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ABSTRACT

Recently, several scientists have paid special attention to how high temperatures alter the
chemical and physical features of reinforced concrete structural members such as slabs.
Cantilever concrete slabs, the impact of cooling regimes, the influence of the crack created
during heating, and the residual strength of concrete slabs subjected to extreme temper-
atures were very limitedly investigated in the reviewed literature. Therefore, this research
investigated the behavior of cantilever concrete slabs subjected to elevated temperatures
and cooling regimes. Two different slab thicknesses (100 mm and 150 mm), various in-
tensity of temperature (200 °C, 300 °C, 400 °C and 500 °C) and two different cooling con-
ditions (Air and Quench cooling) were examined. The observations made during the
thermal loadings were the moisture movement, deformation, crack patterns, and tem-
perature on the slab's exposed (bottom) and unexposed surface (top). The results indicated
that the magnitude of temperature influences all the tested specimens. In the quench-
cooled condition, the development of cracks was increased in the non-exposed slab sur-
face when heated at 300 °C, 400 °C and 500 °C. The severity of the exposed temperature and
cooling regimes also affected the concrete slab's irreversible loss of flexural stiffness. The
flexural stiffness reduction of the 100 mm thick slab varied from 1.68% to 35.52% for a
temperature range of 200 °C—500 °C under air-cooled conditions, while for the quench-
cooled specimens, the stiffness reduction varied between 0.88% and 45.92% for the same
temperature range. On the other hand, increasing the slab thickness from 100 to 150 mm
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decreased the stiffness reduction, where the stiffness reduced by 1.02%—24.61% and 0.28%

—32.17% for the cases of air and water coolings, respectively.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, scientists have paid special attention to how
high temperatures alter the chemical and physical features of
reinforced concrete (RC) buildings [1,2]. Research done be-
tween 1980 and 2012 found that out of 40 bridges that
collapsed, only 20 were attributable to seismic loads, sug-
gesting that fire was the primary cause of the collapse. This
result highlights the need to study the impact of fire on RC
structures, particularly RC slabs [3]. Fire behavior in RC con-
structions can be affected by several factors, including
porosity, moisture content, boundary conditions, concrete
cover, reinforcing bars, geometrical properties and concrete's
thermal and mechanical properties [4—7]. In the event of a fire,
buildings and flooring will suffer damage [8,9]. Recent studies
have used experimental and numerical techniques to
examine the fire behavior of reinforced concrete slabs,
including reinforced continuous concrete or prestressed slabs
[10,11], in-plane restrained slabs [12,13] and simply supported
slabs [14,15]. The thirst for understanding the behavior of a
structure subjected to elevated temperature increased after
the collapse of the World Trade Center, the fire damage
observed in the Windsor Tower building and the Architecture
building at Delft University. Several researchers have per-
formed on RCC structural elements to investigate the load
carrying capacity of a structure subjected to fire [16—20]. One-
way concrete slabs were tested for their structural integrity
after being exposed to three different types of fires (a fire
either underneath or above the slab, or both) by Shachar and
Dancygier [21]. These findings suggest that it is important to
evaluate not only the reduced ductility of a structure after a
fire but also its load-bearing capacity.

Wang et al. [22] tested four continuous RC slabs while
subjecting them to varying compartment fires. The failure
mechanism of the RC slabs had an impact on the reinforcing
pattern and ratio. Additionally, Wang et al. [23,24] studied the
post-fire behavior of continuous RC slabs exposed to various
fire conditions. It has been demonstrated that situations
involving compartment fires and concrete's mechanical
characteristics impact the failure mechanism and the ulti-
mate load-bearing capacity. Yu [25] studied the mechanical
performance of continuous slabs (four two-span one-way) of
size 5200 x 1200 x 120 mm) exposed to fire. Tests conducted
on fire-damaged continuous slabs revealed that the fire's
duration had a greater impact on their initial stiffness than
the residual limit capacity. Nevertheless, because to different
boundary conditions, the findings from the one-way slabs
can't be extrapolated to the two-way ones. Fabricio et al. [26]
carried out a series of fire experiments on a total of eight
concrete slabs measuring 2.56 x 4.60 m and decking made of
composite steel. As a consequence of this, the composite
behavior of the slab (structural integrity, membrane effect)

persisted for roughly 5 min (10 min, a time that ranged be-
tween 30 and 50 min) of exposure to fire. The research showed
that the top bars did not effectively keep the slab together.

Several researchers reported the failure modes of RCC
slabs mainly by fracturing or yielding reinforcement and
crushing concrete [21,27]. Few researchers developed analyt-
ical methods to predict ultimate load using advanced
computational capabilities by considering various failure
criteria [28,29]. The tests were performed for standard fire
conditions, under service level of loading, for one way and two
slabs. In two-way slabs additional load-carrying capacity was
due to the formation of double curvature membrane action
[30]. Zhang and Dong [31] developed a new analytical tech-
nique for determining the concrete slabs load-carrying ca-
pacity limits when exposed to fire. The limit load was
calculated using a traditional segmented equilibrium
approach. Upon creating the plastic hinge mechanism, it was
discovered that the tensile membrane action contributed to
the vertical reinforcement's tensile force. The plastic hinge
line pattern's response to the end moment of constraint might
be predicted using this mathematical model [32]. Research by
Guo and Bailey [33] was done on composite slabs under
various fire scenarios, considering both the fires' heating and
cooling phases. The heating rate determined the behavior of
composite slabs, the highest temperature achieved, the
duration the slabs were exposed to fire, and the rate at which
they cooled. The fire scenario with maximum temperature
resulted in maximum deflection in a fire scenario with lower
temperatures. However, the increased duration of exposure
caused the maximum temperature on the unexposed surfaces
during the cooling stages. The maximum temperature on an
unexposed side was reached during the increased cooling rate
[6,34]. The fire's cooling process had a significant impact on
structural behavior.

