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ABSTRACT
Low-density concretes made with lightweight aggregates are known for their enhanced thermal insulation 
properties. Though the temperature resistance is better than normal concretes, lightweight aggregate concrete 
(LWAC) experiences significant structural degradation when subjected to extreme conditions, especially those 
exceeding temperatures of 400°C. Encompassing the safety and durability of structures, auditing the strength 
of LWAC subject to elevated temperatures is crucial. The present research aims to analyse the density, strength, 
and microstructural morphology of expanded clay aggregate concrete when subjected to elevated temperatures, 
particularly 100°C, 200°C, 400°C, and 800°C. Concrete mixes were prepared with crushed stone aggregates 
replaced with ECA at 0%, 50%, and 100% by volume. The mixes were then further modified by reinforcing the 
matrix with hybrid fibres at 1.5% (1% steel and 0.5% polypropylene) by volume. The cured specimens were 
exposed to elevated temperatures and then tested for their mass and strength properties. Notable mass loss was 
observed for all the mixes post-thermal exposure, and improvement in strength was observed for the mixes when 
exposed up to 200°C. Further exposure led to a strength degradation. The observed degradation is potentially 
connected to the complete disintegration of the microstructure, as seen in the Scanning Electron Microscopy 
(SEM) images.
Keywords: Low-density concrete; Expanded Clay Aggregates; Heat exposure.

1. INTRODUCTION
Concrete is widely used for construction as it is cost-effective, has beneficial mechanical properties, and is 
durable, significantly when effectively reinforced [1–3]. However, the elements made with denser concrete and 
reinforced with steel bars are heavier and will lead to the demand for stronger foundations. Owing to the cost 
associated with stronger supporting structures, the engineers have shown a notable inclination towards reducing 
the self-weight of elements such as columns, beams, and slabs. One of the well-acknowledged ways to reduce 
the self-weight of the structure is the use of Lightweight Concrete (LWC) [4].

The most common way of lowering the concrete density is the substitution of lightweight aggregates 
in place of heavier conventional aggregates. In addition to the natural lightweight aggregates such as pumice, 
scoria, perlite, etc., artificial aggregates such as expanded clay, sintered fly ash, expanded shale, etc., are also 
commonly used in the preparation of Lightweight Aggregate Concrete (LWAC). The density of LWAC varies 
from 800 kg/m3 to 2000 kg/m3, thus being significantly lower than that of traditional Normal Weight Concrete 
(NWC). Additionally, LWAC possesses thermal and acoustic insulation properties.

Among various lightweight aggregates, Expanded Clay Aggregates (ECA) are known for their higher 
performance [5] and relatively better eco-friendliness. ECA is a highly versatile material with extensive con-
struction applications, particularly for producing concrete, lightweight blocks, precast elements, and foundation 
structural backfill. The benefits of incorporating ECA into the mixture at varying percentages include improved 
workability [6–8], appropriate segregation resistance [9], decreased density [10, 11], reduced creep [12], more 
effective thermal insulation [13], improved fire resistance [14, 15], reduced crack tendency, and improved 
shrinkage resistance [16].

Concrete elements are often exposed to extreme conditions, such as high temperatures, which are con-
sidered critical as they lead to mechanical degradation that diminishes the strength and durability of concrete 
structures [17, 18]. The structural integrity of a building may be compromised by prolonged exposure to high 
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temperatures, rendering it unusable [19]. Concrete’s fire resistance stems from the fact that it is not combustible, 
sustains minimal damage for a limited time, and emits no harmful byproducts at high temperatures [20]. The 
utilisation of LWAC is a reasonably effective technique for improving the heat resilience of concrete structures. 
Considering the thermal properties, LWAC has improved thermal endurance, reduced thermal conductivity, 
and an inferior thermal expansion factor compared to conventional concrete [21, 22], given that the lightweight 
aggregate is produced through sintering at high temperatures, leading to an increment in the number of internal 
pores in the material. Unlike conventional-weight concrete, LWC is less prone to explosive spalling at high 
temperatures due to its lower density and comparatively higher permeability [23].

The fire-resistant properties of concrete can be enhanced by incorporating fibres. Residual mechanical 
characteristics and spalling resistance of temperature-exposed concrete can be enhanced when steel fibres are 
combined with low melting point fibres like polypropylene [24–26]. Since good thermal stability is exhibited 
by ECA, a comprehensive comparative study is imperative to assess and contrast the effect of fibre addition 
on the thermal performance of concrete compositions, with normal-weight concrete being fully and partially 
replaced by ECA.

