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ABSTRACT

ARTICLE HISTORY

Prefabricated modular steel (PFMS) construction is an industrial technique of construction that enhances productivity, site
safety, and construction quality. The assembling of prefabricated buildings needs an accurate connecting system to ensure
structural integrity and effective transfer of loads and moments. Therefore, in the current study, a new-type bolted joints
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having a long tenon-gusset plate for horizontally, and long beam bolts for vertically connecting modular units have been

developed. Nonlinear static analysis was carried out by the finite element (FE) analysis software ABAQUS. The bending
performance of the joints with varying parameters and modular units with different forces scenario, was studied. To analyse
the seismic performance of modular steel building (MSB), a simplification of the detailed joint with the connector was
performed. Then the seismic response of full-scale four-storey simplified MSB was studied by dynamic analysis. The results
revealed that joints possessed stable load-carrying capacity with adequate ductility and seismic performance. The
simultaneous application of axial, lateral tension, and compression forces affected ultimate capacity, initial stiffness, and
ductility of single modules more than the double modules. Moreover, the simplified model accurately mimicked the bending
behaviour of joints with a fluctuation of < 4% in capacities. Inter-storey drift ratios (IDR) of both the shorter and longer
directions of MSB were found lower than the code limits of 2.5%. Hence, the static analysis on joints and modular units,
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and dynamic analysis on MSB authenticated the effectiveness of developed joints to resist and distribute the lateral loads.
Finally, the accuracy of FE analysis was verified by analysing twelve bending tests on joints listed in the references.
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1. Introduction

Prefabricated modular steel (PFMS) construction is an offsite construction
in which structural members, panels, and facilities are preassembled in the
factory to form modular units, then transported to the site and finally assembled
to form the MSB [1,2]. Such construction technique, besides, the potential of
dismantling and reusing, reduces assembling time, constructional wastage,
maintenance cost, and also improves accuracy, material quality, and
productivity in repetitive structures [3-5]. Nowadays, due to the economic
sector and modern urbanization, prefabrication is gaining more attention in mid-
to-high rise buildings compared to conventional onsite construction [3,6]. The
construction technique, detailing requirements, and a various number of
connections to assemble modular units to form MSB, make these buildings
different from the traditional on-site steel buildings [7,8]. Based on the load
transferring mechanism, modular units are mainly categorized into load-bearing,
and corner-supported modules. Load-bearing modules use C-sectioned
compression resisting walls to transfer gravity loads. In contrast, corner-
supported modules use edge beams and columns to transfer both gravity and
lateral loads [4,9]. The proper connection arrangement among modular units
and appropriate lateral force resisting systems are essential for the transfer of
lateral forces in MSB [10,11]. The primary purpose of connections in MSB is
to provide alternate load-transfer paths and maintain structural integrity if
severe damage to the adjacent structural components occurs [12,13]. The lateral
bearing capacity of the joint consisted of supporting plate, and blind bolts was
analysed by the cyclic loading, and finally, a simplified theoretical model based
on the verified FE analysis was developed [14]. The seismic performances of
exterior edge connection having a box with a threaded post-tensioned rod
inserted in hollow structural section (HSS) columns were studied with a series
of experiments [15]. Tensile and seismic behaviours of the proposed automatic
plug-in connection in MSB were experimentally studied by Dai et al. (2019)
[16]. The structural performance of the Vector Bloc joint was experimentally
studied against axial and bending loads [1,17]. The rotational stiffness of the
rotary joint in a modular structural system was investigated by experimental and
theoretical ways by Chen et al. (2019) [18]. Lacey et al. (2019) experimentally
studied the shear-slip and workability performance of the bolted joint, and FE
analysis was carried out to explore the effect of various parameters [19]. The
structural behaviour of the developed embedded column-foundation joint in
MSB was analysed by experiments and FE analysis [10]. The influence of
corrugated sidewalls (with and without openings) on the rigidity and seismic
performance of MSB was analysed by experiments and detailed FE analysis
[20,21]. The role of a new type of precast concrete core for being a new system
to resist lateral forces was analysed under the wind and seismic loads by the use
of FE analysis, and the response of the building was checked with the provided
code provision [22,23]. The seismic performance of MSB frames, vertically

connected by partial welding of columns and horizontally by angle clips and
bolts, was evaluated using theoretical and experimental approaches [24,25].
Based on the experimental findings under monotonic lateral loading on the two-
storey corner modular frame with and without the contribution of the corrugated
shear wall, a theoretical derivation for the lateral stiffness of the modular system
was proposed by Liu et al. (2020) [26]. The seismic response of a simplified
MSB was analysed against pushover and dynamic analyses with the help of FE
simulation [27]. The effect of a newly developed automatic interlocking system
on the robustness performance of MSB was studied [3]. Zhang et al. (2020)
investigated the bearing capacity of a full-scale modular unit under vertical and
lateral loadings by using means of tests and FE analysis [28]. The studies
previously recorded were found to be confined to the performance of corner
joints, simplified frames or modular units without any proper detailed behaviour
of connections, use of weaker sections and access holes, while, very least
attention was paid to the behaviour of complex form of joints, i.e., middle joint,
simplification of the joint to overcome computational efforts, combined effect
of forces on the behaviour of modular units with the developed joint and the
overall dynamic response of MSB against real earthquake accelerograms
[8,24,25,27,29,30]. The main aim of the current study was to develop a new-
type of bolted joint, analyse its bending performance, simplify and apply it in
the full-scale modular units, and evaluate the overall seismic performance of the
developed simplified multi-storey MSB.

