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Performance of concrete modified with SCBA and GGBFS
subjected to elevated temperature
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Abstract. This research paper presents the outcomes in terms of mechanical and microstructural characteristics of
binary and terary concrete when exposed to elevated temperature. Three parameter were taken into account, (a)
elevated temperature (i.e., 200, 400, 600 and 800°C) (b) binary concrete with cementitious material sugarcane bagasse
ash (SCBA) and ground granulated blast furnace slag (GGBFS) replacement percentage (i.e., 0, 15, 20, 25 and 30%)
and (c) ternary concrete with cementitious material SCBA and GGBFS replacement percentage (i.e., 0, 15,20, 25 and
30%). A total of 285 standard cube specimens (150 mm x 150 mm x 150 mm) containing Ordinary Portland Cement
(OPC), SCBA, and GGBFS were made. These specimens then exposed to several elevated temperatures for 2 h,
afterword is allowed to cool at room temperature. The following basic physical, mechanical, and microstructural
characteristics were then determined and discussed. (a) mass loss ratio, (b) ultrasonic pulse velocity (UPV) (c) physical
behavior, (d) compressive strength, and (e) field emission scanning electron microscope (FESEM). It was found that
compressive strength increases up to 400°C; beyond this temperature, it decreases. UPV value and mass loss decrease
with increase in temperature as well as the change in color and crack were observed at a higher temperature.

Keywords: concrete; sugarcane bagasse ash; ground granulated blast furnace slag; elevated temperature;
residual strength; microstructural properties

1. Introduction

Concrete is commonly consumed as the primary structural material in construction due to
multiple benefits like strength, durability, production convenience, and non- combustible
characteristics as compared with other construction material. When used in building, concrete
structural members must meet the necessary fire safety specification as per building codes as fire is
among the worst environmental condition that structures can be exposed. Appropriate fire safety
measures are, therefore, an essential aspect of the design of the building for the structural members.
Fire safety steps were evaluated for structural members in the way of fire resistance, which is the
duration for which structural members prevent resistance concerning structural stability as well as
temperature transmission. Concrete typically offers the best properties as compared with other
building materials for fire resistance. This outstanding resistance to fire is mostly related to the
constituent elements of concrete, i.e., cement and aggregate. The behavior of concrete subjected to
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fire depend mostly on thermal, mechanical, and deformation properties of which it is made.