Only limited literature is available that thoroughly assesses the physical characteristics of LWC with 
ECA concrete following exposure to high temperatures [27, 28]. Simultaneously, a small percentage of inves-
tigations have been conducted to evaluate residual mechanical features of LWAC reinforced with fibres and 
containing ECA. However, the authors could not locate enough studies in the literature that looked into the 
mechanical characteristics of expanded clay aggregate concrete reinforced with fibres following a fire. This 
study evaluates the destructive and non-destructive testing of LWC after exposure to elevated temperatures. As 
highlighted in the preceding sections, this scenario can occur during the lifespan of concrete structures, yet a sig-
nificant scarcity of studies addressing this specific aspect exists. A comprehensive investigation was conducted 
to completely analyse the mechanical properties and microstructural changes of lightweight and normal-weight 
concrete, both with and without fibres, after exposing them to elevated temperatures.

2. EXPERIMENTAL PROGRAM
The materials used and the experimental methodology are discussed in this section.

2.1. Materials used
Portland Pozzolana Cement (PPC) was used as the binder for the preparation of concrete. The PPC used had a 
fineness of 310 m2/kg, as specified in IS: 1489 Part I (1991) [29]. The physical and chemical compositions of the 
cement are provided in Tables 1 and 2.

The Fine Aggregate (FA) utilised in this investigation is Manufactured Sand (M Sand), as per the speci-
fications outlined in IS 383 [30]. The properties are enumerated in Table 3. Figure 1 depicts the gradation curve 
for the aggregates. The experimental studies utilised Normal Weight Aggregate (NWA) and Expanded Clay 
Aggregate (ECA) as the coarse aggregate. The properties of both aggregates- calculated as per standards are 
described in Table 4. The physical features of the various fibres used in this study and the specifications provided 
by the manufacturer are outlined in Table 5. For mixing purpose, the investigation utilised potable water that 
adheres to the specifications given in IS 3025 [31].

The coarse aggregate fraction used consisted of crushed natural stone with a nominal size ranging from 
4.75 mm to 12.5 mm. The lightweight aggregate used was generated by treating clay to a temperature of 1200°C, 
resulting in ECA. The assessment of physical properties of aggregates was done conforming to IS: 383-2016 
[30], and their results are provided in Tables 4 and 5.

Table 1: Physical properties of Portland Pozzolana cement.

PROPERTIES TEST RESULTS

Fineness 310 kg/m3

Initial Setting Time 86 minutes

Final Setting time 300 minutes

Specific Gravity 3.10

Standard Consistency 30

Compressive Strength 38.5 N/mm2
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Concrete mixtures with low water-cement ratios need the addition of super-plasticiser to achieve desir-
able workability. The chemical admixture employed in this research was a polycarboxylic ether (PCE) of the 
Tec mix-640 kind, which is a light brown liquid with a relative density of 1.08 ± 0.01 at 25°C, a chloride ion 
content of less than 0.1%, and a pH value of 7–9. The water used in the test procedure is as per IS 456 [32]. 
It has the properties of drinking water. The pH of water ranges between 6.5 and 8.5. In order to examine the 
impact of fibres on the properties of concrete under high temperatures, this investigation utilised two different 

Table 2: Chemical properties of Portland Pozzolana cement.

FORMULA CONCENTRATION (%)

SiO2 31

Fe2O3 4.6

Al2O3 10.6

CaO 42.5

MgO 2.2

SO3 2.1

K2O 0.45

Loss on ignition 4.6

Table 3: Properties of fine aggregates.

PROPERTIES TEST RESULTS

Specific gravity 2.67

Maximum Size (mm) 4.75

Bulk density (kg/m3) 1820

Water absorption (%) 0.65

Fineness modulus 2.52

Figure 1: Particle size distribution curve of Fine Aggregate (FA), Normal Weight Aggregate (NWA), and Expanded Clay 
Aggregate (ECA).
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Table 4: Properties of coarse aggregates.

PROPERTIES NWA ECA

Specific gravity 2.72 0.7

Bulk density (kg/m3) 1478 288

Crushing value (N/mm2) 28.7 1.22

Water absorption (%) 1.12 18

Abbreviations: NWA – Normal Weight Aggregate; ECA – Expanded Clay Aggregate.

Table 5: Properties of fibres.

