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ABSTRACT

ARTICLE HISTORY

Modular steel buildings, as one of the most integrated prefabricated construction forms, have recently received extensive
attention. The connection between modules (inter-module connection) plays a vital role in modular steel buildings’ overall
performance. However, most of the existing inter-module connections have problems such as insufficient construction
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space, difficulty in disassembly, etc. This paper proposed an innovative inter-module connection with bolt and shear key

fitting, which is convenient for construction and has a clear force transmission path. The proposed connection separates the
load-bearing components and has a high tolerance for installation errors. The advantages of the connection in configuration

KEYWORDS

and installation were introduced, and the tensile performance of the connection was investigated with the monotonic static

test. A finite element model verified with the test was also proposed to simulate the performance of the connection, and the
main bearing components and failure modes of the connection were obtained through parametric study with the finite
element model. Combining the experimental and numerical study results, a formula was proposed for predicting the tension
capacity of the connection for practical design of inter-module connection for modular steel buildings.
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1. Introduction

As one of the most integrated prefabricated steel structural forms, modular
steel buildings have received widespread attention in many countries. It leads to
less construction time, more cost-saving, better quality control and recycling of
modules [1]. The disadvantages of modular steel buildings are that the structural
span is relatively small, and the design lacks guidance and specification [2].
However, due to their special advantages, various types of modular steel
buildings have been developed and used in diverse applications such as hotels,
hospitals and military facilities [3].

Different from traditional steel buildings, modular steel buildings are
constructed by stacking steel modules, which are manufactured off-site,
transported and assembled on-site. Steel modules can be grouped into corner-
supported and continuously supported, and the former is more applicable in
high-rise buildings for its larger vertical bearing capacity [4]. Connections in
modular steel buildings play a vital role in maintaining the strength and stability
of the overall structure. As shown in Fig. 1, connections are divided into three
types: inter-module, intra-module and module-foundation [2].

Considering the importance of inter-module connection in construction
efficiency and load transfer, various inter-module connections have been
proposed and studied [4-12]. Chen [4] proposed a new type of design with beam-
to-beam connections and studied its flexural performance and aseismic behavior.
Results revealed that beams and connections had independent and individual
bending behaviors. Annan [5, 6] evaluated the hysteretic characteristics of
modular steel building, using welding as the vertical connections and field-
bolting of clip angles as horizontal connections between modules. By comparing
the performance between a regular braced frame and a modular braced frame,
the differences indicated that the detailing requirements of the system need to be
incorporated into their design. Chen [7] investigated the seismic performance of
a modular frame with pretension inter-module connection, in which the columns
are vertically connected by pre-stressed strands. Chen [8] studied the tensile and
shear performance of a rotary inter-module connection, and simplified
calculations were developed. Lee [9] proposed a new inter-module connection
to form a rigidly connected modular system and verified the seismic
performance of the proposed system. Li [10, 11] proposed a splice connection
and studied its performance in full-scale corner-supported modular buildings.
The proposed connection was sufficient to transfer the vertical load and had a
satisfactory tolerance for initial imperfections. Choi [12] adopted a bolted
connection with access hole opening at the end of column in nonlinear static
analyses of modular structures. It was found that the modeling of overlapped
elements and the rotational behavior of connections can influence structure’s
lateral stiffness.

However, these connections mentioned above have some problems in the

application. The most common problem is the lack of construction space, which
makes it difficult to apply inter-module connections in locations with complex
structures [13]. The use of welded and concrete in connections cannot give full
play to the detachability of modular steel buildings. Using too many bolts in the
inter-module connections will weaken the section of the members and cause the
connections to be sensitive to installation errors.

In order to solve the above problems, this paper proposed an inter-module
connection with a bolt and shear key fitting, which is very convenient and
practical. The proposed connection separates the vertical load-bearing members
from the horizontal load-bearing members. The bolts transmit the vertical loads,
and the shear keys transmit the horizontal loads. The separation of load-bearing
components simplifies the design and analysis of the connection. The bolt is
located inside the module, not directly on the members, which allows the
connection work to be completed inside the module and avoids the weakening
of the members. The design of bolt holes and internal voids make the proposed
connection have a high tolerance to installation errors. Therefore, the proposed
connection can be used in various locations.

