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Abstract: Compared to traditional onsite steel construction, prefabricated industrial steel construction
(PFISC) saves time, money, and resources. It results in sustainable steel structures that use fewer
resources and are better for the environment. Despite their advantages, the private sector favors
creating high-rise buildings in an old-fashioned way. In order to encourage the adaptability of
prefabricated industrial steel buildings (PFISBs) in high-rise structures, this study critically evaluates
the adaptable solutions offered in the literature on the recent developments, structural performances,
present difficulties, and future potential. In mid-rise and low-rise structures, PFISC is frequently
used. In research and case studies, PFISBs have proven to perform admirably under various adverse
conditions, including in the event of an earthquake, wind, blast, impact, fire, collapse, and long-
term sustained loads. The use of potential research solutions, the “Top-down” strategy, and the
resolving of problems such as the structural-based design guidelines, column stability, discontinuous
vertical and horizontal diaphragms, cluster columns and beams effect, damage-free and innovative
inter- and intra-modular connections, high strength-to-weight modules, numerical simulation, and
transportation will help PFISBs to become more widely accepted in high-rise structures. Compared
to other materials, steel has recently demonstrated great promise for the construction of PFISBs.
Additionally, China plans to increase their PFISC to 30% by 2026, Australia to 15% by 2025, and North
America to over 5% by 2023, proving that it is a reasonable response to future urbanization concerns.

Keywords: prefabricated industrial steel buildings; automated and detachable IMCs; vertical and
horizontal diaphragm continuity IMCs; foundation fixity systems; seismic and wind-resistant sys-
tems; explosion; collapse; vibration; fire-resistant systems; column—-column and column-beam joints
damage issues

1. Introduction

Compared to traditional construction, prefabricated industrial construction (PFIC)
has recently increased in its importance for modern urbanization. This is because of
energy consumption, global expectations, green building, and outstanding structural per-
formance [1-3]. It has relied on the industrialization of parts or finished rooms transported
and installed using simple connections, as shown in Figure 1 [4-8]. It is widely used
in emergencies and repetitive construction projects, such as dwellings, military housing,
dorms, clinics, and classrooms [9-11]. This has already been introduced in China, the
United Kingdom, Japan, Korea, Australia, Germany, the Netherlands, and the United
States [1,11-17]. The UK’s housing industry attempted to accommodate 25% of housing
societies, and China’s central and regional governments considered 30-50% with a 2-3%
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annual increase until 2026 [1,18]. This is sufficient evidence that PFIC is more efficient than
the conventional techniques and is essential to meet the housing demand.
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Figure 1. Traditional onsite vs. prefabricated industrial steel construction.

Materials used in PFIC are usually the same as onsite construction, but the components
are manufactured under regulated conditions, resulting in better quality industrial modular
units (IMUs). However, lightweight materials are always preferred for easy handling,
assembly, and transport. Among the materials used in PFIC are steel, concrete, timber,
and aluminum. Although aluminum IMUs are lighter, 1.5 times stronger, and have tighter
tolerances than steel IMUs, their brittleness and high price remain significant barriers [19].
Timber is often used in low-rise PFIC, whereas steel and concrete have historically been the
standard for high-rise PFIC. Steel is preferred over concrete since it is 25-30% lighter, more
resilient, and requires fewer joints [20]. Timber necessitates polishing onsite, while concrete
demands an accessible base to minimize the self-weight. On the other hand, steel is robust
and stiff enough not to be oversized or downsized to obtain prefabricated industrial steel
buildings (PFISBs). This inherent strength enables IMUs to withstand oscillations during
shipping without requiring support, resulting in reduced transport costs compared to
other conventional materials [6]. Including its inherent strength, steel’s structural stability,
notably its strength against dynamic loads, increases its preference as a material in high-rise
PFISBs, revealing itself to be more affordable than concrete structures. Thus, steel is a
favored material choice among architects for high-rise PFISBs [21].

Prefabricated industrial construction displayed an exceptional quality, efficiency, pro-
ductivity, and versatility. It proved to have shorter project durations, lower overall costs,
and the less wastefulness of resources [22]. Therefore, it possesses the potential of a sustain-
able construction method [23]. Lawson et al. [24] reported an improved sustainability by
reducing the construction waste from 10-15%, site visits to 70%, site disruption or noise
pollution from 30-50%, and onsite accidents above 80%. Additionally, it was found to
lower the environmental impacts by reducing the material wastage to 64%, greenhouse
gas emissions to 40% [25], and economic implications by reducing the production hours
to 31% [26]. A comparative study concludes that a reduction in the economic impact can
be achieved by saving 60% of steel, 77% of the framework [27], and reducing the resource
depletion to 36%, a social influence by limiting the health damage to 6.6%, the environ-
mental impact by reducing the ecosystem damage to 3.5%, and economic implications by
the reduction in the energy consumption to 20% [28]. It can be concluded that PFIC can
increase the productivity, efficiency, and safety while decreasing the number of onsite visits,
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transport activities, material wastage, noise pollution, energy consumption, hazardous gas
emissions, and reliance on unskilled labor. The critical advantage originates from its quick
fabrication; this can reduce the construction time by 30-50% compared to conventional
construction. In China, broad sustainable building (BSB) was pioneered with the T30
tower [29] in 15 days and the J57 tower [30] in 19 days. The 60-story Collins house, 44-story
Atira student accommodation, and La Trobe towers in Australia are the tallest panelized
PFISB skyscrapers [31]. The 44-story Croydon tower [32], 32-story B2 tower [33], 29-story
Apex [34], and SOHO tower [35] are high-rise volumetric PFISB skyscrapers using PFIC.
By developing the two fastest temporary hospitals, i.e., Huoshenshan and Leishenshan,
within 6-10 days in Wuhan, China, the PFIC method has fully achieved its goal of being an
environmentally friendly, speedy, and dynamic form of construction [36,37].

The review is primarily concerned with researching the comparatively most adaptable
recent technological advancements, structural measures, and stability systems, or research
solutions in terms of the sustainability, workability, and performance in the event of an
earthquake, wind, fire, blast, vibrations, and progressive collapse to meet the design and
safety requirements. Furthermore, this study lists the limitations of these technologies.
It introduces some solutions or opportunities that should be investigated to address all
of the technical issues not addressed in previously developed solutions to improve the
adaptability of PFISB in high-rise buildings. It is because, due to the strict requirements
set forth by the construction industry, PFISC is only used in a few high-rise PFISB projects,
despite its many benefits. This is due to unfamiliarity with or lacking detailed and compre-
hensive content on the most recent and relevant technological and research advancements
with new potential research solutions [33,38—41]. The study investigated that upon re-
solving the above-noticed technical challenges, the adaptability of PFISBs in high-rise
PFISC applications can be increased [42]. As a result, the present study will look at (i) the
recent technological developments and their structural performances, (ii) the limitations
and technical challenges and constraints offered by these advancements, and (iii) the po-
tential future research solutions, measures, and opportunities to address these technical
issues. This paper analyzes and thoroughly researches contemporary breakthroughs in
the structures of PFISBs, the structural performances, difficulties, and growth expectations.
The study’s findings are intended to encourage the expansion of PFISC as a resource for
professionals, academics, and specialists.