PROPERTIES PPF SF

Appearance

Length (mm) 45 30

Diameter (mm) 0.8 0.55

Aspect ratio 56.25 54.55

Specific Gravity 0.91 7.8

Tensile strength (MPa) 500 1100

Existence Distinct filaments Distinct filaments

Abbreviations: PPF – Polypropylene Fibre; SF – Steel Fibre.

Figure 2: Materials used: (a) Portland Pozzolana Cement; (b) Fine Aggregate; (c) Normal Weight Aggregate; and  
(d) Expanded Clay Aggregate.

types of fibres: steel fibres (SF), and polypropylene fibres (PPF). Figure 2 provide visual representations of 
materials used in the current research, while Table 5 presents the detailed properties of each fibre obtained from 
the manufacturer.

2.2. Methodology
The proportioning of the concrete mixes was done in accordance with IS 10262 [33]. Two different sets of mixes 
such as without and with fibre reinforcement were considered for the study. The fibres were added in a hybrid 
form, with steel fibres at 1% and PP fibres at 0.5% by volume. The properties of the concrete under elevated 
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temperature conditions were assessed for the concrete mixes with varying levels of replacement, such as 0%, 
50%, and 100% of CA with ECA. As the density of ECA is considerably lower than that of CA, replacement was 
done by volume. Detailed mix proportioning of the concrete mixes is given in Table 6.

The workability of the concrete was evaluated by conducting a slump test [34]. The properties of the 
hardened material, such as density, compressive strength, and split tensile strength, were assessed for varying 
temperatures (27ºC, 100ºC, 200ºC, 400ºC, and 800ºC). Compression test was performed on 100 mm cube speci-
mens conforming to IS 516 [35] and 100 mm diameter and 200 mm high cylindrical specimens were utilized for 
splitting tension test conforming to IS 5816 [36]. Three specimens were cast per test and the average strength is 
reported in the manuscript. All the specimens were subjected to moist curing of 28 days before testing. In addi-
tion to the abovementioned tests, an Ultrasonic Pulse Velocity (UPV) test was carried out as a non-destructive, 
in-situ qualitative method of assessing concrete following the protocol outlined in IS 13311 [37].

The concrete specimens were heated at 10ºC per minute till they reached the target temperatures (100°C, 
200°C, 400°C, and 800°C). Figure 3 displays the exposure time versus temperature curve and thermal expo-
sure of specimens. Approximately one hour was spent in an electric furnace, subjecting the concrete samples 
to high temperatures. Heat transmission was adequate throughout this timeframe, and target temperatures were 
achieved and maintained. Following the exposure to high temperatures, the concrete samples were given time 
to settle down to room temperature. The thermal exposure procedure covers the steps from placing the concrete 
samples in the electric furnace to the subsequent cooling phase, is depicted in the pictures below. The choice 
of these temperatures was determined by their significance in relation to the deterioration process of cement-
based materials. The elevated temperatures were deliberately chosen to examine specific alterations in the con-
crete. After reaching 150 degrees Celsius, OPC and Ettringite begin dehydrating and losing their chemically 

Table 6: Mix proportions.

MIX
DESIGNATION

PPC FA NWA ECA SF PPF WATER SP

QUANTITY IN kg/m3

N1 435 806.13 1018.73 0 0 0 166 4.35

N2 435 806.13 509.37 91.69 0 0 166 4.35

N3 435 806.13 0 183.37 0 0 166 4.35

N4 435 806.13 1018.73 0 78.5 4.55 166 4.35

N5 435 806.13 509.37 91.69 78.5 4.55 166 4.35

N6 435 806.13 0 183.37 78.5 4.55 166 4.35

PPC – Portland Pozzolana Cement; FA- Fine Aggregate; NWA- Normal Weight Aggregate; ECA - Expanded Clay Aggregate; SF – Steel 
Fibre; PPF- Polypropylene Fibre; SP- Superplasticizer.

Figure 3: Scheme of thermal exposure: (a) time-temperature curve; (b) electric furnace for heat exposure.
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bound water. Additionally, Portlandite and calcium silicate hydrate (CSH) both start to break down at around 
100°C and slow down significantly around 400°C. At approximately 573 degrees Fahrenheit (300°C), the 
crystal structure of the particles within the concrete undergoes changes. The full breakdown of C-S-H takes 
place at a temperature of 900 degrees Celsius. Therefore, the temperature range at which concrete begins to 
fail significantly lies between 400 and 900 degrees Celsius. Most of the concrete’s strength disappears within 
these temperatures. As a result, these temperature limits represent tipping points at which discernible changes 
in the load-carrying ability of the concrete can be observed. The study closely examined how the concrete 
responded to these temperatures.