Khan and Abbas (2016) obtained four concrete mixes consuming several amounts of GGBFS
and silica fume and 43 grade OPC. A concrete cube of 100 mm was cast and exposed to a peak
temperature 100, 200, 300, 400, 500, 600, and 700°C for the duration of 1, 2, 3, and 7 h. The
compressive strength of GGBFS based concrete rises up to 200°C. Afterward, it reduces steadily,
but it does not disintegrate or splinter. Silica fume based concrete showed poor performance when
subjected to elevated temperature. It was also noted that greater heating temperatures resulted in a
greater mass loss (Khan and Abbas 2016). Ashteyat et al. (2014) developed a statistical model to
forecast the remaining mechanical properties of post heated self-compacting concrete using non-
destructive testing (NDT). This test was performed before and after exposure to heating. The
specimen was heated for 300, 400, 500, and 600°C for 2 h. The model generated from the test results
revealed an excellent fit of the data engaged and helped as a suitable tool for forecasting post-heating
remaining properties (Ashteyat et al. 2014). Yadollahi ef al. learned the influence of elevated
temperature on pumice based geopolymer concrete, which was exposed to 100, 200, 300, 400, 500,
600, 700, and 800°C for 3 h. Compressive strength loss rises with a rise in temperature. The
specimen, which was grey, turned whitish accomplished by the appearance of cracks as temperature
increases from 600°C to 800°C (Yadollahi et al. 2015). The inner steam load is the main cause of
the spalling of HPC. Concurrently, the temperature rising rate and restrained condition of the
concrete component also play an important role in spalling as noted by Dong Xiangjan et al. when
concrete subjected to fire (Dong ef al. 2008). Chan et al. determined the compressive strength of
HPC when subjected to higher temperatures up to 800°C and shows higher residual strength (Chan
et al. 2000). Zheng et al. studied compressive strength properties and microstructure of reactive
powder concrete and revealed that compressive strength first increases and then decreases due to
deterioration of microstructure (Zheng et al. 2012). Shaikh studied the effect of different slag content
on the residual compressive strength, and physical properties of fly ash-slag blended geopolymer at
elevated temperatures of 400, 600, and 800°C. All mixes showed significant damage in terms of
cracking after exposure to 800°C as compared with 400 and 600°C. SEM also shows higher porosity
at 800°C. After exposure to elevated temperature, the calcite/CSH peaks disappeared, and new
phases of nepheline and gehlenite were formed at 800°C. Reduction in compressive strength was
observed at all exposure (Shaikh 2018). Ozawa and Morimoto noted that there is an increase in
permeability when fiber reinforced concrete subjected to high temperature (Ozawa and Morimoto
2014). Sideris et al. determined the performance of fiber-reinforced concrete when subjected to high
temperatures. Explosive spalling and linearly reducing compressive strength were observed as
temperature goes on increasing (Sideris et al. 2009). Rafat Siddique and Kaur examined the
influence of elevated temperature on concrete containing GGBFS. Up to 100°C, there was no
significant deterioration of mechanical properties. Mass loss was significant between 200 to 350°C.
Degradation of concrete microstructure due to the modification of hydrates was observed (Siddique
and Kaur 2012). Salau et al. learned the effect of recycled coarse aggregate at 200, 400, and 600°C
for 2 h. From 100 to 200°C drop in strength observed, then increase in strength from 200 to 450°C,
and again strength drop occurred up to 600°C. Slight surface hairline cracks were noticed as the
temperature approached 400°C (Salau et al. 2015). Hachemi and Ounis learned the efficiency of
concrete obtained from crushed sand at raised temperatures. Specimens were heated at ambient
temperature 150, 250, 400, 600, and 900°C. Result exhibited that there will be insignificant
variations in the physical characteristics of concrete prepared using crushed sand (Hachemi and
Ounis 2017). Drzymala et al. carried different tests on HPC exposed to raised temperatures and
found that heating up to 300°C increases strength (Drzymala et al. 2017). Ko et al. investigated
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changes in the microstructure of concrete, moisture transfer, and internal pressure of concrete
subjected to elevated temperature and found that moisture transfer was closely related to the
temperature profiles resulting from the characteristics of pore structures, which are the main
passages for moisture (Ko et al. 2011). Liu et al. investigated the mechanical behavior of concrete
exposed to 100, 200, 300, 400, 600, and 800°C. The concrete below 400°C shows surface color
similar to room temperature. After 600 and 800°C, there are some micro cracks on the surface. The
width of cracks increases with an increase in temperature. There is a remarkable deterioration of
concrete strength (Liu et al. 2018). Gencel et al. studied the mechanical properties of concrete
containing haematite evaluated using the fuzzy logic model at elevated temperature. Different
proportions of haematite were used to fabricate the concrete, which is subjected to 25, 200, 400, 600,
and 800°C. Whose output results show good correlation with experimental results (Gencel et al.
2013). Tai et al. noted reduced peak stress; however, peak strain raises when the temperature
increases significantly. Compressive strength increases when the specimen is heated from 200 to
300°C (Tai et al. 2011). Belouadah et al. found 400 and 600°C as a critical temperature range when
used glass powder in concrete (Belouadah et al. 2018). Sahani et al. used GGBFS, fly ash to replace
natural sand and OPC. The thermo-mechanical study was performed on the specimen exposed to
200, 400, 600, 800, and 1000°C for 4 h duration. Additional by-product enhanced weight loss, their
permeability, and higher residual compressive strength even up to 800°C. Microstructural study
exhibited improvement in density even at high temperatures (Sahani ef al. 2019). Poon et al. noted
that 45% and 23% of compressive strength retained when fiber reinforced concrete exposed to 600
and 800°C, respectively (Poon et al. 2004). Ma et al. investigated the influence of elevated
temperature on modified lightweight expanded clay aggregate. The temperature was 200, 400, 600,
800, 1000, and 1200°C for 3 h. Test results show that all the modified concrete specimens were
unbroken even at a temperature of 1200°C with no spalling as well as maintained sound mechanical
properties (Ma et al. 2018). Chen et al. used recycled coarse aggregate in the concrete, which was
subjected to 20, 200, 300, 400, 500, 600, and 800°C temperatures. The test result indicates that as
temperature increases surface color changes, mass loss ratio increases, elastic modulus, and peak
stress decreases, and peak strain increases (Chen et al. 2019). Zhao et al. used recycled coarse
aggregate in concrete, which was exposed to 20, 200, 400, 600, and 800°C temperatures. The
experimental results indicated that both compressive strength and modulus of elasticity of recycled
coarse aggregate concrete decreases continuously with increasing temperature, whereas peak strain
increases rapidly (Zhao et al. 2017).

