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Abstract. Compared to traditional building materials and techniques, the use of prefabricated
modular structures has the potential to solve the problems of environmental impacts such as energy
consumption and the associated carbon dioxide emissions. The use of materials with a high potential
for recycling and reuse, such as steel in the form of rolled or cold formed profiles, is fully in line with
the principles of the circular economy - a shift from a linear to a circular material use.

Unlike rolled profiles with open and closed cross-sections made of structural steels, which use
intumescent paints for fire protection, cold-formed steel profiles, due to their relatively small
thickness, require the use of fireproof coatings of greater thickness (10-15 mm) based on gypsum or
perlite. For galvanized profiles, the only fire protection method available is cladding using various
types of fireboards.

The investigation of steel volumetric modules design economic factors influenced by different
methods of fire protection were conducted at the Department of Metal, Wooden and Plastic
Structures. Further investigation of economical design related factors of fire resistance of cold formed
structures of volumetric modular construction intended to fill the gap.

The research is focused on the performance of cold formed steel bearing structures, as well as
fire resistance of cold formed steel profiles and fire protection methods.

Keywords: cold formed steel, 3D-volumetric modules, fire resistance, steel buildings.

Introduction. Modern trends and directions of development of the global industry in general
and construction in particular should take into account the solution of immediate practical problems
of several global challenges.

The construction industry is currently responsible for a significant share of energy consumption
and the associated carbon dioxide emissions. The “carbon footprint” of construction products consists
of the extraction and processing of fossil fuels, manufacturing of materials, transportation, operation
of machinery and equipment, construction and operation of buildings and structures, etc. In addition,
construction production is responsible for the consumption of almost half of all extracted raw
materials [1].

However, the environmental impact of construction production does not end with the life cycle
of a building or structure. Both construction and demolition of obsolete and outdated facilities
increase the amount of industrial waste that needs to be recycled or disposed of. To this list should
be added facilities damaged by natural disasters that have become more frequent as a result of global
warming and facilities damaged as a result of terrorist acts and hostilities related to armed aggression
by the Russian Federation.

Compared to traditional building materials and techniques, the use of prefabricated modular
structures has the potential to solve the above problems. "Shifting the industry dynamic from projects
to products" [2] through factory production allows to reduce the quality of construction products and,
accordingly, the need for materials, the amount of waste and the amount of energy consumed. The
use of materials with a high potential for recycling and reuse, such as steel in the form of rolled or
cold formed profiles, is fully in line with the principles of the circular economy - a shift from a linear
to a circular material use.
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Despite the fact that definitions of circular economy are vary from framework to framework,
most of them originated to “ISO/DIS 59004 Circular Economy — Terminology, Principles and
Guidance for Implementation”. The standard specifies the term “circular economy” as an economic
system that uses a systemic approach to maintain a circular flow of resources through recycling,
maintaining or increasing their value, and which contributes to sustainable development. Commonly,
principles of circular economy refer as “4R” — “reduce, reuse, recycle, recover” [3].

Ensuring the durability, maintenance and safe operation of steel structures in general and
modular structures in particular depends, not least, on the fire resistance of structures, which requires
appropriate fire protection measures to ensure that the regulatory parameters are met.

Literature review. The research is focused on the performance of cold formed steel bearing
structures, as well as fire resistance of cold formed steel profiles and fire protection methods. To
analyze the relationships between key concepts in the literature related to cold form steel, fire
resistance, and volumetric modular construction, VOSviewer 1.6.20 [4] software has been employed
for creating network maps from scientific publications, providing visualization of terms
interconnection and clustering based on co-occurrence analysis of keywords within the titles,
abstracts, and texts of the articles.
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Fig. 1. Keyword mapping with VOSviewer 1.6.20
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Fig. 1 presents the keyword map generated by VOSviewer 1.6.20. The nodes (“clusters”) in the
map represent the frequency of using keywords and their combinations. The connections between
clusters indicate co-occurrence related to the same topics. The size of each cluster reflects the number
of references to the particular keyword, and the density of the lines represents the strength of
relationships between topics.