Studying the tensile performance of inter-module connections is very
important to keep the structural integrity of modular buildings and is also
beneficial to the application in high-rise modular buildings [14, 15]. In the event
of members or modules being severely damaged by accidental actions, loads
will be redistributed, and inter-module connections are supposed to provide an
alternative load path to maintain the stability of the remaining structure.
Different from the general working state, some inter-module connections may
be subject to tension rather than compression. Therefore, in order to ensure that
the inter-module connection can firmly tie the adjacent modules together, in
addition to the shear performance, the tensile performance of the inter-module
connection also needs to be studied. As shown in Fig. 1, the wind load will cause
great tension in the inter-module connection at the bottom of the high-rise
modular building when the structure's own weight is insufficient. If the tension
exceeds the tensile capacity of the inter-module connection, the corners of the
adjacent modules will break away, and the progressive collapse of the overall
structure can even happen. In summary, it is very necessary to study the tensile
performance of the inter-module connection.

This paper proposed an inter-module connection with bolt and shear key
fitting that is convenient for construction and has a clear force transmission path.
The structure, construction method and various advantages of the connection
were introduced, and its tensile performance was studied through a monotonic
static test. This article proposed a finite element model to simulate the
performance of the connection and conducted a parametric study to obtain the
main bearing components and multiple failure modes. Combining experimental
data and finite element analysis results, a reasonable theoretical design formula
was proposed.
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Fig. 1 Inter-module connections are under tension in some cases

2. Inter-module connection with bolt and shear key fitting

In order to facilitate design analysis and on-site installation, this paper
proposed an inter-module connection with bolt and shear key fitting, in which
the bolt bears most of the vertical action, and the shear key mainly bears the
horizontal action [17]. Fig. 2(a) shows the construction details of the proposed
connection at the corner, which is also the vertical connection of the proposed
inter-module connection. The horizontal connection is achieved by sharing the
same connecting plate. Its structure is simple, and the mechanism of force
transmission is clear. However, the composition of vertical connection is more
complex, and the internal force conditions at the vertical connection are more
diverse, so this paper mainly studies the vertical connection.

The connection is composed of four parts: floor steel casting, connecting
plate, ceiling steel casting and bolt. The connecting plate is located between two
steel castings, and the outer contour of the connecting plate is consistent with
steel casting. The shear key is welded on both sides of the connecting plate. The
bolt connects two steel casting through the slotted hole on the triangular plate
without contacting the connecting plate. Taking the ceiling steel casting as an
example to introduce the details of the steel casting, as shown in Fig. 2(b), the
ceiling steel casting consists of an L-shaped box (purple part) and a triangular
plate (blue part). The L-shaped box is welded to the column and beam. The shear
key hole is opened on the bottom plate (Plate P1). In addition, the two plates on
the L-shaped box close to the triangular plate are called inner plates (Plate P2).

Upper Column

Bolt,

Floor Beam Floor Steel Casting

Shear Ke

Ceiling Beam Ceiling Steel Casting

Bottom Column

In engineering applications, after building the lower module on the flat
ground, insert the shear key of the connecting plate into the ceiling steel casting’s
shear key hole of the lower module; then install the upper module, and the gap
between the shear key and shear key hole can ensure that the shear key hole of
floor steel casting is buckled with connecting plate’s shear key; finally, the bolt’s
installation is completed in the reserved opening on the ceiling as shown in Fig.
2(a), connecting lower module’s ceiling steel casting and upper module’s floor
steel casting.