Further, the morphology of the mixtures was investigated using Scanning Electron Microscopy (SEM). 
Samples taken from crushed specimens were cleaned using ethanol and thereafter affixed with a carbon tape. 
After adhering the sample with sticky carbon tape, a sputter coater was used to apply a conductive gold coating 
on a small area of it. The TESCAN VEGA-3 scanning electron microscope was used to acquire the SEM micro-
graphs after the coated samples were put inside the chamber.

3. RESULTS AND DISCUSSION
The heat-exposed specimens were first examined to locate thermal cracks, followed by the non-destructive and 
destructive testing tests to evaluate the mass loss and strength characteristics.

3.1. Workability
Figure 4 illustrates the slump values of all concrete mixtures. The slump test findings indicate that mixtures con-
taining ECA exhibited markedly reduced slump values compared to NWA concrete. The notable decrease in the 
slump value of the CA concrete can be ascribed to its very porous surface texture. The NWA and ECA mixtures 
exhibit satisfactory workability despite the ECA mixtures having a low slump value [38]. In the case of ECA 
concrete, the lighter mix causes a lower slump because of the influence of gravity on the slump value. Several 
researchers have also reported that lightweight aggregate concretes with a minimum slump value of 50 mm can 
achieve satisfactory workability [39, 40].

The inclusion of fibres into concrete has a negative effect on the workability of fresh concrete [41]. The 
results indicate that the addition of fibres results in a decrease in slump value. Fibers act as a barrier to the move-
ment of coarse aggregates, reducing the material’s mobility [42].

3.2. Density
Figure 5 shows that the inclusion of ECA in normal-weight concrete can reduce the density of concrete mixes. 
This occurs because of the inherent low density of ECA compared to NWA. Further, adding fibres to the mixes 
leads to an increase in density of concrete. It can be observed that the addition steel fibres to LWAC leads to an 
increase in its density. This is because of the higher density of steel fibres. The past researches also showed that 
including a higher dosage of steel fibres causes an increment in density of lightweight concrete [43]. The effect 
of temperature on the density of mixes is discussed in section 3.3.

Figure 4: Slump test results.
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3.3. Visual observation
After thermal exposure, the surface of the specimens was examined. Test specimens were cooled down to room 
temperature after being subjected to thermal load, and then the surface cracks and discoloration were analysed. 
The specimens with normal aggregates showed thermal cracks on the surface after exposure to 800°C. In com-
parison, the specimens containing expanded clay aggregates exhibited fewer thermal cracks on the surface. The 
superior thermal stability of lightweight concrete compared to normal-weight concrete can be attributed to the 
product’s high-temperature sintering process, which creates numerous internal holes within the aggregate. These 
internal voids lead to a reduction in vapour pressure buildup during thermal exposure [21, 22].

The surface crack patterns of concrete with normal-weight aggregates and lightweight expanded clay 
aggregates are shown in Figure 6. Observation of the cross-section of the thermally exposed concrete specimens 
revealed notable colour changes at elevated temperatures, as depicted in Figure 7.

These colour changes indicate the temperature to which the concrete was exposed and the extent of the 
affected area and provide an approximate estimation of the deterioration of the reinforced concrete’s mechanical 

Figure 5: Density of mixes.

Figure 6: Changes on surfaces of concrete with 100% ECA and 100% NWA: (a) ECA @ 27°C; (b) NWA @ 27°C; (c) ECA 
@ 800°C; (d) NWA @ 800°C.

Figure 7: Cross-section of specimens: (a) ECA exposed to 800°C; (b) NWA exposed to 800°C.
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properties. The colour shift is attributed to the gradual loss of water, subsequent drying of the cement paste, and 
internal changes within the aggregate [44]. The disintegration of the aggregates caused the aggregate’s colour to 
change to a pinkish-white hue, while the ECA remained largely intact with minimal colour alteration even after 
exposure to 800°C.

3.4. Compressive strength
The compressive strength values of the specimens at ambient temperature (27°C) are depicted in Figure 8. The 
compressive strength of the N1 mixture, utilising natural aggregate, was measured to be 41.62 MPa after a 
curing period of 28 days. The compressive strength values of the N2 and N3 mixes were 31.18 and 8.59 MPa, 
respectively, when the natural aggregate was substituted with 50% and 100% expanded clay aggregates. The 
utilisation of expanded clay aggregate resulted in reduction of compressive strength values. The substitution of 
50% of conventional aggregate with lightweight aggregate resulted in a 25% decrease in strength, but the full 
replacement led to a substantial fall of 79% in strength.

