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Abstract 

Concrete might be exposed to high temperatures caused by fire that adversely affect its 

mechanical properties. Therefore, the ability to predict the mechanical properties of 

concrete exposed to high temperatures is necessary. In this study, Artificial Neural 

Network (ANN) models were developed to assess the mechanical properties of concrete 

exposed to high temperatures. For this purpose, 728 experimental results were collected 

from the available literature to predict mechanical properties of concrete at high 

temperatures, including compressive strength, tensile strength, and modulus of elasticity. 

The input database contains the volumes of coarse aggregate, fine aggregate, water, 

cement, water-cement ratio, coarse aggregate type, percentage of supplementary 

cementitious materials as the cement replacement, temperatures, and test methods. The 

mechanical properties were defined as the output variable. Proposed models are in good 

agreement with the experimental data and can predict the mechanical properties of concrete 

exposed to high temperatures.  
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Chapter  1:  Introduction 

Concrete is one of the most common construction materials susceptible to fire attacks 

during its service life, resulting in serious damage to the structures while causing casualties 

and property loss [1]. Several mechanical and environmental factors can influence the 

deterioration of concrete when exposed to high temperatures, such as the level of high 

temperatures, humidity, the applied load, the heating time, the cooling method after 

heating, the aggregate type, the mineral admixtures, and the inclusion ratios [2]. Many 

experimental studies have been carried out to investigate the performance of concrete 

containing different types of aggregate and admixtures (silica fume, fly ash, and ground 

granulated blast furnace slag) under high temperatures effects. The results of these studies 

revealed that concrete exhibits a nonlinear mechanical behaviour at high temperatures. 

There are a number of temperature-dependent and highly complex properties that control 

its response under high temperatures [3]. Due to the extensive use of concrete, a 

comprehensive understanding of how fire impacts concrete is necessary [4]. 

There are many conventional types of linear and nonlinear regression models in the 

literature for the prediction of mechanical properties of concrete that were based primarily 

on empirical relationships derived from statistical analysis of experimental data [5]. 

Multiple drawbacks are associated with the development of these models. Conventional 

models perform poorly in the case of nonlinear and complex materials. Thus, to overcome 

the drawbacks of these conventional models, Machine Learning (ML) techniques can be 

used as an alternative method for predicting the mechanical properties of concrete. In 

recent years, the implementation of ML methods such as artificial neural networks (ANNs), 
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which are inspired by the human brain information process, acquired considerable attention 

in solving the complex and nonlinear problems of civil engineering, as in the case of 

concrete behaviour at high temperatures [6, 7]. 

The main objectives of the present study are as follows: 

1. A comprehensive review of existing literature on the mechanical properties of 

concrete at high temperatures has been conducted. A meticulous data collection 

from experimental studies was performed to generate a database to enhance the 

understanding of the matter and to identify the key parameters influencing the 

degradation behaviour of concrete at high temperatures. 

2. Reliable and accurate models were established to predict the mechanical properties 

(i.e., compressive strength, tensile strength, and modulus of elasticity) of concrete 

during and after exposure to high temperatures using artificial neural networks 

based on data collected from previous experimental studies existing in the 

literature.  

3. The proposed model results can be implemented to predict the behaviour of 

concrete exposed to high temperatures for different ingredients under the effects of 

high temperatures and the test methods (i.e. Transient, steady-state and residual 

test).  

4. This study covers past studies along with recent efforts to analyze fire resistance of 

materials that provide a basis for a better understanding of the behaviour of new 

construction materials, particularly concrete containing different amounts and types 

of supplementary cementitious materials (SCMs). 
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1.1  Research Methodology 

The methodology for the development of the ANN models in this research is as follows: 

1. A comprehensive literature review was conducted based on previous experimental 

studies to understand the behaviour of concrete and its constituents at high 

temperatures and identify the most influential parameters. 

2. A large and reliable database was collected from available experimental research 

on the mechanical properties of concrete exposed to high temperatures for training, 

validation, and testing the artificial neural network models. All the data points were 

supplied to the model in the form of input and corresponding output variables. 

3. The Levenberg-Marquardt backpropagation algorithm, as the fastest converging 

method, was used for training, whereas Tansig and Purlin activation functions were 

selected to provide better precision of predicted results of developed models. 