Hence, in this study, a joint for HSS members was proposed. Using FE
software ABAQUS, nonlinear structural behaviour of corner and middle joints
was studied. In order to reduce the computational effort and evaluate the
dynamic response of the MSB, a simplified model having a connector element
as a replacement of joint, and the beam elements for solid structural members
was developed. Then the structural performance of modular units against axial
and lateral loads, while, MSB against earthquake loads were studied. This was
followed by the validation of FE results with the results of twelve bending tests
on joints in MSB. All the studies conducted led to a deeper understanding of the
overall working process of the multi-storey MSB with such bolted joints.

2. Connecting and working mechanism of MSB with the developed joint

The details of connections in MSB are shown in Fig. 1(a), and the
components of the developed joint are shown in Fig. 1(b). The joint mainly
consists of the upper component, lower component, gusset plate (GP), beam,
and column bolts for connecting modular units together. Beam bolts vertically,
while, tenons, and GP horizontally connects the modular units together.

The force transfer mechanism showed by the joint against bending is shown
in Fig. 2(b). The gap generation between the upper module and the lower
module was notable when the bending moment was applied as a lateral
displacement on the top of an upper modular frame. Due to gap generation,
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beams, because of bending, started facing bearing stresses and beam bolts, due
to stretching, faced tensile forces. Simultaneously, the relative movement
among column, tenon, and column bolt resulted in the exertion of shear force
on column bolts. It was observed that the overall structural behaviour of MSB
depended on the working and load-transfer mechanism of the joint.

3. Experimental studies on the modular joints

The bending behaviour of corner and middle joints was studied against
static and quasi-static loadings. The behaviour of joints was compared with and
without stiffeners. The joint comprised hollow plug-in welded to plate, and long
tension bolts passed through beams to horizontally and vertically support the
welded HSS columns and beams [31,32].

3.1. Details of tests

The design of the connection was in accordance with the actual four-storey
MSB built in China. Floor slabs of MSB were made of prefabricated concrete,

while, lightweight composite boards were used to prepare partitions and ceilings.

Both the ceiling boards and prefabricated floor slabs were connected to the inner
face of beams using welded angles.

The main objective of the experiment was to analyse the structural
behaviour, seismic performance, and load-carrying capacity of the proposed
joint. Static loading, quasi-static loading, effect of diagonal stiffeners, cross-
section of beams, and axial force ratio (AFR) were the main factors considered
in the study. Twelve experiments were performed on six specimens of each
corner and middle joints in the structural engineering laboratory of Tianjin
University. Initially, four specimens for the joints, i.e., exterior and interior
joints, were tested against monotonic loading to observe the lateral deformation
and load-carrying capacity. Furthermore, eight specimens were tested against
quasi-static loading to visualize the seismic performance of joints. The material
properties and details of specimens are listed in Table 1 and 2. The specimens
without stiffeners were used for the basic testing, whereas specimens reinforced
with stiffeners used for parametric study. The lateral displacement of 100 mm
using column-end technique was applied on the upper column with free end
constrained condition, whereas floor beams (FB), ceiling beam (CB), and lower
columns were pin-constrained. Chinese standard, “Regulation of seismic test
method (JGJ101-96),” was used for quasi-static loading protocol. Two values
of AFRs, i.e., 0.2 and 0.1, were considered for a comparative study.
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*

B- Exterior middle joint

%

C- Interior middle joint

(a) PFMS building connections details
HSS column

Long stay bolts

Upper component Lower component

Middle component
(b) Details of joint

Fig. 1 Features of the developed connection in MSB

3.2. Material properties

The HSS columns, FBs, CBs, cover plates (CPs), supporting plates, GP,
stiffeners, and beam bolts were made of Q345B steel, whereas cast steel Z35
was used for the production of connection components. Groove welding was
adapted for the welding of columns and beams (FB, CB), while, fillet welding
for stiffeners. The material properties listed in Table 1 were the same as the
actual project.

4. Finite element model
4.1. General

Both ABAQUS/standard and dynamic-implicit types of solvers were
considered for the development of FE models and analyses performed on the
modular frame system with the developed joint. Lateral bending performance
of new-type joints, simplified connector models, and modular units was studied
using the tool of ABAQUS/standard. In contrast, the seismic performance of a
simplified MSB with the developed connector model was analysed with a
dynamic-implicit solver [33].

