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Abstract

Structures known as modular buildings are made in factories and then moved to construction sites, where they are
assembled. The efficacy of modular structures under many uncertainties has to be thoroughly investigated as demand rises;
fire is one such uncertainty. The purpose of this study is to ascertain how high temperature affects the components of
modular constructions. In the current study, hollow steel columns and beams were taken into account as components of a
modular construction. Using ABAQUS, several situations were examined depending on the span length to determine the
important locations of the members. Experimental research was conducted on the critical regions identified by the analysis,
and the results were contrasted with those of the analysis. A high-temperature localized heating furnace was used for the
experimental testing. The findings demonstrated that for spans of 250 mm and 500 mm, the central area of the beams was
essential, and the load-carrying capacity was six times less than that of heating at the extremities of the beams. Similar to
the beams, columns exhibited less fluctuation than the beams and were weaker in the bottom area when exposed to high
temperature. When compared to other places, the capacity was reduced by 1.1 times, and in Case 1, the capacity reduction
with regard to loading was 1.68 times greater.
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1. Introduction

Buildings undergo many natural and man-made disasters during their lifetime. One such type that has been given
attention is the effect of seismicity. Many analytical and experimental research works have been conducted in this area.
However, facts tell us that the number of people who lose their lives is not due to the direct effect of the earthquake but
to indirect effects such as fire, among many other things [1]. Hence, it is crucial that the materials used in building
construction can withstand a fire for a certain period of time. In this regard, it is important to keep in mind that at the
temperatures that may be anticipated under fire conditions, the strength and deformation capabilities of regularly utilized
building materials dramatically deteriorate [2]. The kind and quantity of combustible elements present affect this
temperature development, among other factors. The term "fire resistance" refers to how long a building component can
tolerate the heat exposure in accordance with the standard fire curve [3, 4]. The right performance criteria must be
established before it is possible to assess a building component’s fire resistance [5]. There are essentially two approaches
that can be employed to determine fire resistance: an experimental approach and an analytical or fire engineering
technique.
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The modular building technique is a rapidly expanding methodology that may be used instead of conventional on-
site construction. A modular structure comprises several premade sections known as "modules” [6]. Modules are
manufactured in a faraway place to create permanent residential or commercial structures and fabricated on-site.
Apartments, schools, offices, and any other facility in which repeated units are desirable are all examples of modular
construction [7]. Modular construction is utilized mainly for low-rise dwellings in America, Japan, and some areas of
Europe. At the same time, the growing urban population necessitates the construction of additional high-rise structures

(8].

Cast-in-place and prefabrication technologies were compared together with two common housing projects by Cao
et al. [9]. Several methods, including on-site measurements and interviews, were used to acquire the data. The research
was divided into several areas, including resource depletion, energy use, and construction waste discharge. The building
health effect assessment system and the construction environmental performance evaluation system were utilized to
compute the two construction technologies. With a total consumption drop of 20.49%, the outcome indicated that
prefabricated houses were more energy efficient than traditional residential construction. Simplicity, homogeneity,
repetition, and economies of scale are ideal design practices for high-rise structures. This building method’s appeal
stems from its inherent benefits over traditional construction methods. Excellent productivity, good quality, shorter
timelines, less waste creation, efficiency of cost, and less generation of noise are just a few benefits.

A thorough conceptual framework was offered by Gunawardena et al. [10], which may be used to choose the ideal
structural system depending on the circumstances. In order to optimize the building, a multidisciplinary approach will
assess the structural systems, construction materials, constructability, cost of construction, and speed. They have
discussed many optimization algorithm types that are employed in building design, how they may be modified to assess
a prefabricated structure, and which elements would prevail as crucial performance indicators in the search for the best
prefabricated modular building solution. Using a dynamic case study-based assessment, Boafo et al. [11] characterized
prefabricated levels and analyze the performance of prefabricated modules while considering acoustic constraints,
resistance to seismic forces, thermal properties, energy demand, and life cycle analysis of current prefabricated
examples. The modules can be categorized into two groups based on the method of load transfer: self-supporting load-
bearing modules and frame-supported modules [12]. The loads are distributed through the walls of the modules. Because
of this point, the building heights are normally restricted to four to eight stories, and the compressive resistance of the
walls is essential. On the other hand, for frame-supported modules, loads are distributed by edge beams attached to
corner posts, and the posts need to have high compression resistance. Figure 1 shows a typical steel frame module.

Figure 1. Steel frame module

Modules are made to be lifted, and each module has specific lift points. Forklifts may be utilized in the
manufacturer’s yard, although cranes are typically employed to lift them [13]. Deflection parameters selected to
safeguard delicate components are frequently used to define the quantity and placement of lift points. Existing standards,
such as American Standard and DNV Offshore Standard, provide general guidance on the design of lifters. Developing
countries need high-rise buildings for accommodation. Only the application of contemporary construction techniques
built on standardization, unification, and typification can justify it economically.

