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10 Abstract

11 The lack of guidelines for determining the rigidity of inter- and intra-module joints in
12 corner-supported steel modular integrated construction (MiC) buildings can lead to unsafe or
13 over-conservative designs. To address this issue, this study proposes a classification system for
14 non-sway steel MiC buildings that covers both inter- and intra-module joints. First, the semi-
15  rigidity of the joint regions in steel MiC buildings was clarified and the necessary degrees of
16  freedom for joint classification were determined. Then a minimum substructure including one
17  joint region was extracted from a steel MiC building, and its carrying capacity was determined
18 as a simplified analytical model that considering the stiffnesses of both the inter- and intra-
19  module joints. The simplified model was adopted to derive explicit formulas for the boundary
20  limits of rigid/non-rigid inter- and intra-module joints, based on the criterion that the carrying
21 capacity of the substructure with finite joint stiffnesses is 95 percent of that with rigid properties.
22 Finally, the feasibility of the proposed classification system was verified by applying it to
23 prototype MiC structures.
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1 Introduction

The modular integrated construction (MiC) method is an innovative, clean, and sustainable
construction approach that can change the construction industry. Modules are manufactured in
factories, transported to construction sites, and assembled individually by cranes. Thus,
construction quality can be ensured, noise can be reduced, and construction waste can be
minimized. This approach has been applied to temporary housing facilities, low-rise apartments
[1], and high-rise buildings [2, 3].

There are generally two types of joints inside steel MiC structures: inter-module and intra-
module joints. Inter-module joints combine different modules to form an entire building, whereas
intra-module joints connect beams and columns inside each module [4]. Many researchers have
studied the effect of inter-module joints on the structural behavior of steel MiC structures [4, 5].
For example, Farajian et al. [6] studied the effect of inter-module joints on the effective length
of columns in steel MiC frames and found that the K-factor varies from 0.68 to 0.96 for non-
sway modular structures. Zhai et al. [7] proposed a simplified equation for the K-factor of
unbraced plate-type modular steel frames. Li et al. [8, 9] also discussed the effective length factor
of braced and unbraced structures with different inter-modular joint stiffness values. Lacey et al.
[10] studied the effect of inter-module joint stiffness on a modular building under wind and
earthquake loadings and found that the shear stiffness of vertical inter-module joints has a greater
effect on the inter-story drift ratio than the rotational stiffness does. Chua et al. [11] found that
the lateral resistance of MiC buildings could be reduced owing to the relatively low tensile

capacity and stiffness of vertical inter-module joints. Alembagheri et al. [12] investigated the
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effect of inter-module joints on the progressive collapsing behavior of steel MiC structures.
Srisangeerthanan et al. [13] inspected existing inter-module joints considering structural,
manufacturing, and construction requirements.

Studies on the effects of intra-module joints are relatively limited. Styles et al. [14]
investigated the effect of joint rotational stiffness on the response to wind loading of an 11-storey
modular building. Accordingly, they found that increasing intra-module joint stiffness
effectively reduced inter-story drift under wind load. He et al. [15] found that the configuration
of inter-module joints could affect intra-module joints, which mainly affect the robustness of
steel MiC structures.

During the design phase of steel MiC structures, it is important to determine the rigidity of
both inter- and intra-module joints, which can be pinned, rigid, or semi-rigid[16]. Currently, in
the UK, most MiC projects have adopted simple joints, such as fin plate and end-plate joints in
the beam-column joints [4], and pinned assumption can be adopted for intra-module joints. In
contrast, in most studies, it was assumed that the intra-module joints were fully rigid with
adequate resistance [11, 17], as beams and columns are fully welded to each other. Although the
current codes or guidelines [18, 19] for structural steel design have specified the boundaries for
joint classification in beam-column joints, whether the joint classification limit for ordinary steel
structures is suitable for steel MiC structures remains ambiguous, as they are derived based on
the former type of structures. It is possible that existing approaches may yield a very conservative
or uneconomical solution, and engineers must take significant risks to address the uncertainty
and difference in the behavior compared to ordinary steel structures. Accordingly, Farajian et al.
[20] proposed boundary limits for inter-modular connections in sway-corner-supported steel
modular frames. They found that the boundary limits depended on the stiffness of the column
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and beams, as well as the stiffness of the intra-module joints. However, they did not provide
classification approaches for the shear behavior of the inter-module joints and the rotational
behavior of the intra-module joints. Owing to the possible combined effect of inter- and intra-
module joints, it is important to propose a joint classification approach that considers both inter-
and intra-module joints to facilitate the design process.

Therefore, this study aims to investigate the effect of both inter- and intra-module joints on
the carrying capacity of steel MiC structures subjected primarily to gravitational load and

propose a boundary classification system for joint classification.

2 Methodology on joint classification

The structural performance of steel frame structures generally depends on the behavior of
the beam-column joints. In reality, all joints possess neither an infinite stiffness value nor a
zero one. To simplify the design and analysis processes, it is convenient to assume that a joint
is either pinned or rigid, given that the properties of the joint satisfy the boundary criteria
proposed in the design guidelines or other technical references. In this section, the joint
classification methodology used in the literature for ordinary steel frame structures is

demonstrated, and then that for steel MiC frame structures is introduced in a similar manner.