4. The ANN models were developed for predicting the mechanical properties of 

concrete subjected to high temperatures using the MATLAB program R2021a.  

5. The best configuration of ANN was selected using a trial-and-error approach. In 

other words, the models have run several times in the MATLAB program to find 

the optimal architecture of networks based on comparing the error values between 

the results of the ANN model and the actual results. 

1.2  Organization of the thesis  

Based on the scope of the investigation described earlier, this thesis was organized as 

follows: 
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Chapter 1 presents a general introduction of the present study and describes the main 

objectives to achieve. Chapter 2 provides a general literature review covering the behaviour 

of concrete produced by the different types of SCMs and aggregates and an overview of 

ML and ANN techniques that have been applied for predicting the mechanical 

characteristics of concrete at room temperature and high temperatures. Chapter 3 provides 

the process of developing artificial neural network models and evaluates the performance 

of the proposed networks to determine the optimum architecture for ANN models in this 

research. Chapter 4 presents the parametric analysis to show the generalization capability 

of the model in estimating the mechanical characteristics of concrete at high temperatures. 

Chapter 5 highlights the main conclusions and recommendations drawn from the present 

research and provides recommendations for future research. 
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Chapter  2:  Literature review 

This chapter provides a summary of the available literature on the influence of high 

temperatures on the mechanical properties of different types of concrete referenced in this 

thesis, along with an overview of the implementation of artificial neural networks in the 

civil engineering area to predict concrete properties. 

2.1 Introduction 

In most structures and buildings, fire is considered a serious potential risk [8]. This is due 

to the drastic microstructural thermo-physio-chemical degradations that occur in properties 

of construction materials under high temperatures and may never recover their pre-fire 

properties even after it has cooled to ambient temperature [9]. 

As a structural material, concrete is widely used in building construction because of its 

considerable advantages, such as durability, strength, and non-combustibility [10]. 

Concrete is possibly exposed to high temperatures caused by fire or other reasons. The 

mechanical properties such as compressive and tensile strength and modulus of elasticity 

of concrete are significantly decreased when exposed to high temperatures [11]. Concrete 

undergoes a series of chemical and physical changes, such as disintegrating of hydration 

products and aggregates, evaporation of water, increased porosity and microstructure 

coarsening exposed to high temperatures. The deterioration of the mechanical properties 

of concrete at high temperatures can be attributed to these changes at high temperatures 

[12]. Under high temperatures, the behaviour of concrete as a composite material is highly 

influenced by the properties of its constituents such as aggregates, water, and binder, 

including cement and supplementary cementing materials. Therefore, investigating the 
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influence of concrete constituents at high temperatures is of great significance. Several 

studies and experimental work have been conducted to investigate the properties of 

different types of concrete subjected to high temperatures. The present study aims to 

provide an analytical review and discussion of the existing findings regarding the residual 

compressive and tensile strength as well as modulus of elasticity at high temperatures. This 

study mainly focuses on the effects of cement replacement with different SCMs and 

aggregate types on the performance of concrete after high-temperature exposure. In 

addition, the mechanical behaviour of concrete at room temperature is also highlighted to 

better understand the response of concrete at high temperatures. 

The properties of concrete exposed to high temperatures are typically measured through 

three different test methods: transient, steady-state, and residual tests. In the case of the 

transient test, the specimens are first pre-loaded (typically 20–40% of the ultimate 

compressive strength) and then subjected to high temperature to failure [13]. Figure 2-1 

illustrates the failure of a concrete specimen during the transient test [14]. In the steady-

state test, the concrete specimens are heated (without a pre-load) until they reach a uniform 

temperature, and then the specimens are loaded to failure. The concrete specimens in the 

residual test method are heated at a constant rate of temperature (without a pre-load) until 

specimens reach a thermal steady state. Then the load is applied at the specified rate after 

specimens are cooled to room temperature until failure occurs [13]. The residual test under 

two cooling methods (air-cooled and water-cooled) is shown in Figure 2-2. 