4.2. Material model of a steel

As steel was used in the study; therefore, the nonlinear isotropic/kinematic
hardening model and von Mises yield criterion in ABAQUS/CAE were chosen.
Bilinear stress-strain behaviour with strain hardening was used for defining the
material model, as shown in Fig. 2(c) [34]. Poison’s ratio "v" and modulus of
elasticity "E" were defined as elastic material properties, whereas steel’s
yield strength "f,,", strain values "" and ultimate strength "f,," were inputted as
plastic material properties. The elastic and plastic material properties used in
the study were the same as experimental values, as shown in Table 1. The input
criteria in FE simulation for the stress and strain are true stress and equivalent
true plastic strain rather than engineering stress and strain. Therefore, values of
true stress and strain can be obtained from the following equations using the
values of engineering stress and strain.

or = 0p(1+ &) (1)
(2

o
er =In(1+ &) —E—T
S

where, o and o denote true and engineering stress, whereas &; and &g
represent true and engineering strain.

Table 1
Properties of materials used in the experimental study
Thickness Yield Ultimate Elongati
Components (mm) strength strength on
fy(MPa) fu(MPa) (% age)
Column & beam 8 425 575 30
plate
Stiffeners 16 350 510 26
Cast plug-in device - 330 350 225

4.3. Development of the FE model

In order to avoid modelling complications and reduce computational effort,
some simplifications were considered in the FE models, such as a hexagonal
head of bolts and nuts were modelled together as circular, while, threads on nuts
and bolts shank were not modelled. The space between the bolt and the hole was
not considered. In order to reduce contact surfaces and increase mesh accuracy,
the welded CP and beams were modelled together as a single unit. The details
of the FE model and simplifications adopted during simulations are shown in
Fig. 2(a).

4.3.1. Meshing technique

The 3-D deformable solid parts, such as HSS columns, FBs, CBs, and
connection components, were meshed with hexagonal- structured mesh controls
having an element type of 8-node linear brick, controlled hourglass, and reduced
integration (C3D8R). High-stress regions and components like corners, joining
regions, bolt holes, and slave surfaces in contact definition were finely meshed.
Four FE models with mesh densities, such as very fine, fine, coarse, and very
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coarse with mesh sizes of 25, 30, 40, and 50 mm, were analysed against test
conditions. The bearing capacity of the FE model was increased as the mesh
size increased, i.e., from very fine mesh to coarse one, but the model with very
coarse mesh showed a slight decrement in capacity compared to coarse one. The
difference between capacities of coarse and very coarse mesh density models
was not apparent. In contrast, the very fine mesh model stopped taking load
farther than 73 mm and resulted in non-convergence, as shown in Fig. 5(a).
Based on the detailed comparison between mesh convergence criteria and the
test results, the accuracy of models with a fine mesh (mesh size of 30 mm) in
both load-carrying capacity and stress allocation, authenticated the accuracy of
FE models with the least error tolerance. Therefore, structural members were
meshed with 30, a joint region with 10 and hole regions with the 8 mm. While,
structural members such as columns and beams were substituted with 3-D
deformable wire elements, which were finely meshed with the 2-node linear
beam space element type (B31).

(a) Finite element model and its simplifications
Lateral force
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(c) Stress-strain curve of steel used in FE model [27]

Fig. 2 Material properties and FE modelling details

Table 2
Information of the test specimens considered for the experiment

4.3.2. Interactions

The interaction between column and connection, beam and connection,
column and bolt, and beam and bolt were modelled as surface-to-surface
(standard) with “hard contact” as normal behaviour and “finite sliding” by
“penalty friction formulation” as a tangential behaviour. The hard-contact
formulation causes the two interacting surfaces to exchange pressure when
contact each other, while, no pressure transfer with surface separation. Whereas,
penalty friction formulation considers the frictional coefficient that allows
relative motion and determines the frictional force between contacting surfaces.
The accurate friction coefficient was chosen after validating the results of FE
analysis with experimental findings. For the purpose, two FE models (with and
without bolts friction) were analysed, and there was a very slight increase of
0.006% in load carrying capacity was found in the FE model that considered
bolts friction, as shown in Fig. 5(b). Similarly, FE models with four different
friction coefficient values, such as 0.3, 0.4, 0.5, and 0.6, were analysed. An
increase in the capacity of models was found as the friction coefficient increased,
but the increase in capacity between models with a friction coefficient of 0.3
and 0.6 was about 1.5%, as shown in Fig. 5(c).

After the detailed comparison between FE and test results, bolts were
modelled frictionless, whereas the friction coefficient was fixed as 0.3 for the
remaining surface-to-surface interactions. For an accurate interaction between
the adjacent modular units, the contact between columns and connections of
adjacent modular units was considered as a hard contact.