2.1 Joint classification for ordinary steel framed structures

It is well recognized that many beam-column joints possess semi-rigid properties that affect
the structural behavior under load. Data on the joint properties were collected [21] and
classification systems were proposed during the 1980s and 1990s [19, 22-24]. An ordinary steel-
framed structure consists of numerous beam-column joints, as shown in Figure 1(a). The
performance of the structure, denoted as F, such as the strength, displacement, and internal force,

under different joint properties can be evaluated using the following equation
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F=f£(SJ-Jn) (1)
where “S” represents the structural configuration, including the span length, story height,
member section sizes, etc., Ji represents the property of the i-th joint, and N is the total number
of joints. Typically, only the rotational properties of these beam-column joints are considered in

the design process.

iP

Beam-column
joint

(a) (b)

Figure 1. Beam-column joint classification for traditional steel framed structures: (a) A steel
frame; (b) the reference substructure adopted in EN 1993-1-8 (2005) for joint classification.

Using the relative parameters for the beam-column joints, Eq.(1) can be re-written as
F=f(S535,..,5\) 2)
where S; is a non-dimensional scaling value and represents the stiffness of the i-th joint. S; = 0
denotes “pinned” and S; = oo denotes “rigid” joints. A joint i can be considered as “rigid” [25,

26] when

£S5 5 5 = f(S,5 5 = 00 53)
f(S,Sl, ...,SL' = O, ...,SN)

< 0.05 3)

Denoting the boundary limit for joint i as Bi, it can be obtained by setting the left-hand side of

Eq. (3) equal to the right-hand side:
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B; = b;(5,S1, ., Si—1, Siv1s 0r SN) 4)
where bi is a function used to obtain the boundary limit. Note that the boundary limit Bi is not
only determined by the structural system, S, but also by the properties of other joints. For all N
joints, it is not practically possible to propose their boundary limits as they are intertwined.
Therefore, it is usually assumed that all joints are simultaneously pinned or rigid. For example,

if a rigid joint is assumed, its boundary limit can be obtained using the following equation

S, S, .S, o, SN) — (5,8, =0,...,5, =00,.., Sy = ©
f( 1 i _N) f( _1 _l N ) = 0.05 (5)
f(S,Sl = 0O, ""Si = O, ""SN = 00)
The boundary is a N-dimensional hyper-surface such that
B(Sy, ..., Si, ..., Sn) = b(S) (6)

An N-dimensional hypersurface is inconvenient for engineering design. To simplify the
procedure, the structural system is typically simplified such that only one joint is included. Figure
1(b) shows the simplified reference substructure adopted to derive the beam-column joint
classification boundary limit in the EN 1993-1-8 (2005) standard [25, 27], in which only one
beam-column joint is included. Similar approaches were adopted by Bjorhovde et al. [19] and
Goto et al. [22]. Subsequently, the boundary surface is simplified to a scalar value

B = b(Ssup, $1) (7)
where Ssub represents the simplified substructure for joint classification. Then, the obtained
boundary limit value was applied to the design and analysis of all joints.

Alternatively, the parameters of all the joints are assumed to be the same [26] as follows
S=w=8=-=85=S (8)
Then, Eq.(2) becomes

F=£(55,..5)=f(9 ©)
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The boundary can also be obtained as a scalar value, similar to Eq.(7). For braced steel structures,
the boundary limit between rigid and semi-rigid of beam-column joints is 8E/l/L, as specified in

EN 1993-1-8 (2005) standard [25].

2.2 Semi-rigidity of joint region in steel MiC structures

Numerous inter-module joint types have been proposed in the literature [5, 28] for
assembling modules by using locking devices [29, 30], post-tensioned rods [11, 31, 32] or bolts
with different typologies [30, 33-39]; among them, single bolt or rod joints have been proposed
and studied experimentally and numerically by several researchers [11, 16, 29-32, 35], as shown
in Figure 2. The axial compressive force is transferred from the upper module to the lower
module by the hollow steel section, whereas the possible axial tensile force is transferred solely
by the single rod or bolt. The shear force between the modules can be resisted by an added shear
key, as shown in Figure 2(a), 2(b), and 2(c), or by the bolt itself, as shown in Figure 2(d), 2(e),
and 2(f). The moment resistance is provided by the coupling effect between the tensile rod or
bolt and one side wall of the compressed columns owing to the contact effect. The horizontal

joint between the modules can be realized using an added intermediate plate, as shown in Figure
2(c).

Module column

Access

5 Threaded rod
opening

<— Threaded rod

< Shear key
Shear key

Access

opening =—y
]
Module column
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(a) Rod joint with shear key [31] (b) Rod joint with shear key [32]
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Figure 2. Inter-module joints consisting of a single rod or bolt

For intra-module joints, modular beams can be fully welded to modular columns, as shown
in parts (b), (c), and (f) of Figure 2. In addition, a corner fitting [30] or a strong corner bloc [40]
may be used near rigid joints. Alternatively, the simple shear connection shown in Figure 2(d)
can be applied.

Figure 3 shows a typical joint region in steel MiC structures using a single bolt connection
that can be modelled using intra- and inter-model joints [41]. The intra-module joints include
beam-column joints for the floor and ceiling beams; the respective rotational stiffness values are

denoted as Srr and Scr. It should be noted even when modular beams are fully welded to the
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columns in the factory, the intra-module joints can behave in a non-rigid manner due to a lack of
endplates or stiffeners inside the columns [15, 39].Therefore, it is necessary to classify the intra-

module joints.

Column

Intra-module joint: Rotational (Ser, Scr)
Bolt Floor (]

beam Vertical inter-module joint:
@  Shear (Sys)+Rotational (Sy)

Ceiling @ Horizontal inter-module joint:
beam Rotational (Sur)

Connecting
plate

Figure 3. Typical joint region in the steel MiC structure and its simplified model.