Wau et al. used a thermocouple sensor to detect temperature and found that outside temperature
was higher as compared with the core temperature when high strength concrete subjected to elevated
temperature (Wu et al. 2019). Le et al. measured temperature at three different depths, i.e., at
specimen surface, at centreline, and 21 mm from the surface using five thermocouples for each
specimen. They observed a reasonable degree of consistency among the measured temperature for
each heat flux. The recorded temperature along the two radial lines at corresponding depths also had
good agreement, further confirming the uniform heat flux boundary condition (Le ef al. 2018).

Previous studies on the performance of concrete incorporating different cementitious material
after exposure to elevated temperature have focussed on mechanical and microstructural properties.
However, results are different to compare with each other and can even produce inconsistent
conclusions because of differences in cementitious materials, specimen dimensions, and testing
conditions. Further studies are, therefore, still needed to extend the data and clarify the effect of
SCBA and GGBFS. Until now the mechanical and microstructural studies of binary and ternary
concrete modified with SCBA and GGBFS in the temperature range from room temperature to
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Table 1 Chemical properties of SCBA and GGBFS

Properties SiO; Al,O3 Fe,03 Ca0 MgO SO;
SCBA 82.53 12.62 0.60 2.34 1.04 0.001
GGBFS 34.12 18.95 0.23 35.46 8.2 0.45

800°C has not been reported. This is not only unique scope for improving the amount of
consumption of agriculture and industrial by-product but also enhance the weightage of alternative
material for special industrial functions such as concrete structure near furnaces, ovens, and steel
plants.

The main objective of the current study is to explore the influence of the addition of SCBA and
GGBFS on the residual properties of binary and ternary concrete and its microstructure at elevated
temperature.

2. Experimental work
2.1 Material

The Ordinary Portland cement of 53 grade confirming to 1S12269-1987 was used in this work.
Sugarcane bagasse ash was obtained from Prasad Sugar and allied agro-products Ltd. Ahmednagar,
Maharashtra. The SCBA obtained is heated in a muffle furnace at 700°C for 2 h and then allowed
to cool at room temperature. Before using, it was grinded to make it fine. GGBFS is obtained from
Guru Corporation, Ahmedabad Gujarat. The chemical properties of SCBA and GGBFS are shown
in Table 1. Natural sand having maximum size 4.75 mm was used as fine aggregate whereas coarse
aggregate of maximum size 20 mm and 12.5 mm in the proportion of 60:40 were used in the concrete
mix. Both the fine aggregate and coarse aggregate are according to the requirement of 1S383:1970.

2.2 Methodology

Preliminary experiments were carried out to ensure sustainability performance by checking
compressive strength at 28 days before elevated temperature exposure. Then elevated temperature
performance was measured in terms of mass loss, change in color, cracks on surfaces, UPV value as
per IS 13311(Part1)-1992 and compressive strength as per IS 516-1959 of the specimen after
exposure to elevated temperatures (200, 400, 600 and 800°C) for 2 h duration. Surface color and
thermal cracks on the surface were observed through visual inspection. FESEM investigations were
also carried out on selected specimens to confirm the outcomes of test results at room temperature
and at 400 & 800°C.

2.3 Details of mix proportion

Nineteen concrete mixes containing control mix were made as per IS 456-2000 to discover the
effect of elevated temperature on SCBA and GGBFS based binary and ternary concrete. Control
mix for M25 concrete with the ratio of 1:1.83:2.99 (cement: sand: aggregate) was designed
consuming water-cement ratio (w/c) of 0.5 to attain cubic target mean strength of 31.6 MPa. All
aggregate is used in saturated surface dry conditions. Weight batching was implemented for all
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Table 2 Mix proportion and properties of concrete with and without SCBA and GGBFS