4.3.3. Boundary conditions and load application situations

Following the bending experiments, movement at the bottom column in all
directions, at the top column in X and Z direction, movement at FB and CB in
Y, and the rotation in Z-direction was restricted. The displacement-controlled
loading was applied in a downward direction to the top column, as shown in Fig.
2(a) and 2(b), respectively. The movement at the base of the modular units was
restrained, while, the rotation was released in all three directions. Lateral tension,
compression, and axial loads with two values of AFR, i.e., 0.1 and 0.2 calculated
by Eq. (3), were used, as shown in Fig. 9. Factored dead load as a self-weight
of the whole structure and the live load from ASCE 7-10 were applied on FBs
of modular units and multi-storey MSB [13,35]. For dynamic analysis, the
translation in all directions except the direction chose for studying the structural
performance, was restrained, while, the rotation in all directions was released at
the base of MSB. Ground motion accelerations of various earthquakes were
applied at the base, as shown in Fig. 12(a). Following Eq. (4) was considered to
calculate the pretension force for bolts.

N = (AFR)fyAs 3
0.9x0.9x%0.9 4
= TAeftv

where, N is Axial force; AFR is Axial force ratio in percentage; A; is area
of the steel section; P represents the pretension force; A, denotes an effective
area of the bolt, and f;, shows the tensile strength of a bolt, which is taken as
180MPa.

Sp. No Type of joint CB (mm?®) FB (mm?) Column (mm?) Stiffener thickness (mm) Bolts (mm) AFR (%) Loading method
S1 Exterior 150x150x8 150x250x8 150x150x8 None 24 0.2 Static
SC1 Interior 150x150x8 150x250x8 150x150x8 None 24 0.2 Static
S2 Exterior 150x150x8 150x250x8 150x150x8 10 24 0.2 Static
SC2 Interior 150x150x8 150x250x8 150x150x8 10 24 0.2 Static
Qs1 Exterior 150x150x8 150x250x8 150x150x8 None 24 0.2 Qs
QSC1 Interior 150x150x8 150x250x8 150x150x8 None 24 0.2 Qs
Qs2 Exterior 150x150x8 150x150x8 150x150x8 10 24 0.2 Qs
Qsc2 Interior 150x150x8 150x150x8 150x150x8 10 24 0.2 Qs
QS3 Exterior 150x150x8 150x250x8 150x150x8 10 24 0.2 QS
QSC3 Interior 150x150x8 150x250x8 150x150x8 10 24 0.2 Qs
QSs4 Exterior 150x150x8 150x250x8 150x150x8 10 24 0.1 QS
QSC4 Interior 150x150x8 150x250x8 150x150x8 10 24 0.1 Qs
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4.4, Verification of the FE modelling

The load-displacement curves and failure patterns of twelve test specimens
(i.e., S/ISC/QS/QSC) of the corner and middle joints (with plug-in and long
beam bolts) against monotonic (four specimens) and cyclic loadings (eight
specimens) were compared with the results obtained from FE static analysis.

4.4.1. Verifications of experimental results with the FE analysis

The envelope load-displacement graphs for twelve test specimens of joints
were compared with the results obtained from FE static analysis, as shown in
Fig. 3. It was observed that the ultimate capacity, stiffness, and ductility of test
specimens were well predicted by FE models. However, some minor
fluctuations and inconstancies in stiffnesses or ultimate capacities between test
and FE predicted curves were observed, which might be due to variation in
material properties and behaviours, slight sectional imperfections during tests,
dislocation during handling, flexible boundary conditions or simplifications
performed during FE analysis.

The criteria of von Mises stress distribution were used to observe the failure
modes of tests, as shown in Fig. 4. The main failure patterns observed in test
specimens of joints, were gap generation and widening, tearing of welds of
column or beam, stiffener breakage, local inward or outward buckling of the
column, and tearing of column or beam. The stress concentrations showed by
FE models in all specimens of joints (exterior and interior), local outward and
inward buckling, welded regions under high stresses, and gap generation were
following test results.

A comparison between the ultimate load-carrying capacities of tests and FE
analysis, are shown in Table 3. The mean of capacity ratios of test and FE was
found 1.02, while, SD and coefficient of variation (Cov) were 0.12, which
assured the accuracy of FE analysis. Specimens with test-to-FE ratios higher
than 1.0 demonstrated that FE analysis showed an average slight
underestimation, whereas below 1.0 indicated that FE analysis showed an
average slight overestimation of the bearing capacity. With these validations,
the precision of the developed FE model can be authenticated to simulate the
overall structural response of the joint, connected modular units, and MSB with
a developed joint.

5. Numerical simulation of the modular frame systems
5.1. Geometry and detailing

In the Fig. (1b), the main components of the new-type of joint, such as an
upper, lower, and middle component (GP), assembled with columns and beams
to connect eight modular units with their respective components and bolts. The
dimensions of the joint used to study the behaviour of MSB are shown in Fig.
6(a).