Each vertical inter-module joint consists of axial, shear, and rotational behaviors, which can
be denoted as Sva, Svs, Svr, respectively. The axial behavior is determined by the mechanical
behavior of the bolt in tension and compressive contact of the upper and lower columns. Under
gravity loading conditions, the compressive stiffness is comparable to the area of the column
section; therefore, a rigid assumption can be used. The shear behavior is affected by the slip-
contact behavior between the bolts and columns; therefore, a shear spring should be incorporated
in the joint region. The rotational behavior is determined by the coupling effect between the bolt
and one side of the end surface of the column, which is denoted as Svr in Figure 3. Therefore,
only Svs and Svr will be considered in the model.

Each horizontal inter-module joint consists of axial, shear, and rotational behaviors, which
can be denoted as Sua, Sus, Sur, respectively. The axial behavior is determined by the axial
strength of the connecting plate, which is usually assumed to be rigid. Because of symmetry, the
shear behavior can be omitted, thus, only the rotational stiffness Sur is included in the joint region,

as shown in Figure 3. The simplified joint model is also applicable for inter-module
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connections[33, 34, 36, 37] using bolts to connect the lower and upper columns and one

intermediate plate to connect the left and right modules.

2.3 Joint classification for steel MiC structures

As discussed in section 2.2, a typical joint region of steel MiC structures comprises inter-
and intra-module joints, and the inter-module joints can be further classified as vertical and
horizontal inter-module joints, whereas the intra-module joints can be further classified as floor
beam-column joints and ceiling beam-column joints. Under gravity loading conditions, the
stiffness values Srr, Scr, Sva, Svs, and Svr are identified as the most critical joint parameters in
steel MiC structures. And a classification system for these five joint parameters should be
proposed.

To propose the classification system, a reference substructure of typical steel MiC structures
with only one joint region including the five joint parameters is used for performance evaluation.
When determining the boundary limit for each joint behavior parameter, the reference
substructure is further simplified such that all other joint behavior parameters are either pinned
or rigid. Then the boundary limit can be obtained as a scalar value, similar to Eq.(7). The
methodology for both inter- and intra-module joint classification for steel MiC structures is as
follows:

1. Select a simplified reference substructure where both inter- and intra-module joints are
included and identify the joint modelling parameters.

2. Derive the structural performance evaluation approach of the substructure with different
joint parameter values.

3. Carry out sensitivity analysis on these joint parameters. For each joint parameter,
determine the critical joint configurations for the other joint parameters (pinned or rigid) such
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that only this joint parameter is incorporated when evaluating the structural performance. In the
critical joint configuration, varying the value of this joint parameter underlines the greatest
difference in structural performance. Therefore, all joint parameters are decoupled in this manner.

4. Derive the boundary limit for each joint parameter. The boundary limit value is
determined when the structural performance of the substructure is 95% of that when the joint
parameter value is very large (10000).

In the following, a reference substructure and carrying capacity evaluation approach to
assess structural performance are demonstrated in Section 3. Subsequently, the effect of joint
behavior on the structural performance is investigated, and the critical joint configuration for
each joint parameter is determined. Then, the boundary limits for all five joint parameters are

proposed, followed by two examples to verify their effectiveness.

3 Reference structure and evaluation of carrying capacity

3.1 Reference substructure

In multi-story or high-rise steel MiC structures, the pure module part can be designed to
resist gravity loading only, while the lateral resistance is provided by the concrete core or steel
bracing system by approximately 95% [11], as shown in Figure 4(a). Therefore, we assumed
that the critical failure mode is column buckling at the bottom story because the column size is
similar for consecutive stories. Moreover, the column of the bottom story carries the largest
loading, and the consequence of column buckling is more serious than that of beam failure.
Therefore, the module at the bottom story with a half module from the second story was used
as the reference substructure to consider the effect of the inter- and intra-module joints, as
shown in Figure 4(b). The height and length of a module is denoted as H and L, respectively.

The joints in the base module were assumed to be pinned. By utilizing symmetry, half of the
11/39
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substructure was built, consisting of two floor beams, one ceiling beam, and two columns. The
right ends of the floor beams and ceiling were restrained horizontally and rotationally,
respectively. The left end of the horizontal inter-module joint was also restrained horizontally
and rotationally. The top end of the column in the second story was horizontally restrained

assuming that it was the point of contra-flexure.

Brace

- @,'—@ @ Intra-module joint: Scg, Spr

@ Vertical inter-module joint: Syg, Sys

H
o o @ Horizontal inter-module joint: 2Sur
~..~::“::’,“ K 7/ \\::’:::_-"
& X, & T L2
(a) (b)

Figure 4. (a) Reference substructure in a braced steel MiC frame; (b) details of the substructure
and joint modelling.

The carrying capacity of the reference substructure is evaluated by varying the different
properties of intra- and inter-module joint stiffness. The carrying capacity is defined as the

maximum axial force (M) in the modular column during loading.

3.2 Evaluation of carrying capacity

The capacity of the reference structure can be evaluated through the carrying capacity of
the bottom modular column, as shown in Figure 5, restrained by a rotational spring with
stiffness Ra at the bottom and another at the top with stiffness Rs. The carrying capacity of the

substructure My is approximated using the Merchant-Rankine formula [42]
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Figure 5. Sketch used to determine the carrying capacity of a column.
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where N, is the axial compressive capacity of the column, which can be calculated as

N, = Acfy (11)
where A is the sectional area of the column and fy is the yield strength of the column material.
N is the Euler critical load, which can be calculated as

m2EI,
NCT‘ = (KH)Z

(12)
where K is the effective length ratio, £ is the elastic modulus, and /¢ is the second moment of
area of the column. The slenderness of the column is denoted as

A= N,/Ne (13)
Furthermore, denote 4, as the slenderness of the column when the two ends are pinned
connected. Then it is easy to obtain

I=K1, (14)

Substitute Eqs.(13) and (14) into Eq.(10), the carrying capacity Nu can be re-written as [43]
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According to Jaspart et al. [43], K can be calculated as
14 0.145(k; + k) — 0.265kk,,
= 2-0.364(k, + ky) — 0.247k k, (16)
where
=k = (a7)
4+ Ry 4 + Ry
where R, and Ry are
Rp = Ra/i, Rg = Rp/ic (18)

In Eq. (18), ic = El/H is the bending stiffness of the column element. The values of Ra and Rs

are described in Section 3.3.