The reasons for these reductions include lower density, which affects the load-bearing capacity [45], 
weaker bonding between ECA and cement paste, hydration being affected by differences in pore structure, the 
water-to-cement ratio being altered by higher water absorption, and the mechanical properties of lightweight 
aggregates varying. Hence, the outcomes of this investigation are consistent with the fundamental theory that 
the strength of concrete generally exhibits a positive correlation with its density. Moreover, the incorporation of 
fibres played a significant role in enhancing strength enhancements. The compressive strength of concrete mixes 
increased by 11%, 20%, and 22% when 1.5% of fibre was added, corresponding to 0%, 50%, and 100% substi-
tution of ECA, respectively. The observed rise in magnitude can be attributed mainly to the bridging mechanism 
facilitated by steel fibres and polypropylene fibres [46, 47], which effectively restricts the occurrence and spread 
of cracks [48]. Similar observations were made by other researchers also at ambient temperature [49, 50].

3.4.1. Effect of heat exposure on compressive strength
The concrete specimens underwent exposure to temperatures of 100°C, 200°C, 400°C, and 800°C in order to 
assess the impact of extreme temperatures on the compressive strength of the samples. The results of compres-
sion test conducted on the heat-exposed specimens are given in Figure 9. Further, the residual compressive 
strength values of the mixtures are provided in Figure 10.

An observed phenomenon at higher temperatures was a notable enhancement in compressive strength, 
namely at 100°C and 200°C, with a range of improvement between 5% and 12% compared to specimens sub-
jected to ambient temperature. A potential cause for this phenomenon is that the cement particles that were 
previously evaporated undergo rehydration [51]. The process of water evaporation within the concrete resulted 
in a situation equivalent to autoclave curing, hence facilitating the rehydration of cement. Strength degrada-
tion started above 200°C. It was evident from the test results of specimens subjected to 400°C. The residual 
strength of specimens varied from 68% to 76% at 400°C. In the specimens without fibres, the residual strength 
values of 76%,73%, and 70% were observed for 0%, 50%, and 100% lightweight aggregate percentages. With 
fibre addition, these values increased to 77%, 74% and 71%, respectively, for 0%,50%, and 100% lightweight 
aggregate percentages. The residual strength of specimens varied from 36% to 46% at 800°C. In the specimens 
without fibres, the residual strength values of 36%, 38%, and 46% were observed for 0%, 50%, and 100% 

Figure 8: Compressive strength at ambient temperature (27°C).
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lightweight aggregate percentages. With fibre addition, these values increased to 37%, 38% and 47%, respec-
tively, for 0%, 50%, and 100% lightweight aggregate percentages. Elevated temperatures lead to heat accumula-
tion, resulting in a differential temperature between the outer and inner layers of concrete [52]. The temperature 
difference induces a range of physical as well as chemical responses, such as the removal of moisture from 
cement paste, the breakdown of aggregates, a decrease in weight, deformity, and a reduction in strength [18, 50]. 
Consequently, these reactions have an adverse impact on the mechanical and thermal characteristics of concrete 
[53]. The decrease in the compressive property of the samples at heat beyond 200°C may be ascribed to several 
factors. Firstly, at 300 degrees Celsius, there may be evaporation of water that is trapped within the calcium-sil-
icate-hydrate (C-S-H) gel layer [54]. Additionally, at 400°C, there could be a conversion of calcium hydroxide 
(Ca(OH)2) to calcium oxide (CaO) and water. Finally, at temperatures ranging from 700°C to 800°C, there 

Figure 9: Compressive strength of heat exposed concrete specimens.

Figure 10: Residual compressive strength.



KRISHNA, A.; MUTHUKUMAR, J.; SREEKUMARAN, S., revista Matéria, v.29, n.4, 2024

could be a transformation of calcium carbonate (CaCO3) to calcium oxide (CaO) and carbon dioxide (CO2) [55]. 
The primary cause of the significant decrease in strength qualities observed at elevated temperatures is mostly 
attributed to the incompatible expansion of aggregate-cement layers, forming extra pressures in the concrete. 
The improved performance of the mixes reinforced with PPF and SF could be attributed factors listed below. 
The incorporation of PP fibres in concrete has effectively reduced the probability of spalling by relieving pres-
sure from water and preventing the buildup of excessive vapour pressure within the concrete. The utilisation of 
steel fibres additionally benefits the physical characteristics of the concrete by minimising cracks and increasing 
the resistance to heat. Several authors have noted the enhanced performance of concrete reinforced with both 
steel and polypropylene fibres [56, 57].