207

. Room
'\I/IIIDX Ceégu)ant S(CO/B)A G((;(E)F S Property temperature 200°C 400°C 600°C 800°C
0 0 0 25C (RT)
Compressive strength (MPa) 37.39 4129 4562 30.11 14.18
Mass loss (%) 320 701 922 10.02
P 100 0 0
UPV (km/s) 4.63 414 325 213 156
Density (kg/m?3) 2606 2638 2526 2416 2465
Compressive strength (MPa) 41.15 4245 46.52 3256 15.65
Mass loss (%) 318 721 938 994
B15 85 15 0
UPV (km/s) 4.52 420 359 223 178
Density (kg/m?) 2628 2566 2475 2409 2383
Compressive strength (MPa) 37.31 38.42 4220 27.89 1251
Mass | % 310 741 936 9.89
B20 80 20 0 ass loss (%)
UPV (km/s) 3.47 432 302 187 113
Density (kg/m?) 2609 2513 2411 2384 2359
Compressive strength (MPa) 35.24 36.01 39.95 26.17 12.10
Mass loss (%) 322 733 897 10.50
B25 75 25 0
UPV (km/s) 4.38 415 3.05 156 1.02
Density (kg/m?) 2570 2499 2397 2371 2346
Compressive strength (MPa) 30.56 29.42 34.62 2351 11.31
B30 70 30 0 Mass loss (%) 335 728 881 10.84
UPV (km/s) 4.39 410 295 131 0.98
Density (kg/m?®) 2519 2475 2383 2349 2324
Compressive strength (MPa) 40.82 41.23 43.89 3336 15.34
Mass loss (%) 342 762 893 10.32
G15 85 0 15
UPV (km/s) 4.50 412 281 180 1.13
Density (kg/m?®) 2634 2608 2457 2441 2395
Compressive strength (MPa) 37.94 38.02 40.36 30.42 14.36
Mass loss (%) 349 755 992 10.64
G20 80 0 20
UPV (km/s) 4.45 405 272 158 091
Density (kg/m?®) 2608 2596 2489 2433 2385
Compressive strength (MPa) 36.21 36.94 38.91 29.96 13.48
Mass | % 349 749 978 10.66
G 75 0 25 ass loss (%)
UPV (km/s) 4.47 390 270 149 0.88
Density (kg/m?) 2638 2555 2477 2430 2382
Compressive strength (MPa) 34.67 35.98 36.44 28.44 12.89
Mass | % 351 744 986 10.29
Gl 70 0 30 ass loss (%)
UPV (km/s) 4.48 387 268 132 0.78
Density (kg/m?) 2642 2568 2510 2380 2366
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. Room
Mix Ceg“e”t SCOBA GGOBFS Property temperature  200°C 400°C 600°C 800°C

D (%) (%) (%) 25C (RT)

o Compressive strength (MPa) 40.02 41.25 42.03 33.62 16.13

3 Mass loss (%) 350 723 927 1031

S 85 10 05

o UPV (km/s) 4.49 409 329 201 1.20
Density (kg/m?®) 2661 2480 2417 2347 2342

o Compressive strength (MPa) 35.49 3793 3582 29.18 14.13

o Mass loss (%) 352 779 964 10.38

S 80 10 10

o UPV (km/s) 451 413 3.07 173 0.85
Density (kg/m?) 2762 2491 2423 2367 2352

o Compressive strength (MPa) 34.98 35.69 36.20 27.51 12.93

o Mass loss (%) 338 763 936 1041

S 75 10 15

o UPV (km/s) 4.50 410 3.00 1.79 092
Density (kg/m?) 2734 2511 2422 2372 2369

o Compressive strength (MPa) 35.11 36.02 37.98 28.47 13.02

) Mass loss (%) 317 7.78 955 10.38

S 70 10 20

= UPV (km/s) 4.49 404 281 170 086
Density (kg/m?) 2692 2522 2408 2360 2413

o Compressive strength (MPa) 38.00 39.17 39.94 30.75 14.14

3 Mass loss (%) 327 743 959 1084

0 80 15 05

o UPV (km/s) 4.45 400 29 210 1.68
Density (kg/m?®) 2665 2546 2431 2377 2362

o Compressive strength (MPa) 33.70 34.39 35.23 27.93 1257

o Mass loss (%) 335 753 991 10096

hrs) 75 15 10

o UPV (km/s) 441 412 282 196 1.37
Density (kg/m?®) 2677 2565 2412 2345 2369

o Compressive strength (MPa) 33.62 32.69 3344 2382 11.38

o Mass loss (%) 343 733 105 10.64

hrs) 70 15 15

o UPV (km/s) 4.36 430 303 226 1.89
Density (kg/m?®) 2718 2565 2384 2348 2386

o Compressive strength (MPa) 32.50 3351 3412 2457 11.30

o Mass loss (%) 352 7.8 10.13 10.89

S 75 20 05

% UPV (km/s) 4.48 421 310 3.02 150
Density (kg/m?) 2618 2610 2472 2393 2413

o Compressive strength (MPa) 31.29 35.18 35.44 2851 1351

o Mass loss (%) 3.61 816 10.02 10.85

S 70 20 10

< UPV (km/s) 4.50 419 275 185 0.96
Density (kg/m?®) 2750 2482 2427 2404 2395
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Table 2 Continued

