City Research Online
City St George’s, University of London

ST GEORGE'S

UNIVERSITY OF LONDON

Citation: Munmulla, T., Navaratnam, S., Thamboo, J., Ponnampalam, T.,
Damruwan, H-G. H., Tsavdaridis, K. D. & Zang, G. (2022). Analyses of Structural
Robustness of Prefabricated Modular Buildings: A Case Study on Mid-Rise
Building Configurations. Buildings, 12(8), 1289. doi: 10.3390/buildings12081289

This is the published version of the paper.

This version of the publication may differ from the final published version. To cite
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/28606/

Link to published version: https://doi.org/10.3390/buildings12081289

Copyright and Reuse: Copyright and Moral Rights remain with the author(s) and/or
copyright holders. Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge, unless otherwise
indicated, provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is not changed
in any way. For full details of reuse please refer to City Research Online policy.

City Research Online: http://openaccess.city.ac.uk/ publications@citystgeorges.ac.uk



https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/

kT buildings

Article

Analyses of Structural Robustness of Prefabricated Modular
Buildings: A Case Study on Mid-Rise Building Configurations

Thisari Munmulla 1-2

check for
updates

Citation: Munmulla, T.; Navaratnam,
S.; Thamboo, J.; Ponnampalam, T.;
Damruwan, H.-G.H.; Tsavdaridis,
K.D.; Zang, G. Analyses of Structural
Robustness of Prefabricated Modular
Buildings: A Case Study on Mid-Rise
Building Configurations. Buildings
2022, 12,1289. https://doi.org/
10.3390/buildings12081289

Academic Editor: Francisco Lopez

Almansa

Received: 12 July 2022
Accepted: 15 August 2022
Published: 22 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Satheeskumar Navaratnam
Hidallana-Gamage Hasitha Damruwan 2, Konstantinos Daniel Tsavdaridis °

L#(, Julian Thamboo 39, Thusiyanthan Ponnampalam 4,

and Guomin Zang !

School of Engineering, RMIT University, Melbourne, VIC 3000, Australia

Department of Civil Engineering, University of Moratuwa, Moratuwa 10400, Sri Lanka
Department of Civil Engineering, South-Eastern University of Sri Lanka, Oluvil 32360, Sri Lanka
Ronnie & Koh Consultants Pte. Ltd., Singapore 573972, Singapore

Department of Civil Engineering, School of Science and Technology, University of London,
Northampton Square, London EC1V 0HB, UK

*  Correspondence: sathees.nava@rmit.edu.au

G W N e

Abstract: The limited knowledge of the behaviour of modular buildings subjected to different loading
scenarios and thereby lack of design guidelines hinder the growth of modular construction practices
despite its widespread benefits. In order to understand the robustness of modular building systems,
a case study was carried out using the numerical analysis method to evaluate the robustness of
ten-storey braced frame modular buildings with different modular systems. Two types of modules
with different span lengths were used in the assessments. Then, three different column removal
scenarios involving (1) removal of a corner column, (2) an edge column, and (3) an interior column
were employed to assess the robustness of modular building cases considered. The forces generated
in the elements in close proximity to the removed column were verified to assess the robustness of
each building case analysed. The results showed that the change in damping ratio from 1% to 5%
has no significant influence on the robustness of the modular building cases considered, where the
zero-damping leads to collapse. Corner column removal has not considerably affected the robustness
of the braced modular building cases studied. The axial capacity ratio of columns is 0.8 in dynamic
column removal in the building subjected to corner column removal, while in interior column removal
capacity ratio reached up to 1.2, making it the most vulnerable failure scenario. Doubling the span of
the modules (from 2.5 m to 5 m) has influenced the robustness of the buildings by increasing the axial
forces of columns up to 30% in the interior column removal scenario. Thus, this study highlights that
proper guidelines should be made available to assess the robustness of modular building systems to
effectively design against progressive collapse.

Keywords: modular building; robustness; numerical modelling; progressive collapse; damping ratio;
effect of column location

1. Introduction

Prefabricated modular building construction is increasingly becoming popular over
conventional building construction techniques, owing to various advantages: facilitating
rapid construction, thereby reducing the construction time/cost, minimising on-site labour
and wastages, and enabling better quality control in the construction [1-3]. Further, recent
studies in terms of life-cycle sustainability performances also indicate that modular con-
struction systems can be designed to minimise the overall life-cycle indices compared to
conventional construction systems [4—6]. A modular building system primarily consists
of prefabricated units (referred to as “modules”) and components (e.g., connections) that
are transported and assembled on-site to erect the intended building configurations [7].
Although steel-based modular units and components are the most popular, there are hybrid
modular systems available with steel, concrete, timber, etc. [8-12]. Moreover, conventional
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construction systems, which have not received significant attention in the past, have also
developed through prefabrication in recent years [13]. Subsequently, ever-increasing hous-
ing demand and the requirement for rapid construction of infrastructures due to various
disasters imply that the modular building system would be an inevitable construction
choice in the future [14-16].

Although the concept of modular building has been around for some time, the ap-
proaches followed to design modular building systems are mostly based on the principles
of designing conventional buildings. However, there are distinct features in modular
building systems compared to conventional building systems, where they need system-
atic verifications in the designing and analysis phases [17-20]. Predominantly, modular
building systems can be categorised into two types; they are (1) loadbearing modules and
(2) frame-supported modules. In the loadbearing module system, the gravity actions are
transferred through the loadbearing walls in the modules. Conversely, the loading effects
are transferred through edge beams connected to corner posts in the frame-supported
modular system. However, in either system, adequate bracing or diaphragm action should
be made to resist lateral loading effects [21-23]. Moreover, depending on the category used,
both the intra-module and inter-module connection types of the modular building systems
exist among the buildings [24,25]. Thus, they make the design and analyses of the modular
system different from the conventional buildings.