3.4.2. Correlation between compressive strength and mass loss
Figure 11 depicts the association between the compressive strength and mass loss of various mixes utilising 
similar cubic specimens after being subjected to high temperatures ranging from 100°C to 800°C. The calcu-
lation of residual weight involved dividing the weight observed after exposure to the target temperature by the 
weight observed at ambient temperature and then multiplying the quotient by 100. The data illustrates three 
distinct phases in the percentage of weight loss attributed to temperature. During the initial phase, the rate of 
weight loss increased significantly following exposure to temperatures ranging from 100°C to 200°C, indicating 
an early and substantial decrease in weight. The weight loss can be ascribed to the vaporisation of the unbound 
pore water up to a temperature of 200°C and the water absorbed by the cement gel particles. The mixes with 
ECA showed higher weight loss in this stage due to the evaporation of water absorbed by the ECA. ECA has 
more water absorption than NWA. This can be the reason for higher weight loss at this stage. The second stage, 
characterised by a slightly upward slope, corresponds to a phase of partial stabilisation. This phase is associ-
ated with restoring strength and a minimal decrease in the temperature range of 200°C to 400°C. During this 
stage, the microstructure remains unaffected by the chemical and physical alterations caused by temperature 
exposure. After reaching a temperature of 400°C, the weight loss of the cement matrix enters a steep decline 
phase. This is caused by chemical changes that result in the cracking of the matrix and the weakening of the link 
between the cement and aggregate due to differences in thermal expansion. At this point, NWA exhibited the 
highest degree of weight loss because of its lower heat stability in comparison to ECA. Furthermore, the thermal 
motions experienced by the cement and aggregate lead to a near-complete link loss [58, 59].

The findings suggest a reduction in mass loss as the quantity of ECA increases. The observed phenom-
enon can be attributed to the influence of spalling, which is known to exhibit reduced danger and severity as 
the content of lightweight aggregate increases. The specimens containing steel and PP fibres also exhibited a 
reduced level irrespective of the aggregate type. Even though the PP fibres melting point is less, the higher 
temperature doesn’t show significant mass loss due to the presence of PP fibre, the reason could be the lower 
volume fraction of PP fibres.

Figure 11: Correlation between compressive strength (Fck) and mass loss.
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When considering the changes in strength and weight, eliminating the initial strength increase at 
100°C and 200°C, it can be concluded that the decrease in strength is correlated with the decrease in weight. 
The various responses of concrete to different pressures explain the noticeable differences in strength and weight 
reduction in these regions. In contrast to its compressive strength, concrete’s residual tensile strength behaves 
very differently as a function of temperature. Minor deviations are to be expected during load testing due to the 
non-strenuous nature of the weight loss measurement method.

3.4.3. Regression model for predicting compressive strength
Multivariable linear regression was used to predict compressive strength based on multiple independent vari-
ables. For mixes the formula for multivariable linear regression, general equation for predicting compressive 
strength obtained by conducting regression analysis is:

	 Fck(p) = (-84.404 + (0.07705 × T) + (4.58 × Vf) + (-0.125 × La) + (0.02789 × V))	 (1)

Where T = temperature, in °C, Vf = Volume fraction of fibres, La = Volume of aggregates (%), and V = Ultrasonic 
pulse velocity (m/sec).

As illustrated in Figure 12, the correlation coefficient of 0.9874 was obtained by plotting the predicted 
compressive strength against the actual compressive strengths.

Calculating the residuals entails determining the discrepancies between the dependent variables observed 
(actual) values and the values that the regression model predicted. The normal probability of standardised resid-
uals is calculated and shown in Figure 13.

Figure 12: Correlation between predicted and observed compressive strength.

Figure 13: Normal probability of standardised residuals.
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Figure 14: Split tensile strength at ambient temperature (27°C).

The figure states the independence of errors from each other. Residuals seem uniformly distributed around 
zero. R2 of the multilinear mortar strength model is 94.92%, which designates a good fit. So, the compressive 
strength of fire-exposed LWC can be predicted using multiple parameters using the formula mentioned above.