Huang [35] created a reliable model for thoroughly studying
a uniformly loaded reinforced concrete slab subject to varying
degrees of concrete spalling under a conventional fire regime.
A total of 16 examples were investigated, each of which used a
unique degree of spalling on slabs and included varying
localized fire chambers in terms of their magnitude and
location [35]. The fire compartment's floor slabs are clearly
protected from excessive heat buildup thanks to the presence
of nearby cold buildings. It is clear that the compressive
membrane force inside the slabs is a significant factor in
lowering the influence that concrete spalling has on the
structural behavior of floor slabs when they are exposed to
fire. After being exposed to fire for 60 or 120 min, thermo-
couples inserted in the slab thickness recorded temperature
changes ranging from 250—600 °C to 450—900 °C, respectively,
according to study by Colombo et al. [36]. Al-Ameri et al. [37]
reported that the engineered cementitious composites heated
to temperatures of 100 and 200 °C did not significantly alter
their impact resistance, resulting in greater or slightly lower
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impact resistance compared to the unheated specimens. The
impact resistance and ductility of the material significantly
decreased when heated to 300 °C. The fire safety implications
of computational modeling for reinforced concrete structures
were examined in detail by Ni et al. [34]. In addition, the effects
of cooling phases after actual thermal exposures on material
characteristics and deformations, the unpredictability of the
reactions of materials and structures when subjected to high
temperatures, and model response as a function of tensile
fracture energy. Possible failure modes during and after the
cooling phase of a fire should be modeled numerically, and it
is recommended that such models be developed for RC
buildings. This could happen because of slow heat transfer
rate between the portions and intricate stress redistributions.

Limited published data available on axial elongation and
the effect of thermal curvature due to non-linear thermal
gradient across the thickness of slab resulted in enhancement
of the vertical deflection of the slab [38]. In general, a floor
system has to satisfy multiple functions like (a) load-bearing
(R) (b) integrity (E) (c) insulation (I) and (d) impact resistance
(M). In most cases, integrity, insulation and temperature in
reinforcement are limiting criteria to assess the failure of
slabs under standard fire circumstances. Earlier studies
focused on simply supported and continuous slab systems
subjected to standard fire conditions. Cantilever concrete
slabs, the impact of cooling regimes, the influence of the crack
created during heating, and the residual strength of concrete
slabs subjected to extreme temperatures were all found to be
lacking in experimental data in the literature review. The
concrete compressive strength and stiffness were negatively
impacted by cooling regimes such as air and quench cooling
conditions. The studies on concrete under elevated tempera-
tures by various authors [39-44] suggested that the
compressive strength of the concrete decreases drastically
when the specimens are exposed to a temperature of 600 °C
and higher temperatures. However, it also depends on the
temperature intensity and exposure duration [39]. Thus, when
a structural concrete element reaches such high tempera-
tures, the strength drops significantly so that the residual
strength becomes lower than the minimum structural con-
crete requirements, which makes the repairing decision un-
suitable. As the focus of this study is on the residual strength
of the beams, the specimens were subjected to the tempera-
ture range of 200 °C—500 °C with an increment of every 100 °C.
The residual strength of concrete specimens cooled with
water for a short time exhibited a dramatic fluctuation when
the temperature was more than 200 °C [40,41].

This study evaluates the post-fire behavior of cantilever RC
slabs after exposure to various high temperatures and cooling
regimes to asses the residual strength. First, the furnace
temperatures in addition to concrete and steel temperatures
of the slabs and serviceability conditions were briefly inves-
tigated. Second, the residual strength of fire-damaged slabs
and three reference slab were loaded to failure at ambient
temperature. The vertical and horizontal deflections, cracking
patterns, and failure modes were investigated for each slab.
However, the need is to assess the level of damage based on
the specimen's load-bearing capacity and flexural stiffness
[13,22]. Therefore, the research focuses on the temperature at
the non-exposed surface, crack formation, and crack width

during the heating and cooling stages, during the mechanical
loading stage mode at failure, the behavior of the cantilever
slab, and the variation in residual strength and flexural stiff-
ness. Finally, the residual ultimate limit loads and flexural
stiffness predicted in this experimental study are presented.
The results obtained from this study are useful in assessing
canopy structures subjected to elevated temperatures and
provide valuable engineering conclusions.