2. Background of the Study

Many synonymous terminologies are used to characterize PFISBs, but they are often
misunderstood. Prefabricated industrial steel construction, for example, is the method
of forming and assembling a specified number of building components before shipping
and installing them onsite. Modular construction, or modularization, on the other hand,
is a form of PFISC that describes the process of designing and fabricating volumetric
buildings, or “industrial modular units (IMU)/modules”, in a factory and transporting
them to the worksite for an onsite assemblage. The terms “amount of prefabrication”,
"penalization”, and “modularization” are used interchangeably [43]. This article focuses on
amodularized PFISB that is commonly investigated. This research looks at PFISC and PFISB
as construction approaches that use technology to advance the process from the initiation
to its implementation. The designing, manufacturing, shipping, assembling, reliability, and
connectivity of structural systems and buildings are all addressed in this approach.

3. Research Methodology

The systematic review and screening process used in the article is thorough, starting
with a broad search for publications using general keywords and moving on to a step-by-
step exclusion of studies that did not pertain to the research topic. Significant research,
inventions, articles, and case studies are obtained for various relatively broad search results
through a filtering process, primarily from English, Chinese, Korean, and Japanese. The
scope of the study area is determined by looking at the keywords and summary of each
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article. Improvements in PFISBs and IMUs are one example. Then, works of literature
outside of the scope were excluded, including those about material testing and PFIC
using concrete or timber IMUs. Only studies that directly applied and validated scientific
advancements in 3D PFISBs are included.

3.1. Keywords

Many other keywords were used for searching besides the study’s main keywords,
such as prefabricated industrial construction (PFIC), prefabricated industrial steel buildings
(PFISBs), and industrial modular units (IMUs). Prefabricated prefinished volumetric con-
struction (PPVC), prefabricated modular construction (PMC), prefabricated construction
(PC), permanent modular construction (PMC), container housing, container structures,
modular integrated construction (MiC), offsite construction (OC), offsite construction tech-
nique (OCT), manufactured construction, industrialized building system (IBS), modular
steel building (MSB), modular steel structure (MSS), modular construction (MC), modular
steel construction (MSC), industrialized construction (IC), manufactured housing, industri-
alized building, and prefabrication has been shown to be the most successful method for
locating publications about industrialized building.

3.2. Sources and Databases

A selection of scholarly databases, including the Web of Science, Google Scholar,
Science Direct, Scopus, Wiley, Springer, academia, and researchgate, were picked for an
extensive investigation of journal articles and conference proceedings. Chinese theses,
patents, and papers were located using the CNKI database, and Korean research was found
using Korean science. Additionally, some English and Chinese patents were downloaded
using Google Patents.

4. Technological Advancements
4.1. 2D to 3D Assembling Techniques

Prefabricated industrial steel constructions have become increasingly popular recently.
They are used in the construction of low-rise structures as well as high-rise PFISB skyscrap-
ers. A Hickory Building System (HBS), consisting of panelized systems to build PFISBs,
such as load-bearing walls, concrete floors, and facades, involves integrating and assem-
bling 2D panels onsite to form 3D IMUs through wet joints. The 44-story Atira student
accommodation, 60-story Collins house, and 44-story La Trobe towers in Australia used
HBS technology [31]. With 80-95% factory-based fabrication, 3D IMUs can be recognized
as mobile homes [44]. The 44-story Croydon tower [32], 32-story B2 tower [33], 29-story
Apex [34], and SOHO tower [35] used the completely finished 3D IMU. Before moving to
the site, the 3D IMU is always fully serviced and prefinished in the factory. HBS system:s,
on the other hand, are less sustainable because they require an onsite finish and assembly,
increasing the complexity and onsite working, reducing the construction productivity.
However, compared to traditional steel construction, both panelized and volumetric PFISBs
could reduce the construction time by more than 30-50%.

4.2. Industrial Modular Units Forms

Prefabricated industrial steel buildings are classified as continuous and
corner-supported [45,46]. Walls which guard continuous supported PFISBs, such as
lightweight walls and a hybrid module-barrel system, are developed. The sides of the
lightweight wall PFISB are supported by light C-section members that are only suitable
for low-rise structures [47,48]. Since they are composed of SHS and can withstand vertical
and lateral stresses, the PFISB module-barrel hybrid system, on the other hand, can be
employed in high-rise structures [45,47-49]. Corner columns in corner-supported PFISB
structures principally resist the load. Light and heavy steel IMUs are the corner-supported
PFISB. ATLS is a lightweight PFISB that can be built and dismantled multiple times using
open, thin-walled, cold-formed sections. They are favored in low-rise structures since their
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weak connection leads to a minimal structural integrity [50]. SHS columns welded with
SHS beams support heavy steel IMUs. Such IMUs are utilized in high-rise PFISBs because
of the high bending resistance, lateral-torsional, torsional, and compression of the columns
and beams [51,52]. In conclusion, continuous supported module-barrel hybrid PFISB has
increased the in-plane rigidity and lateral stability [53]. They have an excellent lateral
and longitudinal stability compared to heavyweight corner-supported PFISBs due to load
sharing across several columns, making them better suited for high-rise PFISBs [45].

4.3. Manual to Automatic Non-Detachable Inter-Modular Connections

For manually operating PFISBs, inter-modular connections (IMCs) that are welded,
bolted, and prestressed are frequently used, as shown in Figure 2a—f. While all of these
IMCs have been demonstrated to have an adequate seismic resistance in pertinent investi-
gations, they do have challenges. Due to the extensive onsite work of the welded IMCs,
there is not enough room for MEP services, a secure weld quality, and full welding [54].
Welded connections were the most common type of IMC studied by Annan et al. [10,54-56]
that exhibited a satisfactory performance; nevertheless, they are costly, of a poor quality,
and require functional space for internal connection welding [57]. As depicted in Figure 2a,
welding connections are avoided due to the aforementioned difficulties; hence, bolted
connections are chosen on the construction site [38,54]. Bolted IMCs have strict operational
space requirements and a lower production efficiency [58]. Doh et al. [59] discovered that
bolted bracket connections were susceptible to prying failure, exhibiting a brittle behavior
and are suited for low-rise structures. Thus, Chen et al. [60,61] developed rotary connectors
that protect the columns; access holes are used for large bolt tightening, as displayed
in Figure 2b [62]. The experiments demonstrated an outstanding bearing capacity and
ductility in high-rise PFISB extreme dynamic situations [63]. Plug-in supported joints are
developed which can fully assemble interior IMUs, and their seismic performance has been
studied, such as the beam and column bolted IMC in Figure 2d [64]; fully bolted IMC in
Figure 2e [65]; and beam bolted IMC in Figure 2c [66,67]. They demonstrated a superior
ductility, energy dissipation, plastic deformation, and bearing capacity, whereas the weld
of the intra-modular joint fractured; nonetheless, the failure was transmitted to the column.
The building regulations for the prestressed IMC are stricter and more complicated. Pre-
stressed rebars can join columns vertically, but their limited moment-resistance capability
makes them unsuitable for high-rise buildings because superimposed forces can cause
elevating and joint failure [40]. In order to achieve the composite prestressed joint shown in
Figure 2f, the columns are filled with concrete. This joint effectively transfers medium-level
lateral forces in a ductile manner due to the contact bond between the concrete, plug-in,
strands, and shear bloc; however, a significant bond reduction can cause concrete crushing,
a gap formation, strength, and stiffness degradation [68,69]. Workers may also bolt or weld
the corners and exterior interface from the outside. The IMUs’ wall panels and slabs, par-
ticularly the installation, do not have the necessary construction clearance for the internal
IMC. Some IMCs do not make the final IMU tighter. Others, on the other hand, prefer to
make holes in order to assemble them, which may compromise the IMUs’ sectional integrity
and interior design. In order to address the problems above, various automatic IMCs that
require no functioning space have recently been developed, as shown in Figure 3a-g. The
researchers designed a sliding bloc IMC that joins the IMU via a self-locking setup, as
shown in Figure 3a [57]. The joining method resembles the lock-tongue joint in Figure 3f in
appearance [70]. Another investigation also created the self-locking slider joint displayed
in Figure 3e which works similarly with the joins in Figure 3a,f [71]. The top movable
panel and springs are attached to the side of the bottom IMU column, and the plug is
attached to the base of the upper IMU column. As a result, the connector is fixed, the slider
panels move laterally during the mounting of the IMU, and a slip forms between the top
and bottom segments of the plug. Self-locking connections” hysteresis behavior featured
plumper hysteretic rings and worked well in seismic tests. Since their initial stiffnesses
were comparable to those of the welding connection, they were just as dependable as the
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welding IMC. The problem with these connections was that they only fixed two sides by
locking sliders on two sides, leaving the other sides loose or unsupported, which made
them weaker in earthquake-prone areas. Therefore, to achieve the fixity of the tubes and
IMC in opposite and neighboring four sides, researchers developed pin-type joints, as
shown in Figure 3¢ [72], and plug-in type joints, as shown in Figure 3d [73], inserted inside
columns, which further improved their seismic performance and made them suitable for
mid- to high-rise PFISBs. Other researchers, such as Dai et al. [74] and Picard [75], depicted
in Figure 3b,g, built an installation-friendly self-locking fastener machine by using springs
and nuts and bolts to provide support around the bolt shaft. Their seismic performance
shows that they behave as semi-rigid to rigid in high-seismic zones, making them suitable
for usage in high-rise PFISBs. However, these self-locking IMCs ignore construction or
deformation tolerances, which require a high degree of precision. Additionally, these IMCs
cannot be removed once locked, making it challenging to reuse the IMU in the event of
accidental damage during servicing.
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Figure 2. Manual IMC. (a) column—column welded [54]; (b) rotary connector [60,61,63]; (c¢) beam-
beam bolted [66,67]; (d) beam-beam and column—column bolted [64]; (e) fully bolted plug-in connec-
tor [65]; and (f) column-column pre-tensioned [68,69] IMC.