3.5. Split tensile strength
Figure 14 presents the values of the specimens’ split tensile strength on a graphical representation. The split 
tensile strength of the N1 mixture, using natural aggregate, was determined to be 2.54 MPa after a 28-day cur-
ing time. The split tensile strength values of the N2 and N3 mixes were 1.88 and 1.36 MPa, respectively, when 
the natural aggregate was replaced with 50% and 100% expanded clay aggregates. The utilisation of expanded 
clay aggregate led to a reduction in the values of split tensile strength. The substitution of 50% of conventional 
aggregate with lightweight aggregate resulted in a 26% decrease in strength, but the full replacement led to a 
substantial fall of 47% in strength. The reasons for these reductions include lower density [45]. Moreover, the 
incorporation of fibres played a significant role in enhancing strength enhancements. The compressive strength 
of concrete mixes increased by 29%, 32%, and 26% when 1.5% of fibre was added, corresponding to 0%, 50%, 
and 100% substitution of ECA, respectively.

The increase in split tensile strength is significant compared to the compressive strength with fibre addi-
tion. Steel and PP fibres have the tendency to bridge the cracks that develop due to the stresses in the concrete. 
It also helps in the reduction of the propagation of cracks developed by providing a higher surface area with a 
dense matrix. It can be due to the bridging mechanism of fibres, which prevents crack propagation and higher 
tensile properties.

3.5.1. Effect of elevated temperature on split tensile strength
Figure 15 shows the retained tensile strength of specimens that have been exposed to elevated temperatures. The 
graphic clearly shows that as the specimen’s maximum temperature increases, the tensile strength decreases. 
At 800°C, nevertheless, ECA outperforms NWA in terms of strength retention. Thermal stress cracking is a 
major effect of being exposed to high temperatures [60]. The cracks have a tendency to widen and deepen as 
the highest temperature encountered by the specimen increases. The presence of pores in LWC is anticipated 
to lead to a reduced occurrence of cracks caused by thermal stresses, hence leading to improved strength 
retention [61].

The strength reduction patterns were similar to compressive strength results. The residual split tensile 
results were 80% to 90% at the exposure temperature of 400°C, and the residual split tensile strength results 
were 35% to 45% at the exposure temperature of 800°C. Residual values are plotted in Figure 16. The mixes 
with fibres showed higher residual strength. Similarly, mixes with ECA showed better residual properties at 
800°C, possibly due to better ECA thermal resistance.

Improvement in spalling resistance, similar to the compressive strength data, could be caused by the 
reduction of water vapour pressure as a result of the melting and evaporation of PPF. As discussed earlier, the 
improved spalling resistance of PPF at elevated temperatures is mainly due to its lower melting point than SF, 
resulting in volumetric expansion, which allows for improved water vapour pressure release.
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3.6. Non-destructive testing
The results displayed in Figure 17 illustrate the UPV test outcomes for different concrete mixes. These results 
reveal a direct correlation between the UPV propagation speed in a material and its porosity, which in turn 
depends on density. As the compactness and density of concrete decrease, both UPV and concrete strength 
decrease correspondingly [24, 62]. Regarding to the wave transmission time through the specimens that were 
examined, it is noteworthy that the incorporation of 1% steel fibre and 0.5% PP fibre has an insignificant impact.

The UPV reduces significantly with rising temperatures. The introduction of PPF adversely affects con-
crete’s pulse velocity, especially under high temperatures. When PPF is heated beyond its melting temperature 
of 162°C, it causes the concrete to produce scattered channels or perforations. A decrease in concrete’s pulse 

Figure 15: Split tensile strength of heat exposed concrete specimens.

Figure 16: Residual split tensile strength.
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velocity is the result of cracks that develop inside the specimen as a result of thermal expansion and dehydration. 
Reduced pulse velocity is a direct result of an increase in micro pathways, fissures, or fractures.