Owing to its structure, the proposed connection has the following
advantages in terms of mechanical performance and on-site construction: (1)
The connection decomposes the vertical load-bearing and horizontal load-
bearing components. The bolt bears most of the vertical action caused by tensile
force and bending moment, while the shear key mainly bears the horizontal
action caused by shear force. A clear and definite force transmission mechanism
is convenient for connection analysis and design; (2) Compared with opening
bolt holes at the beam end or column end, placing bolt on the triangular plate
can avoid weakening members’ sections and ensure the integrity of the beam
and column; (3) During on-site construction, the main connection work is to
install bolts after the module is positioned. The bolts are located inside the
module rather than on the axis of the beam and column, overcoming the problem
of insufficient construction space. Connection can be completed inside the
module through the reserved opening, so the connection can be applied to
various positions in the structure.

Reserved opening on the ceiling
for connecting

—Bottom Column

(a) Inter-module connection with bolt and shear key fitting

Plate P1

Welded to Beam

Triangular Plate

Welded to Column

Shear Key Hole

L-shaped Box

Slotted Hole

Plate P2

(b) Ceiling steel casting

Fig. 2 Details of the proposed connection
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3. Experimental study
3.1. Materials and specimen

In the test, the 10.9-grade pressure-bearing high-strength bolts were used,
and the material of members and steel casting was Q345B steel. As shown in

(a) Bolt specimen
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Fig. 3, coupon tests were carried out according to the Chinese standard GB/T
228.1-2010 [16]. Three round rod specimens (Boltl-3 and Steell-3) were
processed for the two materials. The tensile results are shown in Table 1, and the
true stress-strain curve is shown in Fig. 4. Three stress-strain curves of Q345B
steel basically coincide. While the curves of the bolts have certain differences,
which are all within 10%.

(b) Steel specimen

Fig. 3 Coupon tests

Table 1
Material properties
Elastic Yield Ultimate _ _
. Strength Ultimate Elongation
Material Modulus Strength (NImm?) Strain )
(Nmm?)  (N/mm?) °
Bolt 209766.70 1019.80 1163.67 0.04 11.30
Steel 206333.33 328.33 627.25 0.23 30.73
Boltl
1200 —— Bolt2
Bolt3
= 1000 — Steell
A
E 800 Steel2
=~ — Steel3
w600 o
w
B
w»

400
200

0 L 1 1 1 1
0.00 005 0.10 0.15 020 0.25
Strain

Fig. 4 Stress-strain curve of two materials

The tensile specimen in the test is shown in Fig. 5, including the top plate,
upper column, connection, bottom column and bottom plate. The upper end of
the upper column is welded to the top plate through stiffeners, and the lower end
is welded to the connection. Similarly, the lower end of the bottom column is
welded to the bottom plate through stiffeners, and the upper end is welded to the
connection. The dimensions of the upper column, lower column, top plate and
bottom plate are shown in Table 2. In order to facilitate production, steel castings
were processed by welding.

Details of the connection’s components are shown in Fig. 6. In the steel
casting, the thickness of the bottom plate with the shear key hole was 25 mm
(tp=25 mm), and that of the other plates was 18 mm (t;,=18 mm). The height
of the floor steel casting was greater, and the dimensions of other parts were the

same as the ceiling steel casting. In consideration of processing errors as well as
facilitating construction, the diameter of the shear key hole was 4 mm larger than
that of the shear key (d;, =49 mm). The diameter of the bolt was 24 mm (d,=24
mm).

Top Plate

Stiffeners

Upper Column

Floor Steel Casting

Connecting Plate /' Connection

Ceiling Steel Casting ' ' |

Bottom Column

Stiffeners  /

\
Bottom Plate

Fig. 5 Specimen

Table 2
Dimensions of the components in the tensile specimen

Section Dimensions Length or Thickness

Member Section Shape (mm) (mm)
Upper Column Box 140>140x12 400
Bottom Column Box 140>140x12 400
Top Plate Rectangle 390>390 40
Bottom Plate Rectangle 480>420 40
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Fig. 6 Details of connection’s components (unit in mm)

3.2. Experiment plan

The test setup is shown in Fig. 7. The test devices included a tensile

specimen, rectangular reaction frame and 200T vertical actuator. The 200T

“ Rectangular Reaction Frame

vertical actuator was connected to the top of the specimen. The other end of the
actuator is fixed on the reaction frame. The bottom plate of the specimen was
connected to the reaction frame by four 36 mm-diameter bolts. The actuator
applied a vertical load to the tensile specimen at a speed of | mm/min. And the
loading will stop when the component is damaged or the load-displacement
curve enters the descending section.