4.4. Manual to Automatic Detachable Inter-Modular Connections

Inter-modular connections cannot be removed once locked, making it challenging to
reuse the IMU in the event of accidental damage during servicing. Because of this issue,
researchers created bolted and pin types of IMCs through SHS, as shown in Figure 4a—d.
They consider the constructional tolerance brought on by the automatic mechanical IMC
and the repetitive use of IMUs via a replaceable or detachable IMC. The threaded block of
the lower IMU is tightened to the bolt of the upper IMU using a long twisted rod that the
authors designed for the detachable IMC shown in Figure 4a [70] and pinned joint shown in
Figure 4d [76]. Although these joints are detachable, tightening the bolts inside the columns
requires a lengthy rod tool, which is laborious; hence, the bolt diameter or screwing length
is typically small, reducing their seismic and lifting capacities. Consequently, as shown
in Figure 4b, a mechanical replacement has recently been developed to address these
difficulties. A new, low-carbon mechanical IMC integrates the IMU horizontally and
vertically through linearly translating the pins and transfer plates. An extended twisting
rod is used in this connection to operate the mechanical arrangement of the components
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and pin them together [77,78]. As soon as the bolt is turned, horizontal pins instantly lock
into place and establish a solid connection between the IMUs on the exterior and interior.
These joints perform reliably in seismic and pullout operations. Because these bolted joints
are only helpful in tightening or demounting corner and hollow columns, researchers
created a new way to connect the beams rather than the columns without the need for
any tightening equipment, as depicted in Figure 4c. The onsite fastening connections are
replaced by a robust mechanical interconnecting system that allows for twist, tilt, and slide
adjustments [79]. However, the joining system cannot withstand the tensile stresses, which
forces the use of pricey adhesives and causes the uplift under extremely high lateral loads.
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Figure 3. Automatic IMC. (a) slider locker tongue [57]; (b) self-lock bolt shaft [74]; (c) pin plug-in
devised [72]; (d) circular plug-in devised [73]; (e) slider block [71]; (f) lock-tongue slider [70]; and (g)
automated self-lock bolt shaft [75] IMC.
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Figure 4. Detachable IMC. (a) screw bolted [70]; (b) auto-pin screw [77,78]; (c) beams sawed [79]; and
(d) pinned bolted [76] IMC.

(d)

4.5. Lateral Loads Stabilizing Systems

Lateral stability systems are developed, including braces, shear walls, diaphragm
walls, cores, base isolators, and viscoelastic dampers to resist the effect of lateral forces on
high-rise PFISBs due to the incapability of the IMCs. As seen in Figures 5a—d and 6a—f,
IMCs have recently been invented. According to Sultana et al., superelastic self-centering
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SMA bracing and SMA bolts” IMC minimizes the residual stresses and is a recyclable
solution [80,81]. Through self-centering, the haunch bracing system proposed in Figure 6¢
improved the IMCs’” ductility [65]. Recently, a slider device with reusable bonded rubber
units was devised [82-86]. After 5 mm of torsion and translation, they may dissipate
80% of the earthquake energy through friction. The haunch bracing with a plug-in IMC
transferred the failure from the joints to the beams and demonstrated superior self-centering
systems that may be used in high seismic zones for mid- to high-rise PFISBs. Moreover,
the PFISBs” and system’s full strength can be achieved using a double-skin steel shear
wall, as shown in Figure 6b [87]. The composite action of the Corefast 2D and 3D walls
increases the fire resistance while attempting to prevent the lateral force damage, as shown
in Figure 6f [6]. This is a functional lateral force-resisting system because it delays the
structure’s yield, increases the elastic stiffness with a yielding wall panel, and prevents
out-of-plane buckling prematurely while causing column tearing and strength degradation
due to local buckling [87]. However, the lateral stability offered by these stabilizing systems
is limited because the upper and lower IMUs’ interconnectivity is lacking in regions other
than the column corners. As per evaluation, the linked wall systems made up of numerous
vertical bars and sleeves could aid structures with the superior lateral response, as shown
in Figure 6d [88] and Figure 6e [89]. They rigidly connect vertical diaphragms using a
composite connection between the walls using bars. Recently, one of the authors patented
a base isolation technology, as shown in Figure 6a [90]. This satisfies the requirements for
the standard use, structural bearing capacity, and an effective resistance to the effects of
earthquakes. However, they are suitable for pre-tensioned and composite types of IMCs
inside the columns of PFISBs. Therefore, other energy dissipation joints are developed;
for instance, the authors invented a rubber isolation system [91] and a self-locking tenon-
and-mortise vibration isolation rubber IMC in the IMU, as shown in Figure 5a,b [92]. The
invention may reduce the adverse effects of earthquakes and improve the PFISB structure’s
bearing capacity. Similarly, two distinct configurations of bolted IMCs having washer and
resilient rubber layers are demonstrated, as shown in Figure 5d [93]. It has been shown that
the IMCs which have been bolted are rigid and cause a column fracture, as opposed to the
IMC in Figure 5d, which has been strengthened with resilient layers which can withstand
significant deformations without fracturing the bolt [93]. A lead viscoelastic damper in
a vertical IMC dissipated more energy than the conventional bolted IMC, such as those
shown in Figures 3a—f and 4a—d [94]. The damping joints in Figure 5a—d have the effect of
delaying the premature failure of the structural components. They prevent a failure and
collapse, increase the capacity, and guarantee security.

