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Abstract 10 

The lack of guidelines for determining the rigidity of inter- and intra-module joints in 11 

corner-supported steel modular integrated construction (MiC) buildings can lead to unsafe or 12 

over-conservative designs. To address this issue, this study proposes a classification system for 13 

non-sway steel MiC buildings that covers both inter- and intra-module joints. First, the semi-14 

rigidity of the joint regions in steel MiC buildings was clarified and the necessary degrees of 15 

freedom for joint classification were determined. Then a minimum substructure including one 16 

joint region was extracted from a steel MiC building, and its carrying capacity was determined 17 

as a simplified analytical model that considering the stiffnesses of both the inter- and intra-18 

module joints. The simplified model was adopted to derive explicit formulas for the boundary 19 

limits of rigid/non-rigid inter- and intra-module joints, based on the criterion that the carrying 20 

capacity of the substructure with finite joint stiffnesses is 95 percent of that with rigid properties. 21 

Finally, the feasibility of the proposed classification system was verified by applying it to 22 

prototype MiC structures. 23 
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1 Introduction 27 

The modular integrated construction (MiC) method is an innovative, clean, and sustainable 28 

construction approach that can change the construction industry. Modules are manufactured in 29 

factories, transported to construction sites, and assembled individually by cranes. Thus, 30 

construction quality can be ensured, noise can be reduced, and construction waste can be 31 

minimized. This approach has been applied to temporary housing facilities, low-rise apartments 32 

[1], and high-rise buildings [2, 3]. 33 

There are generally two types of joints inside steel MiC structures: inter-module and intra-34 

module joints. Inter-module joints combine different modules to form an entire building, whereas 35 

intra-module joints connect beams and columns inside each module [4]. Many researchers have 36 

studied the effect of inter-module joints on the structural behavior of steel MiC structures [4, 5]. 37 

For example, Farajian et al. [6] studied the effect of inter-module joints on the effective length 38 

of columns in steel MiC frames and found that the K-factor varies from 0.68 to 0.96 for non-39 

sway modular structures. Zhai et al. [7] proposed a simplified equation for the K-factor of 40 

unbraced plate-type modular steel frames. Li et al. [8, 9] also discussed the effective length factor 41 

of braced and unbraced structures with different inter-modular joint stiffness values. Lacey et al. 42 

[10] studied the effect of inter-module joint stiffness on a modular building under wind and 43 

earthquake loadings and found that the shear stiffness of vertical inter-module joints has a greater 44 

effect on the inter-story drift ratio than the rotational stiffness does. Chua et al. [11] found that 45 

the lateral resistance of MiC buildings could be reduced owing to the relatively low tensile 46 

capacity and stiffness of vertical inter-module joints. Alembagheri et al. [12] investigated the 47 
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effect of inter-module joints on the progressive collapsing behavior of steel MiC structures. 48 

Srisangeerthanan et al. [13] inspected existing inter-module joints considering structural, 49 

manufacturing, and construction requirements. 50 

Studies on the effects of intra-module joints are relatively limited. Styles et al. [14] 51 

investigated the effect of joint rotational stiffness on the response to wind loading of an 11-storey 52 

modular building. Accordingly, they found that increasing intra-module joint stiffness 53 

effectively reduced inter-story drift under wind load. He et al. [15] found that the configuration 54 

of inter-module joints could affect intra-module joints, which mainly affect the robustness of 55 

steel MiC structures.  56 

During the design phase of steel MiC structures, it is important to determine the rigidity of 57 

both inter- and intra-module joints, which can be pinned, rigid, or semi-rigid[16]. Currently, in 58 

the UK, most MiC projects have adopted simple joints, such as fin plate and end-plate joints in 59 

the beam-column joints [4], and pinned assumption can be adopted for intra-module joints. In 60 

contrast, in most studies, it was assumed that the intra-module joints were fully rigid with 61 

adequate resistance [11, 17], as beams and columns are fully welded to each other. Although the 62 

current codes or guidelines [18, 19] for structural steel design have specified the boundaries for 63 

joint classification in beam-column joints, whether the joint classification limit for ordinary steel 64 

structures is suitable for steel MiC structures remains ambiguous, as they are derived based on 65 

the former type of structures. It is possible that existing approaches may yield a very conservative 66 

or uneconomical solution, and engineers must take significant risks to address the uncertainty 67 

and difference in the behavior compared to ordinary steel structures. Accordingly, Farajian et al. 68 

[20] proposed boundary limits for inter-modular connections in sway-corner-supported steel 69 

modular frames. They found that the boundary limits depended on the stiffness of the column 70 



 

 

4/39 

 

 

and beams, as well as the stiffness of the intra-module joints. However, they did not provide 71 

classification approaches for the shear behavior of the inter-module joints and the rotational 72 

behavior of the intra-module joints. Owing to the possible combined effect of inter- and intra-73 

module joints, it is important to propose a joint classification approach that considers both inter- 74 

and intra-module joints to facilitate the design process. 75 

Therefore, this study aims to investigate the effect of both inter- and intra-module joints on 76 

the carrying capacity of steel MiC structures subjected primarily to gravitational load and 77 

propose a boundary classification system for joint classification.  78 

2 Methodology on joint classification 79 

The structural performance of steel frame structures generally depends on the behavior of 80 

the beam-column joints. In reality, all joints possess neither an infinite stiffness value nor a 81 

zero one. To simplify the design and analysis processes, it is convenient to assume that a joint 82 

is either pinned or rigid, given that the properties of the joint satisfy the boundary criteria 83 

proposed in the design guidelines or other technical references. In this section, the joint 84 

classification methodology used in the literature for ordinary steel frame structures is 85 

demonstrated, and then that for steel MiC frame structures is introduced in a similar manner. 86 

2.1 Joint classification for ordinary steel framed structures 87 

It is well recognized that many beam-column joints possess semi-rigid properties that affect 88 

the structural behavior under load. Data on the joint properties were collected [21] and 89 

classification systems were proposed during the 1980s and 1990s [19, 22-24]. An ordinary steel-90 

framed structure consists of numerous beam-column joints, as shown in Figure 1(a). The 91 

performance of the structure, denoted as F, such as the strength, displacement, and internal force, 92 

under different joint properties can be evaluated using the following equation 93 
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 𝐹 ൌ 𝑓ሺ𝑆, 𝐽ଵ, … , 𝐽ேሻ (1) 

where “S” represents the structural configuration, including the span length, story height, 94 

member section sizes, etc., Ji represents the property of the i-th joint, and N is the total number 95 

of joints. Typically, only the rotational properties of these beam-column joints are considered in 96 

the design process. 97 

 98 

Figure 1. Beam-column joint classification for traditional steel framed structures: (a) A steel 99 
frame; (b) the reference substructure adopted in EN 1993-1-8 (2005) for joint classification. 100 

 Using the relative parameters for the beam-column joints, Eq.(1) can be re-written as 101 

 𝐹 ൌ 𝑓ሺ𝑆, 𝑆ଵ̅, … , 𝑆୒̅ሻ (2) 

where 𝑆୧̅ is a non-dimensional scaling value and represents the stiffness of the i-th joint. 𝑆୧̅ = 0 102 

denotes “pinned” and 𝑆୧̅ = ∞ denotes “rigid” joints. A joint i can be considered as “rigid” [25, 103 