2. Experimental research
2.1.  Methodology

The present study investigates the impact of the cooling phase
on residual strength and stiffness at the material level,
focusing on the behavior of reinforced concrete slabs sub-
jected to elevated temperatures. The element level testing is
essential to quantify the residual strength of the elements.
This quantification will help the stakeholders determine
whether the elements require strengthening or demolishing
and whether reconstruction is the only solution. The entire
study was conducted in two phases, a) Thermal Loading and b)
Mechanical Loading on the slab. In the first phase, the slab
elements with 100 mm and 150 mm thickness were subjected
to temperatures of 200 °C, 300 °C, 400 °C and 500 °C for a
retention period of 4 h at that specific temperature. The
temperature loading on the specimens were applied through
the electric furnace. After exposure to the desired tempera-
ture and duration, the specimen was subjected to two types of
cooling regimes (Air-cooled and Quench Cooled). In the sec-
ond phase, the study further focused on the evaluation of
residual behavior and stiffness degradation under two
different cooling conditions by conducting load test on the
slab elements.

2.2. Materials

The M25 concrete grade with mix ratio of 1: 1.85: 3.12 with
water cement ratio of 0.5 was considered for this study. The
concrete mix proportions are arrived based on the IS:
10,262—2009 [45] standard and the same mix proportions used
in our earlier study [46]. The ordinary Portland cement of 43
grade was used as binding agent conforming to BIS-8112 [47]
and Class F fly ash (Neyveli Lignite Corporation) in accordane
with ASTM C 618 [48] and BIS-3812 [49]. The cement used for
the study was proportioned in a ratio of 70:30 where 70% was
Ordinary Portland Cement (OPC) and 30% was fly ash. The fine
aggregate used had a fineness modulus of 2.44, specific gravity
of 2.65 and was in confirmation with Zone — II grading. Two
sizes of coarse aggregate used were 20 mm and 12.5 mm, in a
mix proportion of 50% each. The combined fineness modulus
was 6.55 and specific gravity 2.75.

2.3. Details of slab

The concrete slab thickness provided in India's dwelling units
and commercial buildings ranges from 100 mm to 150 mm.
The slab thickness and reinforcements used in this research
are the same as the actual structure. The geometry and
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Fig. 1 — Schematic sketch of reinforced concrete slab is shown in a) Plan view and b) Cross section details.

reinforcement details of the slab elements were fixed, as
shown in Fig. 1. The slab dimensions considered in the study
represented the canopy/cantilever projection provided in the
dwelling and commercial buildings to facilitate the stake-
holder's requirement. The slab dimension was 450 mm in
width, 1500 mm in length and the distance between the sup-
port and free end was 1000 mm. The roof slab thickness in
most existing structures varies from 100 mm to 150 mm, while
the present study focused on 100 mm and 150 mm thickness.
All slabs were fabricated in 8 days and 6 specimens per day.

In this research, 48 numbers of specimens were prepared,
having plan dimensions of 450 mm x 1500 mm which were
constant for all the specimens. The study aimed to investigate
the effects of (i) Thickness of slab (100 mm and 150 mm), (ii)
magnitude of temperature (200 °C, 300 °C, 400 °C and 500 °C)
and (iii) Cooling Regimes ((Air cooled (AC or D) and Quench
cooling (QC or Q) “Water is sprayed for 30 min at the exposed
surface of the slab”). The notations used to describe the slabs
for the experiments are provided in Table 1. The compressive
strength was found from 27 cubic specimens, which were cast
along with each batch of slab casting. The spread of concrete
grade considered in the study was evaluated using the
compressive strength of concrete, the standard deviation was
0.70. The low value of standard deviation confirms the con-
sistency of concrete grade. The average strength of concrete
cube was 26.78 MPa with coefficient of variance was 0.03. The
reinforcement rod of diameter 12 mm and 8 mm was used and
its average tensile strength was 565.9 and 573.3 MPa
respectively.

2.4. Electrical furnace

A mobile electrical furnace was fabricated in-house to facili-
tate the experimental study. The heating capacity of the
furnace was 700 °C. The accuracy of the furnace was +10 °C.
The outer dimension of the furnace was 700 mm x 1500 mm.
The furnace was layered with refractory bricks and encased
with insulated steel plates at the sides and the bottom of the
furnace. The opening at the top of the furnace was
450 mm x 1250 mm. The control box consists of an electrical
circuit with a relay to connect to an external power source and
a digital indicator to display the furnace temperature. Ther-
mocouples are placed inside the furnace at a height of 300 mm
from the heating coil to sense the temperature and provide a
signal to the relay, which automatically trips down or starts
again to maintain the desired temperature inside the furnace.
Fig. 2 depicts the slab heating setup and furnace's time-
temperature curves.

2.5. Instrumentation and test procedure

The experiments were performed in two phases; in the first
phase, a slab was subjected to thermal loading at the desired
temperature and for a preferred duration under its self-
weight. In the second phase, load testing was conducted on
heated and cooled specimens. Fig. 3 demonstrates the loca-
tion and various monitoring devices used for thermal loading.
Three thermocouple trees are placed at 550 mm from the free
end to measure the temperature variation across the depth of
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Table 1 — Mixture ID, and reinforcement details of the concrete slab.

No. Mixture ID Description Reinforcement Details

1 NRT - 100 100 mm thick slab not exposed to temperature. Main Reinforcement - Top — 3 nos of 12 mm diameter.
2 S1-D-100 100 mm thick slab subjected to 200 °C and air cooled Bottom — 3 Nos of 10 mm diameter.