Beam connecting
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_l § M20 Column 3 Column 4
——————— * bolts
Vibration isolation rubber
support Damper
(b) (© (d)

Figure 5. Damping IMC. (a) rubber isolator [91]; (b) vibration isolation rubber [92]; (c) viscoelastic
damper [94]; and (d) resilient layer rubber [93].
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Figure 6. Lateral stabilizing units for a continuous vertical diaphragm. (a) base isolation sys-
tem [90]; (b) double skin plate shear wall [87]; (c) haunch braces [65]; (d) hybrid coupled wall and
diaphragm [88]; (e) light steel wall with concrete grouting [89]; and (f) 3D steel core system [6].

4.6. Top-Down Assembling Approach

The recently developed “Top-Down approach” involves building a structure from the
top floor to the first floor [95]. The structural frame was designed with a hydraulic jack
lifting system, eliminating the need for large cranes. The system can elevate the PFISBs’
structure while supporting the horizontal loads, minimizing swaying, and ensuring the
structure’s integrity. Furthermore, it eliminates the need for scaffolding and cranes when
operating at a height, improving the worker safety and reducing the time and labor
expenses. The advantages include unloading, directly inserting the IMUs from the truck
into the frame, and permitting working space around the cluster columns at the base.
According to the frame type, this could be classified as essential or extended systems [96].
The frame is packed with a steel IMU created individually. Through the use of peripheral
moment-frames, the lateral stability is enhanced.

4.7. Vertical and Horizontal Diaphragm Continuity Systems

There were significant problems with the PFISBs’ in-plane stiffness and non-uniform
lateral force transmission because of the discontinuity between the floor and wall di-
aphragms and no adequate connection system developed on the beams. In order to address
the issues mentioned earlier, the authors most recently created a horizontal IMC using the
tongues and grooves between the beams, as shown in Figure 7a [92]. Sharafi et al. [79]
also designed a horizontal and vertical beam IMC that resists shear forces and provides a
diaphragm continuity in both horizontal and vertical directions, as shown in Figure 7c. Both
methods required expensive adhesives or a corner column—column IMC to fix because they
could not withstand the uplift stresses. In order to offer horizontal and vertical diaphragm
connectivity and an adequate lateral force resistance, the recent developments in the IMC,
such as the wall-to-wall vertical shown in Figure 7d [97] and diaphragm-to-diaphragm
horizontal IMC shown in Figure 7e [98], have been made. They had a sustainability chal-
lenge because extensive site work would be required. In order to accomplish a connection
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at diverse locations, another sustainable approach has been devised that uses field bolts to
attach the IMU horizontally and vertically by welding angles to the beam flanges in both
directions, as illustrated in Figure 7b [99].
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Figure 7. IMC for the continuous horizontal and vertical diaphragm. (a) beam-to-beam horizontal
teeth lock [92]; (b) beam-to-beam vertical bolted clips [99]; (c) beam-to-beam horizontal and vertical
sawed systems [79]; (d) wall-to-wall vertical cast-in situ rebars [97]; and (e) diaphragm-to-diaphragm
horizontal cast-in situ rebars [98] IMC.

4.8. Automated and Robotized Systems

Due to the congested gaps between IMUs, fully finished 3D IMU-fitted PFISBs have
difficulties installing MEP facilities. A single 3D file combining architectural, structural,
and MEP data allowed for the effective implementation of the BIM to visualize and identify
hundreds of conflicts between MEP and structural systems [100]. Additionally, to lessen
the IMUs and component damage during transit, both structural and nonstructural. The
conveyance of IMUs is planned, optimized, and visualized using the integrated BIM plat-
form, Geographic Information System (GIS), and Vehicle Routing Problem (VRP) [101]. The
system was discovered to track the environment, the network of roads, and the best route
for the safe transfer of IMUs. The traditional manual techniques for configuring, choosing,
and positioning the cranes remained dangerous; as a result, the Hevilift automated crane
planning and optimization approach to effectively deploy thousands of cranes simultane-
ously has recently been implemented [102]. The robotized crane assembly with automation
allowed the IMUs to be hoisted and installed with outstanding autopilot precision and
safety, greatly enhancing the safety and sustainability of PFISBs [103].

4.9. Foundation Fixity Systems

Due to the close proximity of the four columns in the PFISBs, they are more prone
to sliding and overturning when subjected to high lateral loads; as a result, an adequate
restraint is needed at the base. The appropriate foundations, such as the combine, raft, or
pile foundations, can be adapted depending on the construction height and requirement to
withstand the lateral load. Concrete spread footings are advised for small structures on
good soil, mat foundations for large structures, and pile footings for soft soils, depending
on the size of the structure, the type of soil, and economic considerations [104]. To fix the
IMU by IMC blocs or IMU column base plate, as designed by several studies in Table 1,
onsite casting, bolting to accessible onsite cast plates, or welding to accessible onsite cast
plates can be used.
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Table 1. Foundation IMCs and relevant PFISB studies.

Type Detailing Analysis Features
First floor
: g v No reported studies on Suitable for high-rise PFISBs, with the
Anchor IMC o Aeersmngr ) L foorsiger Ty S P . ability to withstand uplift, shear stress,
[10] Plate welded to T4 f . structural bfahaVlor and moment owing to anchors cast
module s Casted bolts evaluation onsite and welded to the base plate.
Concrete | +* with anchors
footing & plate
The anchor and plate can be welded to
Anchor No reported studies on the rubber-pad footing and are suited
IMC structural behavior for the low- to mid-rise PFISBs because
[105] evaluation it resists uplift, shear stress, and
moment.
Shear-key in the IMU can withstand
Key No reported studies on shear force and a small moment but is
IMC structural behavior dangerous when subjected to uplifting
[105] evaluation forces and is not suitable for high-rise
PFISBs.
I8 1974 % ulé !\ Anchors . To resist uplift, shear force, and
Anchor IMC £ T | O AR | No reported studu?s on moment in high-rise PFISBs, the base
° o H = structural behavior . .
[106] __‘ ﬂ jv t evaluation plate is welded to the connecting plate
. 3 : that has been anchor-welded.
] Corrugatea
Columns . sheet
. Concrete
Pipe Mortar It can withstand uplift, shear stress, and
Stud IMC - N al —7 mome.nt and Preve.nt upliftir}g while
[107] B S <, L, e producing ductile failure, but it can also
N 4 B start brittle failure in high-rise PFISBs
‘ « R 4 Ve ; with infilled moment-frames.
a
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Table 1. Cont.

Type Detailing Analysis Features
-=-Initial state
Rotary bolt — ‘End state
They are effectively used in a five-story
Bolted IMC . PFISB in (.:hmaf where bolts are .
tightened onsite using nuts, preventing
[60,61,63,108] .. . .
WAl the IMU from rising and resisting uplift,
N\ N\ I shear strain, and severe moments.
8 “ \ Y \
|| fUigaed
foundation .
i
The onsite welded plate has high
Welded IMC No reported studu?s on st1ffm.ess and strength and can resist
[104] structural behavior uplift, shear force, and moment.
evaluation However, full welding is difficult; thus,
best suited for mid-rise PFISBs.
Although onsite anchors are cast with
No reported studies on shear keys and connecting plates, they
Key IMC . . .
[109] structural behavior can resist uplift, shear force, and
evaluation moment; interior bolting presents a

Shear-key Plate Bolts

barrier.