The measurement scheme of the experiment is shown in Fig. 8. Located at
the four corners of the specimen, TD1~TD4 were vertical displacement meters Bolted
used to measure the relative vertical displacement between the floor steel casting
and the ceiling steel casting; TD5~TDS8 were horizontal displacement meters,
which were arranged symmetrically on the upper end of the floor steel casting
and the lower end of the ceiling steel casting respectively to measure the E
horizontal displacement of the specimen. Strain gauges TS1~TS4 and
TS7~TS10 were placed on the inner plate of the L-shaped box to observe the

200T Vertical Actuator

Loading Direction

I i

Tensile Specimen

Fixed

tensile strain on the inner plate; strain gauges TS5~TS6 and TS11~TS12 were
placed on the triangular plate to measure the strain on the triangular plate; Strain
gauge TS13 was placed on the outside of the bolt to measure the tensile strain

on it.

Fig. 7 Test setup

1 1

D5 D7 D5 D7
TD4 — — — —
—
=
D7 (TD8)
)
\\/,'
1S3 T84 TSI TS2
TSRTIST /
D3 D4 [] 4 ‘ [] D4
7 [ 1 [TS TS5 ] I
TSS{TRIDS B — T5T1531 TST1511|3 —
1 e o et -
g 1S9 TS1 S7 S8
[] D5 (TD6) TD6 TD8 TD6 TDS
0 — — 5

Displacement Meter Strain Gauges

Fig. 8 Measurement scheme
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3.3. Experiment results and discussion

The phenomena in the test are shown in Table 3 and Fig. 9. The failure mode
of the specimen was bolt fracture, and the fracture position was in the threaded
section. The load-displacement curve measured by the horizontal displacement
meter TDS and TD7 is shown in Fig. 10(a). TD5 and TD7 were located on the
upper end of the floor steel casting, whose horizontal displacement was small
and basically symmetrical. When the load was greater than 210 kN, the
horizontal displacement at TD5 and TD7 began to increase significantly. In
contrast, the horizontal displacement was very small when the load was less than
210 kN. The load-strain relationship curve measured by the strain gauge TS13
on the outside of the bolt is shown in Fig. 10(b). The tensile strain on it didn’t
increase monotonically. When the load was less than 103 kN, the bending
deformation of the bolt was small, and the tensile strain increased. When the
load was greater than 103 kN and less than 210 kN, the floor steel casting tended
to rotate around the bolt. The rotation axis passed the bolt, so the tensile strain
measured by TS13 decreased. When the load was greater than 210 kN, the
bending deformation of the bolt was obvious, and the tensile strain of the full
section of the bolt increased greatly.

Combined with the measurement results of the horizontal displacement

106

meters TD5 and TD7 on the floor steel casting and the strain gauge TS13 on the
outside of the bolt, the following conclusions can be drawn: when the load was
less than 210 kN, the floor steel casting was vertically deformed; when the load
was greater than 210 kN, the bolt underwent significant bending deformation,
and the floor steel casting began to rotate around the bolt area. However, in
actual situations, due to the overall constraint of the module, the floor steel
casting cannot rotate excessively. Because the vertical displacement due to
rotation is the smallest at the bolt, the relative vertical displacement of the steel
castings at the bolt A, is used to characterize the vertical displacement of the
connection A,. The A, includes the deformation of the bolt and steel castings.
Assuming that the steel casting rotated as a rigid body, the relative vertical
displacement of the steel castings at the bolt A, can be given by

td4—td1l

ey, (1)

A= Ay = tdd —

where, #di is the displacement measured by displacement meter TDi, [,, is the
distance between the bolt and the displacement meter TD1, and [,, is the
distance between the displacement meter TD1 and TD4.