26] when 104 

 ቤ
𝑓ሺ𝑆, 𝑆ଵ̅, … , 𝑆୧̅, … , 𝑆୒̅ሻ െ 𝑓ሺ𝑆, 𝑆ଵ̅, … , 𝑆௜̅ ൌ ∞, … , 𝑆୒̅ሻ

𝑓ሺ𝑆, 𝑆ଵ̅, … , 𝑆௜̅ ൌ ∞, … , 𝑆୒̅ሻ
ቤ ൑ 0.05 (3) 

Denoting the boundary limit for joint i as Bi, it can be obtained by setting the left-hand side of 105 

Eq. (3) equal to the right-hand side:  106 

P

(a) (b) 

Beam-column 
joint
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 𝐵௜ ൌ 𝑏௜ሺ𝑆, 𝑆ଵ̅, … , 𝑆௜̅ିଵ, 𝑆௜̅ାଵ, … , 𝑆୒̅ሻ (4) 

where bi is a function used to obtain the boundary limit. Note that the boundary limit Bi is not 107 

only determined by the structural system, S, but also by the properties of other joints. For all N 108 

joints, it is not practically possible to propose their boundary limits as they are intertwined. 109 

Therefore, it is usually assumed that all joints are simultaneously pinned or rigid. For example, 110 

if a rigid joint is assumed, its boundary limit can be obtained using the following equation 111 

 ቤ
𝑓ሺ𝑆, 𝑆ଵ̅, … , 𝑆୧̅, … , 𝑆୒̅ሻ െ 𝑓ሺ𝑆, 𝑆ଵ̅ ൌ ∞, … , 𝑆௜̅ ൌ ∞, … , 𝑆୒̅ ൌ ∞ሻ

𝑓ሺ𝑆, 𝑆ଵ̅ ൌ ∞, … , 𝑆௜̅ ൌ ∞, … , 𝑆୒̅ ൌ ∞ሻ
ቤ ൌ 0.05 (5) 

The boundary is a N-dimensional hyper-surface such that 112 

 𝐵ሺ𝑆ଵ̅, … , 𝑆୧̅, … , 𝑆୒̅ሻ ൌ 𝑏ሺ𝑆ሻ (6) 

An N-dimensional hypersurface is inconvenient for engineering design. To simplify the 113 

procedure, the structural system is typically simplified such that only one joint is included. Figure 114 

1(b) shows the simplified reference substructure adopted to derive the beam-column joint 115 

classification boundary limit in the EN 1993-1-8 (2005) standard [25, 27], in which only one 116 

beam-column joint is included. Similar approaches were adopted by Bjorhovde et al. [19] and 117 

Goto et al. [22]. Subsequently, the boundary surface is simplified to a scalar value 118 

 𝐵 ൌ 𝑏ሺ𝑆ୱ୳ୠ, 𝑆ଵ̅ሻ (7) 

where Ssub represents the simplified substructure for joint classification. Then, the obtained 119 

boundary limit value was applied to the design and analysis of all joints.  120 

Alternatively, the parameters of all the joints are assumed to be the same [26] as follows  121 

 𝑆ଵ̅ ൌ ⋯ ൌ 𝑆௜̅ ൌ ⋯ ൌ 𝑆୒̅ ൌ 𝑆̅ (8) 

Then, Eq.(2) becomes 122 

 𝐹 ൌ 𝑓ሺ𝑆, 𝑆ଵ̅, … , 𝑆୒̅ሻ ൌ 𝑓ሺ𝑆, 𝑆̅ሻ (9) 
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The boundary can also be obtained as a scalar value, similar to Eq.(7). For braced steel structures, 123 

the boundary limit between rigid and semi-rigid of beam-column joints is 8EI/L, as specified in 124 

EN 1993-1-8 (2005) standard [25]. 125 

2.2 Semi-rigidity of joint region in steel MiC structures 126 

Numerous inter-module joint types have been proposed in the literature [5, 28] for 127 

assembling modules by using locking devices [29, 30], post-tensioned rods [11, 31, 32] or bolts 128 

with different typologies [30, 33-39]; among them, single bolt or rod joints have been proposed 129 

and studied experimentally and numerically by several researchers [11, 16, 29-32, 35], as shown 130 

in Figure 2. The axial compressive force is transferred from the upper module to the lower 131 

module by the hollow steel section, whereas the possible axial tensile force is transferred solely 132 

by the single rod or bolt. The shear force between the modules can be resisted by an added shear 133 

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), 134 

and 2(f). The moment resistance is provided by the coupling effect between the tensile rod or 135 

bolt and one side wall of the compressed columns owing to the contact effect. The horizontal 136 

joint between the modules can be realized using an added intermediate plate, as shown in Figure 137 

2(c). 138 
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(a) Rod joint with shear key [31] (b) Rod joint with shear key [32] 

  

(c) Rod joint with shear key [11] (d) Bolt joint [35] 

  

(e) Bolt joint [30] (f) Bolt joint[29] 

Figure 2. Inter-module joints consisting of a single rod or bolt 139 

For intra-module joints, modular beams can be fully welded to modular columns, as shown 140 

in parts (b), (c), and (f) of Figure 2. In addition, a corner fitting [30] or a strong corner bloc [40] 141 

may be used near rigid joints. Alternatively, the simple shear connection shown in Figure 2(d) 142 

can be applied.  143 

Figure 3 shows a typical joint region in steel MiC structures using a single bolt connection 144 

that can be modelled using intra- and inter-model joints [41]. The intra-module joints include 145 

beam-column joints for the floor and ceiling beams; the respective rotational stiffness values are 146 

denoted as SFR and SCR. It should be noted even when modular beams are fully welded to the 147 
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columns in the factory, the intra-module joints can behave in a non-rigid manner due to a lack of 148 

endplates or stiffeners inside the columns [15, 39].Therefore, it is necessary to classify the intra-149 

module joints.  150 

 151 

Figure 3. Typical joint region in the steel MiC structure and its simplified model. 152 

Each vertical inter-module joint consists of axial, shear, and rotational behaviors, which can 153 

be denoted as SVA, SVS, SVR, respectively. The axial behavior is determined by the mechanical 154 

behavior of the bolt in tension and compressive contact of the upper and lower columns. Under 155 

gravity loading conditions, the compressive stiffness is comparable to the area of the column 156 

section; therefore, a rigid assumption can be used. The shear behavior is affected by the slip-157 

contact behavior between the bolts and columns; therefore, a shear spring should be incorporated 158 

in the joint region. The rotational behavior is determined by the coupling effect between the bolt 159 

and one side of the end surface of the column, which is denoted as SVR in Figure 3. Therefore, 160 

only SVS and SVR will be considered in the model. 161 

Each horizontal inter-module joint consists of axial, shear, and rotational behaviors, which 162 

can be denoted as SHA, SHS, SHR, respectively. The axial behavior is determined by the axial 163 

strength of the connecting plate, which is usually assumed to be rigid. Because of symmetry, the 164 

shear behavior can be omitted, thus, only the rotational stiffness SHR is included in the joint region, 165 

as shown in Figure 3. The simplified joint model is also applicable for inter-module 166 

Connecting 
plate

Bolt Floor 
beam

Ceiling 
beam

Column

Intra-module joint: Rotational (SFR, SCR)

Vertical inter-module joint: 
Shear (SVS)+Rotational (SVR)