3 $1-Q-100 100 mm thick slab subjected to 200 °C and quench cooled. Distributor — 8 mm diameter @ 150 mm c/c

4 S2-D-100 100 mm thick slab subjected to 300 °C and air cooled

5 $2-Q-100 100 mm thick slab subjected to 300 °C and quench cooled.

6 S3-D-100 100 mm thick slab subjected to 400 °C and air cooled

7 $3-Q-100 100 mm thick slab subjected to 400 °C and quench cooled.

8 S4-D-100 100 mm thick slab subjected to 500 °C and air cooled

) S4-Q-100 100 mm thick slab subjected to 500 °C and quench cooled.

10 NRT - 150 150 mm thick slab not exposed to any temperature Main Reinforcement - Top — 4 nos of 12 mm diameter.
11 S1-D-150 150 mm thick slab subjected to 200 °C and air cooled Bottom — 3 Nos of 10 mm diameter.

12 S1-Q-150 150 mm thick slab subjected to 200 °C and quench cooled. Distributor — 8 mm diameter @ 150 mm c/c

13 S2-D-150 150 mm thick slab subjected to 300 °C and air cooled

14 S2-Q-150 150 mm thick slab subjected to 300 °C and quench cooled.

15 $3-D-150 150 mm thick slab subjected to 400 °C and air cooled

16 $3-Q-150 150 mm thick slab subjected to 400 °C and quench cooled.

17 S4-D-150 150 mm thick slab subjected to 500 °C and air cooled

18 S4-Q-150 150 mm thick slab subjected to 500 °C and quench cooled
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Fig. 2 — (a) Slab heating setup (b) Time — Temperature curve of furnace.
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Fig. 3 — Schematic sketch shows the instrumentation and its location considered during thermal loading.
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the section and; one tree is placed at the center and another
two are 50 mm from the sides. These thermocouple trees
provide the temperature variation from in-plan dimensions.
The linear variable differential transducers (LVDT) are pro-
vided in all three directions to measure the elongations that
occurred during the heating face of the experiment. Two
numbers of LVDT's are provided along the length to measure
the deflection at the free end and mid-span. Similarly, to
measure the axial elongation, two LVDTS AL1 and AL2 are
provided along the thickness of the slab at the free end. The
schematic sketch and picture of the experimental setup are
shown in Fig. 4. The thermal boundary condition of the con-
crete slab was that the bottom of the slab was subjected to
heat flux from the electric furnace, and all sides were sub-
jected to convection with air. The temperatures at the top and
bottom surfaces of the slab were measured using thermo-
couples trees and dial gauges to measure the slab's deforma-
tion. The side surface of the slab was coated in pink colour to
differentiate the colour change along with the depth of the
slab. A quench or air cooling was used to cool the specimens

after the slab was heated to the correct temperature and time.
In the case of the air-cooled condition, the heated slabs were
exposed to the atmosphere until the slab loading test in the
next day. Thus, the slabs were left to be air cooled for
approximately 12 h. Whereas for a quench-cooled slab, water
was sprayed on the heated surface of the slab immediately
after heating. The water was sprayed for 30 min and then left
open to the atmosphere. The water used for spraying was
maintained at room temperature (27 °C + 5 °C).

The experimental setup and details of instrumentation
used for the second phase are shown in Fig. 5. Three numbers
of LVDT were placed along the length of a slab at 20 mm from
the free end, 500 mm from the free end and 700 mm to the free
end. The LVDT's are used to measure the vertical displace-
ment of the element along the length. It provides an under-
standing of the deflected profile and provides an idea of
damages that occurred either at the material level or at the
geometry level. The load was applied as line load at the free
end of the cantilever slab using a 200 metric ton power-
controlled hydraulic jack. The applied load was measured


https://doi.org/10.1016/j.jmrt.2023.01.180
https://doi.org/10.1016/j.jmrt.2023.01.180

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;23:2371-2388

2377

| 1500 '
- 300 ~' ~—300—
. . 25
Supporting Portion -~ 250 —~ 475 =
D xLVap  xLMp | LVinx
o I

LW z23-LVDT

Fig. 5 — Picture showing the experimental setup for Mechanical loading.

using a 20 metric ton load cell. The readings were recorded
using a data acquisition system.

3. Results and discussions
3.1.  Colour change
In general, concrete specimens' colour change occurs at

elevated temperatures, as shown in Figs. 6 and 7. The colour
change can identify the temperature at which it was exposed,

Cracks @ side face

Cracks @ side face

Fig. 6 — Colour change and cracks at a side face of 150 mm thick concrete slab — thermal loading (a) S1 (b) S2 (c) S3 (d) S4.

the area affected by that particular intensity and a rough
estimation of the deterioration of mechanical properties of
the reinforced concrete. The slow loss of water and subse-
quent drying of the cement paste, in addition to the changes
that took place inside the aggregate, were responsible for the
colour shift that occurred in heated concrete [50,51]. Assess-
ment of damaged concrete due to an elevated temperature
usually starts with a visual examination of spalling, cracking
and colour change. However, it is vital to note that concrete
not subject to colour change does not mean it was not
damaged due to elevated temperature [52,53]. The colour

Cracks @ side face

Cracks @ side face
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Cracks @ side face

Cracks @ front face

Cracks @ side face

Fig. 7 — Colour change and crack at a side face of 100 mm thick concrete slab — thermal loading (a) S1 (b) S2 (c) S3 (d) S4.