Table 3
Phenomena in the experiment
Load (kN) Ay (mm) Phenomena Figure
30.00 0.19 A gap of uneven width appeared between the floor steel casting and the connecting plate. Fig 9 (a)
410.00 307 The floor steel _Cfistmg was se_parated from the copnectlng plate; there was no obvious gap Fig 9 (a)
between the ceiling steel casting and the connecting plate.
397.60 554 A gap of uniform width appeared between the ceiling steel casting and the connecting Fig 9 (b)
plate.
Fig 9 (c)
380.60 6.28 The bolts were broken; the steel casting had no obvious cracks and deformations.
Fig 9 (d)

Floor Weldment

L

7

©

(d

Fig. 9 Deforming state and failure behaviors in the test
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(b) Tensile strain on the outside of the bolt

Fig. 10 Data curves measured by displacement meters and strain gauges

The load-displacement curve is shown in Fig. 11. The section OA of the
curve is in the stage of closing the gaps, which existed inside the specimen as
well as between the specimen and the reaction frame, so the tensile stiffness K;
is relatively small. For section AB, the gaps between the components were
compacted, and the stiffness remained at a relatively large value K,. In section
BC, the tensile stiffness gradually decreased until the bolt broke, reaching the
ultimate bearing capacity P, =418.8 kN. For the section OA and AB, the
following formula is used to calculate the equivalent initial tensile stiffness of
the specimen K,,=170.49 kN/mm.

_ APoa'K1+AP K,

Ko == 2, 2)
500
400+
_ C (4.11, 418.8)
< 300¢
?g 200 B (1.49, 242.2)
-l KZ
100 g A (0.73, 91.9)
K
00 1 2 3 4 5 6

A, (mm)

Fig. 11 Load-displacement curve of the specimen

In the test, the ultimate failure mode of the specimen was the yielding of the
bolt, which was a ductile failure. This is the desired mode of failure. However,
large strain values were measured on the plates of the steel casting. Therefore,
in the design process, it is necessary to ensure that the steel casting is still in an
elastic state when the bolt yields. In the process of data processing, considering
that the connections are difficult to rotate due to the constraints inside and
between the modules, the influence of the rotation of the connection under
tension was minimized as much as possible. Finally, the load-displacement
curve and related performance parameters of the connection under the tensile
force were obtained.

4. Numerical study
4.1. Finite element model

In order to better understand the tensile performance of the bolt-shear key
connection, ABAQUS was used to establish a finite element model. The
dimensions and material properties of the components in the finite element
model were the same as those in the experiment. In the model, the thread of the
bolt was not considered. The gap between the shear key and the shear key hole,
as well as the gap between the bolt and the slotted hole, was set. To ensure the
accuracy of the simulation results and the normal operation of the contact, all
elements of the model adopt the eight-node linear hexahedral reduction element
C3D8R. The meshing result is shown in Fig. 12.

Fig. 12 Mesh of the finite element model

The members in the finite element model included the upper and bottom
column, steel casting and the connecting plate. There were contacts between the
steel casting and the connecting plate, between the shear key and the hole, and
between the bolt and the triangular plate. The tangential behavior of contact was
defined as surface contact with a friction coefficient of 0.15 [18]. And the normal
behavior was defined as "hard" contact that allows separation. The relationship
between columns and steel casting was simulated by tie. The fixed constraint
was set at the bottom end of the bottom column, and the vertical upward
displacement load was applied to the top end of the upper column.

4.2. Comparison of finite element and experiment

The load-displacement curve obtained by finite element calculation is
shown in Fig. 13. Corresponding to the test, the displacement A, was taken as
the relative vertical displacement between the two points B and D on the steel
casting near the bolt’s connection area in Fig. 12. The tensile capacity and initial
tensile strength obtained by the finite element analysis and experiment are
shown in Table 4, and the difference between the two is relatively small. Because
the bolts were broken in the threaded section and there were gaps in the
experiment, the capacity and initial stiffness of the test are smaller. When the
finite element model reached the ultimate capacity, the von mises stress contour
plot of the connection is shown in Fig. 14. In the stress contour plot, the floor
steel casting separated from the connecting plate; the bolt yielded under tension,
and the stress on the inside of the bolt developed faster than the outside. The
phenomenon in the finite element analysis was consistent with the experiment.
According to the stress distribution of the finite element model, it can be found
that the main bearing components in the tensile test are bolt, triangle plates and
inner plates of steel casting.