Nonetheless, few attempts have been made to develop design guidelines for modular
buildings in recent times [18,26,27]. For example, a handbook published by Murray-
Parkes et al. [28] provided technical guidance for the design of modular structures. How-
ever, most of these guidelines are still at the conceptual stage, and hence there need to be
more systematic studies to develop comprehensive design standards for modular building
systems, especially as the design guidelines to assess the robustness of the modular build-
ings are not well assessed. Thus, in this study, the focus was given to numerically assessing
the robustness of the modular building systems.

The robustness of a building can be evaluated through progressive collapse analy-
ses [29,30]. The local failure of a single element of the structure, which leads to a global
failure of the entire structure or a disproportionate part of the structure, is identified as
progressive collapse. GSA 2016 [31] guideline defines progressive collapse as “an extent of
damage or collapse that is disproportionate to the magnitude of the initiating event”.

The collapses of major buildings due to abnormal loads in the recent past have brought
the attention of the design engineers to study more about the robustness of the buildings
to prevent progressive collapses. The collapse of Champlain Towers South in Florida,
Rana Plaza in Bangladesh and World Trade Centre buildings in the USA can be considered
as some of the major progressive collapse scenarios to occur in the recent past [32-34].
Continuity, alternate load paths and local resistance approaches are used in the designs
to prevent the buildings from progressive collapse scenarios. These methods will only be
productive in the prevention of disproportionate collapses [35]. The alternate load path
method, which redistributes the forces of the damaged elements, is nowadays widely used
in collapse analyses due to its lower complexity [36].

Therefore, the robustness of the modular buildings mainly relies on the nature of
inter-modular connections used in the building [37], and the tendency of collapse in the
modular building under abnormal loading is relatively higher and more complex than the
conventional structures [38]. Hence, the analysis of the modular building performance cor-
responding to progressive collapse is highly recommended to avoid any potential failures of
those building systems. Thus, it can be said that the studies related to progressive collapse
characteristics of modular building systems, and thereby the robustness characteristics,
have not been well investigated in the past. Therefore, in order to better understand the
behaviour of modular buildings under progressive collapse scenarios, different modular
building configurations were considered, and their robustness was numerically analysed
using the SAP2000 [39] finite element programme. The details of the modular building
cases and the analysis procedures are outlined in Sections 2 and 3 of this paper, respectively.
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Section 4 gives the results of the collapsed scenarios considered and a detailed discussion
in relation to the robustness of those building cases. Finally, the key conclusions derived
from the assessments are summarised in Section 5.

2. Case Study Buildings Design

The alternative load path method was used to assess the progressive collapse mecha-
nisms and robustness of the modular buildings in this study. The robustness of the modular
building to prevent progressive collapse was investigated through linear static, nonlinear
static, and nonlinear dynamic analyses using SAP2000 [39]. Two ten-storey braced mod-
ular buildings with the height of 35.4 m were selected as the case study buildings (see
Figure 1a,b); they are named as Building A and B, in this paper. These two buildings have
similar plan areas with different spans, beams and columns (Table 1). Chevron bracings
were used for the faces of the modules, while the sides of the building (Grid A and L) and
the centre (Grid F and G) were braced using cross bracings.
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Figure 1. 3 D and plan views of case study buildings: (a) Building A; and (b) Building B.

Six modules were lined in the X direction, and ten modules were stacked in the Z
direction to form the building. Two types of inter-modular connections were considered in
the building. The horizontal connections (HCs) were used to connect the modules in the X
direction, and the vertical connections (VCs) were used in the Z direction to connect the
stacked modules as shown in Figure 2. The “1”, “2” and “3” notations are used to indicate
the directions of the local axis (Figure 2b,c).
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Table 1. The size and element types used in the case study modular buildings.

Details Building A Building B
Floor area per one accommodation (m?) 18.7 18.7
Modular size (m) 4x12x3 4x12x3

Column size (mm)/(Member Capacity (kN))

SHS 150 x 150 x 8/(680) SHS 150 x 150 x 8/(1050)

Floor beam size (mm)/(Member Capacity (kNm))

SHS 120 x 80 x 5/(20.5) SHS 150 x 100 x 5/(33.5)

Ceiling beam size (mm)/(Member Capacity (kNm))

SHS 70 x 70 x 5/(8.5) SHS 70 x 70 x 5/(8.5)

Bracing size (mm)/(Member capacity (kN))

SHS 80 x 80 x 6.3/(140) SHS 80 x 80 x 6.3/(140)

20 mm thick cement board with 20 mm thick cement board with

Floor floor purlins at 400 mm centre floor purlins at 400 mm centre
to centre to centre
Ceiling Gypsum board Gypsum board

Inter module connection

Figures 4 and 5 [40] Figures 4 and 5 [40]

Foundation

Shallow foundation Shallow foundation

%-
\WV4

(b)

Figure 2. Inter module connections used in the building: (a) arrangement of connections in the
building; (b) vertical connection [40]; and (c) horizontal connection [40].