Horizontal inter-module joint: 
Rotational (SHR)
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connections[33, 34, 36, 37]  using bolts to connect the lower and upper columns and one 167 

intermediate plate to connect the left and right modules. 168 

2.3 Joint classification for steel MiC structures 169 

As discussed in section 2.2, a typical joint region of steel MiC structures comprises inter- 170 

and intra-module joints, and the inter-module joints can be further classified as vertical and 171 

horizontal inter-module joints, whereas the intra-module joints can be further classified as floor 172 

beam-column joints and ceiling beam-column joints. Under gravity loading conditions, the 173 

stiffness values SFR, SCR, SVA, SVS, and SVR are identified as the most critical joint parameters in 174 

steel MiC structures. And a classification system for these five joint parameters should be 175 

proposed.  176 

To propose the classification system, a reference substructure of typical steel MiC structures 177 

with only one joint region including the five joint parameters is used for performance evaluation. 178 

When determining the boundary limit for each joint behavior parameter, the reference 179 

substructure is further simplified such that all other joint behavior parameters are either pinned 180 

or rigid. Then the boundary limit can be obtained as a scalar value, similar to Eq.(7). The 181 

methodology for both inter- and intra-module joint classification for steel MiC structures is as 182 

follows: 183 

1. Select a simplified reference substructure where both inter- and intra-module joints are 184 

included and identify the joint modelling parameters. 185 

2. Derive the structural performance evaluation approach of the substructure with different 186 

joint parameter values. 187 

3. Carry out sensitivity analysis on these joint parameters. For each joint parameter, 188 

determine the critical joint configurations for the other joint parameters (pinned or rigid) such 189 
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that only this joint parameter is incorporated when evaluating the structural performance. In the 190 

critical joint configuration, varying the value of this joint parameter underlines the greatest 191 

difference in structural performance. Therefore, all joint parameters are decoupled in this manner. 192 

4. Derive the boundary limit for each joint parameter. The boundary limit value is 193 

determined when the structural performance of the substructure is 95% of that when the joint 194 

parameter value is very large (10000). 195 

In the following, a reference substructure and carrying capacity evaluation approach to 196 

assess structural performance are demonstrated in Section 3. Subsequently, the effect of joint 197 

behavior on the structural performance is investigated, and the critical joint configuration for 198 

each joint parameter is determined. Then, the boundary limits for all five joint parameters are 199 

proposed, followed by two examples to verify their effectiveness.  200 

3 Reference structure and evaluation of carrying capacity 201 

3.1 Reference substructure 202 

In multi-story or high-rise steel MiC structures, the pure module part can be designed to 203 

resist gravity loading only, while the lateral resistance is provided by the concrete core or steel 204 

bracing system by approximately 95% [11], as shown in Figure 4(a). Therefore, we assumed 205 

that the critical failure mode is column buckling at the bottom story because the column size is 206 

similar for consecutive stories. Moreover, the column of the bottom story carries the largest 207 

loading, and the consequence of column buckling is more serious than that of beam failure. 208 

Therefore, the module at the bottom story with a half module from the second story was used 209 

as the reference substructure to consider the effect of the inter- and intra-module joints, as 210 

shown in Figure 4(b). The height and length of a module is denoted as H and L, respectively. 211 

The joints in the base module were assumed to be pinned. By utilizing symmetry, half of the 212 
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substructure was built, consisting of two floor beams, one ceiling beam, and two columns. The 213 

right ends of the floor beams and ceiling were restrained horizontally and rotationally, 214 

respectively. The left end of the horizontal inter-module joint was also restrained horizontally 215 

and rotationally. The top end of the column in the second story was horizontally restrained 216 

assuming that it was the point of contra-flexure. 217 

 218 

Figure 4. (a) Reference substructure in a braced steel MiC frame; (b) details of the substructure 219 
and joint modelling. 220 

The carrying capacity of the reference substructure is evaluated by varying the different 221 

properties of intra- and inter-module joint stiffness. The carrying capacity is defined as the 222 

maximum axial force (Nu) in the modular column during loading. 223 

3.2 Evaluation of carrying capacity 224 

The capacity of the reference structure can be evaluated through the carrying capacity of 225 

the bottom modular column, as shown in Figure 5, restrained by a rotational spring with 226 

stiffness RA at the bottom and another at the top with stiffness RB. The carrying capacity of the 227 

substructure Nu is approximated using the Merchant-Rankine formula [42] 228 

Intra-module joint: SCR, SFR

Vertical inter-module joint: SVR, SVS

Horizontal inter-module joint: 2SHR

L/2

H

P

H/2

Brace

(a) (b) 
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Nu

RA

RB

 229 

Figure 5. Sketch used to determine the carrying capacity of a column. 230 

 𝑁୳ ൌ ቆ
1
𝑁୮

൅
1
𝑁ୡ୰

ቇ
ିଵ

 (10) 

where Np is the axial compressive capacity of the column, which can be calculated as 231 

 𝑁୮ ൌ 𝐴ୡ𝑓୷ (11) 

where Ac is the sectional area of the column and fy is the yield strength of the column material. 232 

Ncr is the Euler critical load, which can be calculated as 233 

 𝑁௖௥ ൌ
𝜋ଶ𝐸𝐼ୡ
ሺ𝐾𝐻ሻଶ

 (12) 

where K is the effective length ratio, E is the elastic modulus, and Ic is the second moment of 234 

area of the column. The slenderness of the column is denoted as 235 

 𝜆̅ ൌ 𝑁୮/𝑁ୡ୰ (13) 

Furthermore, denote 𝜆̅଴ as the slenderness of the column when the two ends are pinned 236 

connected. Then it is easy to obtain  237 

 𝜆̅ ൌ 𝐾𝜆̅଴ (14) 

Substitute Eqs.(13) and (14) into Eq.(10), the carrying capacity Nu can be re-written as [43] 238 
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 𝑁୳ ൌ 𝑁୮
1

1 ൅ 𝐾ଶ𝜆̅଴
ଶ (15) 

According to Jaspart et al. [43], K can be calculated as 239 

 𝐾 ൌ
1 ൅ 0.145ሺ𝑘୪ ൅ 𝑘୳ሻ െ 0.265𝑘୪𝑘୳
2 െ 0.364ሺ𝑘୪ ൅ 𝑘୳ሻ െ 0.247𝑘୪𝑘୳

 (16) 

where 240 

 𝑘୪ ൌ
4

4 ൅ 𝑅ത୅
, 𝑘୳ ൌ

4
4 ൅ 𝑅ത୆

 (17) 

where 𝑅ത୅ and 𝑅ത୆ are 241 

 𝑅ത୅ ൌ 𝑅୅/𝑖ୡ,𝑅ത୆ ൌ 𝑅୆/𝑖ୡ (18) 

In Eq. (18), ic = EIc/H is the bending stiffness of the column element. The values of RA and RB 242 

are described in Section 3.3. 243 

3.3 Rotational restraints of the bottom modular column ends 244 

The relative stiffness values of the intra-module floor beam-column joint and intra-module 245 

ceiling beam-column joint are denoted as 246 

 𝑆୊̅ୖ ൌ 𝑆୊ୖ/𝑖୤ୠ, 𝑆େ̅୎ ൌ 𝑆େ୎/𝑖ୡୠ (19) 

where ifb = EIfb/L and icb = EIcb/L are the element bending stiffnesses of the column, floor beam, 247 

and ceiling beam, respectively, and Ifb, and Icb are the second moments of area for the sections 248 

of the floor beam and the ceiling beam, respectively.  249 

The relative stiffnesses values of horizontal and vertical inter-module joint are denoted as 250 