According to IS 13311 standards, concrete can be categorised based on its pulse velocity: above 4.5 km/sec  
as excellent, 3.5 to 4.5 km/sec as good, 3 to 3.5 km/sec as medium quality, and below 3 km/sec as doubtful. 
Similar to strength results, the UPV method highlights a substantial decline in concrete quality post-exposure 
to elevated temperatures. At 27°C, the categorization is excellent; at 200°C, it becomes good; and between 
400°C and 800°C, it turns doubtful. It effectively predicts concrete strength loss and thermal/microcrack devel-
opment after exposure to high temperatures, which is evident in the SEM images depicting microcracks. At 
800°C, the wave transmission distance increases, with waves struggling to traverse the specimen adequately. 
These findings underscore the suitability of the UPV test in assessing the degradation of fire-exposed concrete 
structures. Regarding lightweight aggregate concrete, UPV values for expanded clay aggregate specimens (N2, 
N3, N5, and N6) were lower compared to N1 and N4 at 27°C, aligning with the unit weight values of the mix-
tures. ECA led to decreased unit weights due to its more porous structure, resulting in reduced UPV for these 
specimens. This trend persisted at 100°C, 200°C, 400°C, and 800°C. However, UPV values for N2, N3, N5, and 
N6 mixtures surpassed those of N1 and N4 at 800°C because the N1 mixture, composed of natural aggregate, 
was more vulnerable to high temperatures than lightweight concrete mixes.

3.7. Microstructure morphology
A SEM analysis was used to evaluate the morphology of concrete mixtures to assess the detrimental impact of 
intense heat on the cellular structure of concrete. The SEM micrographs are presented in the Figure 18. These 

Figure 17: Ultrasonic pulse velocity values for mixes at various temperatures.

Figure 18: SEM micrographs of concrete exposed at (a) 27°C, (b) 400°C, and (c) 800°C.
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micrographs provide insightful findings into the thermal deterioration mechanisms of concrete when exposed to 
extreme temperatures. The data obtained from the images can provide valuable insights on concrete’s structural 
soundness and enduring nature when subjected to high temperatures. This knowledge is essential for applica-
tions that need fire resistance in structures, especially in high-temperature industrial operations.

At 27°C the morphology of the mix was found to be compact. A compact structure was observed in the case 
of concrete exposed to 400°C also. However, the presence of pores and micro-cracks were evident. At 800°C, a 
complete deterioration of the internal structure of concrete was observed. The reduction in compressive strength of 
concrete due to exposure to elevated temperatures can be directly connected to the observations made from SEM 
micrographs. The development and expansion of micro-cracks, as well as the formation of larger pores, play a vital 
part in the deterioration of concrete’s strength. Similar observations were made in the previous studies [63, 64].

4. CONCLUSIONS
The residual mechanical characteristics of lightweight concrete with expanded clay aggregates were inves-
tigated in this research. Fibrous and non-Fibrous mixes were formulated and are fully and partially replaced  
with ECA. After exposure to temperatures of 100°C, 200°C, 400°C, and 800°C. The study presents findings 
on various aspects of the concrete mixes, including visual observations, compressive strength, mass loss, split 
tensile strength, non-destructive testing (UPV), and the development of a regression model for predicting com-
pressive strength. The main findings are listed below:

•	 Visual observations indicated fewer thermal cracks on the surface of specimens containing expanded 
clay aggregates compared to those with normal aggregates, suggesting superior thermal stability due to 
internal voids within the ECA.

•	 A temperature-dependent mass loss was observed for both NWC and LWC up to 400°C, with LWC 
losing more mass than traditional concrete. However, ECA leads to lesser weight loss at elevated tem-
peratures (800°C) compared to NWA. The significance of both the ECA content and the type of fibre in 
enhancing the thermal endurance of concrete is underscored by the fact that the incorporation of fibre 
reinforcement aids in reducing mass loss as a result of the superior thermal stability of steel fibres.

•	 The results of the UPV test indicated that the quality of concrete was significantly reduced due to expo-
sure to high temperatures.

•	 Compressive strength results were used to ascertain the outcomes of UPV tests. A significant drop in 
compressive strength with the substitution of natural aggregate by expanded clay aggregates, showing 
a 25% decrease with 50% substitution and a substantial 79% decline with full replacement. However, 
adding fibres, comprising 1.5% of the mix, led to significant strength enhancements, with increases of 
11%, 20%, and 22% for 0%, 50%, and 100% substitution of ECA, respectively.

•	 The split tensile strength reduction trend was analogous to that in the case of compressive strength. The 
fibrous mix with 100% NWA replaced with ECA exhibited better strength retention in split tension after 
exposure to 800°C, which was around 52% of that of its strength at ambient conditions.

•	 Clear indications of microstructural weakening were observed from the SEM micrographs, which ascer-
tained the strength decay trends observed in mechanical strength studies.

Based on the experimental results, a fibre-reinforced mix with 50% NWA replaced with ECA is recom-
mendable for high-temperature exposed lightweight elements as its post-exposure performance was better than 
the other mixes with ECA.
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