5. Potential Solutions to Achieve Column, Beams, and Diaphragms

Multidirectional Continuity

The reduced in-plane and out-of-plane stiffness and non-uniform lateral force trans-
mission are associated with high-rise PFISBs. Due to a lack of column-to-column and
beam-to-beam vertical and horizontal connectivity, these are structural issues which are
caused by discontinuous vertical columns, horizontal diaphragms, and vertical walls in
PFISBs. The authors of this study first provide a novel self-locking automatic vertical
column-to-column IMC, as shown in Figure 8, that uses boxes with spring-loaded tenons
and mortises with tongues and grooves to address the issues above. Then, a horizontal
beam-to-beam interlocking IMC with a continuous group of interlocking clips with sigma-
shaped tongues and grooves is proposed to ensure the horizontal diaphragm’s continuity,
as depicted in Figure 9. Then, to establish the vertical wall diaphragm’s continuity, a
vertical beam-to-beam interlocking IMC with interlocking clips is created, as displayed in
Figure 10. The detailed studies are carried out in Ref. [110].
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Figure 8. Self-locking automatic vertical column-to-column IMC.
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6. Structural Performances
6.1. Seismic and Wind-Resistant Systems

Due to the evaluation of geometric and material nonlinearities, time history and
nonlinear inelastic analyses are commonly adopted to predict the precise structural perfor-
mance of PFISBs [111]. According to Fathieh and Mercan [11], 3D IMUs in PFISB braced
systems has a reduced structural capacity because of torsion but a raised base-shear due
to additional columns. The peak displacement, period ratio, and inter-story drift for the
multi-story PFISB were found within code restrictions [112]. This protected the structural
stability of the PFISB in seismic zones. Due to the discontinuous columns and beams, rigid
diaphragms are challenging to achieve, resulting in a poor damage prediction. So, it is
critical to measure the performance against fundamental design objectives. For the 11-story
PFISB structures, Styles et al. [113] found that increasing the joint stiffness reduces the
drift ratio. The stiffness study on the IMC of the PFISBs’ structure found that increasing
the translational stiffness reduces the inter-story drift ratios better than increasing the
rotational stiffness [114]. The 18-story PFISB with a concrete core met the design code’s
requirements in both fields and numerical simulation [115]. However, using dampers in
the IMC was advised.

6.2. Explosion and Collapse-Resistant Systems

To resist the effect of explosions, the investigation discovered that the warpage of the
IMCs’ exterior walls resulted in damage; thus, it was unsuitable for meeting the safety
requirements [116]. Its reinforced aluminum panel wall technology with a crushed stone
infill prevented the failure and collapse, doubling capacity, and safeguarding [117,118].
Jiaxi [119] researched a nine-story PFISB structure’s collapse mechanism and discovered
that the load redistribution might improve the capacity and resistance successfully. In a
40-story PFISB structure, Chua et al. [120] investigated the corner-column loss scenario.
They revealed that the structure was robust due to the dual beams’ catenary action. Alem-
bagheri [121] found the structure robust enough to maintain a complete structural integrity.
Due to tensile failure, the IMC was advised to be constructed to double the serviceability
limit. The internal group module connectivity issues lessen the tying force, and the inability
to redistribute the loads [122] or horizontal connectivity limits the ductility [120].

6.3. Fire-Resistant Systems

In PFISB structures, external sheathings, protective claddings, and cavities are adapted
to control the spread of fire [6]. The addition of organoclay and foam core in FRP/GFRP
panels prevents fire from spreading through the facades [123,124]. The assessment of the
post-fire performance was then carried out, and it was revealed that they could resist fire
for 90 min and still possessed more than half of the post-fire performance [125]. Further
studies on the fire performance of PFISBs and sandwich panels of rock wool revealed that
the structural members are least affected due to cavities between the separate buildings’
IMUs [126]. Moreover, rock wool sandwich panels can increase the fire resistance by
more than 120%. A similar study ensures that the IMU is semi-independent, prevents fire
propagation, and provides a sufficient rigidity to guarantee robustness in PFISBs [127]. The
author’s project tested the PFISBs’ steel floor, column, load-bearing wall, and non-load-
bearing wall specimens, as shown in Figure 11a—d [128]. The PFISBs’ floor, coated with rock
wool and cement board, and the ceiling with rock wool and gypsum board, discovered
that the steel beams could be effectively protected by gypsum board and rock wool [129].
The PFISBs’ column externally covered by gypsum board and internally with rock wool
experienced a wide range of fireproof board falling off and could not meet the requirement.
The non-load-bearing wall in the PFISB with rock wool and gypsum board encountered an
extensive range of gypsum boards falling off. The overall wall fire protection meets the
limit, but the fireproof properties of the board’s appropriate thickness can ensure the PFISB
structure’s safety. The load-bearing wall gypsum board fell off, and the non-load-bearing
studs were deformed, but the load-bearing member’s performance was good.
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Figure 11. Fire performance of IMU in PFISB [129]. (a) floor; (b) columns; (c) non-load-bearing wall;
and (d) load-bearing wall.

6.4. Vibration-Resistant Systems

Similarly, the nonstructural components of the IMU in the PFISB might be damaged
during the transit, lifting, and handling [130]. It has been shown that screws and screw
heads are highly influential, but the damage does not affect the capacity. The mechanical
performance during the road transportation revealed that the screw connections are sen-
sitive to the vehicle’s vibration [131]. However, the trailer’s front chassis always seems
susceptible to excitations and necessitates attention [132]. So to withstand the PFISBs IMUs’
lifting forces, neighboring members and their connections must be strengthened [133].

7. Future Perspectives of Prefabricated Industrial Steel Buildings

Advances in structural systems, lateral stability units, seismic energy mitigation
systems, IMC techniques, and structural performances have increased the importance
of PFISBs. Despite the design challenges, they has been widely used in the UK [134],
China [135], the US [136], Australia [137], and Singapore [138]. Combining IMUs with
frames and concrete cores is successful for high-rise PFISB structures [139].

Traditional building materials, such as steel and concrete, or a combination, have
recently been adapted to achieve height. China, Singapore, the UK, and the US use 3D
IMUs with the frame or core and podium systems, while Australia uses 2D panelized
systems developed by the Hickory Group. The World Bank predicts that the increased
population and urbanization will expand the construction industry to 75% by 2050 [140];
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therefore, PFICs global annual growth rate is anticipated to reach 5.5% by 2026 [140]. China
plans to increase industrial building to 30% by 2026 [141], Australia to 15% by 2025 [142],
and North America to rise by more than 5% by 2023 [143], indicating that PFISBs are a
workable solution to meet the future urbanization challenges.

8. Technical Challenges and Potential Solutions

Prefabricated industrial steel buildings reduce the waste and work on the construction
site. It is superior to conventional onsite construction in terms of the efficiency, speed,
safety, and environmental friendliness. Its effectiveness in natural and artificial disasters
gradually encourages its adoption in mid- and high-rise PFISB structures. As a result, the
analysis provided a current overview of the structural performance. Due to the restrictions
mentioned below, it cannot be frequently used in high-rise buildings. Therefore, new
research goals are offered as potential answers to these issues.

8.1. Design Standards Issues

Building standards are the key components that describe the architecture, structure,
durability, facilities, reliability, sustainability, and safety requirements for designing tradi-
tional and PFISB structures. The current design standards for PFISB structures are based
on the conventional limit state design. Therefore, the uniqueness of the design should be
considered. Without proper technical specifications, designers and contractors spend a
considerable amount of time designing and inspecting, influencing the project’s quality
and safety. Meanwhile, developing standards for PFISB technologies necessitates plenty
of testing, particularly in the areas of an explosion, collision, fatigue, earthquake, winds,
collapsing, and fire resistance.