Table 4
Comparison between experimental and numerical results

Tensile Stiffness

Item Tensile Capacity (kN
(kN/mm) tle Capacity (kN)
Experimental 170.49 418.80
Numerical 185.60 436.71

Abs(error) (%) 5.93 4.28
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Fig. 13 Load-displacement curve of the finite element model
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Fig. 14 Von mises stress contour plot of connection at ultimate load

4.3. Parametric study

Comparing the load-displacement curve and the experimental phenomenon,
the finite element model proposed above can accurately simulate the tensile
performance of the connection in the test. The proposed finite element model

o] i
600} e .
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_500r ‘4 — e
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= 1_-’ ., . 30mm
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was used for parametric study. The parameters affecting the tensile performance
of connection are: diameter of the bolt dj, the thickness of the bottom plate of
the steel casting ¢, the thickness of the inner plate of the steel casting ¢, and
diameter of the shear key dgy, as shown in Fig. 6. In order to facilitate analysis
and design, it is stipulated that the thickness of the other plates of the L-shaped
box is the same except for the bottom plate. The thickness of the bottom plate of
the L-shaped box is the same as that of the triangular plate. Through parametric
study, the load-displacement curves of different dimensions’ components are
shown in Fig. 15, and tensile capacity’s change with the dimensions of a
component is shown in Fig. 16. The tensile capacity P, is given by

P, = min(Pyy, Prazo.02n,,) ®

where, Py, is the ultimate capacity; Pia—go2n,, is the load when displacement
reached 0.02h.,,; h., is the initial height of the connection.

For the parameter d,: Shown in Fig. 15 (a), the tensile stiffness and tensile
capacity of the connection increase with the increase of dj,. As shown in Fig.
16 (a), when d,<24 mm, the failure mode of the connection is that the bolt
yields under tension; when dj,>24 mm, before the bolt yields, the steel casting
has partially entered yielding, and large vertical displacement occurs. For the
parameter t;;: As shown in Fig. 15 (b) and Fig. 16 (b), when t,,>24 mm, the
load-displacement curve changes little with the increase of t;.; when t,,<24
mm, the tensile stiffness of the connection is obviously reduced with the
decrease of t,;, and the tensile capacity is controlled by the displacement. For
the parameter ty: As shown in Fig. 15 (c) and Fig. 16 (c), when t,>16 mm,
the tensile performance of the node does not change significantly as tg
increases; when tg,<16 mm, with the decrease of the thickness of the inner plate,
the tensile capacity decreases significantly. For the parameter dg,: As shown in
Fig. 15 (d), the change of dg; has almost no effect on the tensile performance
of the connection. According to the parametric study, the main parameters that
affect the tensile performance of the connection are the bolt diameter, the
thickness of the bottom plate and the inner plates of the steel casting. In addition,
when the bolt diameter is 24 mm, the minimum thickness of the steel casting
plate is recommended to be: t,,=24 mm, t;,=16 mm. Therefore, through
parametric study, the minimum plate thickness corresponding to the bolt of a
certain diameter can be obtained.

500
—=— 15mm
400+ = —— 20mm
3
- ——22mm
E 300¢ —r—24mm
g / +—25mm
g 2001 «—30mm
—+—35mm
100+
0 1 | 1 1 1
0 2 4 6 8 10
Displacement (mm)
(b) thickness of the bottom plate ¢,
500
. —=— 39mm
- —— 49mm
é 300+ —— 54mm
9 +— 59mm
S 200+
—
1004
.‘f.‘.
0 | 1 L L L 1

0 2 4 6 8 10
Displacement (mm)

(d) diameter of the shear key dg

Fig. 15 Load-displacement curve of component’s different dimensions
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Fig. 16 Tensile capacity’s change with the dimensions of the component

In this part, a finite element model that can well simulate the test well was
proposed, whose effectiveness was verified by comparison with the experiment.
Using the verified finite element model for parameter learning, it is further
clarified that the main bearing components of the connection during tension are
the bolt, the inner plates and the bottom plates of the steel casting. The shear key
has almost no contribution to the vertical force transmission of the connection.
Based on the bolt of a certain diameter determined by the vertical load between
the modules, the recommended value of the minimum thickness of the steel
casting plate can be obtained by parametric study.