The structural performance of full-scale modular units, i.e., 6>3.6>2.9 m®,
was evaluated. After carrying out parametric studies considering the length of
the respective column tenon, a length of 400 mm was initially chosen to
investigate modular units, as shown in Fig. 9 [36]. Similarly, dimensions of full-
scale four-storey simplified MSB with the detailed arrangement of connectors
and details of boundary conditions are shown in Fig. 12(a).

5.2. Structural performance of joint

Nonlinear static analysis was conducted on FE models of the exterior corner
and middle joints to evaluate the load-bearing capacity and the failure criteria
of joints. Structural performance of joints (corner and middle), such as lateral
bending capacities and stress accumulation, are shown in Fig. 7(a) and (b). It
was observed that with a gradual increase of lateral displacement, load-carrying
capacity linearly kept on increasing until the gap started generating between
upper and lower modular beams, which resulted in beams yielding. Bearing
stresses were developed in FBs with an increase in load. Finally, as the load
reached the ultimate state, the system started dropping the capacity to take far-
ther loading and remained stable for a while, which was then followed by bear-
ing failure of FB. It was noted that both corner and interior joints showed stable
ductile behaviour and prevented the failure of columns. In order to study the
effect of two parameters, i.e., length of column tenon (such as 100, 200, 300,
and 400 mm) and the constructional gap between adjacently connected modular
units (such as from-0-to-30 mm) on the structural performance of joint, nonlin-
ear static analysis was performed. It was noted that the length of tenon largely
influenced the structural performance and load-carrying capacity, while, gap
showed marginal influence, as shown in Fig. 7(c). Although, an increase in stiff-
nesses and load-carrying capacities of joints was evident with an increase in the
length of tenon, the difference in increment decreased from 50 to 14% as the
length of tenon increased between 100 to 200 and 300 to 400 mm. Moreover,

4

the failure mode showed by the model with a length of tenon as 100 mm was
controlled by column, while, in other models, FB faced bearing failure.
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Table 3
Test-to-FE comparison of ultimate loadings

Type of Loading Ultimate load Ultimate load Prest/Pre

5p-No joint technique  (Test)/Prese(KN) (FE)/Ppg(KN)
S1 Exterior Static 112 118 0.95
SC1 Interior Static 248 262 0.95
S2 Exterior Static 183 162 1.13
SC2 Interior Static 396 392 1.01
Qs1 Exterior QS +ve 81 79 1.02
QS -ve -102 -118 0.86
QSC1 Interior QS +ve 205 261 0.79
QS -ve 231 263 113
QSs2 Exterior QS +ve 118 121 0.97
QS -ve -137 -127 1.07
QSC2 Interior QS +ve 255 261 0.98
QS -ve -305 -260 1.17
QS3 Exterior QS +ve 161 122 1.32
QS -ve -183 -162 113
QSC3 Interior QS +ve 329 391 0.84
QS -ve -364 -389 0.94
Qs4 Exterior QS +ve 141 129 1.09
QS -ve -168 -169 0.99
QSC4 Interior QS +ve 377 387 0.97
QS -ve -411 -388 1.05
Mean 1.02
Cov 0.12

——QS4-Bolts with friction

—84-Bolts wo friction

PkN)
PkN)

) 100 150 ) 10 0
A(mm) AMmm)

(a) Mesh density (b) Bolts friction

Fig. 5 Convergence study

\(mm)
(c) Friction coefficient

80—
200
3 180
150.0
- 008
l 7801000
L= L
e _J Upper part plan
¥ X0 79.0 ¢ 100.0
.z‘;J B 1
000 O 150.0
e 2000 200 2000 ¥

Lower part elevation Upper part elevation

(a) Dimensions of novel joint (unit: mm)

Performance

Lower part plan

134.0

ateri
Vil Fi

wrner il

N

Lo| scetio
wilhiel parameters for F

¥

clling
A Vaterir
riddle i

,_{

Application of 14l byl
rolled

height and width of \TI1

(b) Flow chart of adopted procedure

Comparing calculated

inler-story drit catios

with limit of UBC-&T
cunle

Fig. 6 Approaches adapted during FE analysis and design

5.3. Simplification of joint with the connector

For easy handling, reducing substantial computational effort, and analysing
the structural performance of MSB, the complex and detailed FE model of the
joint was simplified with the connector. In the simplified model, solid structural
members, i.e., FBs, CBs, and columns, were replaced by 3-D beam elements,
whereas components of joint with connector. The rotational stiffness for the
connector was obtained from the moment-rotation relation of the detailed joint.
Boundary conditions, material properties, sectional properties, and loading con-
ditions were the same as for the analysis of the detailed FE model. The compar-
ison of load-bearing capacities and stresses contours to analyse failure pattern
of detailed solid and simplified beam element FE models of exterior corner
joints are shown in Fig. 8(a), while, comparison for the exterior middle joint in
Fig. 8(b). It was evident that the simplified models accurately predicted struc-
tural behaviour, stiffness, failure pattern, and load-carrying capacity of the de-
tailed FE models of joints. The ratio of loading capacities of detailed and sim-
plified FE models of joints with the error tolerance of less than 4% assured the
accuracy of the developed simplified joint.
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5.4. Structural performance of modular units with joint