2.1. Design of Modular Buildings

The modular building cases were designed based on the Australian standards AS4100 [41],
AS/NZS 1170.2 [42] and AS1170.4 [43]. The buildings were considered to be located in
Melbourne, Victoria and classified as importance level 3. The importance level was de-
termined based on the use of the structure, which was considered as a major structure
with high consequences of failure according to AS 1170.0 [44]. Further, the building design
life was assumed to be 50 years, and the terrain category and wind loading region of the
buildings are presumed to be in region A5 and TC4, respectively. The mean regional wind
speed was derived as 46 m/s and 37 m/s, respectively, for the ultimate limit state (ULS)
and serviceability limit state (SLS). The wind load acting on the case study buildings was
calculated using design wind speed, pressure coefficients and tributary area [42,45]. The
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earthquake on the case study buildings was determined using response spectrum analysis
with probability factor (k, = 1.3), hazard factor (Z = 0.09) and sub-soil class C,, where they
were considered to be on shallow soil [43]. The design load (E;) cases for ULS and SLS
were determined using Equations (1)—(6) as given in AS 1170.0 [44]. Equations (1)-(4) were
used to derive the design load at ULS, whilst Equations (5) and (6) were used to derive the
design load at SLS.

E; =12G+15Q 1
E; =12G+04Q+ W, )
E; =09G + W, @)
E;=G+03Q+E, (4)
E;=G+04Q+ W; (5)
E;=G+04Q+Es (6)

where, G and Q are dead and live load, respectively. W, and W; are the wind load at ULS
and SLS, respectively. E;, and E; are the earthquake load at ULS and SLS.

Figure 3 shows the modules used in the case study buildings. The span was doubled
in the module used for Building B. The structural element sizes, their capacities and
corresponding connection details are listed in Table 1.

Figure 3. Modules used in the case study building: (a) Building A; and (b) Building B.

2.2. Numerical Modeling

The modular building cases considered were numerically modelled and analysed
through the commercially available finite element (FE) software SAP-2000 [39]. Frame
elements were used to model columns, beams and bracings, while shell elements were
used to model slabs. The intra-module connections were assumed as rigid connection [46],
whilst inter-module connections were replaced with non-linear link elements. The mo-
ment curvature and force displacement relationship of the inter module connection were
obtained from the research conducted by Lacey et al. [40] and those were used in the FE
models. Further, Lacey et al. [40] study states that a one HC should be used per module
column, which in reality exists in between the columns of the upper and the lower modules.
Thus, in this study a HC was used at the level of ceiling beams to connect two adjacent
modules. Similar modelling techniques were used in the previous studies as well [37,47].
Figures 4 and 5 show the translation and rotational behaviour of the VC and HC, respec-
tively. The translation in each direction is indicated by the letter “U” and the rotation is
indicated by “R”. A dead load of 0.6 kN/m? was applied on the floor to represent the
self-weight of the floor slab. The super-imposed dead loads acting on the floors and ceilings
of the building due to the finishes and services were assumed as 1.0 kN/m? and 0.5 kN /m?,
respectively, in the FE models. Furthermore, a 4.5 kN/m line load was applied on the
floor beams to represent the exterior walls and claddings of the building. A live load of
1.5 kN/m? was applied.
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Figure 5. Behaviour of vertical connection (VC): (a) Translation; (b) Rotation.

3. Robustness of Modular Buildings

The robustness of the modular building can be assured by event control, and direct
and indirect design approaches. In event control, the probability of the risk of collapse
is minimised by reducing the probability of accidental events through well-planned de-
sign and building layout. In a direct design approach, the structure will be designed to
withstand an identified accidental event. The robustness of the structure will be improved
by providing a minimal level of strength, continuity and ductility in the indirect design
approach [31,48]. An alternate load path method as a direct approach is used to analyse
the robustness of the case-study buildings [47]. Thus, column removal scenarios and the
related nonlinear static and dynamic analyses were performed on the considered modular
buildings under column removal scenarios.

The structural integrity of the buildings was checked by analysing the behaviour of
the structure under a loss-of-column scenario, stimulated through three column removal
scenarios. GSA guideline [32] was followed when selecting the locations to remove columns
to trigger progressive collapses; they were (1) a column at the corner of the building, (2) a
column along the edge and (3) an interior column. The same columns (denoted locations)
were removed in both building types analysed to compare their load-resisting mechanisms.
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The columns were labelled to represent the identity of the grid location and the storey level.
For example, in the column label B1-2 (see Figure 1), the first letter represents the location
on the X axis (grid B), the next number represents the location on the Y axis (grid 1), and
the number in the end represents the storey at which the column is removed (level 2). Al-1,
B1-1 and B3-1 were the columns removed to stimulate the progressive collapse according
to the GSA guideline [32].

3.1. Non-Linear Static Analysis (NLS)

The non-linear static analysis was carried out to investigate the variation of the axial
forces of the columns, bending moments in the beams, and displacement at the removed
column locations. Non-linear static analysis was carried out by loading the building models
after the static removal of the considered column. The design gravity load of a (G +0.25Q)
was used as per the GSA guideline [32], where « is the dynamic amplification factor (DAF).
GSA [32] suggested using a DAF of 2 to account for the dynamic effect. Thus, this amplified
load was assigned to all the bays of the building model. In this study, four DAFs (i.e., 1.0,
1.25, 1.5, and 2.0) were used to estimate the suitable DAF for the considered building cases.