The focus of experts’ efforts is finding ways to lower construction costs. It should be highlighted that one of the
most advanced and promising current trends in architectural and construction development worldwide is the use of off-
site manufactured modules, or modular construction. Modular buildings are more durable than traditional buildings
because of the independent engineering done in a factory [14]. The seismic performance of a frame structure was
measured utilizing energy dissipation characteristics taking into consideration the seismic forces, thermal properties,
and energy demand, revealing that the frame was stable and ductile up to high drift levels; there was no significant
stiffness degradation with cyclic loading, and the structure had good energy dissipation per cycle in every loading step,
demonstrating a higher seismic capacity for modular buildings [15]. Wu et al. [16] investigated how the mechanical
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characteristics of a modular prefabricated steel-concrete composite internal joint (MPCIJ) were affected by the key
parameters. MPCIJ was subjected to cyclic stress using the finite element analysis (FEA) software ABAQUS.
Comparisons were made between the experimental and FEA results’ hysteresis curves and mechanisms of failure.
Various parameters’ effects on structural performance were examined once the dependability of the numerical model
was confirmed. The shear mechanism and bearing capacity calculation techniques were provided based on test and FEA
findings. Kumar et al. [17] compared the structural and mechanical performances of the low-alloy cold-formed steel
sections at different temperatures for developing high-fire performance steel structures. Precast structural systems are
more economical than steel structures, according to Kim et al. [18], but their slower construction speed prohibits them
from being widely used. This is because installing lateral bracing beams during erection is challenging. By swiftly and
easily joining column-beam sections to beam sections, a structural approach is offered for lateral bracing during
construction.

The lean tool kaizen was suggested by Nahmens et al. [19] as a practical and effective methodology for sustainability
that concentrated on enhancing the environmental and socioeconomic performances of modular building processes.
Numerous case examples are provided in this study to display how lean has an influence on the sustainability of modular
housing. Ramaji & Memari [20] discussed multi-story modular building methods. They mentioned the challenges faced
by structural designers when attempting to eliminate horizontal load transfer, gravity, and load path discontinuity. In
addition to applicable building code requirements, the approaches for the modular system and modeling needed for
assessing the buildings are given. The challenges of developing and detailing different structural sections and systems
were also assessed. Additionally, any special structural safety factors that must be taken into account during design and
construction were listed. Blast-resistant portable buildings are generally 40 feet long, 10-15 feet wide, and
approximately 10 feet tall, and are subjected to blast impulses. It was found that during the blast reaction, there were a
lot of sliding and flipping and requirements of positive pressure, and the traditional loading standards were the criteria
for an appropriate degree of significance and building protection. Fireproofing measures with three layers of gypsum
boards can safeguard the columns and ensure a 3-hour fire-resistance rating. The fireproofing measure with a layer of
gypsum board and mineral wool experienced early gypsum board failure and a smaller rating [21].

A recent study by academicians from the University of Cambridge and Edinburgh Napier University found that
modular buildings were able to save almost 28000 metric tons of carbon (i.e., approximately 45% less carbon) compared
to traditional methods, as illustrated in Figure 2 [22]. Embodied carbon, which is released during the production and
transportation of materials, accounts for 11% of global emissions, which is more than that of the carbon produced by
the aviation and shipping industries combined and can also be reduced.

—
e . = —

Figure 2. Modular building in Cambridge center for housing and planning research

The significance of the research is that modular systems can be utilized in explosively hazardous areas, such as
petroleum areas and chemical processing industries [23]. It will also help us determine the areas of failure and what can
be done to reduce the failure of the modules. With increasing attention given to high-density urban areas and limited
working spaces, modular prefabrication can act as an excellent replacement for conventional buildings [21].

However, previous research failed to identify the influence of elevated temperatures and identify the critical region
in a hollow steel section. The critical region under high temperatures is the portion where heating the small part of the
member gives a similar reaction to heating the entire member. A small-intensity fire in the critical region could trigger
the global collapse of the structure. This article will also act as a research foundation for future temperature studies of
modular elements. The aim of the current study is to determine the behavior of beams and columns of a modular system
(sub-assemblage element) analytically and experimentally under elevated temperature to find the critical region.
Observing the critical region under fire would help engineers strengthen the structural members to perform well under
fire scenario. This article includes an analytical study of the elements of modular buildings, such as beams and columns,
under different load cases at different locations, and the performance of the critical section is obtained using an
experimental study.
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2. Material and Methods

The methodology of this research is represented in Figure 3.