3.3 Rotational restraints of the bottom modular column ends

The relative stiffness values of the intra-module floor beam-column joint and intra-module
ceiling beam-column joint are denoted as
Ser = Skr/ifo Scj = Scy/ich (19)
where in= Eln/L and icb = Elev/L are the element bending stiffnesses of the column, floor beam,
and ceiling beam, respectively, and /m, and /e are the second moments of area for the sections
of the floor beam and the ceiling beam, respectively.
The relative stiffnesses values of horizontal and vertical inter-module joint are denoted as
Sur = Sur/ic Svr = Svr/ic;Svs = Svs/Keb (20)
where Sur and Svr are the stiffnesses of the horizontal and vertical rotational joints,
respectively, and Svs is the shear stiffness of the vertical inter-module joint. ke is the axial
stiffness of the ceiling beam, which can be calculated as

14/39



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

ko, = EAqn/L (21)
where Aeb is the cross-section area of the ceiling beam.
For the column bottom end, as shown in Figure 5, the rotational restraint stiffness
originates from the floor beam and intra-module floor beam-column joint; therefore, it can be

calculated as

SkRr * 20 2SpRici
p=n T o T 22)
SFR + 2lfb SFRI'C + Zlfb
Divided by ic, the above equation becomes
_ 2SeRrif /I
L\ = FR'fb/ tc (23)

* Spr + 2im /i

For the column top end, as shown in Figure 5, the rotational restraint stiffness originates
from the inter- and intra-module joint region at the top and the module at the second story. To
determine the rotational stiffness, the joint region was extracted from Figure 5 in detail, as
shown in Figure 6(a) and (b). The two short column stubs between the floor beam and ceiling
beam were modelled as rigid beams, that is, with infinite axial and bending stiffness. The
bottom end (node 1) of the lower short column stub was restrained by a translational spring and
rotational spring with stiffnesses equal to k1 and 71, respectively. The top end (node 2) of the
upper short column stub was restrained by a translational spring and rotational spring with
stiffnesses equal to k2 and 72, respectively. The two short column stubs are connected at nodes
3 and 4 by a translational spring and a rotational spring with stiffnesses equal to k3 and r3,
respectively. In addition, the lower end of the upper short column (node 4) was restrained by a
rotational spring with a stiffness equal to »4 and translational movement was prevented.

The value of k1 originates from the axial stiffness of the ceiling beam, which can be

calculated as
15/39



ki =2k (24)
273  The value of r1 originates from the combined rotational effect of the intra-module ceiling

274  beam-column joint and the bending stiffness of the ceiling beam, which can be calculated as

Scr * 21 2Scrici
n =g = e (25)
Scr + 2icp  Scric + 2igp
275
276 n
oy
F;
Floor _ _2" & F;Aizﬁ ko, 13
beam ko ry .
\
Ceiling >
beam D
0, 0>
Oy Z M, z
rd [ Fs My 3 (d)
ds
0, 0,
D
Y
o, M o
v outl/ Fo U P:’ X
di _’| d
b
277 (@) (b) ©

278  Figure 6. Sketch used to determine the rotational stiffness at the top end of the bottom column.

279 The value of k2 originates from the axial stiffness of the floor beam, which can be
280  calculated as
k, = 2kgq, (206)

281  where i is the axial stiffness of the ceiling beam and can be calculated as
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kq = EAg /L (27)
where A is the section area of the floor beam.
The value of r2 originates from the combined rotational effect of the intra-module floor
beam-column joint and the bending stiffness of the floor beam, as well as the column on the
second floor, which can be calculated as

2SeRricis

_ _oRRleld o 28
Serlc + 20 (28)

4)

The value of &3 represents the shear stiffness of the vertical inter-module joints, which can

be calculated as
k3 = Sys = Syskep (29)

The value of 73 represents the rotational stiffness of the vertical inter-module joint, which
can be calculated as:

73 = Syr = Svric (30)

The value of 74 represents the rotational stiffness of the horizontal inter-module joint,
which can be calculated as

73 = 2Sur = 2ShRic (31)
Factor 2 considers that only half of the horizontal inter-modular joint is modelled in the
substructure.

It is defined that di (i =1, 2, 3) is the displacement corresponding to the translational
spring with stiffness 4i and i is the displacement corresponding to the rotational spring with
stiffness 7i (1= 1, 2, 3, 4). Then, the forces and moments in the springs are

Fi=kid;i=1273 (32)

and
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Mi = riei,i = 1, 2, 3,4 (33)
Given a rotational angle 81 = 9 at the top of the bottom modular column (node 1), the
deformation shape and corresponding reaction forces are shown in Figure 6(c). According to

the geometrical compatibility, it is easy to determine that

6;=0,—6, (34)
6, =06, (35)
d, = 6,D (36)
d; =60,D—d, (37)

According to the force equilibrium in the X-direction, as shown in Figure 6(c),
Fi—F;=0 (38)
According to the moment equilibrium at node 1, as shown in Figure 6(c):
M- (M;+M3;+F;D)=0 (39)
According to the moment equilibrium at node 4, as shown in Figure 6(d):
M;— (M, +F,D+M,)=0 (40)
By substituting Egs. (32)—(37) into Eqgs.(38)—(40), it is obtained:
M = Rgb, (41)
where

D2 (D2k1k2k3 + kkey(ry +13) + kegks(ry + r3))
_ (riry + 115 + 17 + 1513 +137) +hoks(ry +13) + kiksry
B (kD2 + 1, + 13 + 1) (ky + k3) (kD2 + 15 + 15 4+ 1)

(42)

18/39



309  Subsequently, the rotational restraint factor Ry can be calculated. The effective length ratio of
310  the bottom modular column can be obtained using Eqs. (16) and (17). Then the carrying

311  capacity of the substructure was calculated using Eq. (10) or (15).