  𝑆ୌ̅ୖ ൌ 𝑆ୌୖ/𝑖ୡ, 𝑆୚̅ୖ ൌ 𝑆୚ୖ/𝑖ୡ, 𝑆୚̅ୗ ൌ 𝑆୚ୗ/𝑘ୡୠ  (20) 

where SHR and SVR are the stiffnesses of the horizontal and vertical rotational joints, 251 

respectively, and SVS is the shear stiffness of the vertical inter-module joint. kcb is the axial 252 

stiffness of the ceiling beam, which can be calculated as 253 
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 𝑘ୡୠ ൌ 𝐸𝐴ୡୠ/𝐿 (21) 

where Acb is the cross-section area of the ceiling beam. 254 

For the column bottom end, as shown in Figure 5, the rotational restraint stiffness 255 

originates from the floor beam and intra-module floor beam-column joint; therefore, it can be 256 

calculated as 257 

 𝑅୅ ൌ
𝑆୊ୖ ∙ 2𝑖୤ୠ
𝑆୊ୖ ൅ 2𝑖୤ୠ

ൌ
2𝑆୊̅ୖ𝑖ୡ𝑖୤ୠ
𝑆୊̅ୖ𝑖ୡ ൅ 2𝑖୤ୠ

 (22) 

Divided by ic, the above equation becomes 258 

 𝑅ത୅ ൌ
2𝑆୊̅ୖ𝑖୤ୠ/𝑖ୡ
𝑆୊̅ୖ ൅ 2𝑖୤ୠ/𝑖ୡ

 (23) 

For the column top end, as shown in Figure 5, the rotational restraint stiffness originates 259 

from the inter- and intra-module joint region at the top and the module at the second story. To 260 

determine the rotational stiffness, the joint region was extracted from Figure 5 in detail, as 261 

shown in Figure 6(a) and (b). The two short column stubs between the floor beam and ceiling 262 

beam were modelled as rigid beams, that is, with infinite axial and bending stiffness. The 263 

bottom end (node 1) of the lower short column stub was restrained by a translational spring and 264 

rotational spring with stiffnesses equal to k1 and r1, respectively. The top end (node 2) of the 265 

upper short column stub was restrained by a translational spring and rotational spring with 266 

stiffnesses equal to k2 and r2, respectively. The two short column stubs are connected at nodes 267 

3 and 4 by a translational spring and a rotational spring with stiffnesses equal to k3 and r3, 268 

respectively. In addition, the lower end of the upper short column (node 4) was restrained by a 269 

rotational spring with a stiffness equal to r4 and translational movement was prevented. 270 

The value of k1 originates from the axial stiffness of the ceiling beam, which can be 271 

calculated as 272 
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 𝑘ଵ ൌ 2𝑘ୡୠ (24) 

The value of r1 originates from the combined rotational effect of the intra-module ceiling 273 

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

 𝑟ଵ ൌ
𝑆ୈ ∙ 2𝑖ୡୠ
𝑆ୈ ൅ 2𝑖ୡୠ

ൌ
2𝑆େ̅ୖ𝑖ୡ𝑖ୡୠ
𝑆େ̅ୖ𝑖ୡ ൅ 2𝑖ୡୠ

 (25) 

 275 

n 276 

 277 

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

The value of k2 originates from the axial stiffness of the floor beam, which can be 279 

calculated as 280 

 𝑘ଶ ൌ 2𝑘୤ୠ (26) 

where kfb is the axial stiffness of the ceiling beam and can be calculated as 281 
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 𝑘୤ୠ ൌ 𝐸𝐴୤ୠ/𝐿 (27) 

where Afb is the section area of the floor beam.  282 

The value of r2 originates from the combined rotational effect of the intra-module floor 283 

beam-column joint and the bending stiffness of the floor beam, as well as the column on the 284 

second floor, which can be calculated as 285 

 𝑟ଶ ൌ
2𝑆୊̅ୖ𝑖ୡ𝑖୤ୠ
𝑆୊̅ୖ𝑖ୡ ൅ 2𝑖୤ୠ

൅ 6𝑖ୡ (28) 

The value of k3 represents the shear stiffness of the vertical inter-module joints, which can 286 

be calculated as 287 

 𝑘ଷ ൌ 𝑆୚ୗ ൌ 𝑆୚̅ୗ𝑘ୡୠ (29) 

The value of r3 represents the rotational stiffness of the vertical inter-module joint, which 288 

can be calculated as: 289 

 𝑟ଷ ൌ 𝑆୚ୖ ൌ 𝑆୚̅ୖ𝑖ୡ (30) 

The value of r4 represents the rotational stiffness of the horizontal inter-module joint, 290 

which can be calculated as 291 

 𝑟ସ ൌ 2𝑆ୌୖ ൌ 2𝑆ୌ̅ୖ𝑖ୡ (31) 

Factor 2 considers that only half of the horizontal inter-modular joint is modelled in the 292 

substructure.  293 

It is defined that di (i = 1, 2, 3) is the displacement corresponding to the translational 294 

spring with stiffness ki and θi is the displacement corresponding to the rotational spring with 295 

stiffness ri (i = 1, 2, 3, 4). Then, the forces and moments in the springs are 296 

 𝐹௜ ൌ 𝑘௜𝑑௜ , 𝑖 ൌ 1, 2, 3 (32) 

and 297 
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 𝑀௜ ൌ 𝑟௜𝜃௜ , 𝑖 ൌ 1, 2, 3, 4 (33) 

Given a rotational angle θ1 = θ at the top of the bottom modular column (node 1), the 298 

deformation shape and corresponding reaction forces are shown in Figure 6(c). According to 299 

the geometrical compatibility, it is easy to determine that 300 

 𝜃ଷ ൌ 𝜃ଵ െ 𝜃ଶ (34) 

 301 

 𝜃ସ ൌ 𝜃ଶ (35) 

 302 

 𝑑ଶ ൌ 𝜃ଶ𝐷 (36) 

 303 

  𝑑ଷ ൌ 𝜃ଵ𝐷 െ 𝑑ଵ (37) 

 According to the force equilibrium in the X-direction, as shown in Figure 6(c), 304 

 𝐹ଵ െ 𝐹ଷ ൌ 0 (38) 

According to the moment equilibrium at node 1, as shown in Figure 6(c): 305 

 𝑀 െ ሺ𝑀ଵ ൅𝑀ଷ ൅ 𝐹ଷ𝐷ሻ ൌ 0 (39) 

According to the moment equilibrium at node 4, as shown in Figure 6(d): 306 

 𝑀ଷ െ ሺ𝑀ଶ ൅ 𝐹ଶ𝐷 ൅𝑀ସሻ ൌ 0 (40) 

