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Abstract. This paper introduces an innovative post-tensioned inter-module connection, termed the 'AJ
connection', for multi-storey modular steel-framed buildings. The AJ connection was devised to
maximise the advantages of modular construction, such as speedy construction and reusability, by
facilitating the easy assembly and disassembly of modular buildings. The paper presents a 2D simplified
FE joint model, which accurately describes potential failures (gap-opening and slip at the columns) and
their resulting impact on joint behavior, developed to evaluate the performance of modular buildings
using the AJ connection. The model is validated by comparison with a calibrated 3D joint model based
on experimental joint test results. Subsequently, this validated 2D joint model is applied to mid-rise
moment-resisting frames (MRFs) composed of modules, investigating the performance of MRFs under
design wind and earthquakes and the impact of the aforementioned failures on the overall behaviour of
MRFs. The simulation results show that MRFs with AJ connections demonstrate near-equivalent
performance to those with welded connections under design wind and seismic loads.

1 INTRODUCTION

Modular construction is a type of prefabricated construction system using 3D volumetric
modules manufactured in a factory and transported to site for assembling to form a building.
Modular construction has many advantages, such as construction speed, associated cost
savings, reduction of waste as well as recyclability. From a structural perspective, connections
between modules (see Figure 1(b)), typically framed by thin-walled tubular members, are
critical for the integrity of modular buildings in responding to lateral forces. In addition,
effective inter-module connections are necessary for optimising construction speed and the
recyclability of modules. As a result, post-tensioned type connections using steel rods or cables
have been recently developed [1, 2]. However, this connection type still has the drawbacks of
requiring a hydraulic jack to tension the steel rods or cables during the assembly and
disassembly of adjacent modules on site and associated work-related risks.
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Figure 1: (a) Modular building during construction (Hickory Group); and (b) Modular building structure
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This paper presents a novel post-tensioned inter-module connection, termed the 'AJ
connection'. The design of this connection replaces the hydraulic jack with a torque or impact
wrench, thereby simplifying the assembly and disassembly processes and enhancing both
construction speed and reusability. The aim of this study is to investigate the performance of
multi-storey modular buildings under lateral loads, taking into account the behaviour of the AJ
connection. As shown in Figure 2(1) and 2(2), the performance of the AJ connection was
investigated with a single beam-to-column joint in Lee (2023) [3] through experiments and
numerical simulations using a detailed 3D model. However, the use of the 3D joint model for
frame-level analysis is computationally expensive, complicating the performance assessment
of multi-storey modular buildings. Therefore, a simplified yet accurate 2D model for the AJ
connection was developed (see Figure 2(3)). This model can accurately describe potential
failures in the AJ connection, such as gap-opening and slip at columns which are typical failures
in current post-tensioned type connections. This simplified 2D joint model was validated by
comparison with the 3D joint model calibrated against experiments. Subsequently, the 2D joint
model was applied to a mid-rise modular building frame for investigating the effect of gap-
opening and slip at the connections on the overall building behaviour. In addition, the
performance of the modular building assembled using the AJ connection was assessed under
ultimate limit state (ULS) wind and seismic loads, by comparing the structural response to that
of a frame with matching welded connections.
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Figure 2: Numerical method for assessing multi-storey modular buildings with the AJ connection
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2 INNOVATIVE AJ CONNECTION

2.1 Configuration and assembly process of the AJ connection

The AJ connection is shown in Figure 3. Modules are connected vertically by preload using
a specifically designed coupler and high-tensile steel rod bolts (SRB) inserted into hollow
section columns, and horizontally by steel plates. Figure 4(a) shows the assembly process of
the upper and lower modules. Preload is applied to the SRB by tightening the coupler using a
torque or impact wrench on top of the modules. Since all installation work is conducted on the
top of the modules, the modules can be manufactured as completely finished products in the
factory, improving module quality and increased construction speed on site.
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Figure 3: Configuration of the AJ connection
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Figure 4(b) presents the clamping forces generated at the AJ connection after assembling the
upper and lower modules. The connection has three interfaces. The interface between
Connecting plate and Endplate-1F has a clamping force of C1 (marked in red) which is equal to
the preload P: applied to SRB-1F by tightening Coupler-1F. Meanwhile, both the interface
between Connecting plate and Cover plate, and the interface between Cover and Endplate-2F,
have clamping forces of C, and Cs (marked in green), respectively. These clamping forces are
equal to P2 applied to SRB-2F by tightening Coupler-2F, if Py is greater than or equal to Po.
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Figure 4: (a) Assembly process; and (b) Clamping forces (C) generated at the AJ connection by preload (P)
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2.2 Potential failure modes at the AJ connection