312 4 Effect of inter- and intra-module joints on the carrying capacity and proposal of

313 boundary limits

314 4.1 Settings for the sensitivity analysis
315 Let the module length (L) be 5 m and the modular height (/) be 3 m. Five sections of the

316  columns are considered, namely, SHS 90x5, SHS 100x6, SHS 120x6.3, SHS 160x8, and SHS
317 220x10. The corresponding values of A, are 1.15, 1.04, 0.86, 0.64, and 0.46, respectively. Two
318  sections of the floor beam are considered, namely, RHS 140x80x8 and RHS 200x100x10. Two
319  sections of the ceiling beam are SHS 80x80x5 and RHS 140x80x8. The properties of these

320 members are listed in Table 1.

321 Table 1. Geometrical information and properties of the member
Axial
Bending Stiffness
Area Second moment of  Plastic compressive stiffness
Member  Section type resistance (kN- EI/L (EI/H)
(mm?) area (10° mm®) resistance (kN) EAIL
m) (kKN-m)
(kN/m)
RHS
3195 7.763 1134.34 50.04 320 131634
Floor 140%80x8
beam RHS
5493 26.64 1949.91 144.92 1785 226311
200x100x10
SHS
1436 1.314 509.64 14.11 88 59163
Ceiling 80x80x%5
beam RHS
3195 7.763 1134.34 50.04 320 131634
140x80%8
SHS 90x5 1673 1.996 593.98 18.81 137 /
Column
SHS 100%6.3 2319 3.356 823.12 28.71 230 /
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339

SHS 120%6.3 2823 6.029 1002.04 42.47 414 /

SHS 160x8 4795 18.31 1702.34 96.49 1257 /

SHS 220x10 8293 60.50 2943.91 230.68 4154 /

The effects of Syr, Svs, Svr, SFr» and Scg on carrying capacity were independently
investigated. Four values for the joint parameters were selected, namely, 0, 1, 10, and 10000,
where the pinned, semi-rigid, and rigid conditions were considered. The five column sections,
two floor beam sections, and two ceiling beam sections were adopted. When investigating the
effect of one joint parameter, for example, Syg, 5120 (4 X 4 x 4 x 4 x 5 x 2 x 2 = 5120)
configurations of the structure were set. For each configuration, the value of Syg was varied
from 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,0.7,0.8,0.9,1,1.2,1.4, 1.6, 1.8,2,2.5,3,3.5,4,45,5,5.5,
6,6.5,7,75,8,85,9,9.5, 10, 12, 14, 16, 18, 20, 50, 100, 1000, to 10000. Subsequently, the

corresponding carrying capacity Nu was obtained. The relative capacity is defined as

Nu — f(A_O! ifb) icb! kfb) kcb"S_‘HR! §VR! §VS)§FR’ §CR) (43)

Nu,rigid f(A_o' ifb' icb' kfb' kcb' §HR = 10000, §VR' §VS' §FR' §CR)

where Nurigia denotes the carrying capacity when Syg is 10000.

4.2 Effect of inter- and intra-module joints on the carrying capacity

Figure 7 and Figure 8 show the effect of inter- and intra-module joints, respectively, on
the carrying capacity with different column sections. The main findings are the following:

1. For some joint configurations, the carrying capacity varied significantly as the stiffness
ratio, Syr, Svr. Svs. Sgr, of Scr changed. The smallest relative capacity values were
approximately 0.93, 0.80, 0.71, 0.75, and 0.80 when individually varying Syr, Svr, Svs> Srro

and Scg, while the column section SHS 90x5 is adopted and the varied stiffness value is zero.
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Therefore, assuming rigidity for all joint parameters will yield unsafe results, and assuming all
joint parameters as pinned will yield over-conservative results.

2. There is a general trend that as the size of the column section or column slenderness A,
increases, the effect of the joint parameter decreases. This could be anticipated because the
carrying capacity of a modular column would increase if the effect of the boundary constraint
increases. When the column section was relatively strong, such as in SHS 220x10, the carrying
capacity did not vary significantly, because the strength reduction factor of the column with both
ends pinned was already 0.95, which means that the column is a robust member and its carrying
capacity could not be increased any further by increasing the restraint effect. If 0.95 is the
boundary limit where the rigid assumption can be used, the boundary limit values for all the five
joint parameters decrease. The effects of Syr, Syr and Scg can be ignored when A, is smaller

than or equal to 0.64, while the effect Sp can be ignored when A, is smaller than or equal to

L0 SHS90x5 (A =1.15) L0 SHS100x6 (A9 =1.04) L0 SHS120x6 (A =0.86) 05 SHS160x8 (Ao =0.64) | OSSHSZQOXIQ (Mo =0.46)
o 05 . 05 .05
1 1 % 1 ?—
> - 3; - 3)
E 0.95 \ = 0.95 = 0.95
g % Critical g0 g0
[ . o o
Z 085 configuration = 0.85 2 0.85
= _ = _ = _
é 0.8 Sur =18 a"i 0.8} Sur =0 £ 0.8} Sur =0
0.75 0.75 0.75
0.7 0.7 0.7
20 0 10 20 0 10 20
Sur Sur

(a) Effect of Syg
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Figure 7. Effect of inter-module joints on the carrying capacity.
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355 Figure 8. Effect of intra-module joints on the carrying capacity.
356 The boundary limit values between the rigid and non-rigid joints for all five joint

357  parameters are listed in Table 2.