The overall performance of full-scale single and double modular units was
studied with varying force scenarios, as shown in Fig. 9. For a single modular
unit, CBs were connected to the lower component, while, FBs with an upper
component of joint without GP and intermediate tenons. Whereas, GP was used
for horizontally connecting double modular units. Boundary conditions were
applied to the centre of joints by adding reference points. Axial, lateral tension
and compression or combination of axial, tension, compression forces were ap-
plied on single and double modular units. Axial force ratio of 0.1 was used for
models SM-2 (single modular unit) and DM-2 (double modular unit), whereas
0.2 for models SM-3 and DM-3. The trial and error approach was adapted for
obtaining the lateral elastic-plastic behaviour of modular units. The structural
behaviours and load-carrying capacity of modular units are shown in Figs. 9 and
10. It was observed that models SM-3 and DM-3 (with AFR= 0.2, lateral tension
and compression forces) showed the least load carrying capacity, whereas SM-
6 and DM-6 (with only lateral compression force) showed the maximum bear-
ing capacity. The ductility and load-carrying capacity possessed by double mod-
ular units were found better than the single modular units. Whether it was the
single modular unit or double modular unit, the decrease in the number of load-
ings on modular units increased stiffness, bearing capacity, and ductility. The
models observed bending of the column against tenons and beams against bolts,
as shown in Fig. 2. The initial stiffnesses showed by models SM-1, SM-2, SM-
3, SM-4, SM-5 and SM-6 were found increasing with order of 0.76, 0.76, 0.76,
1.05, 1.05 and 2.2 kN/mm, while, DM-1, DM-2, DM-3, DM-4, DM-5, DM-6
with 1.5, 1.5, 1.5, 2.0, 2.0 and 4.2 kN/mm. Bolts due to bending of beams faced
shear stresses near heads, and beams faced bearing stresses against lateral dis-
placement. Simultaneously, loss of stiffness was much obvious in single modu-
lar units, but double modular units showed force distribution among other struc-
tural members that highly increased the ductility performance. Similar structural
behaviour was shown by SM-4 and SM-5, and DM-4 and DM-5. Nonlinearity
in load-carrying behaviour was mainly due to a stress accumulation in CB and
beam bolts.
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Fig. 10 Load-displacement curves of single and double modular units

5.5. Structural performance of a multi-storey MSB

In order to analyse the seismic performance of a developed MSB, a four-
storey simplified building with twelve modular units was considered. As shown
in Fig. 10, to study the seismic behaviour of MSB, ground motion accelerations
of real earthquakes (scaled at 1/10" of real time) obtained from “PEER Strong
Ground Motion Databases” were used for both along longer and shorter direc-
tions, as shown in Fig. 11 and 12(a). The details of applied ground motions in
the current study are listed in Table 4. Edges of the columns (top and bottom)
and adjacent modules were connected by coupling constraint. The rotation was
released in all directions, whereas movement was fixed in all other directions
except in the direction of the application of ground motions, as shown in Fig.
12(a).

For studying the seismic performance of MSB, two analyses were per-
formed. Initially, eigenanalysis was carried out to find the natural frequency of
various modes of the structure. Then dynamic implicit solver was used for stud-
ying the seismic behaviour of structure against accelerations of listed earth-
quakes. For damage in a structure, 5% damping (¢ = 0.05) was considered to
find the damping coefficients, i.e., a= Mass proportion damping and B= Stiff-
ness proportion damping. Using Eq.5, natural frequencies obtained from the lin-
ear perturbation analysis at lower modes, i.e., 1% and 3 modes, were used to
find a and g. The calculated damping parameters (a, 8) were inputted in the
material properties, and dynamic analysis was carried out using a dynamic-im-
plicit solver. The same procedure was adapted for both longer and shorter di-
rections. The inter-storey drift ratio, which is the normalization of the difference
of lateral displacement of consecutive floors by the storey height, is the best
response parameter for studying the damage of buildings [37]. The IDRs ob-
tained with the response to various ground motions were compared with the
allowable code limit (UBC-97) of 2.5% to examine the stability of MSB [38,39].
The IDRs obtained at each level and along both directions were represented in
the Fig. 12(b). The pattern of IDRs along a shorter frame system was uniform
with the longer frame system. In contrast, the average IDRs along a longer sys-
tem were found averagely slightly larger than along a shorter system. The com-
parison of IDRs along both directions of frame systems was found lesser (0.3%)
than the specified code limit of 2.5%, which ensured the safety of MSB with the
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developed joint. The distribution of IDRs along the height and horizontal direc-
tions of the frames varied with each record in terms of amplitude and peak
ground acceleration but they followed a very similar pattern.