. Room

Mix Ce[,“e”t SCOBA GGOBFS Property temperature  200°C 400°C 600°C 800°C

D6 ) (%) 25 (RT)

o Compressive strength (MPa) 30.84 3150 32.69 23.86 10.74

3 Mass loss (%) 338 8.00 10.31 10.94

B 70 25 05

N UPV (km/s) 4.43 402 298 210 1.10
Density (kg/m?®) 2620 2562 2465 2399 2388

kinds of mixes. Table 2 shows the quantity of cement replaced by SCBA and GGBFS in different
specimens. In whole experimental work, the cubic specimen of size 150 mm was prepared following
[S516-1959 to obtain compressive strength.

2.4 Heating and cooling regime

The cube was cured in portable water for 28 days and then air-dried before being exposed to
elevated temperature. An electric arc furnace in a forging factory at Ahmednagar Maharashtra was
used. The furnace temperature was controlled by using an electronic temperature controller. The
furnace was able to maintain a uniform temperature with a precision of +1°C. During heating and
cooling, the furnace was closed entirely (except holes for the release of fumes). When the samples
were put in the furnace, the internal temperature of the furnace was at room temperature. The overall
heating rate was 4°C/min (ISO/TR 15655 2003), the temperature was kept steady for 2 h after the
maximum value attained (200, 400, 600, and 800°C) (Zheng et al. 2012). The cubes were then tested
when cooled inside the furnace.

3. Result and discussion
3.1 Compressive strength

Cube compressive strength of all the mixes was evaluated at 28 days of water curing to check
weather SCBA and GGBFS from a particular source are suitable or not for normal exposure. Both
binary and ternary concrete exhibited a relatively similar trend of variation in results. Almost all
replacement mixes could be able to achieve the target mean strength of 31.6 MPa at 28 days.
Compressive strength was highly influenced by the percentage increase in SCBA and GGBFS. The
variations of compressive strength with elevated temperature for 19 concrete mixes are shown in
Table 2. It is found that all samples have an improved compressive strength until 400°C then reduces
as temperature goes on rising. The early strength might result from the speeding up of the hydration
process, and a successive reduction might result from the decomposition of cement paste, at 105°C,
the capillary water, and free water vaporize (Khan and Abbas 2016). There will be an increase in
compressive strength at 300°C, and at 450°C compressive strength decreases when the internal
temperature was monitored by inserting thermocouples at different points (Drzymala et al. 2018).

Fig. 1(a) demonstrates the variation of compressive strength of binary concrete mixes containing
SCBA. In the case of binary concrete containing 15% SCBA (B15 mix), compressive strength rises
with a rise in temperature up to 400°C and then starts decreasing. It was also observed that at all
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temperatures, compressive strength for the B15 mix was higher as compared with control concrete.
Whereas compressive strength of 20, 25, and 30% SCBA (B20, B25, and B30 combinations) was
lower as compared with the control mix at all variations of temperature. It was also observed that as
the temperature increases up to 400°C rate of increase in compressive strength decreases with an
increase in SCBA content. Fig. 1(b) demonstrates the variation of compressive strength of binary
concrete containing GGBFS. In the case of concrete containing 15 and 20% GGBFS (G15 and G20
mix), the compressive strength rises with a rise in temperature up to 400°C and then starts reducing.
But the rate of increase in strength is less as compared with control concrete, for G15 mix
compressive strength was found to be the same up to 200°C as compare with control concrete.
Compressive strength of G25 and G30 mix also rises with a rise in peak temperature up to 400°C
and then starts reducing, but it was less as compared with control concrete. Fig. 2 demonstrates the
variation of compressive strength of ternary concrete containing SCBA and GGBFS. In case of
ternary concrete containing 10% SCBA & 5% GGBFS (B10G05 mix) and 15% SCBA & 5%
GGBFS (B15G05 mix) shows better results at all temperature as compare with control concrete.
Thus, concrete containing a higher percentage of SCBA and a lower percentage of GGBFS with a
variation of temperature up to 400°C exhibited better results as compared with the control concrete.
For 800°C heating period variation in compressive strength of all ternary mixes is much less as
compared with the 600°C heating period. The maximum standard deviation is 3.61 MPa for the
B15G15 mix at 600°C for control concrete; it was 3.04 MPa.