3.2. Non-Linear Dynamic Analysis (NLD)

Following the static analysis, the non-linear dynamic analysis was carried out. The
same load combination (G + 0.25Q) with a DAF of 1.0 was used for the analyses. To simulate
the column removal, the removed column was replaced with the reactions exerted on that
column joint by the column. The reactions were obtained by the analysis of the building
before column removal in the considered loading condition under linear static analysis.
Then the applied loads were removed through a time history function at a time less than
0.1T (T is the fundamental frequency of the building). The adequate convergence of the
results was ensured by using 2000 time-steps of step-size 0.001 s. For Building A, four
damping ratios (i.e., 0%, 1%, 2% and 5%) were used to identify the suitable damping ratio
for the analyses, since the effect of vertical damping on the progressive collapse needs to be
investigated separately between the buildings [49]. The damping ratio, which results in the
maximum forces and moments in the members in Building A, was used as the damping
ratio of Building B. The damping ratio was kept constant in both the buildings to investigate
the effect of changes in the span on the robustness of the structure.

The forces and displacements resulting from the static and dynamic analysis of each
column removal scenario were compared with those obtained from ULS combination before
the column removal. The scenarios and labels used in this paper are shown in Table 2.
Figure 6 shows the removed columns and their labels of the building cases considered.
In the label, the first letter denotes the position of the removed column (i.e., C—Corner,
E—Edge and I—Interior) and the second letter indicates the type of analysis (i.e., S—Static
and D—Dynamic), The numbers at the third position indicate the DAF for static analysis
and damping percentage for the dynamic analysis. The final letter indicates the building
type (i.e., A—Building A and B—Building B). RA and RB are used to identify Building A
and B before the column removal under the ULS loading conditions.

Table 2. Analysis scenarios considered for the case study buildings.

Building A (A) Building B (B)
Edge Interior Edge Interior
Coir(l)esrsgcof;mn Column Loss Column Loss COEILe:SC(gan Column Loss Column Loss
(EA) (IA) (EB) (IB)
Reference (1.2G + 1.5Q) RA RA RA RB RB RB
DAF =1 CS1A ES1A IS1A CS1B ES1B IS1B
Static Analysis DAF=1.25 CS1.25A ES1.25A IS1.25A CS1.25B ES1.25B 1S1.25B
S) DAF=1.5 CS1.5A ES1.5A IS1.5A CS1.5B ES1.5B 1S1.5B
DAF =2 CS2A ES2A IS2A CS2B ES2B 1S2B
0% CDOA EDOA TIDOA - - -
Dynamic 1% CD1A ED1A ID1A CD1B ED1B ID1B
Analysis (D) 2% CD2A ED2A ID2A - - -

5 0/0

CD5A ED5A ID5A - - -
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Figure 6. Column removal scenarios of Building A: (a) CA; (b) EA; (c) IA; and Building B (d) CB;
(e) EB; (f) IB; and plan view of (g) Building A; (h) Building B with the removed column locations.
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4. Results and Discussion
4.1. Effect of Column Removal Location

Initially, the non-linear static and non-linear dynamic analyses were implemented on
Building A. Building A remained in the elastic stage during the corner column removal
scenario (CA) by distributing the forces among the members. In the other two scenarios
(ED and ID), the column with the highest axial force exceeds the capacity of the column,
making the structure vulnerable to failure. In the column removal scenarios, members
adjacent to the removed column contributed to the load sharing, while other members
did not get any significant difference in the forces after the column removal. Figure 7a
shows the grid and the percentage increase in the forces in ground floor columns from the
dynamic analysis (CD1A), when compared with the accidental load case (1.0G + 0.25Q) in
Building A before column removal. The axial forces of the columns A2-1, C1-1 and B1-1
adjacent to the removed column (A1-1) increased by 38%, 24%, and 19%, compared to the
accidental load case. In contrast, all other columns experience considerably low increments
in the axial forces, in a range of less than 10%.

Figure 7b,c show the percentage increase in the axial forces in ground floor columns
in ED1A and ID1A compared with the accidental load case in Building A, before column
removal. The columns C1-1 and A1-1 showed about 61% and 12% higher axial force than
that from accidental load case (Figure 7b), whilst about 89% and 23% higher forces can be
seen in columns C3-1 and B1-1 (Figure 7c). Despite the increase in forces in these columns,
B1-1 shows a decrement of 23%. A change of less than 2% was observed in other columns,
showing insignificant participation in load sharing. The percentage increment obtained
for the columns at the ground floor for the three column removal scenarios are given in
Appendix A.

Table 3 presents the vertical displacement at the removed column joint. It can be noted
that the displacement at the removed column joint in the CA case was about 146% higher in
the NLS with a DAF of 1 (CS1A) compared to that from ULS (RA). Further, this increase in
the displacement was 208%, 270% and 393 %, respectively, for the cases of CS1.25A, CS1.5A
and CS2A, whilst the displacement at the removed column joint at CA was increased up
to 154% in the non-linear dynamic analysis (CD1A). The reason for the difference in the
values in the static and dynamic analyses was due to the variations in DAF.

Table 3. Vertical displacement at the removed column joint in each column removal scenarios in
Building A.

NLS
Column RA NLD
DAF=1 DAF =1.25 DAF =1.5 DAF =2
Al-1 —3.05 —7.51 (CS1A) —9.4 (CS1.25A) —11.27 (CS1.5A) —15.03 (CS2A) —7.75 (CD1A)
B1-1 -3.07 —4.2 (ES1A) —5.25 (ES1.25A) —6.3 (ES1.5A) —8.4 (ES2A) —4.28 (ED1A)
B3-1 —2.14 —3.31 (IS1A) —4.14 (IS1.25A) —4.97 (IS1.5A) —6.62 (IS2A) —3.33 (ID1A)