Fig. 8 — Oozing of water from tested specimens (a) water oozed out (b) water evaporated at tested specimens.

change was examined only on the external surface, especially
at the sides. At 200 °C, there is no colour change along the
slab's side surface. At 300 °C, grey colour to a depth of 40 mm
from the soffit was observed. At 400 °C and 500 °C, two types of
colour were noted along with the depth. The total colour
change was observed for a depth of 65 mm and 78 mm for S3
and S4 slabs, respectively. The whitish-grey colour was
observed from the exposed surface to 24 mm depth at 400 °C.
At 500 °C, it was about 37 mm. The remaining depth of the slab
was grey for S3 and S4 slabs.

3.2.  Moisture movement
The excess water and chemically bound water started to ooze

out at the sides and top surface of the slab when the tem-
perature at the bottom surface of the concrete slab exceeded

200 °C, as shown in Fig. 8. It was found that moisture is forced
away from the approaching heat front toward the top surface
whenever the temperature within the slab continues to rise
during the test. Similar findings were observed in the other
studies [54,55]. The water tries to ooze out of cracks and pores
formed due to heating, but in most cases, water oozing was
around the lifting hooks on the top surface.

3.3.  Temperature distribution

The furnace temperature was allowed to reach the bottom of
the specimen, but the other surfaces were left accessible to the
environment outside. The temperatures were measured at the
top and bottom surfaces of the concrete slab at respective po-
sitions. The temperature variation at the top surface of the slab
was very scanty, and the same was observed at the bottom
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Fig. 9 — Time — average temperature relationship at top and bottom surface concrete slab a) 100 mm thick b) 150 mm thick.

surface, too; the variation in average temperature at the top
surface and bottom surface of slabs with the function of times
are as displayed in Fig. 9 (a) and (b). A similar pattern of dis-
tribution of temperature at the top surface and bottom surface
of the slab was observed in previous studies [13,22,27,56].

Two different sets of failure criteria, both based on insu-
lation, were proposed by a Eurocode (as a function of Sepa-
rating) [55]. It is found that when any of the following criteria
are met, it is considered that a slab has failed: (i) The non-
exposed surface can only experience an increase in temper-
ature of 140 °C on average, (ii) The temperature at the non-
exposed surface of the slab should not be greater than are
equal to 180 °C at any point on the non-exposed surface.
Fig. 10 depicts insulation checks for 100 mm and 150 mm thick
slabs. The S4 of the 100 mm slab exceeds the specified limit for
insulation. S1, S2, and S3 of 100 mm thick slab and all the
specimens of 150 mm thick slab show satisfactory perfor-
mance over insulation criteria.
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Fig. 10 — Insulation check for 100 mm and 150 mm thick
concrete slab.

3.4. Crack pattern and crack width

The developments of cracks due to heating were visually
observed during testing, at the sides of the slab and on the top
surface. Measurements were also made of the crack's length
and breadth. The crack width was measured using a digital
crack width meter at 25 mm from the soffit during the last
phases of heating. Table 2 and Table 3 demonstrate details of
the height and number of visible cracks and crack width
formed at the front face. It is observed that the crack width is
larger at the bottom and narrows along with the depth, like an
inverted “V”.

Several cracks formed led to a longitudinal crack at the
bottom of the slab, as shown in Figs. 11 and 12. However,
detailed measurements of crack length at the bottom side
were not possible due to the high temperature and the cracks
started to close as the temperature source was removed. The
closing of cracks was faster in case of quench cooling than in
air-cooled conditions. Several cracks and cracks height were
formed at the front face depending on the intensity of tem-
perature. At the same time, the width of the crack depends on
the intensity of temperature and the height from the exposed
surface. After cooling to normal temperature, the crack width
was less than 0.01 mm.

In the case of the side surface, many cracks formed at
high temperatures. The formation of an inclined crack was
also noticed at 500 °C. These cracks were developed and
progressed towards the support like a shear crack, as shown
in Figs. 6 and 7. The vertical cracks formed due to elevated
temperature have a larger width at the exposed surface
(soffit) of the slab. The spacing between cracks was reduced
when the temperature increased and the spacing was noted
between the cracks, which developed to a full depth. Table 4
and Table 5 provide detailed observations of cracks formed
on the side surfaces of the concrete slab. Each crack was
formed at different times during the period of exposure. It
was observed that a crack was also formed between the
cracks already formed due to heating. Sometimes the width
of the exciting crack was reduced due to the formation of the
new crack. So the formation of cracks can be described as
non-proportional.
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Table 2 — Details of the crack formed at the front face of 150 mm thick slab.

ID Number Maximum crack Number of cracks
of cracks width in mm Height in mm
Lesser than 25 2-50 50-75 75—100 100—125 Greater than 125
S1-D/Q-200 3 0.03 2 1 = = = =
S2-D/Q-300 5 0.08 1 1 1 1 1 =
S3-D/Q-400 7 0.20 4 1 = 1 1 =
S4-D/Q-500 10 0.29 4 2 1 1 — 2

Table 3 — Details of the crack formed at the front face of the 100 mm thick slab.