—+—RT =200 400 ==G600 —==800 T°C —+—RT -m-200 100 ——600 800 T°C

) N

30 -/\\s\

10

Compressive strength in MPa
Compressive strength in MPa

P BI1S B20 B2S B30 P G1S§ G20 G25§ G30

(a) SCBA (b) GGBFS
Fig. 1 Compressive strength for various binary mixes at elevated temperature

—+—RT -=-200 400 ——600 ——800 TC

Compressive strength in MPa
oW
; g/

210

Fig. 2 Compressive strength for various ternary mixes of SCBA & GGBFS at elevated temperature



Performance of concrete modified with SCBA and GGBF'S subjected to elevated temperature ~ 211

=200 m400 =600 m800 T'C
30

20

10 J
0
o,

-10
20
-30
-40
-50
-60

-70
-80

-Jilr

d A
ol ol b .o Sl .ol 4l ol ol o
SUSHSRRSHS RS WS WSS

J.! Ju:
! ‘1 "J
Fo Rual Kol S e &

Fig. 3 Residual compressive strength for various binary and ternary mixes of SCBA and
GGBFS at elevated temperature

Residual Compressive strength (%)

For distinguishing the role of additives in concrete mixes, residual compressive strength, and rise
in temperature has been shown in Fig. 3. At 200°C, an increase of 0.92-12.43% in compressive
strength as compared to room temperature strength were observed. At 400°C, an increase of 0.92-
22.01% in compressive strength as compared to room temperature strength were observed. At 600°C,
a decrement of 8.88-29.15% in compressive strength as compared to room temperature strength was
observed. At 800°C, a decrement of 56.82-66.47% in compressive strength as compared to room
temperature strength were observed. Calcium hydroxide, which is one of the valuable compounds
in cement paste, dissociates at around 400 to 600°C (Wu et al. 2019), causing shrinkage of concrete
and affecting a more significant reduction in strength (Arioz 2007). The decomposition of Ca(OH)»
and C-S-H gel, especially at 800°C, maybe resulting in higher strength loss (Sahani et al. 2019).

3.2 Mass loss

Fig. 4 shows the percentage mass losses at 200, 400, 600, and 800°C temperature tested for 2 h.
It has been observed that the mass loss of all concrete specimens increases sharply up to 400°C,
afterwards, it increases marginally. It was also seen that mass loss of binary concrete containing
SCBA was less as compared with binary concrete containing GGBFS at all temperatures. In the case
of ternary concrete, mass loss was observed to be more for all specimens at all temperatures. The
mass loss of concrete mixes is also found to increase with an increase in temperature. The maximum
standard deviation is 65 gm. for the B30 mix at 800°C; for control concrete, it was 32 gm.

The primary changes taking place in concrete at a temperature lower than 600°C is the loss of
physically absorbed and chemically bound water. The weight loss observed at 800°C exceeds the
amount that can be accounted by water alone and is likely caused by the decomposition of aggregates
and cement hydration products (Deshpande ef al. 2019). Omer Arioz studied the effects of elevated
temperature on properties of concrete and found higher weight loss for higher w/c ratio, which
reveals that the water content of mixture increases with respect to w/c ratio (Arioz 2007).

Reduction in the mass loss was found to be 3.1 to 3.61% at 200°C, which increased from 7.01 to
8.16% for 400°C temperature. For 600°C and 800°C temperature, reduction in mass loss ranges
from 8.81 to 10.5% and 9.89 to 10.96%, respectively. Reduction in the mass loss at 400°C
temperature is more than twice than that of 200°C. Beyond 400°C, reduction in mass loss decreases
as temperature will go on increasing. Maximum water in each concrete specimen evaporated during
heating between 200°C and 400°C (Belouadah ef al. 2018). Lowest mass loss was observed for
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Fig. 4 Mass loss for various binary and ternary mixes of SCBA and GGBFS at elevated temperature

binary concrete containing 20% SCBA (B20 mix) at 200°C, which is 3% while the highest mass
loss was observed for ternary concrete containing 15% SCBA and 10% GGBFS(B15G10) at 800°C
which is 10.96%. The result shows a gradual decrease in the mass of concrete with an increase in
temperature for all specimens. The initial reduction in mass may be correlated to the release of
chemically bound water up to 400°C, and the final mass loss may be due to the decomposition of
Ca(OH), and CSH gel (Liu et al. 2018).