Furthermore, the increase in the displacement in ES1A, ES1.25A, ES1.5A and ES2A
was, respectively, 37%, 71%, 105% and 174% higher than the displacement in RA, whilst it
was a 39% increment for ED1A case. The increment of 55%, 93%, 132% and 209% can be
seen in IS1A, IS1.25A, IS1.5A and IS2A respectively while it is 56% in ID1A. It indicates
that the highest increase in the displacement was observed in the corner column removal,
and the lowest was observed in the edge column removal. However, the column removal
scenarios considered show similar behaviour in both static and dynamic analyses in terms
of deflection profiles of the buildings considered.
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Demand Capacity Ratio (DCR) =

The demand capacity ratio (DCR) of the elements is derived using Equation (7), and
the DCR was used to analyse the robustness of the building. Figures 8-10 show the DCR
variation of the eight columns in different loading and analyses methods used. Figure 8
compares the axial DCRs of columns between Buildings A and B, when the corner column
was removed. The highest DCR recorded for the columns for CD1A and CD1B (column
A2-1 and column A3-1) is 0.8 and 0.7. These results indicate that the capacity of the columns
does not exceed in the dynamic column removal. Further, Figure 8a indicates that the
highest increase in the axial DCR for CA was observed in column A2-1, the column behind
the removed column (A1-1). The axial load in column A2-1 for CS1A, CS1.25A, CS1.5A
and CS2A was, respectively, 1.0, 1.3, 1.5 and 2.0 times the force in RA. For CD1A, the force
was similar to that from both RA and CS1A. When comparing the forces of the columns
on the ground floor, column A2-1 shows a 29% higher force than the force in B2-1, which
experienced the lowest force among the considered columns. The highest increase in axial
DCRs was observed in CB at column A3-1, which was located behind the removed column
Al-1 (Figure 8b). The behaviour of the columns in CB was similar to the CA, where the
DCR of column A3-1 in CS1B, CS1.25B, CS1.5B and CS2B were, respectively, 0.9, 1.2, 1.4
and 1.9 times the force in RB. Moreover, the force in column A3-1 for CD1A was equal to
the RB. The force in column A3-1 was 33% higher than the force in B3-1, which showed the
lowest force among the considered columns on the ground floor. The column A1-2, which
was above the removed column, experienced a lesser force in all the analyses scenarios
when compared with the force in RA. It implies that the loss of support below reduces the
axial force in the column and it tends to share the forces with the other adjacent columns.

Forces or Moments generated in the element due to loading
Capcity of the element

@)

The highest increment in the column axial forces in the edge column loss scenario was
observed when compared with the corner column loss. The highest DCR was observed in
the column C1-1, which was 1.0 for ED1A and 0.8 for ED1B. In the edge column removal,
the forces of column C1-1 reached the maximum capacity of the column in Building A,
making the building vulnerable to progressive collapse. Figure 9a shows the axial DCRs
of the columns with the highest increments in EA. The DCR of C1-1is 1.2,1.5, 1.8 and 2.4
higher than the load in RA for ES1A, ES1.25A, ES1.5A and ES2A cases and 1.2 for ED1A.
The force in column C1-1 in ED1A was 57% higher than the force in C2-1, which showed
the lowest force among the ground floor columns considered. Moreover, C1-1 showed a
46% increment when compared with A1-1, the column showing the second highest force in
ED1A analysis. Column C1-1 in EB showed the force increments similar to EA in the cases
ES1B, ES1.25B, ES1.5B and ES2B and an increment of 1.3 for ED1A compared to the load in
RB (Figure 9b). When considering the increased force in column C1-1 in ED1B, it showed
a 65% increment than the force in C3-1, which experienced the lowest force within the
considered columns on the ground floor. The increment of C1-1 is 57% relative to column
B3-1, experiencing the second highest force in ED1B. The axial DCR variations indicate that
the load sharing in the edge column loss is not as effective in the case of corner column loss
considering the lesser increment in the forces in other columns.

The variation in the axial DCRs of columns in interior column removal (IA and IB) is
given in Figure 10. It shows that the interior column removal scenario gives the highest
increment in column axial DCRs and the least efficiency in load sharing among the three
scenarios. The highest DCR values observed in column C3-1 for ID1A and ID1B were
1.2 and 1.0, respectively. This indicates that interior column removal is critical for the
robustness of the Buildings A and B. Column C3-1 experienced a load that was 1.4, 1.7,
2.1 and 2.8 times higher (Figure 10a) than that in RA of IS1A, IS1.25A, IS1.5A and IS2A,
respectively. The load in ID1A was 1.4 times than the load in RA. The increment in the
forces in column C3-1 relative to the column, which shows the lowest axial force (A3-1)
among the considered ground floor columns, was 108%, while the increment of C3-1 with
B4-1 (the column experiences the second highest force) was 82% in ID1A. In IB the load
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Axial DCR

in column C3-1 shows 1.4, 1.7, 2.0 and 2.7 times higher than the load obtained in RB for
cases IS1B, IS1.25B, IS1.5B and IS2B, respectively, and 1.4 times the RB in ID1B, which is
similar to that of RA (Figure 10b). When considering the changes of axial forces in ground
floor columns in ID1B, it was observed that the force in C3-1 was 96% higher than A3-1,
the column which showed the lowest axial force among the considered columns. Further,
the increment of the forces in C3-1 with the column with second highest axial force (B4-1)
was 84%.
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Figure 8. Column axial capacity ratios for corner column removal: (a) Building A; and (b) Building B.