a Wy

fx=m+ > B (5)

where, &,= Damping (5%); a= Mass proportion damping; g= Stiffness pro-
portion damping, and w,,;= Natural frequency at i** mode.
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Table 4
Record of considered ground motions
S.No Station Earthquake  Station Time Mw PGA  Duration
No name name (Year) (9) (sec)

1 56 Tabas, Iran  Bajestan 1978 7.35 0.029 39
2 430 Mammoth ~ Benton 1980 5.94 0.064 26
3 437 Mammoth  Bishop 1980 5.94 0.083 26
4 416 Morgan Gilroy 1984 6.19 0.11 30
5 13 Spitak, Gukasian 1988 6.77 0.12 20
6 25 Landers Lucerne 1992 7.28 0.82 48
7 600 Kocaeli, Arcelik 1999 7.51 0.08 30
8 709 Kocaeli, Duzce 1999 7.51 0.21 27
9 1144 Kocaeli, Yarimca 1999 7.51 0.24 35

6. Standard design and analysis approaches

For the detailed study on the structural performance of the modular frame
system with developed joint, various standard analysis and design approaches
were adopted. Material and sectional properties used in the FE analysis were
chosen from experimental data [31,32]. The tenons in the joint were the main
component for supporting columns and horizontally connecting modular units.
The effect of tenon’s length on overall structural performance and loading ca-
pacity was found evident. To evaluate the suitable length of tenon, the structural
performance of the exterior corner connection with 1/10™, 1/5%, 1/3" and 1/2™
of column’s length was studied. The study revealed that tenon showed an ap-
parent increase in load-carrying capacity, but an increase in strength decreased
from 50 to 14% as length increased from 100 to 400 mm. In accordance with
the detailed analysis, the length of tenon was initially fixed for studying the
performance of full-scale modular units. The purpose of nonlinear static analy-
sis on joint and modular units was to obtain the forecasted lateral load-carrying
capacity and failure pattern, and to provide relevant design recommendations.
To obtain more realistic structural performance of modular units with the joint,
performance of single and double modular units against various types of load-
ings was studied. The comprehensive study on structural performance suitably
explained the behaviour, a structure may show with a developed joint. It was
observed that beams and bolts controlled the failure behaviour; therefore, an
appropriate design of edge distances and size or the number of bolts was needed.

To study the dynamic response and realistic seismic performance of MSB,
ground motions of various catastrophic earthquakes were used in dynamic anal-
ysis. The simplified form of a joint (as discussed in section 5.3) with great ac-
curacy made it easy to fully forecast the performance that a structure shows with
such bolted joints in real earthquake situations. To study the stability effect,
dynamic analysis was carried out on both horizontal directions of the frame sys-
tem of MSB to find out important damage response parameters, i.e., IDR. The
IDRs validated the safe behaviour showed by a low-storey MSB. The ap-
proaches adopted in analysis and design are shown in Fig. 6(b).

7. Discussions

Previously noted studies emphasized the importance of joints to resist lat-
eral forces to ensure the integral and stable nature of MSB during catastrophic
situations [12,13,20]. Therefore, in the current study, a new-type of the bolted
joint was established, as shown in Fig. 1. The lateral bending performance of
joints in terms of moment bearing capacity is presented in Fig. 7. The lateral
load-carrying capacity showed by the joints was found comparatively better
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than the joints proposed earlier [40,41]. According to the previous work done
on the beam-column joints, joints with a plastic rotation angle greater than 0.032
rad were considered suitable and recommended in strong seismic zones [42].
Whereas, as per the seismic provisions provided by the American institute of
steel construction (AISC), the minimum plastic rotation angle accumulation
showed by the joints in special moment frames (SMF) must be greater than 0.04
rad [43]. It was observed that the developed joints (corner with 0.062 and middle
with 0.053 rad) fulfilled the requirements of high seismic performance and can
be applied as a lateral force-resisting system in MSB. The length of column
tenons played a significant role in regulating the seismic performance joints (i.e.,
strong columns-weak beams and plastic rotation > 0.04 rad), while, increasing
the inter-modular gap possessed a nonapparent role, as shown in Fig. 7. The
strength, i.e., 0.25Mp < M; < Mp and stiffness classification criteria, i.e.,
0.5Ely/Ly < Sji < 25Ely/Ly, for semi-rigid joints were listed in several studies
[44-46]. The corner joint having single FB behaved as semi-rigid joint with
strength > 0.5Mp (i.e. 88.8 kNm) and rotational stiffness > 0.5Ely/L, (i.e. 2749
kNm/rad), while, middle joint having two FBs showed strength > 0.5Mp (i.e.
177 kKNm) and rotational stiffness > 0.5El,/L; (i.e. 5498 kNm/rad). Therefore,
the developed joint validated the previously reported research regarding semi-
rigid conditions.