5. Theoretical study
5.1. Theoretical analysis

According to the experimental research and finite element analysis, the
parameters and components that mainly affect the tensile performance of the
connection were obtained. Aiming at the failure mode of each bearing member,
theoretical design formulas of tensile capacity related to the parameters were
given below.

5.1.1. Failure mode 1: The bolt yields under tension

The bolt is not located on the axis of the column, so the bolt is subjected to
the combined action of tensile force and bending moment, and the inner tensile
strain develops faster. To be conservative, assume that the connection fails when
the inner side of the bolt yields. The calculation formula of the tensile capacity
P, is given by

Py =fyb(1 +lp_b)_1 4

Ap  Wp

where, f,;, is the yield strength of the bolt; A, is the cross-sectional area of
the bolt; W, is the flexural section coefficient of the bolt; and lpb is the
distance from the point of force to the bolt.

5.1.2. Failure mode 2: The L-shaped box yields under tension

As shown in Fig. 17, assuming that when the L-shaped box transmits
tension, only the inner plate (red area) bears the force. Under the action of tensile
force, it is assumed that the connection fails when the edge of the inner plate’s

section (blue line area) yields. According to the symmetry relationship, the
formula for calculating the tensile capacity P, is given by

P = fo () )

Aip Wip

where, f,; is the yield strength of the steel casting; Aj, is the cross-sectional
area of the inner plate; Wj, is the flexural section coefficient of the inner plate;
and 1, is the distance from the point of force to the centroid of the inner plate.

Inner Plate

Fig. 17 The edge of the inner plate section yields

5.1.3. Failure mode 3: The triangular plate yields under tension

As shown in Fig. 18, according to the yield line theory and the stress
distribution of the finite element model, there are three types of yield lines
formed on the triangle plate under tension: line 1 and 3 are negative yield lines;
line 2 are positive yield lines. According to the principle of virtual work, the
calculation formula of internal virtual work W, is given by

Fysthe Valse o 2V2 _ Sfystpe

W, =W; = mp(llx‘plx + lly‘ply) =T > 8 It 2 (6)
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fysthe ; 2v26
W, =myla, = _y4bt L, . (7
— — 2 da _ v2dp
Wi = SW; = 8yt (1474 - 32) ®)

where, W; is the virtual work done by the ith yield line; m,, is the yielding
moment per unit length of the triangular plate; [; is the length of the ith yield
line; ¢; is the angle of the ith yield line; t,, is the thickness of the triangular
plate; 1, is the side length of the triangular plate; d, is the end distance from
the bolt to the L-shaped box.

The external virtual work of the force is given by

— p2das

W,=P )

lpe

According to the equality of internal virtual work and external virtual work,
the tensile capacity of the connection P,; is given by

fysty Vzd
Py = 220 (1, + dy = 22) (10)

5

. \‘\:'}Pz’(
Fig. 18 Yield line distribution of triangular plate

By summarizing the above three failure modes, the tensile capacity of the
connection P, is given by

Py = min(Py, Py, Pi3)

- mi L b\ e (1 b\ fusth _ 4
= min <fyb (+2) h (Au,*wip) 2 (1 4 dg - 22) (11)