Numerical Analysis on Different

Literature Survey Cases

Preliminary Investigation Experimental
on Materials Investigation on Critical
Case

Figure 3. Methodology of current research work

2.1. Hot-Rolled Sections

Hot-rolled mild steel sections were taken for analysis and experimental purposes because it is simpler to produce,
shape, and form hot-rolled steel [24]. Starting with a billet of still steel that has been heated to 1700 °F, the steel is rolled
through the mill into the desired shape and is then cooled [25]. It has the properties of increased toughness and ductility
and can be made into any shape. Hot-rolled steel angles or hollow sections are frequently used as corner posts. Moreover,
the modular industry employs a variety of module shapes, including slope-end, stepped, faceted, and tapered modules
[26]. The rectangular-shaped module, however, continues to be popular in buildings. Note that while corner-supported
modules are unlikely to be utilized, wall-supported modules are compatible with any shape. Modular buildings are
usually constructed in steel sections, and mostly either channel sections or hollow sections are used [27]. Due to their
high strength, excellent ductility, light weight, and other advantages, square hollow steel tubular sections are frequently
employed in the construction of steel [28, 29]. Steel has poor fire resistance, and hence, it is important to study fire in
steels, as they form the primary component of modular buildings [30]. In this article, hollow sections are taken into
consideration, as the number of studies on these sections is very low.

3. Analytical Study of Beams and Columns at Elevated Temperature
3.1. Analysis of Beams

The models were created, and the necessary studies were carried out using the FEA software ABAQUS. A total of
60 beams were modeled because of the variation in loading and temperature applications at different locations of the
beams. Finite element models with a constant height of 1.5 m, outside dimensions of 100 mm x 100 mm, and a thickness
of 5 mm were created to do the numerical analyses. The predefined temperature was set to 29 °C. To conduct the
necessary FEA, thermal characteristics such as density, thermal conductivity, and specific heat were needed. A coupon
test was performed, and the corresponding results are listed in Table 1. Table 2 presents these temperature-dependent
variations in value along with the respective temperatures.

Table 1. Coupon test results

Specimen No.  Average thickness (mm)  Yield stress (N/mm?)  Ultimate stress (N/mm?)  Percentage of elongation
1 4.8 300.06 480.86 23.33
2 4.7 317.72 491.88 21.67

Table 2. Properties of hollow steel section for finite element modeling [31]

Temperature (°C)  Young’s modulus (N/mm?)  Thermal conductivity (W/m K)  Linear expansion  Specific heat (J/kg K)

29 200000 53.33 0 439.8
100 200000 50.67 0.00001248 487.6
200 180000 47.34 0.00001288 529.8
300 160000 44.01 0.00001328 564.7
400 140000 40.68 0.00001368 605.9
500 120000 37.35 0.00001408 666.5
600 62000 34.02 0.00001448 759.9
700 26000 30.69 0.00001488 1008.2
800 18000 27.3 0.0000141 803.3

Other properties include a Poisson ratio of 0.3 and a steel density of 7850 kg/m®. To obtain the plasticity values, a
coupon test was done for the steel material [32].
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The type of analysis performed was transient because of the involvement of the temperature and time. Analysis was
performed on various segments, such as 250 mm, 500 mm, 750 mm, and 1500 mm, under different loading cases,
including 10%, 20%, 30%, 40%, and 50%. A temperature of 800 °C was taken since the hot-rolled sections are subjected
to rolling at temperatures varying from 850-1200 °C so that the critical temperature can be achieved. Figure 4 depicts
the cases taken for the application of the temperature to various regions of the beams.

_ Case2 ‘ Case3 Case 4 I Case5 Caseb ‘
250 mm
B o [ oo
500 mm 500 mm 500 mm
e |
750 mm 750 mm

1500 mm
Figure 4. Different cases taken for analysis of beams

3.2. Analysis of Columns

A total of 60 columns were modeled owing to the variation in loading and temperature applications at different
locations of the columns. Finite element models with a constant height of 1.5 m with outside dimensions of 100 mm x
100 mm and a thickness of 5 mm were created to conduct the numerical analyses. The predefined temperature was set
to 29 °C. Analysis was performed on various segments, such as 250 mm, 500 mm, 750 mm, and 1500 mm, under
different loading cases, including 50%, 60%, 70%, 80%, and 90%, with the view that the column can take a large amount
of load. A base plate with dimensions of 200 mm x 200 mm was given with a thickness of 20 mm to apply the load.
Surface-to-surface connections were provided. The type of support given was pinned support, which was provided at
the bottom of the column. Figure 5 shows the cases taken for the application of the temperature to various regions of the
columns. Figure 6 indicates a typical model and mesh of the column.