358  Table 2. Rigid and non-rigid boundary values for Syr, Syr, Svs, Srr» Scr by sensitivity analysis

j SHS 100x6.3  SHS 120x6.3 _ SHS 160x8 _ SHS 220x10
SHS 90x5 (1, = 1.15) . i i )
(1, = 1.04) (1, =086) (I, =0.64) (1, = 0.46)

Sur 1.8 1.8 0.7 0 0
Svs 2.5 2.5 0.6 0 0
Svr 15 13 9 5 2
Ser 2.5 2.5 1.6 0.5 0
Ser 25 2.5 1.2 0 0

359 4.3 Derivation of boundary limit curves

360 According to the sensitivity analysis, the critical joint configurations, that is, the curves that
361 indicate the greatest effect for each joint parameter, are listed in Table 3. Using the critical values
362 listed in the table, the column-end rotational restraint factors R, and Rg can be calculated, as
363  reported in the last two columns in Table 3.

364 Table 3. Critical configuration for different joint parameters and corresponding rotational
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372

373

restraint factors for the column end

Shr Svs Swr SR Scr Ry Rg
Effectof Sqr  \ 10000 0 0 0 0 6 + 2545 + 2kpD%/ic
Effect of Sys 0 V0 0 o0 0 25uskayD2/ic(2 + Sys)
Effect of Syr 10000 0 Vo000 0 Sum
Effect of Sgg 0 Any 0 \ 0 2Sprif/ic(Spr + 2) 0
Effect of Scg ~ Any 0 0 0 \ 0 2Scrich/ic(Scr + 2)

It was found that one of the two factors, R and R, was zero and the other was a function
of the joint parameter. Denoting the non-zero factor as w, it is obtained

(uHR =6 + 2Syg + 2ks, D2 /i,

uys = 2SyskenD? /ic(2 + Sys)
uyr = Svr (44)
upg = 2SpRrim/ic(Ser +2)
Ucr = 2Scrich/ic(Scr + 2)

where the subscripts “HR,” “VS,” “VR,” “FR,” “CR” represent the five joint parameters.
Therefore, the boundary limits for these joint parameters can be derived in a similar manner.
For the substructure shown in Figure 5, the criterion between the rigid and semi-rigid

vertical inter-module joints is that the carrying load should be at least 95% of the loading

capacity
N, 1+ Kfgiah?
w7 Trigd® s 95 (43)
Ny rigid 1+ K225
Or
0.05 + KZ445 46)

0.9512
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374 In Eqgs.(45) and (46), Kiigiq 1s the effective length ratio of the column when the joint parameter

375 iswand K is the effective length ratio of the column when the joint parameter is finite. They can

376  be obtained by

8 4
_1+01454 02654+u
K= 8 7 47
2—0. 3644 —0.247 ——— yy
377 and
8 4
1+0145+————0.265—F——
4+ urigid 4+ urigid
Krigia = 5 7 (43)
2—0364———0.247 ——
4 + Urigiq 4 + Urigiq

378  where u can be obtained using Eq.(44) and urigid values are

URigid, HR =

Uigiavs = 2KkepD?/ic

URigid,VR = % (49)
URigidFR = 2L/ lc

URigid,cR = 2lch/lc

379  For all the five joint parameters, denote

fm 0054—K§gd13 (50)
72
0.9545
380  Then, Eq. (46) becomes
K<u (51)

381 By substituting Eq. (47) into Eq. (51), it is obtained

4.1(1—p)
u=
(1.636u — 1.145)

(52)

382  Let
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410 -p)
YB = (1,636 — 1.145)

(53)

By substituting us into Eq. (44), the boundary limit values for the five joint parameters are
obtained as

Bugr = (ug — 6 — 2k, D?/ic)/2

Bys = 2/(2ke,D? [icug — 1)

Byr = ug (54)

Bpr = 2/(2ig/icug — 1)
Ber = 2/Qigp/icug — 1)

According to Eq.(54), it is observed that all of the boundary limit values are dependent on
the column section. In addition, Bur is dependent on the properties of the floor beam, Bvs is
dependent on the properties of the ceiling beam, Brr is dependent on the floor beam properties,
and Bcr is dependent on the ceiling beam properties.

Figure 9 shows the steps to obtain the boundary limit values for the five joint parameters,
applying the given sizes of the module and member sections. The boundary limit values
calculated using Eq.(54) are listed in Table 4. These values are almost the same as those listed
in Table 2, indicating the effectiveness of the evaluation formulas proposed for the limit value
of the boundary.

For all the five joint parameters, the rigid and non-rigid boundary limit values decreases as
the column size increases or the slenderness decreases. A series of conservative boundary limit
values can be set as 1.6, 2.3, 14, 2.3, and 2.3 for the five joint parameters HR, VS, VR, FR, and

CR, respectively.
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400
401

402
403

4 N
Step 1: Given L, H, column section, beam

sections, obtain ic, ig,, icp» Kcp» A2, D
G J/

ﬁtep 2: Obtain the column end restraint \
factors when joint parameters are rigid by
Eq. (49)

URigid HR =

URigiavs = 2Kep D?/ic

URigid,VR = *®

URigid FR = 2 i /lc

K URigid,cR = 2 icb/lc -/

(s Step 3: Obtain the effective length ratio by )

Eq. (48)
K _ 1+0'1454+urigid ' S‘“’”:igid
rigid =5 03648 0247+ _
g 4+Urigid 4t+Urigid J
(s Step 4: Obtain the parameters by Eq. (50) )
and (53)

0.05+K2% ;422 41(1—
p= |—289%0 and ug = 0o
% 0.9512 (1.6364—1.145) Y

/Step 5: Obtain the boundary limit values \
by Eq. (54)

Bugr = (ug — 6 — kg, D?/ic)/2

Bys = 2/(2ke, D?/icug — 1)

Byr = up
Bpr = 2/(2ig/icug — 1)
\_\Bcr = 2/(2iep/icup — 1) J

Figure 9. Steps to obtain the boundary limit values for the five joint parameters depending on
the sizes of the module and member sections.