Overall, the results of Building A’s analysis indicated that higher forces were generated
in the adjacent columns in the interior column removal than in the corner column removal.
A similar trend in the results can be seen in Building B, where the IB shows higher forces,
when compared with the other two cases, and CB shows the lesser forces. This indicates
that for the case-study buildings, interior column removal can be considered as the critical
scenario. This result contradicts some research studies reported in the past [40,46]. The
research done by Kim et al. [50] concluded that the corner column removal was the most
critical scenario. Thai et al. [51] and Alembagheri et al. [46] also suggest that the corner
column removal is critical for their case-study modular buildings. The different lateral
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load supporting systems and the difference in the span lengths leads to the contradictory
behavioural patterns of these structures.
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Figure 9. Column axial capacity ratios for edge column removal: (a) Building A; and (b) Building B.

Figures 11-13 show the DCR of floor and ceiling beams bending moments in Buildings
A and B. When considering CA, the moments of FB01 in CS1A, CS1.25A, CS1.5A, CS2A
and CD1A are, respectively, 1.0, 1.1, 1.4, 1.9 and 1.0 times the moments of the beam in
RA (Figure 11a). In CB the moments in FB 02 in CS1B, C51.25B, CS1.5B, CS2B and CD1B
scenarios are, respectively, 0.6, 0.8, 0.9, 1.2 and 0.6 times the moment of the beam in RB
(Figure 11b). Although higher DCRs can be seen in CB, the load increments with respect to
RB are comparatively low. This is due to the higher moments due to higher factored loads
in ULS loading conditions. The higher DCR shown in CB is due to the lesser capacity in the
members used for the ceiling beams.
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Figure 10. Column axial capacity ratios for interior column removal: (a) Building A; and (b) Building B.

When considering the edge column removal scenario EA, the moment of FBO1 shows
the highest moment (Figure 12a). They were found to be 0.9, 1.2, 1.4, 1.9, and 0.9 times
higher than the moment of the beam in RA, respectively, in the cases of ES1A, ES1.25A,
ES1.5A, ES2A and ED1A. Whilst in the cases ES1B, ES1.25B, ES1.5B, ES2B and ED1B, the
moment in FBO3 are, respectively, 0.6, 0.8, 0.9, 1.2 and 0.6 times the moment of the beam in
RB (Figure 12b).

In the TA scenario, the moments in FB01 in IS1A, IS1.25A, IS1.5A, IS2A and ID1A were,
respectively, 0.7, 0.9, 1.1, 1.5, and 0.7 times higher than the moment of the beam in RA
(Figure 13a). The moment DCRs experienced by the beams in the IB scenario are shown in
Figure 13b. In the cases of IS1B, IS1.25B, IS1.5B, IS2B and ID1B, the moments in FB01 were
0.6,0.7,0.9, 1.2 and 0.6 times the moment of the beam in RB, respectively. Similar beam
behaviour was observed in all three column removal scenarios in each building. For the
beams in Building A, all the column removal analyses generated a maximum DCR of 0.7.
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Figure 11. Beam moment capacity ratios for corner column removal: (a) Building A; and (b) Building B.

Thus, the results highlight that the beams in Building B experience higher moments
due to increased span. A similar behaviour was observed in the research done by
Rezvani et al. [52], where the strength of the frame was increased by 1.91 times by re-
ducing the span 0.5 times.
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Figure 12. Beam moment capacity ratios for edge column removal: (a) Building A; and (b) Building B.

4.2. Effect of Span

The effect of the span on the robustness was checked by comparing the results obtained
from Buildings A and B. Partial yielding was observed at the joint regions in Building B for
all three column removal scenarios. Thus, there is no collapsing tendency developed since
the yielding was less than the ultimate yield stress for the designed loads and the structural
performance level of immediate occupancy (IO) for all three column removal scenarios.
Building B stayed within the safe limit, with elements not exceeding the member capacity
for the dynamic column removal for the column loss scenarios CB and EB. However, for IB,
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the forces generated in column C3-1 reach the maximum member capacity, where DCR is
1.0 making the interior column removal the critical scenario (Figures 8-10).
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Figure 13. Beam moment capacity ratios for interior column removal: (a) Building A; and (b) Building B.

The development of the plastic hinges (highlighted in pink color circles) in the frames
are shown in Figure 14. The greatest number of hinges were formed in corner column
removal scenario, which indicates that the number of structural members participating in
resisting the progressive collapse in corner column removal is higher than in the other two
column removal scenarios. When comparing the increment of the axial forces of columns
in Buildings A and B, higher forces were observed in Building B. This was due to the larger
span of Building B compared to Building A.
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Figure 14. Formation of hinges in Building B in the dynamic analysis: (a) Corner column removal
(CB); (b) Edge column removal (EB); and (c) Interior column removal (IB).

The increment of the span length by 100% (Building B) has resulted in a 21% increase
in the axial force in column A2-1 for the static analyses in CB (CS1B, CS1.25B, CS1.5B and
CS2B), when compared with the relative analyses in CA (CS1A, CS1.25A, CS1.5A and
CS2A). Additionally, an increase of 24% was observed in CD1B relative to CD1A in the
considered column A2-1 (Figure 8). When considering the edge column removal (EB) for
column C1-1, the increase in the forces for all the static analyses compared to the static
analyses in EA is 23%, whilst 25% was observed for ED1B relative to ED1A (Figure 9).
Furthermore, in the interior column removal (IB), the force in column C3-1 was observed to
be 28% higher in static analyses than in comparative analyses of IA and a 30% increment in
ID1B, when compared with ID1A (Figure 10).

