa), the yield strength of the structural steel column material. This indicates that the axial tensile load is
predominantly distributed through the rod and effectively transmitted to the connection.
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Figure 11. Stress distribution at the connection under tension conditions

Displacement was increased to 35 mm until the stress approached the Fu rod of 1100 MPa Figure 11. The stress
at a displacement of 35 mm is 1028.1 mm. From the FEM simulation results, one of the rods connecting Module 1 and
Module 2 experienced necking. This occurs when the cross-sectional area of the steel begins to narrow locally due to
excessive plastic deformation, reaching the yield stress and approaching the ultimate stress. Based on the simulation
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results, it can be concluded that the stress conditions on the rod, upper plate, and lower plate have failed. Therefore,
the results of this FEM analysis can be considered valid as a validation of the force distribution corresponding to the
material capacity of each component.

4.2. Load-Displacement Curve

Figure /2 shows the load-displacement curve, which illustrates the relationship between the tensile force received
by the rod and the deformation that occurs during loading. From displacement 0 mm to 4.7 mm, the load increases
linearly from 0 kN to 172.17 kN, indicating that the rod material is still operating within the elastic zone in accordance
with Hooke's law, and the stress formed remains below the yield stress (Fy 900 MPa). From displacement 4 to 23 mm,
the load increases from 172.17 kN to 307.48 kN, followed by the curve gradient beginning to curve and decrease,
indicating that the rod material has begun to exceed the elastic limit and enter the plastic zone, where stress approaches
Fy and plastic strain begins to form, resulting in some permanent deformation. At a displacement of 23—-35 mm, the
joint has fully entered the plastic condition, where stress approaches Fu 1100 MPa and the maximum force of 307.48
kN is reached at a displacement of 23.2 mm. As displacement increases to 35 mm, the load does not increase because
the material has entered the strain hardening stage and is experiencing local narrowing (necking).
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Figure 12. Load-displacement curve of tensile test

The load-displacement curve results from the FEM simulation show the behaviour of the joint when subjected
to gradual loading. The curve illustrates the material behaviour of the joint, starting from the elastic zone, through the
plastic zone, and approaching the fracture strain. The total tensile load from the simulation results falls between the
design allowable capacity and the maximum tensile capacity. Therefore, the material behaviour from the FEM results
is acceptable; however, to meet the design safety limits, the joint must be designed such that the working tensile load
does not exceed the design allowable capacity.

5. Conclusions
Based on the simulation results using the Finite Element Method (FEM) on the semi-rigid modular connection
model, the following results were obtained:
1. The maximum tensile capacity of the connection is 307.48 kN, which is divided between two module columns, so
that the tensile capacity per rod reaches 153.74 kN at a displacement of 23.2 mm.
2. The stress-strain behaviour shows that the rod operates elastically up to Fy = 900 MPa, then plastically up to near
Fu = 1100 MPa, resulting in permanent strain and necking at maximum displacement (35 mm).
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3. The load-displacement curve relationship in the tensile test on the FEM model aligns with the tensile behaviour of
steel material, from the elastic zone, through the plastic zone, to the fracture strain condition.

4. The failure mode of the connection occurs due to the material reaching full plasticity in the rod, as the stress
approaches the material's Fu value, leading to necking caused by tensile force.
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