Table 4. Rigid and non-rigid boundary values for Byg, Bys, Byr, Brr» and Bz by boundary limit

formulas
SHS 90x5 SHS 100x6.3 SHS 120%6.3 SHS 160x8 SHS 220x10
Ay = 1.15) (Ao = 1.04) (1o = 0.86) (Ap = 0.64) (1, = 0.46)
Bur 1.6 1.6 0.6 0 0
Bys 2.3 2.1 1.1 0 0
Byr 14 12 9 5 2
Brr 2.3 2.1 1.4 0.4 0
Ber 2.3 2.1 1.1 0 0
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5 Verification
Two examples are presented to validate the effectiveness of the proposed boundaries. The
first one is a low-rise steel MiC structure and the second one is a high-rise steel MiC structure

braced by a concrete core.

5.1 Descriptions of the steel MiC buildings

The five-story steel MiC structure is similar to that shown in Figure 4(a). Each story consists
of five modules, of which the left and right modules are braced with angled steel profiles to
provide adequate lateral stiffness and resistance. The joint region is shown in Figure 4(c).
Considering only the gravity loads, the two middlemost bays in Figure 10 were used to study the
effect of the joint properties. The cross-sectional properties of the frame are SHS 90x5 for
columns, RHS 140x80x8 for floor beams, and SHS 80x5 for ceiling beams, as shown in Table

5.

Figure 10. The two middle-most bays in the five-story structure.

Table 5. Cross-sectional properties for the five-story steel MiC frame

Second moment of area  Bending stiffness EI/L" or Axial stiffness
Member Section type
(10° mm?) EI/H (KNm) EA/L" (kN/m)

28/39



419

420

421

422

423

424

425

426

427

428

429

430

431

Floor RHS

7.763 320 131634
beam 140x80%8
Ceiling
SHS 80x5 1.314 54 59163.2
beam
Column SHS 90x5 3.356 137 /

*[=5m, H=3m.

According to the approach presented in Figure 9, the calculated boundary limit values are
1.6,2.3,14.0, 2.3, and 0.9. The carrying capacity of the structure with all rigid joint parameters,
as well as that with the boundary limit values, was evaluated using the finite element model
described in Section 5.2.

The high-rise steel MiC structure is a 40-story residential modular building, as reported by
Chua et al. (2020) [11], where the modules are arranged around a central concrete core that
provides lateral resistance, as shown in Figure 11(a). The data for the modular beams and
columns at the bottom story are listed in Table 6.

Assuming that the concrete core is able to provide adequate lateral stiffness, the building
model was simplified as a plane frame with two modules in the horizontal direction and 40
modules in the vertical direction, as shown in Figure 11(b). The lateral movement on the right

side of the model was restrained to reflect the strong support of the concrete core.
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433
434 Figure 11. The 40-storey modular building: (a) 3D view (Chua et al. 2020); (b) model adopted
435 in the analysis.
436

437  Table 6. Design data for the 40-story steel MiC structure

Second moment of ~ Bending stiffness EI/L" Axial stiffness
Member Section type
area (10° mm?*) or EI/H (kNm) EA/L" (kN/m)
RHS
Floor beam 9.032 310 92923
160x80x%8.3
Ceiling beam SHS 80x5 1.314 45 49303
RHS
Column 173.9 12173 /
300%x200%16
438 *[L=6m, H=33m.
439 According to the approach presented in Figure 9, the calculated boundary limit values are

440 0,0,0.9, 0, and 0, for Bur, Bvs, Bvr, Brr, and Bcr, respectively. The carrying capacity of the
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structure with all rigid joint parameters, as well as that with the boundary limit values, will be

evaluated using the finite element model described in Section 5.2.

5.2 Finite element model

5.2.1 Material and elements

The OpenSees platform [44] was used to study the behavior of the steel MiC structure using
geometrical and material nonlinearities with the imperfection analyses. The columns at the first
and second stories were evenly meshed as 10 and 5 dispbeamcolumn elements, respectively, to
model the spread of plasticity throughout the cross-sections and along the members. The floor
and ceiling beams were meshed using five dispbeamcolumn elements. A co-rotational
formulation was adopted for the modular columns to model the second-order effect for the
modular columns under large deformations. A fiber section considering material nonlinearity
was assigned for each modular member. The residual stress pattern adopted by the ECCS [45]
to develop the buckling ratio in EN 1993-1-1 [46] was adopted here. While discretizing the
section, the exact round corner of the hollow section was modelled such that the strength obtained
by the model was close to the nominal value provided by the design tables. The steel material
was modelled as elastoplastic with isotropic strain hardening, and the hardening ratio was set to
0.01. The elastic modulus was set to 206 GPa, and the nominal yield stress was 355 MPa. The
initial out-of-straightness of the steel column was modeled assuming that the initial geometrical
imperfection varies sinusoidally with a maximum value of du = 1/1000 at mid-height. For the
possible direction of the out-of-straightness, two situations were considered, namely, outward
left and right. Subsequently, the carrying capacity was taken as the smaller value from the two
models. Out-of-plumbness was not considered, as Clarke et al. [47] found this to have a
negligible effect on the frame behavior.
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5.2.2 Joints

Both inter- and intra-module joints were modelled using twoNodeLink element in OpenSees,
which has three degrees of freedom, namely, axial, shear, and rotational. A very stiff elastic
property was assigned for the axial and shear directions using a uniaxial elastic material, where

the stiffness of the rotational degrees of freedom varies depending on the analysis scenarios.