8.2. Columns Stability Issues

The structural stability of columns under axial compression loading and their design
method has always been the fundamental problem for steel structures in the analysis and de-
sign process. Direct analysis/second-order analysis [144] and an effective length /K-factor
method are the widely accepted design methods for a steel column’s design. In taller build-
ing systems, modeling geometric imperfections are preferred to include the notional load
and out-of-plumbness of columns; second-order analysis is therefore adapted for the stabil-
ity analysis. Alignment charts [145] and simplified equations [146] are used to calculate
the rigid frames’ effective length factor. Many researchers researched rigidly [147,148] and
flexibly [149,150] connected traditional multi-story sway/unbraced and non-sway /braced
steel frames. Additionally, the inelastic critical and post-critical behavior of the unbraced
flexibly joined frame is investigated under different loading conditions [151]. However,
both techniques are based on traditional steel frames with continuous columns.

Because the IMC joining techniques, column discontinuities, and construction details
of PFISB structures differ from traditional steel buildings, this results in complex end-
boundary conditions for the members. Therefore, using conventional steel standards and
design methods can incorrectly formulate the effective length factor and an uneconomical
design approach. For example, Hou et al. [152] observed the multi-column PFISB wall’s
buckling behavior. It was found that buckling can be reduced by concrete sheathing and
the wall acted as a continuous one; the effective length was therefore found to be greater
than 1.0. However, the study considered the uniform load distribution among all of the
columns. Deng et al. [153] studied the column tenon IMC. They used the theoretical
design for the effective length coefficient. However, Khan et al. [47-49] discovered that
the traditional standards overestimate the compressive strengths of multi-column PFISBs’
walls with SHS tubes because the IMUs’ uniqueness is ignored. Similar research was
carried out by Chen et al. [154] by proposing a theoretical equation with a bending stiffness
ratio, column-to-tenon length ratio, and column-to-beam rotational stiffness ratio. These
investigations, however, assumed that column ends would be fully welded to endplates,
which is not practicable in interior IMC. Likewise, a simple tenoned column cannot be
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used to construct additional columns, nor can it be used to create multi-story or multi-bay
frames. The effective length in a sway and non-sway rigid IMU was derived in a study [155].
Li et al. derived equations for calculating the effective length factors for the sway [156] and
non-sway frames [157]. However, they were entirely based on the theoretical approaches
of Duan et al. [147,148] for rigid and Kishi et al. [149,150] for semi-rigid frames based on
the stability factors model proposed by Chen et al. [158] for traditional steel structures.
The study is appropriate for single-bay PFISB-infilled frames with continuous columns at
the ends but not for discontinuous volumetric multi-bay and multi-story PFISBs. Unlike
traditional or infilled frames, the IMUs’ column ends are discontinuous at the IMC and
supported by beams. PFISBs have a considerable impact on the column’s stability as a
result of a rigid internal IMC, the varying rigidities of the horizontal and vertical external
connections, and the impact of the neighboring members. However, the above studies
have not yet considered all of the details. This could also account for the effect of different
stiffnesses of the exterior, middle, and interior joints, floor and ceiling beams, and group
columns’ mutual influence.

8.3. Discontinuous Horizontal and Vertical Diaphragm Issues

As an essential structural component, the floor cassettes and walls must carry vertical
loads and transmit horizontal loads effectively. In recent years, researchers have shown that
the horizontal diaphragm rigidity relative to the vertical diaphragm is insufficient, or the
distribution of the vertical diaphragm is uneven. The rigid assumption of the diaphragm
would result in significant errors in the displacement, internal force, and natural vibration
characteristics of the structure [159,160]. Besides the flexural and shear rigidity, the IMCs’
features significantly impact the in-plane rigidity and force transmission capacity [161,162].
On the other hand, the IMU is typically connected at their corners in PFISBs, with apparent
discontinuities in the horizontal and vertical directions. Therefore, as shown in Figure 12,
there is a clear difference between the PFISB and traditional floor force transmission
mechanisms. In addition to the vertical diaphragms, such as wall panels/corrugated steel
walls/steel braces, the horizontal diaphragm, such as the floor and ceiling cassette, exerts
importance on the IMC under lateral forces. The primary disadvantage of the vertical and
horizontal diaphragm’s discontinuity is the lateral rigidity reduction, regardless of the
connection efficiency. Since PFISBs are increasingly used in multi- and high-rise structures,
engineers use lateral stabilizing systems [111]. Yet, the non-rigid diaphragm complicates
the IMC between the IMU and lateral stabilizing components. Therefore, if the calculation
is still based on the rigid assumption, the real force transmission characteristics cannot be
correctly reflected [3,163,164]. Thus, the discontinuous diaphragm influence has become
much more complicated, as recently found by the authors in their experimental and
analytical works [165].

Figure 12. Cluster columns, beams, and discontinuous diaphragms.
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The B2 tower’s hat-truss bracings [33], the base isolation system [90], the double skin
plate shear wall [87], the hybrid coupled wall [88], and the light steel wall with concrete [89]
are approaches to achieve the continuous vertical diaphragm and improve the lateral ca-
pacity. However, most of these need extensive onsite construction, reducing the PFISBs’
sustainability. As a result, additional innovations are required to resolve the difficulties
above without impairing the PFISBs’ performance. Moreover, research on the horizontal di-
aphragms in traditional structures is currently focused on: (1) the deviation analysis of the
rigid diaphragm hypothesis [166,167]; (2) the classification of the diaphragm stiffness [168];
(3) the micro factors [169,170] as well as the macro factors [171,172] for the in-plane behav-
ior of the diaphragm; and (4) the numerical modeling of floor systems, in particular the
behavior of the IMC [173]. The above studies have shown that the in-plane diaphragm’s
performance would depend not only on the material but also on the IMC and structural
configuration details, providing some reference for future research on the PFISBs’ vertical
and horizontal diaphragm. In order to explore the effects of connections on the in-plane
diaphragm stiffness or global structural responses [3], some studies [174] were conducted
considering the simplification method [175]. However, there was still a lack of comprehen-
sive research on the diaphragms, unique connections, and the structural arrangements.

As a result of the discontinuous diaphragm, an exact diaphragm analysis model is
required rather than a rigid assumption, particularly in buildings with a decreased lateral
stiffness. More research on the vertical and horizontal discontinuous PFISB diaphragm is
needed, including a comparative experimental, numerical, and theoretical evaluation of
the in-plane mechanism.

8.4. Grouped Beams and Columns Gaping Issues

The gap between the upper unit’s floor beam and the bottom unit’s ceiling beam
provides a functional space, as shown in Figure 12. In such instances, the load transfer
would result in the connected columns and beams’ strength capacity being underutilized.
However, if the spacing between the cluster beams and columns is minimal, the interaction
effect will improve the overall strength and stiffness of the system. However, research on the
mechanical performance of clustered columns and beams and their interfacial connection
is lacking. When this advantage is overlooked, the stiffness of the PFISBs’ floor and ceiling
beams and stringers during the gravity loads and columns during the lateral stresses is
underestimated. Additional research on the cluster columns, beams, and the interfacial
connection is recommended to obtain an accurate design model. The authors recommend
using Section 5 solutions or employing automated joints for the resisting uplift [71] and
beams horizontal joints [79] for lateral interlocking to take advantage of this uniqueness.
However, more research is needed to use this inherited feature of the cluster columns
and beams.