ID Number Maximum crack Number of cracks
of cracks width in mm Height in mm
Lesser than 25 25-50 50—75 Greater than 75
S1-D/Q-200 3 0.03 2 1 = =
S$2-D/Q-300 4 0.09 2 2 1 1
S$3-D/Q-400 7 0.21 3 2 1 1
S4-D/Q-500 10 0.28 4 2 3 1

Fig. 11 — Crack at top surface of 150 mm thick concrete slab - after quenching (a) S1 (b) S2 (c) S3.

Cracks were extensively formed on the top surface of the
concrete slab when the concrete slab was exposed to
elevated temperature, which was suddenly cooled by spray-
ing water at the soffit of the slab for 30 min (as done during
firefighting), as shown in Figs. 11 and 12. The cooling regimes
played an important role in the formation of micro cracks in

cement paste concrete due to sudden variation in tempera-
ture within the thickness of the slab under quench cooling.
However, this state was not observed in the case of air-
cooled specimens [57,58]. The specimens cooled by water or
quenching were subjected to thermal shock, resulting in the
formation of new cracks at the top surface of the concrete
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Fig. 12 — Crack at top surface of 100 mm thick concrete - after quenching (a) S1 (b) S2 (c) S3 (d) S4.

Table 4 — Details of crack at the side surface of 150 mm thick slab.

ID Total number Maximum Crack Number of cracks
of cracks Width in mm Height in mm
Lesser than 25 25-50 50—75 75—-100 100—125 Greater than 125
S1-D/Q-200 5 0.12 3 1 — — — 2
S2-D/Q-300 13 0.25 4 3 2 1 2 5
S3-D/Q-400 25 0.38 10 2 3 4 1 9
S4-D/Q-500 31 0.46 17 8 3 4 1 11

Table 5 — Details of crack at the side surface of 100 mm thick slab.

ID Total number Maximum Crack Number of cracks
of cracks Width in mm Height in mm
Lesser than 25 25-50 50—75 Greater than 75
S1-D/Q-200 6 0.12 5 1 1 3
S2-D/Q-300 21 0.25 9 2 3 6
S3-D/Q-400 35 0.39 14 6 3 10
S4-D/Q-500 44 0.47 19 6 4 14

slab and internally. This effect is more pronounced in the
slab subjected to temperatures 300 °C, 400 °C and 500 °C. The
crack formation in 150 mm thick concrete slab was lesser
than the 100 mm thick concrete slab in the case thermal
loading. During the quenching process, cracks were formed
at the top of a surface. Most of the cracks originated from the

cracks, formed at the side surface and developed to a full
depth during heating. These cracks were get interconnected
by top surface cracks when subjected to quenching. The
cracks and crack width formed under thermal loading were
unsustain once the slabs were cooled down to atmospheric
temperature.
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Fig. 13 — Axial elongation of 100 mm thick and 150 mm
thick slab during the heating stage.

3.5.  Axial elongation

Axial elongation is defined as the horizontal movement at a
free end of the slab. The axial elongation were measured at
half the thickness of the slab. Fig. 13 shows the axial deflection
of 100 mm and 150 mm thick slabs plotted against the time
recorded during the heating stages. The magnitude of deflec-
tion increases with an increase in exposure temperature. The
horizontal deflection of the 100 mm thick slab at the end of the
heating stage was 1.16 mm, 2.26 mm, 4.92 mm, and 6.15 mm
for 200 °C—500 °C, respectively. In the case of a 150 mm thick
slab, it was 1.04 mm, 1.82 mm, 4.08 mm and 5.69 mm. The
residual elongation was always near zero for both types of
cooling, but the deflection rate varies as per the condition
considered in the test. The deflection rate was more signifi-
cant in the quench-cooled specimen than in the air-cooled
specimen. The pre-existing cracks in the structure due to
heating results in geomentry non-linearity of structural ele-
ments before application of the Mecahnical Loading.
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3.6. Vertical deflection

The slab started to deflect vertically away from the furnace
once it was heated. Fig.. 14(a) and (b), clearly shows that the
difference in vertical deflection magnitude depends upon
exposure temperature, duration and thickness of slabs. The
vertical deflection of a 100 mm slab subjected to 200 °C rea-
ches 5.06 mm at 115 min and from this stage onwards, it was
observed that the change in vertical deflection over time was
insignificant. Similar observations were found for other
exposed temperatures for all the specimens of 100 mm thick
slab and 150 mm thick slab. The descending branch of ver-
tical deflection measured for 30 min after desired exposure is
shown in Fig. 14. This effect was due to the cooling condition
used during testing. In the case of air-cooled specimens, a
sudden variation during the initial period was observed and
decreased gradually. However, for quench cooling, the drop
was very sharp and measured deflection after 30 min cooling
period was found to be 0.85 mm, 1.58 mm, 5.35 mm and
7.20 mm for S1-Q, S2-Q, S-Q and S4-Q of 100 mm thick slab
respectively. The 150 mm thick slab was found to be
0.61 mm, 1.55 mm, 4.74 mm and 6.28 mm for S1-Q, S2-Q, S3-
Q and S4-Q, respectively. The slab was deflected during the
heating phase and reversing of the deflected shape during
cooling conditions was observed by other researchers as well
[13,22] The residual vertical deflection, which was measured
after 8 h, was always near zero for both types of cooling.
However, the deflection rate varies per the cooling condition
considered in the test.

The flexural member failure criterion based on deflection
limit state circumstances according to BS-476 [59] were as
follows.