The AJ connection aims to be a rigid column-to-column connection between modules (see
Figure 5(a)), and also has stable behaviour when the frame forms ductile plastic hinges in the
beams in the event of an earthquake. However, if preload is insufficient at the connection, two
types of failures are possible: gap-opening (see Figure 5(b)) and slip (see Figure 5(c)). Gap-
opening occurs if the tensile force acting on the connection exceeds the clamping force induced
by preloading. This can cause a significant top displacement of the building, decrease overall
building stiffness, and impact the stability of the modular building. In addition, SRBs within
columns will be subjected to large additional tensile forces in resisting the gap-opening,
exposing them to potential yielding and fracture. Regarding slip at the connection, coupler-hole
tolerance would lead to significant top-storey slip displacement by the accumulated slip
displacements of each storey, resulting in substantial displacement of the building with
associated P-A effect. Consequently, both gap-opening and slip should be prevented or
minimised in modular buildings.

(a) Behaviour as rigid connection (b) Gap-opening (c) Slip
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Figure 5: Deformed shapes of a modular building depending on the AJ connection behaviour

3 SIMPLIFIED 2D MODEL OF THE AJ CONNECTION

The 2D simplified model of the AJ connection, which represents the key features of the AJ
connection (i.e. gap-opening, slip, variation of tensile force in SRBs), is shown in Figure 6. The
model was implemented in the ABAQUS software as follows:

The SRB is modelled using an axial spring (see Figure 6(a)), and both ends of the spring are
set as pins. The preload is induced by adjusting the initial length of the spring.

Gap-opening is modelled by a nonlinear axial spring that has infinite axial compressive
stiffness but nearly zero axial tensile stiffness (see Figure 6(b)). Both ends of the spring are set
as pins. The gap-opening begins to occur when the compressive force (i.e. clamping forces
between the plates) induced by preload becomes zero due to the tensile force that develops as
the lateral load is applied. To describe the phenomenon where one side of the column end plate
uplifts when the gap-opening occurs, a slide connector is used to allow free vertical movement.

Slip is modelled using an axial spring that allows relative translation in the horizontal
direction (see Figure 6(c)). Both ends of the spring are set as rigid. The magnitude of slip is
determined by a clearance of the coupler-hole in the plates. Slip occurs when the shear load is
larger than the slip resistance (Fsrd), and then the load is transferred by bearing.
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Panel zone shear behaviour is represented by Krawinkler's model [4] (see Figure 6(d)). The
strength and stiffness properties of the panel zone are modeled by two rotational springs located
in two of the four corners in the panel zone. The input data for the upper and lower panel zones
are determined using a bi-linear moment-rotation relationship.

The plastic hinge properties for the floor and ceiling beams are shown in Figure 6(e). Their
moment-rotation relationships were determined from the 3D joint model simulation results
under cyclic loading described in Lee [3].

Figure 6(f) illustrates the deformed shape of the 2D simplified model when gap-opening and
slip occurs due to the lateral force. For detailed information on the model, refer to Lee [3].
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Figure 6: Simplified 2D model for the AJ beam-to-column joint [3]
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4 VERIFICATION OF THE 2D SIMPLIFIED AJ JOINT MODEL

The response of the 2D simplified model under monotonic loading was compared to that of
the 3D detailed joint model [3] for validation, as shown in Figure 7. For the two cases of preload
considered (43kN and 213kN), the 2D models show good agreement as they accurately
described gap-opening and slip (i.e. location, magnitude, and strength) along with their
resulting impacts on the joint behaviour, such as the failure mechanism and reduction in
stiffness. In terms of the variation in tensile force in the SRBs as a result of the gap-opening, a
close similarity was observed between the 2D and 3D models (see Figure 7 (right)). Their peak
forces were 0-8% different, which is deemed to be an acceptable level of agreement.
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Figure 7: Comparison of 2D and 3D joint models under monotonic loading

5. FRAME ANALYSIS FOR MODULAR BUILDING WITH AJ CONNECTIONS

5.1 Prototype modular building

The prototype 2D frame analysed in this study was an eight-storey mid-rise modular
building, designed entirely with steel-framed modules using ETBAS software (see Figure 8(a)).
Assuming the prototype structure was constructed in Seoul, Korea in a medium intensity
seismic area, the characteristics of typical modules used in Korea were considered. The
dimensions of the module are 6.6m x 3.3m x 3m, and it features a one-way concrete slab of
150mm thickness (see Figure 8(b)). The gap between modules is 20mm. For the lateral load
resisting system, the MRFs composed of the shorter side of modules mainly resist the lateral
load in the X-direction, while the concentrically braced frames (CBFs) composed of the longer
side of modules resists the lateral load in the Y-direction. In the structural model, a discrete
rigid diaphragm was used for the floor slab in each module. Vertical and horizontal inter-
module connections were modelled as rigid connections (see Figure 8(c)) with the assumption
that gap-opening and slip are prevented at the AJ connections by the induced preloads.