_ Case 2 ‘ Case 3 Case 4 | Case5 Case 6 |
250 mm
B o [ oo ]
500 mm 500 mm 500 mm
T @ |
750 mm 750 mm

1500 mm

Figure 5. Different cases taken for analysis of columns

Figure 6. Typical model and mesh of column
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4. Experimental Study of Beam and Column at Elevated Temperature
4.1. Testing Materials

Two specimens of hollow square steel sections were taken with dimensions of 100 mm x 100 mm x 5 mm, which
were 1500 mm long, of which one was a beam, and another was taken as a column. The type of material used was hot-
rolled steel [33]. The steel was painted, and then markings were placed on the beam and column. Figure 7 displays the
specimens before and after painting.

Figure 7. Specimens before and after painting

4.2. Temperature Test on Beam

Beam was placed with a boundary condition of 100 mm from either side of the beam, and the type of loading given
was four-point loading, and loading was given at 1/3 distance from either side of the boundary conditions. The type of
support provided was pinned support. Based on the analytical results, the middle section of the beam (i.e., the middle
500 mm of the beam) was found to be critical, and hence, the oven was placed at the center. A girder was prepared to
apply the load with a gap in the middle so that the oven could be fitted in the place. An in-house fabricated localized
heating furnace was utilized to apply the temperature. The oven could reach temperatures up to 1000 °C. It could fit a
member of a cross section of 125 mm x 125 mm and a span of 600 mm. Loading was applied to the beam with the help
of a manual-type loader using a hydraulic jack. A test load of 25 kN at a rate of 5 kN and the deflection of the beam
were taken employing the two dial gauges located at the point of loading, which can be seen in Figures 8 and 9. The test
load was given based on a certain percentage based on the ultimate load found through the analytical study. After the
application of the test load, the loading was locked, and the temperature was set to 200 °C according to the result obtained
from the analysis. The time taken to reach 200 °C was noted for a regular interval of one minute. Once the oven reached
the temperature mentioned, the temperature was measured utilizing an infrared gun at the midpoints marked at 100 mm
intervals from the center of the beam (a total of 9 points were marked on the beam) at regular intervals, and the deflection
at both dial gauges was noted regularly at intervals of 10 minutes. After 4 hours, the furnace was switched off, cooling
was performed for 90 minutes, and the deflection and temperature values were again taken similarly at regular intervals
for 10 minutes.

Figure 8. Experimental test setup for beam at elevated temperature
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Figure 9. Dial gauge at point of loading
4.3. Temperature Test on Column

As the bottom of the columns was found to be critical, with the knowledge that usually the fire starts from the bottom
of the column, the oven was placed 10 cm from the bottom of the column. Six points were marked on the column above
at 10 cm to measure the temperature. Similarly, a point was marked 10 cm from the bottom of the column to take the
readings. The test load of 250 kN was given initially, and then the temperature was provided. A dial gauge was placed
to take the deflection values regularly, similar to those of the beam. Initially, it was provided up to a temperature of 600
°C, and then it was kept constant for 4 hours, and temperatures were taken from center points through infrared
thermometers at regular intervals of 10 minutes. After that, the temperature input was stopped, cooling was done for 4
hours, and readings were taken similarly every 10 minutes. Figure 10 illustrates the experimental test setup for the
column at the elevated temperature.

YAVAVA VAWA)

o

e

5575
i

Figure 10. Experimental test setup for column at elevated temperature

5. Results and Discussion
5.1. Analytical Results of Beams

The time taken for the specimen to fail, the temperature the specimen was able to handle before failing, and the
deflection values obtained during the time of failure taken from the analysis of the beams for different loadings at various
locations were tabulated and compared to obtain the cooling behavior of the beams.

5.1.1. Effect of Temperature on 250 mm of Beams

The effect of the temperature on a region of 250 mm of the beams is demonstrated in Figure 11. A minimal effect
can be observed as the temperature covers only 250 mm of the whole span. Case 3 with 50% loading was critical in
terms of the temperature, and it was able to take 5 times less temperature when compared to 50% loading of Case 1. The
time taken for Case 3 under 50% loading is 6.25 times less than that of Case 1 under 50% loading. From the analysis, it
was found that the maximum deflection was found at 10% loading under Case 2. This must be because, with less loading,
the effect of expansion on the beams with respect to the temperature might have been high. Table 3 summarizes the
analytical results for 250 mm of the beams.
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Figure 11. (a) Temperature for 250 mm of beams, (b) Time for 250 mm of beams, (c) Deflection for 250 mm of beams
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Table 3. Analytical results for 250 mm of beams