Besides the two major nodes in the analysis (“engineering” and “structural engineering”) the
most distinguished are “buckling”, “finite element method”, “computer science”, “eurocode”, and
“fire performance”, highlighting the significance of these topics in recent researches. The time scale
shows predictable tendency to shift related to researches social topics toward “ecology”.

The researches of cold-formed steel structures largely divided on two main groups: one group
concentrated on the joints rigidity problems; other — investigated lateral stability and performance of
stud wall systems.

Relatively small number of researches studied stud wall bearing capacity and their behavior
under vertical load [5] or the influence of multi-hazard interactions, such us the fire pre-damage
effects on the lateral load resistance of the strap-braced walls [6].

Among others, need to mention full-scale fire tests that investigated and characterized the
collapse behavior of a single storey cold-formed steel (CFS) building [7] and related modelling of
temperature effects using finite element method. The FE model developed in this study, simulated
the performance of cold-formed steel cantilever wall/truss system at elevated temperatures. The FEA
results demonstrated acceptable correlation with the full-scale fire test results, in terms of failure
behavior, angle displacement and collapse temperature. It also proved that plaster board had
significantly improved the thermal and structural performance of cold-formed steel stud wall panels.

Analyzing the mentioned above, it is safe to say that energy-saving and cost-effective solutions
should be incorporated at the design stage, choosing those that are most effective in the long run.
When choosing design solutions, it is necessary not only to ensure compliance with existing
regulations and regulatory guidelines, but with frameworks that outline the prospects and directions
of development of modern society.

Review Aims and Scope. Unlike rolled profiles with open and closed cross-sections made of
structural steels, which use intumescent paints for fire protection, cold-formed steel profiles, due to
their relatively small thickness, require the use of fireproof coatings of greater thickness (10-15 mm)
based on gypsum or perlite [8]. For galvanized profiles, the only fire protection method available is
cladding using various types of fireboards.

The investigation of steel volumetric modules design economic factors influenced by different
methods of fire protection were conducted at the Department of Metal, Wooden and Plastic Structures
[9]. Further investigation of economical design related factors of fire resistance of cold formed
structures of volumetric modular construction intended to fill the gap.

Research Methodology. Similar to the previous research [8] the modules of overall size
3825%x7650%x3360 mm were designed by 3D modelling software Autodesk Advance Steel with a
frame made of cold formed profiles (“Pruszynski”) - stud walls with the plasterboard on both sides.
Based on recommendation [8], alternative design developed with back-to-back (BB) composite
profiles. For comparison purpose design with a frame made of rolled profiles (IPE I-beam and RHS
profiles with light-weight decking) [9] have been included.

Research results. The results of the comparison of structural design solutions in factors of the
dead weight of steel structures, the construction weight of the structural elements of the module and
the cost, including fire protection of steel structures by applying intumescent paint to meet
requirements of fire resistance class R30, fire protective coating and fire rated plaster boards to meet
requirements of fire resistance class REI30, are shown in the following diagrams (the most effective
of the solutions for each comparison category stated as 100%).
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Fig. 2. Steel consumption per module ratio
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As shown (Fig. 3), IPE rolled profiles frame is the best for reducing shipping weight of the
modules (option with regular joists and composite deck)
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Fig. 3. Gross weight of the module structures comparison
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Total Structural cost per sg.m. of Module's Area including Fire
Protection
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Fig. 4. Structural cost per sq.m. including Fire Protection (R30 for IPE and RHS, REI30 for CFS &
plaster board assemblies)

Comparison of structural (net) cost of steel fabrication, plasterboard assemblies along with fire
protection material demonstrates that modules cold-formed profile frames is the most effective design
solution in terms of economic factors and workability ( Fig. 4).

Conclusions.

1. The module frame elements in the form cold-formed profiles with plasterboards assemblies
are more economically effective in terms of steel consumption per sq.m. of total area, however, the
module frames made of RHS elements demonstrated almost similar efficiency with application of the
intumescent paint (for fire resistance class R30 and more).