By substituting Eqs. (32)–(37) into Eqs.(38)–(40), it is obtained:  307 

 𝑀 ൌ 𝑅୆𝜃ଵ (41) 

where  308 

 
𝑅୆ ൌ

ሺ𝑟ଵ𝑟ଶ ൅ 𝑟ଵ𝑟ଷ ൅ 𝑟ଵ𝑟ସ ൅ 𝑟ଶ𝑟ଷ ൅ 𝑟ଷ𝑟ସሻ
ሺ𝑘ଶ𝐷ଶ ൅ 𝑟ଶ ൅ 𝑟ଷ ൅ 𝑟ସሻ

൅
𝐷ଶ ൬

𝐷ଶ𝑘ଵ𝑘ଶ𝑘ଷ ൅ 𝑘ଵ𝑘ଶሺ𝑟ଵ ൅ 𝑟ଷሻ ൅ 𝑘ଵ𝑘ଷሺ𝑟ଶ ൅ 𝑟ଷሻ
൅𝑘ଶ𝑘ଷሺ𝑟ଵ ൅ 𝑟ଷሻ ൅ 𝑘ଵ𝑘ଷ𝑟ସ

൰

ሺ𝑘ଵ ൅ 𝑘ଷሻሺ𝑘ଶ𝐷ଶ ൅ 𝑟ଶ ൅ 𝑟ଷ ൅ 𝑟ସሻ
 

(42) 
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Subsequently, the rotational restraint factor 𝑅ത୆ can be calculated. The effective length ratio of 309 

the bottom modular column can be obtained using Eqs. (16) and (17). Then the carrying 310 

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

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

boundary limits 313 

4.1 Settings for the sensitivity analysis 314 

Let the module length (L) be 5 m and the modular height (H) be 3 m. Five sections of the 315 

columns are considered, namely, SHS 90×5, SHS 100×6, SHS 120×6.3, SHS 160×8, and SHS 316 

220×10. The corresponding values of 𝜆଴തതത are 1.15, 1.04, 0.86, 0.64, and 0.46, respectively. Two 317 

sections of the floor beam are considered, namely, RHS 140×80×8 and RHS 200×100×10. Two 318 

sections of the ceiling beam are SHS 80×80×5 and RHS 140×80×8. The properties of these 319 

members are listed in Table 1. 320 

Table 1. Geometrical information and properties of the member 321 

Member Section type 
Area 

(mm2) 

Second moment of 

area (106 mm4) 

Plastic compressive 

resistance (kN) 

Bending 

resistance (kN-

m) 

Stiffness 

EI/L (EI/H) 

(kN-m) 

Axial 

stiffness 

EA/L* 

(kN/m) 

Floor 

beam 

RHS 

140×80×8 
3195 7.763 1134.34 50.04 320 131634 

RHS 

200×100×10 
5493 26.64 1949.91 144.92 1785 226311 

Ceiling 

beam 

SHS 

80×80×5 
1436 1.314 509.64 14.11 88 59163 

RHS 

140×80×8 
3195 7.763 1134.34 50.04 320 131634 

Column 
SHS 90×5 1673 1.996 593.98 18.81 137 / 

SHS 100×6.3 2319 3.356 823.12 28.71 230 / 
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SHS 120×6.3 2823 6.029 1002.04 42.47 414 / 

SHS 160×8 4795 18.31 1702.34 96.49 1257 / 

SHS 220×10 8293 60.50 2943.91 230.68 4154 / 

 322 

The effects of 𝑆ୌ̅ୖ,  𝑆୚̅ୗ, 𝑆୚̅ୖ,  𝑆୊̅ୖ, and  𝑆େ̅ୖ on carrying capacity were independently 323 

investigated. Four values for the joint parameters were selected, namely, 0, 1, 10, and 10000, 324 

where the pinned, semi-rigid, and rigid conditions were considered. The five column sections, 325 

two floor beam sections, and two ceiling beam sections were adopted. When investigating the 326 

effect of one joint parameter, for example, 𝑆ୌ̅ୖ, 5120 (4 × 4 × 4 × 4 × 5 × 2 × 2 = 5120) 327 

configurations of the structure were set. For each configuration, the value of 𝑆ୌ̅ୖ was varied 328 

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, 4.5, 5, 5.5, 329 

6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10, 12, 14, 16, 18, 20, 50, 100, 1000, to 10000. Subsequently, the 330 

corresponding carrying capacity Nu was obtained. The relative capacity is defined as 331 

 
𝑁୳

𝑁୳,୰୧୥୧ୢ
ൌ

𝑓ሺ𝜆଴തതത, 𝑖୤ୠ, 𝑖ୡୠ, 𝑘୤ୠ, 𝑘ୡୠ, 𝑆ୌ̅ୖ, 𝑆୚̅ୖ, 𝑆୚̅ୗ, 𝑆୊̅ୖ, 𝑆େ̅ୖሻ

𝑓ሺ𝜆଴തതത, 𝑖୤ୠ, 𝑖ୡୠ, 𝑘୤ୠ, 𝑘ୡୠ, 𝑆ୌ̅ୖ ൌ 10000, 𝑆୚̅ୖ, 𝑆୚̅ୗ, 𝑆୊̅ୖ, 𝑆େ̅ୖሻ
 (43) 

where Nu,rigid denotes the carrying capacity when 𝑆ୌ̅ୖ is 10000.  332 

4.2 Effect of inter- and intra-module joints on the carrying capacity 333 

Figure 7 and Figure 8 show the effect of inter- and intra-module joints, respectively, on 334 

the carrying capacity with different column sections. The main findings are the following: 335 

1. For some joint configurations, the carrying capacity varied significantly as the stiffness 336 

ratio, 𝑆ୌ̅ୖ,  𝑆୚̅ୖ,  𝑆୚̅ୗ,  𝑆୊̅ୖ, or  𝑆େ̅ୖ changed. The smallest relative capacity values were 337 

approximately 0.93, 0.80, 0.71, 0.75, and 0.80 when individually varying 𝑆ୌ̅ୖ,  𝑆୚̅ୖ,  𝑆୚̅ୗ,  𝑆୊̅ୖ, 338 

and  𝑆େ̅ୖ, while the column section SHS 90×5 is adopted and the varied stiffness value is zero. 339 
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Therefore, assuming rigidity for all joint parameters will yield unsafe results, and assuming all 340 

joint parameters as pinned will yield over-conservative results. 341 

2. There is a general trend that as the size of the column section or column slenderness 𝜆଴തതത 342 

increases, the effect of the joint parameter decreases. This could be anticipated because the 343 

carrying capacity of a modular column would increase if the effect of the boundary constraint 344 

increases. When the column section was relatively strong, such as in SHS 220×10, the carrying 345 

capacity did not vary significantly, because the strength reduction factor of the column with both 346 

ends pinned was already 0.95, which means that the column is a robust member and its carrying 347 

capacity could not be increased any further by increasing the restraint effect. If 0.95 is the 348 

boundary limit where the rigid assumption can be used, the boundary limit values for all the five 349 

joint parameters decrease. The effects of 𝑆ୌ̅ୖ, 𝑆୚̅ୖ and 𝑆େ̅ୖ can be ignored when 𝜆଴തതത is smaller 350 

than or equal to 0.64, while the effect 𝑆୊̅ୖ can be ignored when 𝜆଴തതത is smaller than or equal to 351 

0.46. 352 

 

(a) Effect of 𝑆ୌ̅ୖ 

Critical  
configuration
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(b) Effect of 𝑆୚̅ୗ 

 

(c) Effect of 𝑆୚̅ୖ 

Figure 7. Effect of inter-module joints on the carrying capacity. 353 

 354 

 

 

(a) Effect of 𝑆୊̅ୖ 
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(b) Effect of 𝑆େ̅ୖ 