The moments generated in the beams in Building B were observed and compared with
Building A. Moments of the beams were higher in Building B due to a 100% increase in
the span length. When comparing the DCR of beam moments in Building B with A, it was
observed that in FB02, the increment due to the static analyses was 58% for all the cases
in CB, when compared with comparative static analyses in CA (Figure 11). In FB02, an
increment in the moment of 56% was observed for CD1B compared with CD1A (Figure 11).
Further, the moment increment in FB03 in EB for all the static analyses relative to the
comparative static analyses of EA was 78%. For ED1B, FB03 experienced a moment that
was 75% higher than the ED1A (Figure 12). The moment increment of 86% was observed in
FBO1 for all the static analyses in IB compared to that from IA. Moreover, the increment
experienced for FB03 in ID1B was 88% of the DCR of ID1A (Figure 13)

4.3. Estimation of Appropriate DAF

The DAF of 2 was estimated through a structure with a single degree of freedom and
no damping. In this case, the elements show elastic behaviour, and the maximum dynamic
deflection is twice the static deflection [53]. GSA guideline [32] suggested DAF of 2 to
assess the robustness of buildings through the static analysis. This study used the DAF
of 2 and found that it overestimates the forces (Figures 8-13). Moreover, the forces were
within the acceptable range in the dynamic analyses. However, some columns exceeded
their capacities during the non-linear static analysis using a DAF of 2.

Furthermore, in the case study buildings with 1% damping, the deflection due to
dynamic analysis was within a DAF range of 1.0-1.25 (Table 3). This indicates that DAF
between 1.0-1.25 is appropriate to assess the robustness of braced framed modular build-
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Displacement (mm)

ings. This is because the lower DAF values induce non-linear structural behaviour in the
building. Therefore, this study recommended verifying the DAF for a building before using
the factor in static analyses to assess its robustness.

4.4. Lateral Deformation Due to the Column Loss

The lateral deformation in the building during the dynamic column removal with 1%
damping was studied. Figure 15 represents the deformation of the joint near the centre of
the roof (G-4 point on the grid) in all three column removal scenario analyses. The results
show that the displacement due to corner column removal was significantly higher than in
the other cases considered. Higher oscillations were observed in Building B in the range
of 1.7-2.7 Hz. Amplitude of the displacement in the Y direction was higher in Building A,
while the amplitude for the X direction was higher in Building B.
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Figure 15. The displacement at the top of the buildings in dynamic column removal of 1% damping;:
(a) Building A; and (b) Building B.

4.5. Effect of Damping Ratios

Different damping ratios of 0%, 1%, 2% and 5% were used to analyse the effect
of vertical damping ratios on the robustness of Building A. The buildings considered
collapsed under 0% damping in all three column removal scenarios. The vibrations and
energy generated at the column removal could not dissipate under zero-damping, initiating
the collapse of the buildings considered.

The load transfer to the adjacent elements after the column removal scenarios was
studied. In all three scenarios (CD1A, CD2A and CD5A), there were no significant changes
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in the forces and moments in the beams whilst increasing the damping ratio. The decrease
in the bending moments of the beams was nearly zero when the damping ratio increased
from 1% to 5%. The changes in the damping ratio had a negligible effect on the axial forces
of columns, where the highest reduction was 0.22% for all the considered columns in the
three removal scenarios. The changes in column axial forces and beams for the corner
column removal are presented in Table 4. When comparing all three column loss scenarios,
the changes in the damping ratio have a higher impact on the robustness when the corner
column loss (CA) and the least impact due to interior column loss (IA).

Table 4. The variation of member forces due to different damping ratios.

Axial Forces of Columns Moments in Beams
(kN) (kNm)
B1-1 C1-1 C1-2 B1-2 FB01 FB02
CD1A —523.38 —556.87 —457.76 —447.72 6.89 6.38
Dynamic D2A 2 4 457.02 44687
Analysis (D) C —522.38 —555.8 —457.0 —446.8 6.88 6.36
CD5A —520.64 —553.98 —455.81 —445.32 6.87 6.34

Vertical Displacement (mm)

4

-5

-6

-7

-8

The variations of damping ratio with the vertical displacement at the joint of the
removed column and lateral displacement near the centre at the roof of the building (G-4
on the grid) are presented in Figure 16. It can be noted that the variation of damping of the
building significantly influences the stability of the structure. The highest stability effect
was induced through damping occurred when the corner column was removed, whilst a
lesser impact was observed in the other two scenarios (edge and interior column removal).
Therefore, the data of corner column removal were used to present the behaviour of all three
scenarios. Figure 16 shows the displacement of the considered locations of CA in dynamic
analyses with different damping ratios. It was identified that the displacement due to
the 1% damping ratio was higher than in the other cases, although the increment is not
significant. Similar behaviour was observed in the research done by Kiakojouri et al. [54].

Time (s)
0 0.5 1 1.5 2
0
g T~ g
‘g/ 2 v \~
k=
o -4
=)
[}
_8 -6
&
5 -8 '
£-10
=
— 12
CDIA-U3 = = = CD2A-U3 ===m-= CD5A-U3 = == (CDIA-Ul = = =CD2A-Ul ====- CD5A-U1
CDI1A-U2 CD2A-U2 CD5A-U2
(a) (b)

Figure 16. Effect of change of damping ratio on CA: (a) Vertical displacement at removed column
joint; and (b) Lateral displacement at roof of the building.

Considering the variation of forces and the displacement with the increase in the
damping ratio for a design of a building, it will be beneficial to use higher damping to
reduce the forces on the members and the displacements. For the purpose of analysis,
1% of damping was used to check the stability of the building, which resulted in higher
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forces and displacement. Yu et al. [55] mentioned in their study that the structures with 0%
damping are more conservative against the progressive collapse. This is because higher
member forces are generated in the structure with no damping than in the structure with
damping. Therefore, the structure needs to be assessed with 0% damping as it enables
conservative design.