8.5. Inter-Modular Joints Damage Issues

The IMU-to-IMU, IMU-to-frame, IMU-to-core, and IMU-to-foundation connections
are the four types of IMC. IMU-to-IMU connections are semi-rigid since they are installed
onsite and cannot be welded. They stack IMUs in horizontal and vertical directions to
offer a lateral and vertical way to distribute the loads between the PFISBs, core, and frame.
IMU-to-frame and IMU-to-core connections are rigid through onsite casting or welding
plates as they are believed to resist lateral loads. The IMU-to-foundation connection is
deemed rigid by anchoring or welding to resist the high sliding and overturning caused by
lateral loads. These connections” mechanical properties considerably impact the structural
strength, safety, stability, serviceability, and robustness.

According to the seismic provisions provided by the AISC, the SMF requires a 4% story
drift, while the IMF requires only 2% [176]. This doubts the appropriateness of various
IMCs for use in high-rise PFISB structures and earthquake zones. Prestressed composite
IMCs are fragile and susceptible to concrete crushing [68,69]. Most IMCs demand to be
open access with a limited workspace, fastening the structural members for the fourth
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IMU [58]. So, a detachable, self-aligning, easy-to-install connection is advised. This must
consider the constructional tolerances, be adaptable to varying IMUs, and meet the seismic
design criteria. The authors recommend that the requirements be met by combining the
automated and damping joints capable of recentering. Because the study showed that the
damper joint dissipates energy more efficiently than rigid joints [94], automated joints can
fulfill the architectural and structural requirements.

Additionally, the only work which has studied the IMU-to-foundation IMC has exam-
ined the column in an infilled frame, neglecting the column’s discontinuity [107]. However,
the PFISB IMUs actual design in the IMCs’ region includes discontinuous columns, which
significantly impact the connection and structural behavior of the grouped columns in the
base region. In order to solve the problems, further innovations and follow-up research is
recommended. The authors suggest that using a mechanical connection or the proposed
top-down approach can be helpful on the ground floor to deal with the foundation connec-
tion issues because it is based on the construction of a structure from the top floor [95]. The
authors also suggest applying a base-isolation system [90] or FREEDAMAGE dampers [177]
to reduce the structural damage while fitting the group columns’ IMC.

IMU-to-frame/ core connections are made by directly welding a connecting plate suited
only for a lateral load transfer. However, the tensile fracture can fail a tie connection if the
plate is subjected to overturning or twisting due to the IMUs’ rolling, rocking, and axial
deformations. However, no comprehensive research has been conducted on these design
concerns involving principal lateral stabilizing systems in high-rise PFISBs. Moreover, no
practically applicable possible connection has been researched dealing with this issue. The
authors suggest using FREEDAMAGE dampers the joints. One can use them to safeguard
the nonstructural components, minimize the fragility, and enhance the energy absorption
efficacy for multiple modes. Additionally, the authors indicate that INNO3DJOINTS [178]
can be adapted because they are demountable and reusable in the event of a seismic disaster.
Further studies are therefore needed in this direction to develop a high-rise PFISB.

8.6. Fire Prevention Issues of Inter-Modular Joints

As noticed, the PFISBs” walls, columns, floors, and ceilings can achieve a good fire
resistance by employing fire-resistant coatings, i.e., rock wool or gypsum boards. However,
they also fall off during a fire, transport, and hoisting if the thickness is inappropriate.
Therefore, the authors suggest using rock wool sandwich panels to protect the structural
members and raise the fire resistance to more than 120% [126]. However, the joints, i.e., the
IMU-to-IMU, IMU-to-frame, IMU-to-core, and IMU-to-foundation, are unprotected. They
will face a strength and stiffness decrease, which will cause a collapse or reduce robustness.
Therefore, solving the fire resistance issue of the IMC is a crucial perimeter to popularize
high-rise PFISBs.

8.7. Column-to-Beam Intra-Modular Joints Failure Issues

The joint’s stiffness controls the lateral performance by properly transferring the load to
the columns [113]. Researchers investigated the endplate, the fastened fin plate, the welded
connections, and the stiffened endplate [6,179]. Due to the low moment-resisting capacity
of the fin-plate and endplate connections, they are unsuitable for high-rise PFISBs [180].
Moreover, they necessitate extra-strengthening [6,181]. Additionally, such joints result in a
significant slab deformation and pry failure in the event of an accident [122]. While welded
connections have the maximum capacity, they are adopted in high-rise PFISBs [66,67].
However, they cause a brittle failure and necessitate diagonal stiffeners to prevent weld
fractures. After destructive seismic events, the building structure remains out-of-plumb.
Therefore, recentering is a significant concern for the reparability. According to some
studies, hybrid industrial systems with SCLVD dampers on welded internal joints exhibit
a self-centering efficacy in high-rise PFISBs [115]. The self-centering efficiency of the
joints with haunch braces on the multi-story frame was also observed [65]. However,
research on the internal joints is insufficient, resulting in direct and indirect losses during
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severe seismic occurrences. The authors suggest using the smart connections developed
by FREEDAM-PLUS [177] capable of self-centering the hysteretic dampers, lead extrusion
dampers, buckling restrained bracing, friction dampers, dampers, and dampers based on
shape memory alloys. Moreover, the authors suggest that plug-and-play joints [178] are
an efficient system that can also be adapted. Using truss beams can improve the seismic
performance of the system and joint. However, more research is required to manufacture
damage-free and demountable column-beam intra-modular joints after being subjected to
lateral forces.

8.8. Strength-to-Weight Issues of Industrial Modular Units

IMUs are made of varying materials depending on the building’s height, size, fire
protection, sound and thermal insulation, strength, and connection techniques. In addition
to the advantages, demerits are also associated with each of them. For example, besides
being prone to fire, timber IMUs cannot exceed four stories in height unless supported
by additional structures, making them uneconomical [182]. Concrete IMUs have a high
bearing capacity, easy availability, and good fire, sound, and thermal insulation, but the
hoisting difficulty, size limitation, uneasy transport, and challenging joining make them
unsuitable [19]. Aluminum IMU avoids welding and has a high strength-to-weight ratio
and lower construction tolerances than steel, but it is brittle and costly [19]. The steel IMU
is 10-15 tones lighter, the construction is faster, and the connectivity is simpler. However, a
poorer thermal and acoustic insulation, fire protection, larger cross-sectional needs, bracing,
and column instability necessitate a complex design and construction [38]. In addition,
with the reduction in the self-weight, the FRP/GFRP industrial panel systems showed a
good strength, fast handling, reusability, high strength-to-weight ratio, ability to withstand
loads, and excellent post-fire performance [125].

Given the merits and demerits referred to above, it is recommended that further re-
search be carried out on developing an IMU that combines the materials listed with the
particular merits of a high strength-to-weight ratio, durability, stability, and sustainabil-
ity. The authors attempted to integrate several approaches to make recommendations for
future work. It includes the development of composite IMU columns and beams using
high-strength, high-performance, lightweight concrete, and lightweight steel-composite
or FRP/GFRP-composite walls, floors, and ceiling panels. This can increase the IMUs’
strength /weight ratio, increasing the IMUs’ size while its number is lowered. The compos-
ite columns and beams technique was applied in SOHO Tower, in Australia, to achieve the
29-story height of a purely 3D PFISB without a concrete core for the lateral stabilization.
Moreover, using SHS with infilled concrete sheathing, multi-column wall systems have
increased the in-plane and out-of-plane strength while achieving an 18-story 3D PFISB [45].
Therefore, these systems can also be adapted to achieve lightweight modules for high-rise
steel facilities. However, more research is required to manufacture lightweight, sustainable,
stable IMUs.