Figure 8. Effect of intra-module joints on the carrying capacity. 355 

The boundary limit values between the rigid and non-rigid joints for all five joint 356 

parameters are listed in Table 2.  357 

Table 2. Rigid and non-rigid boundary values for 𝑆ୌ̅ୖ, 𝑆୚̅ୖ, 𝑆୚̅ୗ, 𝑆୊̅ୖ, 𝑆େ̅ୖ by sensitivity analysis 358 

 SHS 90×5 (𝜆̅଴ ൌ 1.15) 
SHS 100×6.3 

(𝜆̅଴ ൌ 1.04) 

SHS 120×6.3 

(𝜆̅଴ ൌ 0.86) 

SHS 160×8 

(𝜆̅଴ ൌ 0.64) 

SHS 220×10 

(𝜆̅଴ ൌ 0.46) 

𝑆ୌ̅ୖ 1.8 1.8 0.7 0 0 

𝑆୚̅ୗ 2.5 2.5 0.6 0 0 

𝑆୚̅ୖ 15 13 9 5 2 

𝑆୊̅ୖ 2.5 2.5 1.6 0.5 0 

𝑆େ̅ୖ 2.5 2.5 1.2 0 0 

4.3 Derivation of boundary limit curves 359 

According to the sensitivity analysis, the critical joint configurations, that is, the curves that 360 

indicate the greatest effect for each joint parameter, are listed in Table 3. Using the critical values 361 

listed in the table, the column-end rotational restraint factors 𝑅ത୅ and 𝑅ത୆ can be calculated, as 362 

reported in the last two columns in Table 3.  363 

Table 3. Critical configuration for different joint parameters and corresponding rotational 364 
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restraint factors for the column end  365 

 𝑆ୌ̅ୖ 𝑆୚̅ୗ 𝑆୚̅ୖ 𝑆୊̅ୖ 𝑆େ̅ୖ 𝑅ത୅ 𝑅ത୆ 

Effect of 𝑆ୌ̅ୖ \ 10000 0 0 0 0 6 ൅ 2𝑆ୌ̅ୖ ൅ 2𝑘୤ୠ𝐷ଶ/𝑖ୡ 

Effect of 𝑆୚̅ୗ 0 \ 0 0 0 0 2𝑆୚̅ୗ𝑘ୡୠ𝐷ଶ/𝑖ୡሺ2 ൅ 𝑆୚̅ୗሻ 

Effect of 𝑆୚̅ୖ 10000 0 \ 0 0 0 𝑆୚̅ୖ 

Effect of 𝑆୊̅ୖ 0 Any 0 \ 0 2𝑆୊̅ୖ𝑖୤ୠ/𝑖ୡሺ𝑆୊̅ୖ ൅ 2ሻ 0 

Effect of 𝑆େ̅ୖ Any 0 0 0 \ 0 2𝑆େ̅ୖ𝑖ୡୠ/𝑖ୡሺ𝑆େ̅ୖ ൅ 2ሻ 

It was found that one of the two factors, 𝑅ത୅ and 𝑅ത୆, was zero and the other was a function 366 

of the joint parameter. Denoting the non-zero factor as u, it is obtained 367 

 

⎩
⎪
⎨

⎪
⎧
𝑢ୌୖ ൌ 6 ൅ 2𝑆ୌ̅ୖ ൅ 2𝑘୤ୠ𝐷ଶ/𝑖ୡ
𝑢୚ୗ ൌ 2𝑆୚̅ୗ𝑘ୡୠ𝐷ଶ/𝑖ୡሺ2 ൅ 𝑆୚̅ୗሻ
𝑢୚ୖ ൌ 𝑆୚̅ୖ
𝑢୊ୖ ൌ 2𝑆୊̅ୖ𝑖୤ୠ/𝑖ୡሺ𝑆୊̅ୖ ൅ 2ሻ
𝑢ୈ ൌ 2𝑆େ̅ୖ𝑖ୡୠ/𝑖ୡሺ𝑆େ̅ୖ ൅ 2ሻ

 (44) 

where the subscripts “HR,” “VS,” “VR,” “FR,” “CR” represent the five joint parameters. 368 

Therefore, the boundary limits for these joint parameters can be derived in a similar manner. 369 

For the substructure shown in Figure 5, the criterion between the rigid and semi-rigid 370 

vertical inter-module joints is that the carrying load should be at least 95% of the loading 371 

capacity  372 

 
𝑁୳

𝑁୳,୰୧୥୧ୢ
ൌ

1 ൅ 𝐾୰୧୥୧ୢ
ଶ 𝜆̅଴

ଶ

1 ൅ 𝐾ଶ𝜆̅଴
ଶ ൒ 0.95 (45) 

Or 373 

 𝐾 ൑ ඨ
0.05 ൅ 𝐾୰୧୥୧ୢ

ଶ 𝜆̅଴
ଶ

0.95𝜆̅଴
ଶ  (46) 
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In Eqs.(45) and (46), 𝐾୰୧୥୧ୢ is the effective length ratio of the column when the joint parameter 374 

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

be obtained by  376 

 𝐾 ൌ
1 ൅ 0.145 8

4 ൅ 𝑢 െ 0.265 4
4 ൅ 𝑢

2 െ 0.364 8
4 ൅ 𝑢 െ 0.247 4

4 ൅ 𝑢

 (47) 

and  377 

 𝐾୰୧୥୧ୢ ൌ
1 ൅ 0.145 8

4 ൅ 𝑢୰୧୥୧ୢ
െ 0.265 4

4 ൅ 𝑢୰୧୥୧ୢ

2 െ 0.364 8
4 ൅ 𝑢୰୧୥୧ୢ

െ 0.247 4
4 ൅ 𝑢୰୧୥୧ୢ

 (48) 

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

 

⎩
⎪
⎨

⎪
⎧
𝑢ୖ୧୥୧ୢ,ୌୖ ൌ ∞

𝑢ୖ୧୥୧ୢ,୚ୗ ൌ 2𝑘ୡୠ𝐷ଶ/𝑖ୡ
𝑢ୖ୧୥୧ୢ,୚ୖ ൌ ∞
𝑢ୖ୧୥୧ୢ,୊ୖ ൌ 2𝑖୤ୠ/𝑖ୡ
𝑢ୖ୧୥୧ୢ,ୈ ൌ 2𝑖ୡୠ/𝑖ୡ

 (49) 

For all the five joint parameters, denote 379 

 𝜇 ൌ ඨ
0.05 ൅𝐾୰୧୥୧ୢ

ଶ 𝜆̅଴
ଶ

0.95𝜆̅଴
ଶ  (50) 

Then, Eq. (46) becomes 380 

 𝐾 ൑ 𝜇 (51) 

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

 𝑢 ൒
4.1ሺ1 െ 𝜇ሻ

ሺ1.636𝜇 െ 1.145ሻ
 (52) 

Let 382 
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 𝑢୆ ൌ
4.1ሺ1 െ 𝜇ሻ

ሺ1.636𝜇 െ 1.145ሻ
 (53) 

By substituting uB into Eq. (44), the boundary limit values for the five joint parameters are 383 

obtained as 384 

 