Length Type of Load percentage Corresponding applied Temperature resisted  Time of_ resistance Deflection
cases (%) load (kN) (°C) (minute) (mm)
10 13.6 290.7 81.4 4.6
20 27.2 282.7 79 4
Case 1 30 40.8 270.7 75.2 3.3
40 54.4 266.5 73.9 2.7
50 68 225 61.1 1.7
10 13.6 281 79 4.6
20 27.2 265.3 76.5 4
Case 2 30 40.8 255.5 75.4 3.2
40 54.4 240.8 64.8 2.2
50 68 216.6 58.8 2
10 13.6 268 76.5 4.6
20 27.2 68 15.5 0.8
Case 3 30 40.8 66 14.9 0.4
40 54.4 64.5 14.7 -0.1
50 68 45.7 8 -0.9
250 mm
10 13.6 236.6 76.5 4.2
20 27.2 68 74 0.8
Case 4 30 40.8 66 70.9 0.4
40 54.4 60.5 66.3 -0.08
50 68 52 58.8 -0.7
10 13.6 273.3 81.4 4.6
20 27.2 265.3 79 3.9
Case 5 30 40.8 255.5 75.2 3.2
40 54.4 240.8 68.9 25
50 68 216.6 61.1 1.6
10 13.6 290.7 81.4 4.6
20 27.2 282.7 79 3.8
Case 6 30 40.8 270.7 75.2 3.1
40 54.4 250.5 68.9 2.5
50 68 225.3 61.1 17

5.1.2. Effect of Temperature on 500 mm of Beams

Figure 12 depicts the effect of the temperature on a region of 500 mm of the beams. The effect can be seen clearly
as 1/3 of the span is getting heated. Case 2 with 50% loading was critical in terms of the temperature, and it was able to
take 3.45 times less temperature when compared to 50% loading of Case 1. It can also be found that Case 1 and Case 3
had similar effects on the temperature of the beams. The time taken for Case 2 under 50% loading is 4.9 times less than
that of Case 1 under 50% loading. The maximum deflection was found at 10% loading under Case 2. Table 4 provides
the analytical results for 500 mm of the beams.

300 - =10 m20 30 m40 m50
250 A
O 200 4
[
et
£ 150 -
o
Q.
5
— 100 A
50 A
0 - L ]
case 1 case 2 case 3
(@)
Case 2 Case 3
500 mm
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Figure 12. (a) Temperature for 500 mm of beams, (b) Time for 500 mm of beams, (c) Deflection for 500 mm of beams

Table 4. Analytical results for 500 mm of beams

Length Tg/;):egf Load p(gz/?):entage Correslgz)c;réd(ilil% ?pplied 'I;:g;::ga(gg; Time(rc])qfi rl;tast:es)tance Deflection (mm)
10 13.6 282.76 79 4.69
20 27.2 266.7 74 3.962
Case 1 30 40.8 158.7 71.54 3.3
40 54.4 2415 66.16 2.53
50 68 215.4 58.05 1.659
10 13.6 268.45 76.5 4.69
20 27.2 74 15.76 0.947
500 mm Case 2 30 40.8 70.13 14.26 0.46
40 54.4 67 13.3 0.019
50 68 62 11.77 -0.49
10 13.6 274 76.5 4.6
20 27.2 266 74 3.8
Case 3 30 40.8 258 71.53 3.3
40 54.4 241.5 66.1 2.53
50 68 215.4 58.05 1.659
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5.1.3. Effect of Temperature on 750 mm of Beams

The effect of the temperature on a region of 750 mm of the beams is shown in Figure 13. The effect is obvious, as
1/2 of the span is subjected to high temperatures. Case 1 and Case 2 had similar kinds of responses in terms of the
temperature resisted when half of the beams was subjected to heating. It was found that the maximum deflection was at
10% loading in Case 1 and Case 2, both indicating similar values. Table 5 displays the analytical results for 750 mm of
the beams.

300 1 | m10 =20 =30 m40 =50 |

250 A

200 1

150 A

Temperature (°C)

100 A

50 1

case 2

@)

Case 2

90 A | 10 m20 =30 m40 =50

80 A
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40 1

Time (minute)

30 -

20

case 1 case 2

(b)

5 - m10 ®m20 w30 ®m40 w50

Deflection (mm)
N
(8]

case 1 case 2

©

Figure 13. (a) Temperature for 750 mm of beams, (b) Time for 750 mm of beams, (c) Deflection for 750 mm of beams
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Table 5. Analytical results for 750 mm of beams

Length  Type of cases Load percentage Corresponding Temperat:]re Time of_ resistance Deflection
(%) applied load (kN) resisted (°C) (minute) (mm)
10 13.6 274 76.5 4.67
20 27.2 264.6 73.36 3.99
Case 1 30 40.8 250.76 69 3.268
40 54.4 232.5 63.36 2.48
50 68 210.76 56.59 2.48
750 mm 10 13.6 274 76.5 4.67
20 27.2 264.6 73.36 3.99
Case 2 30 40.8 250.76 69 3.268
40 54.4 232.5 63.36 2.48
50 68 210.76 56.59 1.64

5.1.4. Effect of Temperature on 1500 mm of Beams

Figure 14 represents the effect of the temperature for a region of 1500 mm of the beams. The overall span is subjected
to high temperature and becomes less effective (Table 6).