8.9. Heterogenous Systems Design Modeling Issues

The accumulation of tests to establish a system of codes and standards, particularly
dynamic effects and fire performance, encountered problems in the data collection, space
limitation, and a high cost. It is, therefore, vital at this stage to anticipate the exact numerical
modeling details on the stability and safety of PFISBs. Detailed 3D solid and shell element
modeling can accurately predict the nonlinearity in material properties and geometry. Still,
multi-story buildings are always considered impractical because a high computational
efficiency is needed. For this reason, detailed modeling is replaced by being simplified, such
as with a 1D beam, wire, or line elements with nonlinear springs. On the other hand, due
to unique detailing, high-rise PFISBs involves a varying internal and external IMC stiffness
at each story. Without considering the stiffness of every joint, P-A-6 effects, and geometrical
and material nonlinearities during stability, robustness, and diaphragm investigations, a
simplified model may result in an inaccuracy. However, due to the problems highlighted
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above, recently developed simpler models can only mimic the elastic behavior and cannot
simulate the plastic behavior, making them unreliable in creating codes.

Moreover, as the authors recommended adopting advanced materials such as steel
composite sections with a high performance and lightweight concrete, composite, and
FRP/GFRP panels, the interactions between the heterogeneous materials will become
complex. However, an additional study should be conducted to produce more precise and
efficient ways to design simplified modeling for capturing each of the aspects mentioned
above while evaluating the structural performance.

8.10. Industrial Modular Units Transportation Issues

The transport limits the size and increases the number of IMUs, leading to an un-
economical PFISB construction project [183]. Since the road transport is the primary
transportation source, to avoid any unforeseeable problem [184], the external dimensions
of IMUs are often not greater than 13 m in length and 4.5 m in width [185]. Therefore, the
authors recommend adapting the Hickory building system to avoid IMU size problems,
which involves the onsite assembling of 2D systems to the 3D IMU [31]. In the La Trobe
tower, the modules of 17 x 4.5 x 3 m were achieved without any damage to the structural
and nonstructural components through this technique.

Furthermore, the newly proposed logistics plan is the best approach for planning,
optimizing, and visualizing the trailer route to address the size and safety of IMUs [101].
Moreover, the increase in the road roughness or response acceleration during the road
transport causes severe damage to the nonstructural and partial damage to the structural
components [186]. As a result, it is advised that additional follow-up work be conducted to
address these concerns.

9. Conclusions

The latest advancements, mechanical performances, constraints, and future prospects
of PFISBs are all examined in this study. This work then offers solutions for overcoming
several obstacles to the widespread adoption of high-rise PFISB structures. The following
findings are taken from this systematic review, critical analysis, and perspective, as well as
the authors” more than ten years of expertise in this study direction:

1.  Prefabricated industrial steel construction is widely used in emergency and repetitive
construction projects. Aluminum IMUs are brittle, and their high cost continues to be a
considerable hurdle. Timber IMUs are frequently employed for low-rise applications,
but steel and precast IMUs have been the industry standard for decades for high-
rise PFISBs. It has been implemented in China, the UK, Japan, Singapore, Sweden,
Australia, Germany, the Netherlands, the US, etc., as the most appropriate response
to modern urbanization and high-level prefabrication. Future perspectives revealed
that China plans to increase PFIC to 30% by 2026, 15% by 2025 in Australia, and
over 5% in North America by 2023, proving that PFIC is a viable solution to future
urbanization issues.

2. Multi-story PFISBs can be erected utilizing 3D IMUs fully serviced and prefinished in
the factory and combined by IMC or HBS systems with a semi-modular 2D panelized
IMU attached by a wet joint. Due to their distinctive form and construction, both
panelized and volumetric PFISBs could cut the building time by more than 30 to
50%. The present design guidelines do not account for the uniqueness of the design,
which impacts the quality and safety of the project. This requires the development of
standards for PFISB technologies, especially in the areas of an explosion, vibration,
fatigue, earthquake, winds, collapsing, and fire.

3. Prefabricated industrial steel buildings are classed as continuous and corner-supported
IMUs made of lightweight or heavyweight steel. Cold-formed sections or weaker
IMCs and detachable columns continuous and corner-supported IMUs support low-
rise PFISBs. Heavyweight PFISBs provide a superior lateral and longitudinal stabil-
ity when supported by hot-rolled SHS columns that distribute loads over multiple
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columns, making them more suitable for high-rise PFISBs. Primarily welded IMCs
were used to tighten all PFISB types that exhibited a satisfactory performance; how-
ever, they are costly, of a poor quality, and require functional space for internal con-
nection welding. Consequently, they are no longer utilized and manual or automated
bolted, pre-tensioned, and post-tensioned IMCs are preferred.

For manually operating PFISBs, the IMC is often welded, bolted, and pre-stressed.
Due to the substantial onsite labor required for the welded IMC, there is insufficient
space for a secure weld quality and complete welding. The production efficiency of
the bolted IMC is demanding. The building standards for a prestressed IMC are more
strict and complex. The stiffness of the welded and prestressed IMC is superior and
more susceptible to brittle failure than bolted joints to the prying failure. They prefer
to drill holes to assemble, which may compromise the IMUs’ sectional integrity and
interior design or render it incapable of lifting forces. Recent advancements in the
spring technology have enabled the development of various mechanical IMCs that do
not require any operational area. However, these self-locking IMC cannot be removed
once locked, making it difficult to reuse the IMUs in case of accidental damage during
service; thus, numerous IMCs with replaceable or detachable technologies for repeated
use have recently been developed. These IMCs all have a reliable seismic, uplift, and
shear resistance. Due to the discontinuity between the floor and wall diaphragms,
there are substantial issues with the PFISBs’ in- and out-of-plane stiffness and non-
uniform lateral force transmission. No suitable study on the developed connecting
system on the beams has been published.

Unlike conventional or infilled frames, the IMUs’ column ends are continuous at
the IMC and supported by beams, resulting in a clustered column connectivity and
structural performance variation near the joints and at the base. The assembling
problem can be solved by using the “Top-Down approach”, which involves building
a structure from the top floor to the first floor. However, PFISBs significantly impact
the column’s stability due to a rigid internal IMC, varying rigidities of horizontal and
vertical external connections, and the impact of the grouping of neighboring members
on middle and interior joints due to the mutual influence of neighboring columns,
beams, and the diaphragm. This can be rendered to be more challenging by the
discontinuous vertical and horizontal diaphragms or partially linked diaphragms by
proposed connections, necessitating a detailed study on high-rise PFISBs considering
all of the features.

The performance of PFISBs under the event of an earthquake, wind, blast, impact, fire,
collapse, and long-term sustained loads was satisfactory. This is due to the techno-
logical advances proposing seismic-resistant systems with damper IMCs, bracings,
and haunch braced lateral stabilizing systems, explosion, vibration, and fire-resistant
systems. They have the potential to improve the efficiency and safety while reducing
the residual stresses through self-centering. However, more research is required to
utilize the heterogenous high strength-to-weight construction materials. This could
manufacture the fire-resistant, damage-free, and demountable column-beam, column-
column, IMU-frame, and IMU-cores joints after being subjected to multidirectional
natural and artificial hazardous events.

Despite numerous benefits, PFISBs’ limited applications in high-rise structures result
from research focusing solely on the members’ or IMCs’ performance. However, the
issues raised from the grouped column and beams stability performance, discontinu-
ous horizontal, vertical diaphragms and lateral stabilizing systems, free-from-damage
and the fire-resistant internal and external module, frame, and core inter- and intra-
modular connections, lighter and free-from damage and fire resistant IMUs with new
construction techniques remain undisclosed. This must be studied to address the
technological challenges and improve the adaptability in high-rise applications.
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