5. Conclusions

This paper presents the outcome of case study analyses carried out to evaluate the
load-resisting mechanisms during different column removal scenarios to comprehend the
robustness of braced modular buildings. Two types of modules with different span lengths
and three different column removal scenarios were studied for a typical ten-storey modular
building system. The load-resisting mechanism of the building cases were analysed, and
their progressive collapse modes were assessed through non-linear static and non-linear
dynamic analysis using SAP2000 [39]. Based on the outcomes of the analyses carried out,
following conclusions are drawn.

e  The analyses revealed that 1% damping can be considered to assess the robustness of
typical modular building types. Although a significant change in the element forces
and displacements could not be observed, the highest forces and displacements were
recorded in the models with 1% damping. Considering the three column loss scenarios
analysed, the effect of the changes in damping ratio for building A was significant in
the corner column loss scenario.

e It was observed from the analyses that the corner column removal scenario does
not significantly reduce the robustness compared to the other two column removal
scenarios (edge and interior column removal). It was further discovered that the
corner column removal scenario has the ability of sharing the forces to the adjacent
elements than the other two scenarios. The formation of several hinges in the frame
indicates the participation of higher number of members in load sharing mechanism
of the modular building systems considered.

e  When the span of the module was doubled, the column loss in the corner showed
the highest increment in axial forces (i.e., axial demand capacity ratios (DCR) of the
columns). The increment in axial DCRs of edge, interior, and corner column losses are
23%, 24% and 30%, respectively. The increments of the bending capacity ratios of the
beams adjacent to the collapsed columns for the aforementioned those cases were 56%,
75% and 88% respectively, and significantly affected the performance of the building
under the interior column removal scenario than in the other two cases.

e  The results from the nonlinear static analysis and nonlinear dynamic analysis indicate
that the use of DAF of 2 for modular buildings was an over-estimation. When con-
sidering the axial forces in columns and the moments in the beams, a DAF value of
1.25 can be used, since the values obtained the dynamic analyses are in the range of
1.0 to 1.25. This may not be valid for all the layouts and heights. Therefore, further
analyses with different parameters such as material properties and sectional details
are required.

It can be said that the analyses and results presented in this study can be useful to
extend the understanding of the robustness of modular building system. Nonetheless, this
study is only limited to a ten-storey building with a fixed height and plan area with a chosen
inter-module connection type and lateral load-resisting system. The column removal was
limited only to the ground floor. Therefore, further studies should be considered with
different heights and layouts, with column removal scenarios at different levels of the build-
ing. Also, different types of inter-module connections and lateral load-resisting systems
can be adopted to assess the robustness of the modular building systems. Furthermore,
the behaviour of buildings with several lines of modules connected instead of one can be
investigated in the future to develop appropriate design guidelines to prevent progressive
collapses of modular building systems.
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Appendix A

Table A1l. The percentage of change in force in ground floor’s columns in CD1A by the column location.

Grid X (%)
Grid Y
B C D E F G H I J K L
1 - 25 32 8 8 4 3 2 1 1 -1 =5
2 41 -2 5 1 0 2 0 1 -1 1 -1 -2
3 10 -2 3 1 0 1 -1 1 -1 1 -1 -3
4 8 -1 1 0 -1 4 2 1 -1 1 -1 -2
5 3 1 0 1 -1 0 -1 1 -1 1 -1 -2
6 -1 3 -1 0 -2 -2 —4 -1 -3 -3 -5 -5
Table A2. The percentage of change in force in ground floor’s columns in ED1A by the column location.
Grid X (%)
Grid Y
A B C D E F G H I J K L
1 12 - 61 8 7 2 2 1 0 1 0 -1
2 4 5 -3 0 0 1 0 0 0 0 0 0
3 2 3 -3 0 0 0 0 0 0 0 0 -1
4 1 2 -2 0 0 1 0 0 0 0 0 0
5 1 0 0 0 0 0 0 0 0 0 0 0
6 2 -2 0 0 0 0 0 0 0 0 -1 -2
Table A3. The percentage of change in force in ground floor’s columns in ID1A by the column location.
Grid X (%)
Grid Y
A B C D E F G H I J K L
1 -2 23 -13 -1 -2 0 -1 0 -1 0 0 -1
2 -1 2 0 0 -1 0 0 0 0 0 0 0
3 0 - 89 0 1 0 0 0 0 0 0 0
4 0 4 1 0 -1 0 -1 0 0 0 0 -1
5 0 1 -1 0 -1 0 0 0 0 0 0 0
6 0 2 -1 0 -1 -1 0 0 0 0 0 -1
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Nomenclature
Symbols
A Building A
B Building B
C Corner column loss
D Dynamic analysis
Ce Sub soil class (Shallow soil)
E Edge column loss
E4 Design load
G Dead load
I Interior column loss
ky Probability factor
Q Live load
R Rotation
RA Building A before column removal under ULS loading condition
RB Building B before column removal under ULS loading condition
S Static analysis
T Fundamental frequency of the building
u Translation
1% Wind Load
Subscripts
s Load at serviceability limit state
u Load at ultimate limit state
Abbreviations
DAF Dynamic Amplification Factor
DCR Demand Capacity Ratio
FE Finite Element
HC Horizontal Connection
10 Immediate Occupancy
NLD Non-linear dynamic analysis
NLS Non-linear static analysis
SLS Serviceability Limit State
ULS Ultimate Limit State
\Y@ Vertical Connection
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