300 1 | =10 ®20 =30 m40 m50

250 A

200 A

150 -

Temperature (°C)

100 A

50 A

case 1

1500 mm

@)

80 - | E10 ®20 =30 =4 =50 |

70 A

60 1

50 A

40 A

Time (minute)

30 1

20 A

10

case 1

(b)
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Figure 14. (a) Temperature for 1500 mm of beams, (b) Time for 1500 mm of beams, (c) Deflection for 1500 mm of beams

Table 6. Analytical results for 1500 mm of beams

Time of

Length Type of Load percentage Corresponding Temperatoure resistance Deflection
cases (%) applied load (kN) resisted (°C) (minute) (mm)
10 13.6 266.7 74 4.62
20 27.2 258.76 71.53 3.97
1500 mm Case 1 30 40.8 250.76 69 3.3
40 54.4 226.76 61.56 2.44
50 68 202.76 54.1 1.58

Hence, it was finally concluded that the critical case of the beams was Case 2 in the 500 mm case and Cases 3 and
4 in the 250 mm case, demonstrating that the critical region was in the middle portion of the beams.

5.2. Analytical Results of Columns

The temperature, time, and deflection variations for the columns are presented in this section for different types
of loadings at various locations. There were no significant changes with respect to the temperature at various
locations, and the change was minimal. In addition, it was found that there was a symmetry in values on the ends
of the columns.

5.2.1. Effect of Temperature on 250 mm of Columns

The effect of the temperature for a region of 250 mm of the columns is illustrated in Figure 15. Minimal effect
can be observed as the temperature covers only 250 mm of the whole span. Table 7 displays the temperature at which
the columns exceed the ultimate stress found using the coupon test. It can be seen from the table that Case 6 with
90% loading was critical in terms of the temperature, but the difference in the temperature was not as significant as
in the columns. Case 3 was critical with 90% loading. The maximum deflection was witnessed in Case 5 with 90%
loading.
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Figure 15. (a) Temperature for 250 mm of columns, (b) Time for 250 mm of columns, (c) Deflection for 250 mm of columns
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Table 7. Analytical results for 250 mm of columns

Length Type of Load percentage Corresponding Ten_wperature Time of_ resistance Deflection
cases (%) applied load (kN) resisted (°C) (minute) (mm)
50 463.5 758 226.95 -72.25
60 556.2 588 174.15 -315
Case 1 70 648.9 565 166.95 -74.09
80 741.6 495.9 145.35 -71.45
90 834.3 449.6 130.95 -79.6
50 463.5 720.4 226.38 -73.3
60 556.2 641.1 195.35 -78.7
Case 2 70 648.9 561.1 166.48 -72.4
80 741.6 453.7 132.8 -39.14
90 834.3 446 130.4 -77.29
50 463.5 669.37 224.02 -68.9
60 556.2 622.1 194.14 -74.5
Case 3 70 648.9 554.1 166.75 -73.4
80 741.6 483.6 144.33 -69.5
90 834.3 435.2 129 -71.5
250 mm
50 463.5 650.8 229 -72.7
60 556.2 564.8 174.2 -31.8
Case 4 70 648.9 541.5 166.6 -73.4
80 741.6 440.8 134 -44.1
90 834.3 425.4 129.05 -27.43
50 463.5 634.12 228.8 -70.14
60 556.2 600 193.9 -73.07
Case 5 70 648.9 524.7 166.25 -71.67
80 741.6 464.78 146.3 -75.08
90 834.3 419.66 131.4 -82.3
50 463.5 621 226.95 -67.02
60 556.2 581.9 193.35 -71.65
Case 6 70 648.9 508.2 166.95 -73.8
80 741.6 444.8 145.35 -71.7
90 834.3 401.9 130.95 -79.86

5.2.2. Effect of Temperature on 500 mm of Columns

The effect of the temperature for a region of 500 mm of the columns is depicted in Figure 16. Here, all the cases
showed similar trends, but Case 1 with 90% loading indicated faster failure than the other cases. In accordance with the
time variations of the columns subjected to heating, it was found that Case 1 and Case 3 displayed similar trends. Case
2 with 90% loading failed faster than the other cases. Case 1 with 90% loading exhibited higher deflection than the other
cases. Table 8 demonstrates the analytical results for 500 mm of the columns.
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Figure 16. (a) Temperature for 500 mm of columns, (b) Time for 500 mm of columns, (c) Deflection for 500 mm of columns