2. Thick fire protective coating (10-15 mm) is the least effective of the reviewed methods of
fire resistance improvement of cold formed profiles.
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BOT'HECTIMKICTH KAPKACIB 3D-OB'€EMHUX MOJIYJIIB I3 CTAJIEBUX
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CTAJIEBUMM ITPOPLJIAMU
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Ooecvka depacasna akademis 6YOiBHUYMBA MA apXimexmypu

AHoTauisi. Y TOpPIBHAHHI 3 TPaJAULIIMHUMH OYIIBEIbHUMH MaTepiajlaMd 1 TEXHOJIOTISIMH,
BUKOPUCTAHHS IIBUIKOMOHTOBAaHUX MOMAYJIBHHX KOHCTPYKIIH Ma€ MOTEHIal i BUPIIICHHS
po0JieM BIUIMBY Ha HABKOJHIIHE CEPEIOBUINE, TAKUX K CIOXHBAHHS CHEPTii Ta MOB'S3aHi 3 UM
BUKHUIM BYIJIEKUCIOrO Ta3y. BuKopucTaHHS MaTepialiB 3 BHCOKHM IOTEHIIaJIOM MEpepoOKH Ta
MMOBTOPHOT'O BUKOPUCTAHHSI, TAKHMX SIK CTaJIb Y BUTJISAII TPOKaTy 200 X0101HO(OpMOBaHUX TTPOdiTiB,
MOBHICTIO BINOBiZa€ MPUHIMIIAM [UPKYIAPHOT €EKOHOMIKH - IEPEXOY BiJI JTIHIKHOTO 710 KPYTOBOT'O
BUKOPHCTAHHS MaTepialiB.

Ha BigmiHy Bia mpokaTHHUX HPOQUIB BIKPUTOTO 1 3aKPUTOTO Mepepidy 3 KOHCTPYKLIHHUX
CTaJIeH, JJIsI BOTHE3aXUCTYy SIKUX BHKOPHCTOBYIOTHCS IHTYMECIICHTHI (papOu, XOJIOJHOTHYTI CTajeBi
npodini yepe3 CBOIO BiHOCHO HEBEJIMKY TOBIIMHY BHMMAarairoTh 3aCTOCYBAaHHS BOTHE3aXHCHUX
MOKPUTTIB O1b11101 TOBITMHU (10-15 MM) Ha ocHOBI Tirnicy ado nepaity. s onuHKOBaHUX pOodiiB
€IMHUM JOCTYITHUM METOJOM BOTHE3aXUCTYy € OOJHMIIOBaHHS PI3HUMHU THUIIAMH MPOTUIOKEKHUX
TUTHT.

JlocImipKeHHST  30CEepe/KeHEe Ha eKCIUTyaTallifHUX XapaKTepHCTUKAaX HECYyYHX CTalleBUX
XOJIOAHOTHYTHX KOHCTPYKIIIHA, @ TaKO Ha BOTHECTIMKOCTI XOJIOJHOTHYTHX CTaJIeBUX MPOQuTB 1
METO/aX BOIHE3aXHUCTY.

EnemenTn MOy IbHOT paMu y BUTJISITI XOJIOTHOTHYTHX MPOQ1IiB 3 TIIICOKAPTOHHUMU 301pKaMu
€ OUIBII EKOHOMIYHO €(PEeKTUBHIUMH 3 TOUKH 30pYy CIIOKUBAHHS CTaJIl HAa KBaIPaTHUN METp 3arajbHOl
TIJIOII, TIPOTE MOMYJIBHI paMH, BUTOTOBIICHI 3 efnemMeHTiB RHS, npogemoHcTpyBanm maiike Taky x
e(eKTUBHICTh IIPY 3aCTOCYBaHHI1 BOrHe3aXUCHOI GapOu (a1 kinacy Boruectiiikocti R30 1 Buie).

Tocte mpotunoxexue moKputTs (10-15 MM) € HaliMeHIIT €PEKTUBHUM 3 POTIITHYTHX METO/IIB
TiIBUIIICHHS] BOTHECTIMKOCTI XOJOJHOTHYTUX TPOQLTIB.

KurouoBi cioBa: xonogHopopmoBana craib, 3D-00'eMHI MOyJTi, BOTHECTIWKICTh, CTalCBi
OymiBiIi.
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