Previously, other researches showed the performance of individual and
combined modular units with shear walls. They studied the effect of different
loading scenarios and opening in walls on the stiffness of MSB. Still, less im-
portance was paid to the contribution of joints in the overall performance of
modular units, i.e., single and double with axial, lateral tension, and compres-
sion loads [47,48]. The information obtained from detailed bending perfor-
mance showed that the joint in a single modular unit possessed the tendency to
bear lateral loads with proper utilization of the strengths of members. The in-
crease in capacities and stiffnesses of double modular units authenticated the
fact that the load was bored and after the accumulation of plastic deformation,
load and stresses were effectively transferred to the members of adjacent mod-
ular. Few kinds of research were reported on the seismic response of simplified
low-storey MSB [6,8,27]. It was stated that MSB possessed better seismic re-
sponse in terms of base shear and IDR (< 0.5% for 0.3g and < 1% for 2.0g in
four-storey MSB) due to more number of structural members compared to the
traditional steel buildings [15,27]. In the current study, the IDRs along both di-
rections showed by four-storey low-rise MSB exhibited variation with each rec-
ord based upon their amplitude and peak ground acceleration, but followed a
very similar pattern, found in previous researches. The peak IDRs of < 0.3%
showed by MSB in both directions against ground motions of highest (0.82g),
median (0.24g), and lowest (0.029g) peak ground acceleration (PGA) were in
good compliance with the reported work and code limits (< 2.5%).

8. Conclusions

This study aimed to analyse the structural behaviour of MSB with a new-
type of the bolted joint. The frame system included the HSS column, FB, CB,
GP, CP, and bolts made of Q345B steel, while, joint with ZG35. The function
of GP in the corner modular system was to vertically separate the modular units,
whereas, besides, vertical separation to keep modular units intact in the middle
and interior frames horizontally. The nonlinear static analysis on the joint and
modular units, while, dynamic analysis on full-scale MSB were performed.
Discussions were made on the structural performance of joint, modular units,
and full-scale four-storey MSB. The focus of the study was to observe the
seismic behaviour of joint, modular units, and MSB using FE software,
ABAQUS. The following conclusions were drawn from the FE analyses;

1)  The validity of the FE models was accurately proved by comparing the
bending results of twelve test specimens of joints with the results obtained from
FE analysis.

2)  Both corner and middle joints showed high bearing capacity, ductility,
and satisfactory seismic performance, i.e., strong columns-weak beams and
accumulation of plastic rotation angle greater than 0.04 rad. Although, length of
column tenon showed fundamental effects on the capacities and failure behavior
of models, effects showed by the inter-modular gap were nonapparent.

3)  Simplified models of the connector and beam-elements accurately
predicted the structural behaviour and moment-bearing capacities of detailed
joints with the least error tolerance of < 4%. Simultaneously, the computational
time and efforts were reduced to 90%.

4) Nonlinear static analysis on full-scale single and double modular units
with different loading scenarios showed that double modular units possessed
better ductile behaviour, bearing capacity, and initial stiffness compared to
single modular units. The joint evidently showed a good tendency of the
distribution of loads among connected structural components and prevented
premature failure. In contrast, an increase in the number of loadings decreased
the capacity of modular units.
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5)  Seismic response of four-storey MSB in both horizontal directions
revealed that the values of average IDRs along the longer direction of the
building were slightly more significant than the shorter direction. Still, both
were under the code limit of 2.5%, which satisfied the safety requirements of
low-rise MSB with the developed joint.

Acknowledgment

The authors are grateful for the scholarship provided by China scholarship
council for the first author's study at Tianjin University.

List of notations

or= True stress

o= Engineering stress

&= True strain

er=Engineering strain

E¢= Modulus of elasticity of steel

N= Axial force

A = Area of section

fw= Tensile strength of the bolt

w;= Scale factor

;= i™" mode

Mp= Plastic moment of the beam

P= Force of pretension in the bolt

A= Effective area of a bolt

P= Lateral load

A= Lateral displacement

6= Angle of rotation

E¢= Elastic modulus of steel

u= Frictional coefficient

Pr.s.= Ultimate load resisted by a test specimen
Pr;= Ultimate load resisted by the FE model
&,= Damping (5%)

a= Mass proportion damping

B= Stiffness proportion damping

wy;= Natural frequency at i®* mode

S;;= Rotational stiffness (kNm/rad)

M;= Bending strength at the top of a column

Abbreviations

PFMS, Prefabricated modular steel; FE, Finite element; FB, Floor beam;
Cov, Coefficient of variation; CB, Ceiling beam; HSS, Hollow structural section;
CP, Cover plate; FS, Floor stringer; CS, Ceiling stringer; GP, Gusset plate; AFR,
Axial force ratio; MSB, Modular steel building; IDR, Inter-storey drift ratio.
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