Table 8. Analytical results for 500 mm of columns

Lorgin  Teot  Loedporeonage  Covepondng  Temeraute e Oflctor
(minute)
50 463.5 750.3 224.55 -71.2
60 556.2 657.8 195.75 -78
Case 1 70 648.9 565 166.9 -73.8
80 741.6 457.3 133.35 -40.9
90 834.3 418 130.95 -79.8
50 463.5 673 226.5 -72.25
60 556.2 322 194.13 -74.5
500 mm Case 2 70 648.9 554 166.75 -73.4
80 741.6 491 146.8 =77
90 834.3 444 130.28 -76.3
50 463.5 632 226.95 -72.1
60 556.2 599.9 193.35 -67.88
70 648.9 526 166.95 -72.9
Case 3 80 741.6 432 135.75 -48.9
90 834.3 422 130.95 -79.7
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5.2.3. Effect of Temperature on 750 mm of Columns

Figure 17 illustrates the effect of the temperature for a region of 750 mm of the columns. Table 9 summarizes the
effect of the temperature on the columns when subjected to heating for 750 mm. Case 1 and Case 2 displayed similar
trends, where there was a decrease in the capacity with an increase in the temperature, but Case 2 exhibited slightly less
capacity than Case 1. Case 1 with 90% loading took less time to fail, making it critical. Case 2 with 90% loading depicted
higher deflection.
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Figure 17. (a) Temperature for 750 mm of columns, (b) Time for 750 mm of columns, (c) Deflection for 750 mm of columns
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Table 9. Analytical results for 750 mm of columns

Vol. 10, No. 03, March, 2024

Length Type of Load percentage Corresponding Terr_]peratoure Time of' resistance Deflection
Cases (%) applied load (kN) resisted (°C) (minute) (mm)
50 463.5 750.3 224.55 -71.9
60 556.2 588.4 174.15 -31.7
Case 1 70 648.9 511.35 150.15 -33.58
80 741.6 457.3 133.35 -40.59
90 834.3 411.1 118.95 -42.59
750 mm
50 463.5 648 226.95 -70.08
60 556.2 610.2 193.35 -72.6
Case 2 70 648.9 542 166.95 -74.06
80 741.6 438.7 133.35 -40.7
90 834.3 431.2 130.995 -79.6

5.2.4. Effect of Temperature on 1500 mm of Columns

The effect of the temperature for a region of 1500 mm of the columns is shown in Figure 18. Table 10 presents the
effect of the temperature on the columns when subjected to heating for 1500 mm. There was a decrease in the capacity
with an increase in loading, revealing faster failure when there was 90% loading compared to 50% loading. With the
increase in load, there was a decrease in time for the columns to fail. The columns with 50% loading failed faster than
the others. There was no uniformity in the trend, and the 60% loading case had a higher deflection than the other cases.
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Figure 18. (a) Temperature for 1500 mm of columns, (b) Time for 1500 mm of columns, (c) Deflection for 1500 mm of
columns
Table 10. Analytical results for 1500 mm of columns
Length Type of Load percentage Corresponding Temperature Time of resistance Deflection
9 cases (%) applied load (kN) resisted (°C) (minute) (mm)
50 463.5 757 226.6 -74.6
60 556.2 653 194.2 -75.48
1500 mm Case 1 70 648.9 509 149.4 -31.46
80 741.6 453 131.9 -36
90 834.3 446 129.8 -74.2

It was found that there was no uniformity in the behavior like the beams but there were several Cases where Case 1
indicated decreased strength and with the fact that the fire started from the bottom of the columns, it was critical and
was taken for the Case to experiment.

6. Experimental Test Results of Beam and Column

6.1. Experimental Test Results of Beam

The beam was subjected to bending at the points of loading, and when the temperature was applied, there was a slow
reduction in the deflection, illustrating the expansion of the beam, which again increased when the beam was left to
unseat after 4 hours. The time versus temperature plots for various points on the beam are plotted in Figure 19, where a
vertical line at 240 minutes demonstrates the heating line that separates the heating phase and cooling phase.
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Figure 19. Temperature versus time for beam
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Figure 20 provides the deflection profile at the point of loading on the left side of the beam when it was subjected to
combined loading and temperature. It was found that with an increase in the temperature, the deflection decreased. The
maximum deflection of 2.41 mm occurred at 10 minutes from the time of heating.
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Figure 20. Deflection, left dial gauge

Figure 21 depicts the deflection profile at the point of loading on the right side of the beam when it was subjected to
combined loading and temperature. The maximum deflection of 2.36 mm occurred at 10 minutes from the time of
heating.
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Figure 21. Deflection, right dial gauge

Deflection Check of Beam

The observed experimental and numerical deflections can be verified using the theoretical approach. From this
approach, the reliability of the analysis can be verified. The deflection during loading obtained from the beam was
consistent with the numerical calculations given below.