⎩
⎪
⎨

⎪
⎧
𝐵ୌୖ ൌ ሺ𝑢୆ െ 6 െ 2𝑘୤ୠ𝐷ଶ/𝑖ୡሻ/2
𝐵୚ୗ ൌ 2/ሺ2𝑘ୡୠ𝐷ଶ/𝑖ୡ𝑢୆ െ 1ሻ
𝐵୚ୖ ൌ 𝑢୆
𝐵୊ୖ ൌ 2/ሺ2𝑖୤ୠ/𝑖ୡ𝑢୆ െ 1ሻ
𝐵ୈ ൌ 2/ሺ2𝑖ୡୠ/𝑖ୡ𝑢୆ െ 1ሻ

 (54) 

According to Eq.(54), it is observed that all of the boundary limit values are dependent on 385 

the column section. In addition, BHR is dependent on the properties of the floor beam, BVS is 386 

dependent on the properties of the ceiling beam, BFR is dependent on the floor beam properties, 387 

and BCR is dependent on the ceiling beam properties.  388 

Figure 9 shows the steps to obtain the boundary limit values for the five joint parameters, 389 

applying the given sizes of the module and member sections. The boundary limit values 390 

calculated using Eq.(54) are listed in Table 4. These values are almost the same as those listed 391 

in Table 2, indicating the effectiveness of the evaluation formulas proposed for the limit value 392 

of the boundary. 393 

For all the five joint parameters, the rigid and non-rigid boundary limit values decreases as 394 

the column size increases or the slenderness decreases. A series of conservative boundary limit 395 

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 396 

CR, respectively. 397 

 398 
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 399 

Figure 9. Steps to obtain the boundary limit values for the five joint parameters depending on 400 
the sizes of the module and member sections. 401 

Table 4. Rigid and non-rigid boundary values for 𝐵ୌୖ, 𝐵VS, 𝐵୚ୖ, 𝐵FR, and 𝐵CR by boundary limit 402 
formulas 403 

 
SHS 90×5  

(𝜆̅଴ ൌ 1.15) 

SHS 100×6.3 

(𝜆̅଴ ൌ 1.04) 

SHS 120×6.3 

(𝜆̅଴ ൌ 0.86) 

SHS 160×8 

(𝜆̅଴ ൌ 0.64) 

SHS 220×10 

(𝜆̅଴ ൌ 0.46) 

𝐵ୌୖ 1.6 1.6 0.6 0 0 

𝐵୚ୗ 2.3 2.1 1.1 0 0 

𝐵୚ୖ 14 12 9 5 2 

𝐵୊ୖ 2.3 2.1 1.4 0.4 0 

𝐵ୈ 2.3 2.1 1.1 0 0 
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5 Verification 404 

Two examples are presented to validate the effectiveness of the proposed boundaries. The 405 

first one is a low-rise steel MiC structure and the second one is a high-rise steel MiC structure 406 

braced by a concrete core.  407 

5.1 Descriptions of the steel MiC buildings 408 

The five-story steel MiC structure is similar to that shown in Figure 4(a). Each story consists 409 

of five modules, of which the left and right modules are braced with angled steel profiles to 410 

provide adequate lateral stiffness and resistance. The joint region is shown in Figure 4(c). 411 

Considering only the gravity loads, the two middlemost bays in Figure 10 were used to study the 412 

effect of the joint properties. The cross-sectional properties of the frame are SHS 90×5 for 413 

columns, RHS 140×80×8 for floor beams, and SHS 80×5 for ceiling beams, as shown in Table 414 

5. 415 

 416 

Figure 10. The two middle-most bays in the five-story structure. 417 

Table 5. Cross-sectional properties for the five-story steel MiC frame 418 

Member Section type 
Second moment of area 

(106 mm4) 

Bending stiffness EI/L* or 

EI/H (kNm) 

Axial stiffness 

EA/L* (kN/m) 

P P P P
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Floor 

beam 

RHS 

140×80×8 
7.763 320 131634 

Ceiling 

beam 
SHS 80×5 1.314 54 59163.2 

Column SHS 90×5 3.356 137 / 

*L = 5 m, H = 3 m. 419 

According to the approach presented in Figure 9, the calculated boundary limit values are 420 

1.6, 2.3, 14.0, 2.3, and 0.9. The carrying capacity of the structure with all rigid joint parameters, 421 

as well as that with the boundary limit values, was evaluated using the finite element model 422 

described in Section 5.2. 423 

The high-rise steel MiC structure is a 40-story residential modular building, as reported by 424 

Chua et al. (2020) [11], where the modules are arranged around a central concrete core that 425 

provides lateral resistance, as shown in  Figure 11(a). The data for the modular beams and 426 

columns at the bottom story are listed in Table 6.  427 

Assuming that the concrete core is able to provide adequate lateral stiffness, the building 428 

model was simplified as a plane frame with two modules in the horizontal direction and 40 429 

modules in the vertical direction, as shown in Figure 11(b). The lateral movement on the right 430 

side of the model was restrained to reflect the strong support of the concrete core. 431 
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 432 

 433 

Figure 11. The 40-storey modular building: (a) 3D view (Chua et al. 2020); (b) model adopted 434 
in the analysis. 435 

 436 

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

Member Section type 
Second moment of 

area (106 mm4) 

Bending stiffness EI/L* 

or EI/H (kNm) 

Axial stiffness 

EA/L* (kN/m) 

Floor beam 
RHS 

160×80×8.3 
9.032 310 92923 

Ceiling beam SHS 80×5 1.314 45 49303 

Column  
RHS 

300×200×16 
173.9 12173 / 

*L = 6 m, H = 3.3 m. 438 

According to the approach presented in Figure 9, the calculated boundary limit values are 439 

0, 0, 0.9, 0, and 0, for BHR, BVS, BVR, BFR, and BCR, respectively. The carrying capacity of the 440 
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structure with all rigid joint parameters, as well as that with the boundary limit values, will be 441 

evaluated using the finite element model described in Section 5.2. 442 

5.2 Finite element model 443 

5.2.1 Material and elements 444 

The OpenSees platform [44] was used to study the behavior of the steel MiC structure using 445 

geometrical and material nonlinearities with the imperfection analyses. The columns at the first 446 

and second stories were evenly meshed as 10 and 5 dispbeamcolumn elements, respectively, to 447 

model the spread of plasticity throughout the cross-sections and along the members. The floor 448 

and ceiling beams were meshed using five dispbeamcolumn elements.  A co-rotational 449 

formulation was adopted for the modular columns to model the second-order effect for the 450 

modular columns under large deformations. A fiber section considering material nonlinearity 451 

was assigned for each modular member.  The residual stress pattern adopted by the ECCS [45] 452 

to develop the buckling ratio in EN 1993-1-1 [46] was adopted here. While discretizing the 453 

section, the exact round corner of the hollow section was modelled such that the strength obtained 454 

by the model was close to the nominal value provided by the design tables. The steel material 455 

was modelled as elastoplastic with isotropic strain hardening, and the hardening ratio was set to 456 

0.01. The elastic modulus was set to 206 GPa, and the nominal yield stress was 355 MPa. The 457 

initial out-of-straightness of the steel column was modeled assuming that the initial geometrical 458 

imperfection varies sinusoidally with a maximum value of δH = 1/1000 at mid-height. For the 459 

possible direction of the out-of-straightness, two situations were considered, namely, outward 460 

left and right. Subsequently, the carrying capacity was taken as the smaller value from the two 461 

models. Out-of-plumbness was not considered, as Clarke et al. [47] found this to have a 462 

negligible effect on the frame behavior. 463 
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5.2.2 Joints 464 