5.2.3 Loading conditions

In this study, the lateral force was assumed to be entirely supported by the bracing system;
hence, the steel modules were stressed only by the gravitational loads. Vertical point loads in the
gravitational direction were added to the top of each modular column. All loads were added
simultaneously until the failure of the structure and the carrying capacity was defined as the
maximum axial load sustained by a bottom modular column. Note that only the inelastic flexural
buckling failure of the column was considered, assuming that the beams and joints have a

sufficient ductility.

5.3 Results

The failure model of the five-story steel MiC structure is shown in Figure 12(a), which
presents a typical flexural buckling phenomenon in the bottom column. The carrying capacities
for the different joint properties are listed in Table 7. Adopting the rigid joint parameters, the
carrying capacity could be increased to 512.6 kN. When using the proposed boundary limits, the
carrying capacity was 494.4 kN, or 96.4% of the value assuming rigid properties for both inter-

and intra-module joints.
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(2) (b)

Figure 12. Typical failure modes: (a) the five-storey steel MiC structure; (b) the forty-storey
steel MiC structure.

Table 7. Carrying capacity of the five-story MiC structure assuming different joint properties

Intra-module Relative capacity with
Inter-module joints Carrying
joints respect to rigid-rigid

_ _ _ B _ capacity (kN)

SHR SVS SVR SFR SCR assumption
Rigid Rigid Rigid Rigid Rigid Rigid 512.6 100%

Boundary
1.6 1.2 14 2.5 2.5 494.4 96.4%

limit values

The failure mode of the forty-storey steel MiC structure is shown in Figure 12(b), where
the typical flexural buckling mode of the bottom column is presented. The carrying capacities
with respect to different joint properties are listed in Table 8. The difference in the capacity
values with various joint modelling assumptions was very small; within 1%. Therefore, the

proposed boundary limit is deemed applicable.
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Table 8. Carrying capacity of the forty-story structure

Intra-module Relative capacity with
Inter-module joints Carrying
joints respect to rigid-rigid

~ ~ ~ B _ capacity (kN)

SHR SVS SVR SFR SCR assumption
Rigid Rigid Rigid Rigid Rigid Rigid 4955 100%

Boundary
0 0 0.9 0 0 4930 99.5%

limit values

6. Conclusions

This study aims to investigate the effect of stiffness properties of intra- and inter-module
joints on the structural carrying capacity of braced steel MiC structures and propose a joint
classification system to facilitate design.

First, the study demonstrated the semi-rigidity of the joint region of steel MiC structures.
Then, five key joint parameters were identified for classification: the rotational behavior of
horizontal inter-module joints (Sygr), shear behavior of vertical inter-module joints (Sysg),
rotational behavior of vertical inter-module joints (Syg), rotational behavior of intra-module
floor beam-column joints (Sgg), and rotational behavior of intra-module ceiling beam-column
joints (Scr). A reference substructure with these five parameters was adopted for performance
evaluation. The rotational restraint effect factors on the bottom modular column in the reference
substructure were derived explicitly based on the five joint parameters, as well as the column
and beam section properties. Subsequently, the carrying capacity of the structure was evaluated
using the Merchant function. The effects of different joint parameter values on the carrying

capacity were investigated using the sensitivity analysis, and the critical joint configurations for
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each joint parameter were determined. Then, the classification boundary limit values for inter-
and intra-module joints in non-sway steel MiC structures were derived according to the
respective critical joint configurations. The proposed boundary classification system is
dependent on the properties of the modular columns and can be calculated based on explicit
formulas.

The joint classification system was validated using the examples of a low-rise steel-braced
and high-rise braced steel MiC structures, where the carrying capacity was evaluated applying
the geometrical and material nonlinearities with the imperfection analyses conducted using the
OpenSees platform. Thereby the proposed classification system can be used when designing the

steel MiC structures.

Nomenclature
Afp, Acp = Cross-section areas of the floor beam and ceiling beam
= Boundary limit values for the rotational stiffness of floor and ceiling beam-
Bgr, Bcr
column joints
= Boundary limit values for the rotational stiffness of vertical and horizontal
Byg, Byr

inter-module joints
Byr = Boundary limit value for the shear behavior of vertical inter-module joints

= A half of the distance between the center axiss of adjacent floor beam and

D
ceiling beam
E = Elastic modulus of steel material
H = Height of the module
I, Iy, Icp = Moments of inertia of column, floor beam, and ceiling beam

35/39



= Element bending stiffnesses of column, floor beam, and ceiling beam, i, =

iC, ifba iCb ) )
El./H, i, = Elg, /L, i, = Ely, /L
K = Effect length ratio
= Element axial stiftnesses of the floor beam and ceiling beam, kg, = EAg, /L,
key, kep
ke = EAep/L
L = Length of the module
S¥R> Scr = Rotational stiffness values of floor and ceiling beam-column joints
SVR> SHR = Rotational stiffness values of vertical and horizontal inter-module joints
Svs = Shear stiffness value of vertical inter-module joints
= Relative rotational stiffness values of floor and ceiling beam-column joints,
SFR> Scr _ o _
Ser = Ser/lcs Scr = Scr/ic
= Relative rotational stiffness values of vertical and horizontal inter-module
§VR7 §HR jOintS,
§VR = Syr/lc, §HR = Sur/lc
Svs = Relative shear stiffness value of vertical inter-module joints,
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