The densities of the tested concrete are shown in Table 2. The average density of all mix
proportions reduced when subjected to elevated temperature in each instance. The residual density
is near to 90% of the initial density at 800°C. A decrease in density was found more for binary
concrete containing SCBA than containing GGBFS. The decrement in density is due to the departure
of water during heating and dehydration of hydrates (Hachemi and Ounis 2017).

3.3 UPV

The UPV measurements were performed on all 19 specimens. UPV performed on the concrete
without any replacement is used as a reference to evaluate the findings gained after heating at several
temperatures. The results of the UPV examination performed on 19 specimens are given in Fig. 5.
The entire specimen could be categorized as a good/excellent at normal temperature and variation
0f 200°C for two hour heating period; their UPV was more than 3.5 kim/s. At 400°C heating period
for 2 h, concrete containing only 15% SCBA (B15 mix) categorized as good as its UPV greater than
3.5 km/s.

Binary concrete containing 15, 20, and 25% SCBA (B15, B20, and B25 mixes) up to 400°C
shows UPV results more than 3 km/s, which are categorized as medium quality grading. All other
mixes of SCBA show UPYV results from less than 3 km/s, which are categorized as doubtful quality
at 600°C and 800°C. Binary concrete containing 15, 20, 25, and 30% GGBFS (G15, G20, G25, and
G30 mixes) at 400, 600, and 800°C shows UPV results from less than 3 km/s which are categorized
as doubtful quality. Ternary concrete containing SCBA and GGBFS at 200°C shows UPV results
from more than 3.5 km/s, which are categorized as good quality. Ternary concrete containing 10%
SCBA & 5% GGBFS, 10% SCBA & 10% GGBFS, 10% SCBA & 15% GGBFS, 15% SCBA & 15%
GGBFS and 20% SCBA & 5% GGBFS (B10G05, B10G10, B10G15, B15G15 and B20G05 mixes)
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Fig. 5 Pulse velocity for various binary and ternary mixes of SCBA and GGBFS at elevated temperature

shows UPV results more than 3 km/s which are categorized as medium quality grading. At 600°C
heating ternary concrete containing 20%, SCBA, and 5% GGBFS (B20G05 mix) shows UPV result
of medium quality. All other ternary mixes show UPV results of doubtful quality.

UPYV result of binary concrete containing 15% SCBA (B15 mix) shows improvement at water
cured sample and sample at 200, 400, 600, and 800°C temperature for 2 h duration and subsequent
cooling inside the furnace as compared with control concrete. The maximum standard deviation is
0.22 km/s for B15G15 mix at 600°C, for control concrete it was 0.13 km/s. After 400°C temperature,
pulse velocity was found to be decreasing at a higher rate, which indicates the poor quality of
material due to exposure to high temperature. Reduction in velocity from 600°C to 800°C can be
attributed to the formation of cracks, which mainly increase the time required to propagate the
specific distance. These outcomes can also be related to the deterioration of strength gaining
components, i.e., hardened CSH gel (Sahani et al. 2019).

3.4 Color changes and crack appearance

After the fire hazard, the rate of deterioration of the concrete structure is examined physically
without any direct test. It focuses on the visual examination of surfaces of concrete and
understanding the nature of cracks developed due to high temperature. The width and depth of
surface cracks give preliminary information on the severity of the deterioration due to high
temperature.

The effects of increasing SCBA and GGBFS content in binary and ternary concrete on changes
in cracking and color after exposure to elevated temperature are shown in Fig. 6. Visual inspection
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Fig. 6 Surface crack images of various binary and ternary mixes of concrete at
elevated temperature

of the specimen of all concrete mixes indicated a slight change in color up to 400°C as compared to
control concrete. Control concrete specimen slightly changes from its original grey color to partially
reddish color at 800°C. Binary concrete containing SCBA changes its color to light brown at 800°C,
whereas binary concrete containing GGBFS changes its color to white at high temperature. This
color alteration is due to iron oxidation in slag particles during heating at high temperatures (Shaikh
2018).

It was difficult to identify the superimposed color resulting from grey, red, black, and white.
Presence of these colors attributed to high silica content in SCBA and high lime content in GGBFS
(Sahani ef al. 2019). At 800°C, ternary mixes change to white, red, and reddish white. Hence a color
change of heated concrete is primarily influenced by binding paste and mortar as it exists on the
outer surface of the concrete. Overall, three types of basic changes in color changes in the specimen
were observed in the concrete specimen.