— When exposed to fire for any duration of time, the beam
deflects more than L/20.

— The deflection rate surpasses the limit of L%/(9000 x d)

— Where d is the effective depth of the slab (mm) and L is the
length of the slab in (mm).
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Fig. 14 — Vertical deflection of concrete slab for the various magnitude of temperature (a) 100 mm thick slab and (b) 150 mm

thick slab.
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Fig. 15 — The ratio of ultimate deflection during the heating
phase to BS-476 [37] recommends various thicknesses and
high temperatures.

During the heating phase, the final deflection observed was
compared to the allowed deflection parameters, as shown in
Fig. 15. The ultimate deflections of the slabs were found to be
within the limit specified. The deflection rate for different
cooling conditions calculated during the cooling phase is
shown in Fig.. 16 (a) and (b) have not exceeded the failure
criteria specified (see Fig. 16).

4. Experimental — phase — II: mechanical
loading

The assessment of residual strength and residual stiffness of
fire-affected reinforced concrete elements is essential to
decide whether they can be repaired or demolished. Fig. 17 (a)
and (b) provide a detailed load versus deflection behavior of

14 e o = -‘-\ ---------------
. Allowable limit of BS 476
512
3 I
T104 - .
<3 Air Cooling
5054 IN\YYY Quench Cooling
20.
&

Specimens

heat-affected 100 mm thick concrete specimens, which were
air-cooled and quench-cooled, respectively. The graph in-
dicates that the initial cracking load decreases for slabs
exposed to higher temperature magnitude. Most slabs had a
defined initial cracking load except for quench-cooled speci-
mens exposed to 400 °C and 500 °C. This effect was due to the
extensive cracks formed at the top of the slab resulting from
quenching, as shown in Fig. 11 (c), 12 (c) and (d). The working
load and ultimate load of slabs exposed to various tempera-
tures matched the normal specimen, but the deflection for
specific loads varies based on exposed temperature and
cooling conditions.

Fig. 17 (a) and (b) indicate that the structure that deforms
during heating and regains its original position during cooling
has a definite loss in flexural stiffness of the specimens. The
quantity of reduction in flexural stiffness depends on the
thickness of the slab, exposed temperature and cooling con-
ditions [10,11,60]. Compared to the thicknesses of the slab, the
loss in flexural stiffness is less for the thicker slab for all the
exposed temperatures, as shown in Fig. 18 (a) and (b). In the
case of 200 °C, the reduction in flexural stiffness is very
meager for both the thickness of the slab and for two different
cooling conditions. The percentage reduction in flexural
stiffness for 100 mm thick slab was 10.56%, 21.76% and 35.52%
for 300 °C, 400 °C and 500 °C, respectively for air-cooled
specimens. Similarly, for quench cooled conditions, the per-
centage loss in stiffness was 16.48%, 30.0% and 45.92% for
300 °C, 400 °C and 500 °C, respectively.

The study provides a clear idea about the reduction in the
material strength and pre-existing cracks in the structural
element due to thermal regimes resulting in further reduction
in the moment of inertia, a function of the cross-sectional
geometry. The above-specified reductions are the two essen-
tial properties of flexural Stiffness. The variation in loss per-
centage between air-cooled conditions and quench cooled is
due to the effect of thermal shock that developed due to
quenching which results in variation in thermal gradient be-
tween exposed surfaces and interior and unexposed surfaces
[1008-. This effect increased with an increase in exposed

(b)
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Fig. 16 — Comparison of deflection rate provided in BS-476 [37] and experimental results (a) 100 mm thick slab (b) 150 mm

thick slab.
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Fig. 18 — Percentage reduction in flexural stiffness after exposure to various temperatures a) air-cooled specimen b) quench-

cooled specimen.

temperature and the loss percentage of flexural stiffness was
maximum for slabs exposed to a temperature of 500 °C. The
additional loss percentage of flexural stiffness in 100 mm
thick slab for quench-cooled conditions were 5.92%, 8.24% and
10.36% compared to the air-cooled specimen for 300 °C, 400 °C
and 500 °C, respectively. In the case of a 150 mm thick slab, the
loss percentages were 7.23%, 14.45% and 24.61% for air-cooled
specimens. In the quench-cooled specimen, the loss in stiff-
ness was 9.67%, 22.12% and 32.17% for 300 °C, 400 °C and
500 °C, respectively. The additional percentage losses in
stiffness for 100 mm thick slab compared to 150 mm thick slab
were 3.3%, 7.26% and 10.91% for 300 °C, 400 °C and 500 °C,
respectively, for the air-cooled specimen. In the case of

quench-cooled specimens, it was 6.81%, 7.88% and 13.75% for
300 °C, 400 °C and 500 °C, respectively. The loss in stiffness of
the quench-cooled members was more than that of the air-
cooled specimens due to thermal shock action and coars-
ening of pores [40—42,44].