Both inter- and intra-module joints were modelled using twoNodeLink element in OpenSees, 465 

which has three degrees of freedom, namely, axial, shear, and rotational. A very stiff elastic 466 

property was assigned for the axial and shear directions using a uniaxial elastic material, where 467 

the stiffness of the rotational degrees of freedom varies depending on the analysis scenarios. 468 

5.2.3 Loading conditions 469 

In this study, the lateral force was assumed to be entirely supported by the bracing system; 470 

hence, the steel modules were stressed only by the gravitational loads. Vertical point loads in the 471 

gravitational direction were added to the top of each modular column. All loads were added 472 

simultaneously until the failure of the structure and the carrying capacity was defined as the 473 

maximum axial load sustained by a bottom modular column. Note that only the inelastic flexural 474 

buckling failure of the column was considered, assuming that the beams and joints have a 475 

sufficient ductility. 476 

5.3 Results 477 

The failure model of the five-story steel MiC structure is shown in Figure 12(a), which 478 

presents a typical flexural buckling phenomenon in the bottom column. The carrying capacities 479 

for the different joint properties are listed in Table 7. Adopting the rigid joint parameters, the 480 

carrying capacity could be increased to 512.6 kN. When using the proposed boundary limits, the 481 

carrying capacity was 494.4 kN, or 96.4% of the value assuming rigid properties for both inter- 482 

and intra-module joints.  483 
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  484 

 485 

Figure 12. Typical failure modes: (a) the five-storey steel MiC structure; (b) the forty-storey 486 
steel MiC structure. 487 

Table 7. Carrying capacity of the five-story MiC structure assuming different joint properties 488 

  Inter-module joints 
Intra-module 

joints 
Carrying 

capacity (kN) 

Relative capacity with 

respect to rigid-rigid 

assumption   𝑆ୌ̅ୖ 𝑆୚̅ୗ 𝑆୚̅ୖ 𝑆୊̅ୖ 𝑆େ̅ୖ 

 Rigid Rigid Rigid Rigid Rigid Rigid 512.6 100% 

 
Boundary 

limit values 
1.6 1.2 14 2.5 2.5 494.4 96.4% 

 489 

The failure mode of the forty-storey steel MiC structure is shown in  Figure 12(b), where 490 

the typical flexural buckling mode of the bottom column is presented. The carrying capacities 491 

with respect to different joint properties are listed in Table 8. The difference in the capacity 492 

values with various joint modelling assumptions was very small; within 1%. Therefore, the 493 

proposed boundary limit is deemed applicable.  494 
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Table 8. Carrying capacity of the forty-story structure 495 

  Inter-module joints 
Intra-module 

joints 
Carrying 

capacity (kN) 

Relative capacity with 

respect to rigid-rigid 

assumption   𝑆ୌ̅ୖ 𝑆୚̅ୗ 𝑆୚̅ୖ 𝑆୊̅ୖ 𝑆େ̅ୖ 

 Rigid Rigid Rigid Rigid Rigid Rigid 4955 100% 

 
Boundary 

limit values 
0 0 0.9 0 0 4930 99.5% 

 496 

6. Conclusions 497 

This study aims to investigate the effect of stiffness properties of intra- and inter-module 498 

joints on the structural carrying capacity of braced steel MiC structures and propose a joint 499 

classification system to facilitate design.  500 

First, the study demonstrated the semi-rigidity of the joint region of steel MiC structures. 501 

Then, five key joint parameters were identified for classification: the rotational behavior of 502 

horizontal inter-module joints (𝑆ୌୖ ), shear behavior of vertical inter-module joints (𝑆୚ୗ ), 503 

rotational behavior of vertical inter-module joints (𝑆୚ୖ), rotational behavior of intra-module 504 

floor beam-column joints (𝑆୊ୖ), and rotational behavior of intra-module ceiling beam-column 505 

joints (𝑆ୈ). A reference substructure with these five parameters was adopted for performance 506 

evaluation. The rotational restraint effect factors on the bottom modular column in the reference 507 

substructure were derived explicitly based on the five joint parameters, as well as the column 508 

and beam section properties. Subsequently, the carrying capacity of the structure was evaluated 509 

using the Merchant function. The effects of different joint parameter values on the carrying 510 

capacity were investigated using the sensitivity analysis, and the critical joint configurations for 511 



 

 

35/39 

 

 

each joint parameter were determined. Then, the classification boundary limit values for inter- 512 

and intra-module joints in non-sway steel MiC structures were derived according to the 513 

respective critical joint configurations. The proposed boundary classification system is 514 

dependent on the properties of the modular columns and can be calculated based on explicit 515 

formulas. 516 

The joint classification system was validated using the examples of a low-rise steel-braced 517 

and high-rise braced steel MiC structures, where the carrying capacity was evaluated applying 518 

the geometrical and material nonlinearities with the imperfection analyses conducted using the 519 

OpenSees platform. Thereby the proposed classification system can be used when designing the 520 

steel MiC structures. 521 

Nomenclature 522 

𝐴୤ୠ, 𝐴ୡୠ = Cross-section areas of the floor beam and ceiling beam 

𝐵୊ୖ, 𝐵ୈ 
= Boundary limit values for the rotational stiffness of floor and ceiling beam-

column joints 

𝐵ୌୖ, 𝐵୚ୖ 
= Boundary limit values for the rotational stiffness of vertical and horizontal 

inter-module joints 

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

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

ceiling beam 

E = Elastic modulus of steel material 

H = Height of the module 

𝐼ୡ, 𝐼୤ୠ, 𝐼ୡୠ = Moments of inertia of column, floor beam, and ceiling beam 
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𝑖ୡ, 𝑖୤ୠ, 𝑖ୡୠ 
= Element bending stiffnesses of column, floor beam, and ceiling beam, 𝑖ୡ ൌ

𝐸𝐼ୡ/𝐻, 𝑖୤ୠ ൌ 𝐸𝐼୤ୠ/L, 𝑖ୡୠ ൌ 𝐸𝐼ୡୠ/𝐿 

K = Effect length ratio 

𝑘୤ୠ, 𝑘ୡୠ 
= Element axial stiffnesses of the floor beam and ceiling beam, 𝑘୤ୠ ൌ 𝐸𝐴୤ୠ/𝐿, 

𝑘ୡୠ ൌ 𝐸𝐴ୡୠ/𝐿 

L = Length of the module 

𝑆୊ୖ, 𝑆ୈ = Rotational stiffness values of floor and ceiling beam-column joints 

𝑆୚ୖ, 𝑆ୌୖ = Rotational stiffness values of vertical and horizontal inter-module joints 

𝑆୚ୗ = Shear stiffness value of vertical inter-module joints 

𝑆୊̅ୖ, 𝑆େ̅ୖ 
= Relative rotational stiffness values of floor and ceiling beam-column joints, 

𝑆୊̅ୖ ൌ 𝑆୊ୖ/𝑖ୡ, 𝑆େ̅ୖ ൌ 𝑆ୈ/𝑖ୡ 

𝑆୚̅ୖ, 𝑆ୌ̅ୖ 

= Relative rotational stiffness values of vertical and horizontal inter-module 

joints,  

𝑆୚̅ୖ ൌ 𝑆୚ୖ/𝑖ୡ, 𝑆ୌ̅ୖ ൌ 𝑆ୌୖ/𝑖ୡ 

𝑆୚̅ୗ = Relative shear stiffness value of vertical inter-module joints,  
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