. Fx a2 2y 12.5x1000x1500 _ 2 ean2y
Deflection = — (3al — 3a® — x?) = ————— " (3(500) (1500) — 3(500) — 500%) = 2.4 mm 1)

6.2. Experimental Test Results of Column

The column experienced buckling at the point where the temperature was applied, but the deflection was well within
the maximum value. The buckling of the column can be seen in Figure 22. Also, Figure 23 shows the time versus
temperature graph for the initial application of the temperature on the column up to 600 °C.
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Figure 22. Buckling of column after effect of temperature
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Figure 23. Initial temperature graph

There was a sudden increase in the deflection when the temperature was applied, and the deflection increased after
a certain period. This was due to the expansion of steel because of the increase in the temperature. Figure 24 displays
heating and cooling of the column conducted for a total of 5 hours with 4 hours of heating excluding the initial heating.
There was a significant decrease in the temperature and deflection when compared to those of the beam revealing a
sensitive profile even though the ability to take the temperature was higher when compared to that of the beam. Figure
25 represents the deflection profile of the column.
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Figure 24. Temperature versus time for column
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Figure 25. Deflection of column
Deflection Check of Column

The observed experimental and numerical deflections can be verified using the theoretical approach. From this
approach, the reliability of the analysis can be verified. The maximum allowable deflection of the column as per 1S:800-
2007 [34] is:

1500 _

ion = JL = 1500
Deflection = T 10 mm (2

6.3. Comparison of Experimental Study and Finite Element Models

The results obtained from the experimental study of the critical beam and column were analyzed using ABAQUS,
and the results of the analysis are discussed below.

6.3.1. Beam

When compared to the experimental results of the beam, the temperature in the analysis varies uniformly in time,
and there are also symmetrical values on either side of the beam, which is not the case in real life. This can be observed
in Figure 26, where the temperature curves of T1 and T9 overlap, which is similar in Cases T3, T4, T7, and T8. This
may be due to the variation in room temperature with respect to time, the cooling effect owing to the heat loss and the
capacity of the oven to maintain the temperature, and the variation in the temperature within the oven since the heat
starts from the middle point of the oven and there is some difference in the heat within the oven, which is not the case
in the analysis. The failure pattern of the beam is indicated in Figure 27, which is similar to that of the experimental
study, which can be witnessed in Figure 28.

Figure 26. Failure pattern of beam in analytical study

Figure 27. Failure pattern of beam in experimental study
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Figure 28. Temperature versus time for beam using analysis

When compared to the experimental results of the column, the temperature in the analysis varies uniformly in time,
and there are also symmetrical values on either side of the column in Cases T6 and T7, which is not the case in real life.
Figure 29 illustrates the temperature variation of the points marked on the column using analysis. Figure 30 depicts the
failure pattern of the column using the experimental and analytical studies.
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Figure 29. Temperature versus time for column using analysis

Figure 30. Failure pattern of column in experimental and analytical studies
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7. Conclusions

The hollow steel section was considered for beams and columns and investigated under the elevated temperature.
Different cases were considered in terms of region and load percentages. In terms of region, cases such as 250 mm, 500
mm, 750 mm, and 1500 mm were taken into account. For the load percentages, the load cases were 10%, 20%, 30%,
40%, and 50% of the ultimate load for the beams and 50%, 60%, 70%, 80%, and 90% of the ultimate load for the
columns. The following conclusions were drawn from the study:

Beams

e The critical region in the beams was found to be in the middle portions, specifically in Case 3 and Case 4 for 250
mm of the beams and Case 2 for 500 mm of the beam. This may be because of the conductance of the heat on
either side of the beams, which is not the case if the beams are heated from one end of the beams. Hence, it can be
concluded that the middle portions of the beams are weak in terms of the elevated temperature.

¢ The resistance time decreased with increasing loading in all cases.

e There was a decrease in the deflection concerning the temperature and time because of the combined action of
loading and expansion created due to the temperature rise, and a maximum deflection of 4.6 mm occurred in all
cases with 10% loading.

Columns

o It was also found that the trend was quite similar for all the cases of the columns, where with an increase in the
load, the temperature needed to reach the ultimate stress was reduced. In other words, the temperature was
inversely proportional to the load. The decrease in the capacity concerning loading was 1.68 times higher in Case
1 than in the other cases; hence, it was taken to be critical.

e The resistance time also decreased with increasing loading, and there was a decrease in the resistance time of
approximately 1.7 times for 90% loading when compared to 50% loading.

e There was an irregularity in the deflection concerning the temperature and time because of the combined action of
loading and temperature, and a maximum deflection of 79 mm occurred when the ends of the column were
subjected to the elevated temperature.

e The behavioral study of the beams and columns was conducted, and it was found that the change in the deflection
concerning the temperature and time is significant for the column when compared to that of the beams based on
the temperature and deflection variations obtained from the experimental study.

e The effect of the temperature on the analysis was uniform when compared to the experimental results, and the
results were slightly higher compared to the experimental study.

The investigation helps the designers understand the principles while designing members to withstand fire scenarios.
Furthermore, the research can be extended toward the influence of fire on beam-column sub-assemblage sections, which
are meant to be more critical.
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