The cracking and crushing of concrete at the fixed end
during the mechanical loading are shown in Fig. 19 (a)—(d).
The initial cracks developed at the maximum moment zone,
and as the test continued, some cracks that were formed
already due to heating and cooling between supports to half
the length of the member widened [10,12]. Cracks developed
to the full depth of the slab, as shown in Fig. 19 (a), were found
in all the slabs. The crushing failure of concrete was witnessed
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b) Initiation of Compression Failure in the Concrete Specimen under Mechanical Loading

Fig. 19 — Failure pattern of thermally exposed concrete Slabs under mechanical loading.

in $3-(D&Q)-100, S4-(D&Q)-100, $3-Q-150 and S4-150-(D&Q). In
S$2-Q-100 and S3-D-150, out of three slabs, one slab initiated
the crushing failure of concrete.

5. Conclusions

The concrete compressive strength and stiffness were nega-
tively impacted by cooling regimes such as air and quench
cooling conditions. However, it also depends on the temper-
ature intensity and exposure duration. The residual strength
of concrete specimens cooled with water for a short time
exhibited a dramatic fluctuation when the temperature was
more than 200 °C. The need is to assess the level of damage
based on the specimen's load-bearing capacity and flexural
stiffness. The paper aims to bring out a realistic view of slab
elements during and after being exposed to elevated tem-
peratures. The research focused on the temperature at the
non-exposed surface, crack formation, and crack width dur-
ing the heating and cooling stages, during the mechanical
loading stage mode of failure, the behavior of the cantilever
slab, and variation in residual strength and flexural stiffness.
Based on the detailed investigation, the key findings are
summarized as follows.

— The visual observation may be illusory as all the observa-
tions are carried out on the heated and cooled structure.

Sometimes, the physical and chemical changes that occur
during heating are not visible once the heat in the struc-
tural element is reduced to atmospheric conditions. The
colour change provided information about the tempera-
ture distribution across the depth of the slab. If the colour
change did not occur, it does not mean it was not damaged
due to elevated temperature.

Since the slab is a vertical separation element, insulation
criteria are critical. The specimen fails in this criteria, but
other slabs show good insulation resistance.

The crack depth, number of cracks, and width formed
depend on the magnitude and temperature to which the
slab was exposed. The formation of cracks during the
heating stage does not follow any sequence or theory; it is
random and highly non-proportional. The cracks formed
during the heating stage are closer when the slab heat is
reduced to the atmospheric level.

The deflection ratio increased from 0.11 to 0.76 for a
100 mm thick slab. In the case of a 150 mm thick slab, the
deflection ratio varies from 0.07 to 0.48. The ratio was
minimum for temperature (200 °C) and maximum for
(500 °C). The ratio of the rate of deflection was found to
increase from 0.09 to 0.59 for a 100 mm thick slab under air
cooling from 200 °C to 500 °C. Quench cooling varies from
0.14 to 1.00 from 200 °C to 500 °C.

It is revealed that in a 150 mm thick slab, the ratio of the
rate of deflection varies from 0.06 to 0.38 for air-cooled
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specimens. The ratio varies from 0.11 to 0.67 for quench-
cooled conditions. Based on the cooling condition for two
different thicknesses, the quench-cooled specimen has
more magnitude than the air-cooled specimen. The
maximum range was observed in the 100 mm thick slab for
all the temperatures.

— The residual flexural stiffness of the specimens and the
various failure criteria varied significantly depending on
the cooling process used. Due to the heating and cooling
methods, the material's flexural stiffness is reduced. In a
100 mm thick slab, the flexural stiffness reduction varies
from 1.68% to 35.52% for a temperature range of
200 °C—500 °C under air-cooled conditions.

— In the case of quench cooled, it is found that it was varied
between 0.88% and 45.92% for a temperature range of
200 °C—500 °C. For the slab element with 150 mm thick, the
percentage reduction in flexural stiffness for air-cooled
specimens was 1.02%—24.61% for a temperature range of
200 °C—500 °C. Similarly, for the quench-cooled case, the
reduction in stiffness varies from 0.28% to 32.17% for a
temperature range of 200 °C—500 °C.

— The quenching effect was found to have a very slight
negative effect at 200 °C for both slab thicknesses. The
quenching effect resulted in more destruction in the case
of flexural stiffness of the element than air-cooled for
temperatures above 200 °C. Flexural stiffness reduction
also depends on the exposed temperature and slabs'
thickness. Slabs with less thickness resulted in more
reduction in flexural stiffness.

— The failure criteria vary for different specimens and
depend on the exposed temperature and cooling condition.
It generally exhibited that the type of final failure of the
specimens is a crushing failure of concrete.

— Drastic variations in stiffness between quench-cooled and
air-cooled specimens were observed for specimens
exposed at 300 °C, 400 °C and 500 °C for the 100 mm and
150 mm thick slab. The drastic variation was due to the
effect of thermal shock that developed because of
quenching, leading to variation in thermal gradient be-
tween exposed surface, interior and unexposed surface.

— The firefighters should spray the water from outside rather
than enter the fire-exposed building. It is also better to
provide some time gap to enter the building after the fire.

— Itis also revealed that the slab element exposed to a tem-
perature of 300 °C and 400 °C can be repaired and, at 500 °C
to be demolished.

Future developments

- The present study only studied the experimental evalua-
tion of the strength degradation under various heating and
cooling regimes. Further development of a numerical
model is essential to predict the mechanical behavior of
structural elements under various cooling phases.
Extensive laboratory testing is required to predict the ma-
terials properties and behavior under the cooling regimes.
An analytical approach can be proposed to stimulate the
mechanical behavior of materials under cooling regimes.
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