5.2. Comparison of the theoretical analysis against experimental results and
parametric study

In engineering applications, we suggest that the failure mode of the
connection under tensile force is the bolt yielding, which is convenient for the
replacement and monitoring of the bolt. Therefore, the tensile capacity
corresponding to other failure modes should be greater than that corresponding
to the bolt yielding. After formula (4) is used to determine the bolt’s diameter
according to the tension requirements of the connection, the minimum thickness
of the inner plates and bottom plate of the steel casting can be obtained by the
above formula (5, 10). Assuming that the bolt diameter d,=24 mm, the tensile
capacity of the connection and the thickness of the steel casting can be calculated
by the theoretical design formula. As shown in Table 5, the tensile capacity of
the connection obtained by the numerical and theoretical analysis is basically
consistent. Since the bolt broke in the threaded section in the experiment, the
tensile capacity is relatively small. The comparison of the minimum thickness
of'the steel casting between the theoretical and numerical study is shown in Table
6. The minimum thickness of the steel casting calculated by the theoretical
design formula is greater than that of the parametric study, and the difference
between the two is not large. Results indicated that the theoretical calculation
formula could reasonably design the bolt’s diameter and the minimum thickness
of the steel casting.
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Table 5
Comparison of tensile capacity
Item P, (kN) Abs(error) (%)
Experimental 418.80
Numerical 436.71 4.28
Theoretical 434.44 3.73

Table 6
Comparison of the minimum thickness of plates between theoretical formula
and parametric study

Item P, (kN) tpe (Mm) tse (Mm)
Numerical 436.71 24 16
Theoretical 434.44 26 18
Abs(error) (%) 0.52 8.33 12.50

Compared to complex parametric learning, more practical theoretical design
formulas were proposed based on the conclusions of the experiment and finite
element analysis. Through the theoretical design formula, the bolt diameter that
can safely transmit the tension between the modules can be obtained, as well as
the minimum thickness of the steel casting’ plates corresponding to the bolt’s
diameter. The comparison with the parameter learning’s results proved the
practicability and rationality of the theoretical design formulas.

6. Conclusions

In order to reliably and conveniently connect modules of modular steel
structure buildings, a novel bolt and shear key fitting was proposed for the inter-
module connection, which has the advantages of easy installation, clear force
transmission path and high tolerance to installation errors. This paper conducted
both experimental and numerical studies on the tensile performance of the
connection, and formula was proposed for predicting the tensile capacity of the
connection. The following conclusions can be summarized:

(1) To facilitate design and analysis, the proposed inter-module connection
decomposes the vertical load-bearing and horizontal load-bearing components,
in which the bolt bears most of the vertical action, and the shear key mainly
bears the horizontal action. The bolts are located inside the module, and on-site
installation can be completed inside the module through the reserved opening.
The slotted hole, as well as the gap between shear key and shear key hole, can
provide high tolerance to installation errors.

(2) In the tensile test, the main bearing components included the bolt, the
triangle plate and the inner plates of the steel casting, on which significant strain
has been monitored. The ultimate failure mode of the specimen was the tensile
yielding of the bolt. It is the expected failure mode because the bolt is easy to
replace.

(3) By comparing the measured data and experimental phenomena, it is
proved that the finite element model proposed can simulate the tensile
performance of the connection in the test. Observing the stress distribution of
the finite element model, it can be found that the main bearing component of the
L-shaped box is the inner plate.

(4) Through parametric study, it is found that the tensile failure modes of
the connection include bolt yielding, triangular plate yielding, and inner plate
yielding. The size of the shear key has nothing to do with the tensile performance
of the connection. According to the results of the parametric study, when the
bolt’s diameter is 24 mm, the recommended value of the inner plates’ minimum
thickness is 16 mm, and the recommended value of the bottom plate’s minimum
thickness is 24 mm.

(5) Combining experimental phenomena and numerical analysis, the
theoretical design formula of the tensile capacity of the connection was obtained.
According to the calculation of the theoretical design formula, when the bolt
diameter is 24 mm, the minimum thickness of the inner plate of the steel casting
is 18 mm, and the minimum thickness of the bottom plate is 26 mm, which is
slightly larger than the result obtained by the parametric study. And the tensile
capacity of the experiment is not much different from numerical and theoretical
analysis. The theoretical formula can reasonably design the proposed inter-
module connection.
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