The capacity design was carried out to withstand earthquakes in accordance with EN 1998-
1 [5], using the response spectrum in KBC 2016 [6]. The building was analysed for stiff soil
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condition (Site class Sp) with spectral acceleration S,=0.22g and importance factor (Ig) equal
to 1.2 according to KBC 2016. The behaviour factor g=3.5 (ductility class medium) was used
for the MRFs and CBFs. Table 1 shows the characteristic values of dead and live loads. The
weight of each module is 121kN.
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Figure 8: Prototype structure of an eight-storey mid-rise steel-framed modular building

Table 2 shows the frequency and participating mass of the main modes. The sum of the
effective modal masses was considered with at least 90% of the total mass of the structure. The
analysis results showed that response was governed by the fundamental mode of vibration in
the X- and Y-directions. The inter-storey drifts in X-dir. (MRFs) and Y-dir. (CBFs) satisfied
the damage limitation requirement of 0.5% [5] (see Table 3).

Table 1: Dead and live loads for module [kKN/m?] Table 2: Modal period and mass participation factors
Location Dead load Live load Mode 1 2 3
Floor 4.7 1.0 Period (s) 1.81 1.17 1.15
Ceiling 0.2 - Frequency (Hz) 0.55 0.85 0.87
Roof 4.7 2.0 UX (%) 75.7 0 0
* Includes concrete slab, exterior cladding, finishing floor UY (%) 0 0 74.9
elements, and partition walls. RZ (%) 0 74.6 0

UX and UY: Participation of the modal mass to translational
Table 3: Summary of results against lateral loads movement in X-dir. and Y-dir., respectively; RZ: Participation

of the modal mass to rotational movement in Z (vertical) axis.

Direction Base shear [kN] Max. drift [%]
X-dir. (for MRF) 977 0.46
Y-dir. (for CBF) 1581 0.29
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5.2 Description of the analysed frame model with AJ connections

The MRF composed of the shorter side of modules in the prototype structure was selected
for wind and seismic analysis. The 2D MRF with the simplified AJ connection model was
created in ABAQUS/Static (see Figure 9). Based on the internal force distribution for design
ULS loading obtained from the ETABS model, induced preloads for the AJ connections were
calculated using the design method described in Lee [3]. The performance of the MRF with AJ
connections was evaluated by comparing it to that of the MRF with welded connections.

ABAQUS frame model (2D) Simplified AJ

___ joint model
] Analysed MRF model
Inter-module Slab thickness
Frame .
connection type [mm]
PF-D Preload (A])
Concrete 150mm

WEF-D Welded

Figure 9: Analysed MRF model with the AJ connection for wind and seismic analysis

5.3 Wind analysis for MRF with AJ connections

5.3.1 Loading and induced preload

The MRF was investigated for the level of wind load in Brisbane, Australia. According to
AS/NZS 1170, the static ULS wind loads were calculated using a basic wind speed (1000-year
return period) of 60m/s, and the load combination of 0.9G+1.0W was applied to the frame, as
shown in Figure 10. In studying the effect of the module weight on the gap-opening and slip at
the connections as well as the required preload, the PF-D-CB frame model featuring modules
with cement board slabs (thickness of 18mm) was included in the simulation. The single module
weight was 45kN, which was about 2.7 times lighter than the module with a concrete slab used
in the PF-D model. The induced preload, which is the minimum preload required for the AJ
connection to behave as a slip-resistant connection, was determined from modules where the
most critical connections (i.e. columns subjected to the largest tensile or shear forces) were
located, specifically in the exterior modules 'MC-1' shown in Figure 10. After calculating the
demand preload for all connections in MC-1, the maximum value was applied to all SRBs in
the frame. The induced preload for PF-D-CB was 3.8 times larger than that for PF-D.
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Wind load R R (for slip-resistant connection)
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Figure 10: External loads (wind and gravity) on an 8-storey MRF models and induced preload to SRBs
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5.3.2 FE Simulation Results