It was seen that few hairline cracks are developed in control concrete at 600°C. In ternary
concrete, these hairline cracks are found at 400°C, which are clearly visible at 600°C. At 800°C,
hairline cracks are developed in binary concrete containing SCBA. Numbers of cracks are more in
binary concrete containing GGBFS as compared with binary concrete containing SCBA. The
number of cracks will go on increasing in ternary concrete at 800°C.

3.4 FESEM analysis through microstructural studies

This experiment analyses the microstructure of concrete specimens after various elevated
temperatures based on the application of a scanning electron microscope (SEM). The SEM
micrograph of binary and ternary concrete containing SCBA and GGBFS exposed to 400 and 800°C
are shown in Fig. 7. Fig. 7(a) shows the micrographs of the reference mix and binary as well as
ternary concrete at room temperature. It can be seen that at room temperature internal structure of
reference concrete and concrete containing SCBA and GGBFS is dense, and the C-S-H gel exists in
the form of a continuous block (Zheng et al. 2012). These results in higher compressive strength.
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Fig. 7 SEM evaluation of the concrete specimen

When this concrete exposed to 400°C temperature, it will have the same dense internal structure, as
shown in Fig. 7(b). Up to this temperature, hydration reaction accelerates and produces C-S-H gel.
In case of binary concrete containing SCBA and GGBFS as shown in the figure, the C-S-H structure
is perfect in which only small portion pore was observed whereas in case of binary concrete
containing SCBA and GGBFS number of pores are increasing and spiked sphere appearance like
coral reef was found (Tai et al. 2011). Up to this temperature, hydration products become cemented
into continuous phase; in addition, the whole structure is more even, consequently escalating
compressive strength substantially in case of binary concrete.

After exposure to 800°C, the internal structure of binary and ternary matrix present like the
alveolate form (Zheng et al. 2012). The number of pores is going on increasing; also, the existence
of complete crystal is less as compared with the 400°C temperature. At this temperature, large water
vapor is generated inside the furnace due to the loss of absorbed water and pore water. At 800°C
temperature, crystal water and cement hydrates initiate to dissipate. Cement hydrates usually
commence to dissipate at approximately 550°C (Tai et al. 2011), clarifying why the concrete strength
reduces enormously in this temperature span; it is mostly attributed to C-H dehydration. Fig. 7(c)
shows that the microstructure loosens, a sizeable quantity of uneven rose bush like structures are
seen in addition to continuous hydration product reduce in number (Tai ef al. 2011). The influence
of H on the C-H portion produced a layered plate to have several pores in addition to a rough, grainy
surface.
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Furthermore, several alterations were also noted in the C-S-H. A portion of it was a coral reef
structure leaving behind the portion with little residual compressive strength. A portion of the coral
reef structure was observed more in ternary concrete as compared with binary concrete. In binary
concrete, it was noted more with concrete containing SCBA as compared with concrete containing
GGBFS.

4. Conclusions

Through the experimental research on the concrete modified with SCBA and GGBFS after
heating for temperature up to 800°C, the following conclusions are drawn:

e Compressive strength enhanced in binary concrete containing SCBA (SiO, content was
82.53%) for B15 mix and in concrete containing GGBFS (CaO content was 35.46%) for G15
and G20 mix. Microstructural studies indicate that extra C-S-H gel was found in concrete
containing GGBFS. For all combinations, compressive strength rises till 400°C but starts to
fall as temperature increases continuously. SEM image shows dense structure up to 400°C,
which improves compressive strength; beyond these temperatures, coral leaf structure was
observed where strength decreases. B15 mix has higher compressive strength among all
combinations at all temperatures.

e Higher heating temperature led to higher mass loss, and this effect is higher up to 400°C
temperature and becomes irrelevant subsequently. Mass loss was more for GGBFS as
compare with SCBA; this may be due to the decomposition of Ca(OH), and C-S-H gel.

e The UPV of concrete declines with the rise in temperature, and the rate of decline accelerates
from 400°C onwards. Concrete containing GGBFS presents lower values when compared
with concrete containing SCBA.

e After exposure to elevated temperature binary and ternary concrete loses its density, color
changes and development of cracks were observed. Cracks are more in concrete containing
GGBFS as compared with SCBA.

e SCBA is better for concrete subjected to elevated temperature as compared with GGBFS as
SCBA based concrete shows better performance in terms of compressive strength, mass loss,
density, and UPV. However, ternary concrete incorporating SCBA and GGBFS (B10G05 &
B10G10 mix) also shows better performance at elevated temperatures.
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