First, the PF-D and PF-D-CB frames were simulated without inducing preload to investigate
the impact of gap-opening and slip at the AJ connections on the frame behaviour. Hence, the
modules were only connected by SRBs, and clamping forces at the connections were generated
only by the self-weight of modules. As shown in Figure 11(a), PF-D (Preload OkN) had a minor
slip displacement at the top storey, but no gap-opening occurred in the frame. Conversely, PF-
D-CB (Preload OkN) experienced both gap-opening and slip at the connections, as shown in
Figure 11(b). The impact of slip was very noticeable. The slip displacement occurring at the
top two storeys was as large as the clearance of a coupler hole. The amount of slip displacement
increased according to the storey height because the wind load was larger while the effect of
self-weight of modules was smaller. Consequently, the top displacement increased significantly
due to the accumulated slip. Also, a minor gap-opening of 0.2mm occurred at the connections
located at the lowest storey, causing the SRB-1F to be subjected to a minor additional tensile
force of 2kN. In order to understand the separate impacts of gap-opening and slip on the lateral
displacement of the frame, the PF-D-CB model (Preload OkN) was re-simulated by restricting
either the slip or the gap-opening at the connections (see Figure 12). The gap-opening of 0.2mm
at the AJ connections between the 1% and 2" storeys caused a top displacement of 1.3mm.
While this is a minor displacement compared to the slip displacement, in proportion to the
amount of the gap-opening, the increased top displacement is significant (factor of 6% ).

On the other hand, in the case of both PF-D and PF-D-CB with preload induced (see Figure
11), slip and gap-opening were virtually completely prevented, resulting in the equivalent
behaviour to WF-D and WF-D-CB having welded connections, respectively.
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Figure 11: Storey displacement of the PF-D (Concrete slab) and PF-D-CB (Cement board slab) frames
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Figure 12: Impact of gap-opening and slip at the AJ connection on the lateral displacement: PF-D-CB
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5.4 Seismic analysis for MRF with AJ connections

5.4.1 Pushover Analysis

A pushover analysis was conducted by applying lateral loading at the centroid of floor beams
where concrete slabs were located. The lateral storey forces were assumed proportional to the
fundamental mode-shape (see Figure 13). The P-Delta effect was considered in the analysis.

Applying the concept of capacity design according to EN 1998-1 [5], the induced preload
was required to prevent gap-opening from developing prior to the failure of the floor and ceiling
beams, thereby ensuring a strong column-weak beam failure mechanism. As a result, a
significant amount of preload was necessary for the AJ connections at the lowest storey. Thus,
the preload was applied to the frame by dividing it into two zones, as shown in Figure 13.

Gravity load (1.0G,+0.3Q) Induced preload to SRBs
TR in-resi i
Lateralload _MC-L (for slip-resistant connection)
> —_— . SRB Size
\ sreler Location ¢ o PF-D
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1 SRB6F -
! ~—=— SRB-6F
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1 & 3 E - & 3 - + & —
3 8 ® c = s & c = s e o ‘;:::y SRB-2F D30 (2) 751kN
1 sRBI1F [ SRB-1F (375kN per SRB)
L& -
R

Figure 13: Applied forces on an 8-storey MRF models for pushover analysis and induced preload to SRBs

The capacity curves in Figure 14(a) show that PF-D had the same stiffness as WF-D in the
elastic range, but after gap-opening developed at the AJ connections between the 1% and 2™
storeys, the lateral stiffness deteriorated, resulting in lower peak strength and ductility than WF-
D. WF-D formed plastic hinges in beams evenly throughout the frames. Meanwhile, for PF-D,
only the ceiling beams formed plastic hinges, whereas the floor beams could not form the hinges
near the connections having the gap-opening, as shown in Figure 14(b). Although in the end, a
floor beam and other beams in the P-DF frame formed hinges while the lateral load was being
resisted by the SRBs-1F, the lateral stiffness of the frame decreased and the SRBs-1F yielded.
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Figure 14: (a) Capacity curves from pushover analysis of the PF-D and WF-D frames and (b)
Distribution of plastic hinges in PF-D (at the roof displacement of 350mm)
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Despite applying a substantial amount of preload to the connections between the 1 and 2"
storeys, the gap-opening could not be prevented. In fact, it would be technically difficult to
apply preload of over 200kN to the SRBs [3], and such a large preload becomes a heavy burden
on columns located in the lower storeys. Therefore, to efficiently use the AJ connection in
seismic engineering, using bolted or welded connections in the lower storeys would be an
efficient solution. Figure 14(a) shows a PF-D* model, in which the AJ connections between the
15t and 2" storeys are replaced with bolted connections. The simulation results show that PF-
D* had the same performance as WF-D with no gap-opening and yielding of SRBs in the frame.

5.4.2. Performance Based Evaluation

Using the N2 method [7], the seismic performance of PF-D was evaluated for the three limit
states shown in Table 4, where ag is the reference peak ground acceleration of 0.22g and ag
represents the peak ground acceleration for each earthquake level. The frames were pushed to
the target displacements (D) for each limit states. The performance of the structure was
evaluated by comparing the plastic beam rotation and interstorey drift at D; to the FEMA 356
[8] acceptance criteria.

Table 4: Limit states and corresponding the peak ground acceleration (ag)

Limit state Return period Probability of g £ (= ag/ag)
years exceedance
Damage Limitation (DL / SLS) 95 10% / 10 years 0.13¢g 0.58
Significant Damage (SD / ULS) 475 10% / 50 years 0.22g (=agr) 1.00
Near Collapse (NC/ CPLYS) 2475 2% / 50 years 0.38¢g 1.73

* SLS: serviceability limit state; ULS: ultimate limit state; CPLS: collapse prevention limit state.

As shown in Figure 15(a), PF-D demonstrated excellent seismic performance, although it
had lower strength and ductility than WF-D due to gap-opening effects. It met most
performance objectives except for the interstorey drift limit at the Damage Limitation (SLS)
level (see Figure 15(b)). PF-D satisfied the Significant Damage limit state (ULS) with
substantial elastic capacity and formation of plastic hinges in beams (see Figure 16), without
any gap-opening at the AJ connections. In addition, despite gap-opening at the lower storey,
PF-D met the Near Collapse limit state (CPLS) through the formation of plastic hinges in the
beams while SRBs were resisting the lateral force without yielding.

The simulation results show that the MRF of a modular building designed based on the
current code may have large elastic capacity associated with the overstrength resulting from the
characteristic of a modular building (i.e. double beams comprising of floor and ceiling beams,
and the use of uniform-sized module units throughout the modular building). As a result, even
if the ductility of the modular building may prove insufficient, the building is likely to have
sufficient strength to resist the design seismic loads.

8
1200 ] CooLs DLCPLS SD level  NC level
T 71 9 9
1000 } i (2.5%) (5%)
— 1 6
Z 800 | Dt-SLS .
E o e 3 g
2 600 A DLULS Dt-CPLS SRR
@ | (2]
4 ] 3 ——DL, WF-D
o 400 1 —+—SD, WF-D
] . O Yielding of beams WD-D 21 NC, WF-D
200 DESLS & Gap-opening — DL level i
A Yielding of SRBs-1F — PFD 1(0.7%) —<NC,PF-D
0 . . . . ! ! ! ! ! i
00 01 02 03 04 05 06 07 08 09 10 0 0 1 2 3 5
Roof displacement (m) Interstorey drift [%)]
(a) (b)

Figure 15: (a) Capacity curves of PF-D and WF-D with target displacement (D) and (b) Interstorey drift at
the corresponding to the limit state levels
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Figure 16: Distribution of plastic hinges on floor and ceiling beams in PF-D and WF-D at ULS

6 CONCLUSION

This paper introduces a novel inter-module preloaded AJ connection to maximise modular
construction benefits such as construction speed and reusability. Using a simplified joint model
accurately describing the key features of the AJ connection, a mid-rise MRF composed of
modules was investigated under wind and seismic loads. The main findings are:

(1) For wind loads, slip at the AJ connections is more critical than gap-opening due to
accumulated slip displacements along the building height. Thus, the AJ connection must be
designed as slip-resistant connection.

(2) Despite the effect of gap-opening at the lowest storey resulting in reduced ductility and peak
strength, the MRF with the AJ connections met most performance objectives stipulated by
the FEMA 365 criteria for SD/ULS and NC/CPLS with a considerable elastic capacity.

(3) The FE simulation confirmed that induced preloads can prevent gap-opening and slip at AJ
connections under the design ULS wind and seismic loads. As a result, the MRF with the
AJ connections exhibited similar performance to the MRF with welded connections.

(4) AJ connections at lower storeys may require very large preloads for seismic design. Thus,
for lower storeys, using bolted or welded connections could be an efficient solution.
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