The first two types of tests are suitable for evaluating the properties of concrete during high 

temperatures, while the residual test, which the researchers widely adopt, is excellent for 

determining the post-fire concrete properties [14]. 
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Figure 2-1. The test setup at high temperatures [15] 
 

 

Figure 2-2. Residual compressive strength testing: a) test setup; b) cooling in the air; c) cooling with 

water jets [16] 

 

2.2 Supplementary Cementitious Materials (SCMs) 

The manufacturing process of cement as the primary component of concrete requires a high 

level of raw materials of natural resources as well as produces huge amounts of CO2 

a) b) c) 
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emission [17]. Replacement of cement with supplementary cementitious materials is one 

of the most effective alternative preventive solutions for reducing the environmental impact 

of cement production [17, 18]. Moreover, using the SCMs as the by-product material 

results in reducing industrial waste, and in some cases, this can reduce the cost of the 

concrete by reducing the cement content in concrete. Nowadays, supplementary 

cementitious materials such as silica fume, fly ash, and blast furnace slag are extensively 

used in concrete as partial cement replacement materials due to their ability to improve 

concrete properties [19]. The influence of different types of supplementary cementing 

materials on the mechanical behaviour of concrete at room and high temperatures are 

discussed in detail in the following sub-sections. Table 2-1 and Table 2-2 summarize the 

investigations conducted on the effect of supplementary cementitious materials on the 

mechanical properties of concrete at room temperature and high temperatures, respectively. 

Table 2-1. Summary of research on the effect of SCMs on mechanical properties of concrete at room 

temperature 

 

Year  Source SCMs 
Replacement levels 

(%) 
Curing age (days)  w/b 

Mechanical 

properties 

tested 

2008  [20] SF 0, 6, 10 7, 28  0.3, 0.4 f’c 

2010  [21] SF 0, 6, 10 28  0.3, 0.4 f’c,ft 

2019  [22] SF 10 3, 7, 28, 56  0.4 f’c,ft 

2004  [23] SF 0,6, 10, 15 7, 14, 28, 42, 90, 365, 400  0.35 f’c,E 

1987  [24] SF 0,5,10, 15, 20, 25 7, 28, 56, 91  0.28, 0.34 f’c 

2005  [25] SF 0,5,10, 15, 20, 25, 30 28  0.26, 0.30, 0.34, 0.38, 0.42 f’c,ft 

1993  [26] SF 0,5,10, 15, 20 28, 91, 182, 1-5 years  0.25, 0.36 f’c,ft,E 

1994  [27] SF 0, 10, 20, 25 1, 7, 28, 56  0.3, 0.4, 0.57 f’c,E 

2018  [28] FA 0, 20, 30 3, 7,28, 90, 180, 365  0.4 f’c 

2004  [29] FA 0, 40, 45, 50 7, 28, 91, 35  0.4, 0.41 f’c,ft,E 

2018  [30] FA 0, 10, 25, 50 7, 28, 60, 90  0.35, 0.45 f’c 

2011  [31] FA 0,10, 20, 30 1, 3, 7, 14, 28, 90, 180, 365  0.28 f’c,E 

1998  [32] FA 0, 15, 25, 45, 55 3, 7, 28, 90, 180  0.3, 0.4, 0.5 f’c,ft 

2008  [33] S 1, 3, 7, 28 0, 25, 40, 50, 60  0.31, 0.38 f’c 

2011  [31] S 0, 20, 40, 60 1, 3, 7, 14, 28, 90, 180, 365  0.28 f’c,E 

2008  [34] S 0, 50, 60, 70, 80 28, 90  0.4 f’c,ft 

2005  [35] S 0, 20, 30, 40, 50, 60,70 1, 7, 14, 28, 90  0.5 f’c,E 

2000  [36] S 0, 25, 50, 75 28  0.42 f’c,ft 

2012  [37] S 0, 20, 40, 60 28  0.45 f’c,ft 

1990  [38] S 0, 50, 65 1, 3, 7, 28  0.4,0.43, 045, 0.46, 0.5 f’c,E 
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Table 2-2. Summary of research on the effect of SCMs on mechanical properties of concrete exposed to high 

temperature 

Year Source SCMs 
Replacement 

levels (%) 

Temperatures 

(°C) 
w/b 

Mechanical 

properties 

tested 

2008 [20] SF 0, 6, 10, 20-600 0.3, 0.4 f’c 

2010 [21] SF 0, 6, 10, 20-600 0.3, 0.4 f’c,ft 

2008 [44] SF 0, 5, 10 20-1000 
0.42, 0.45, 0.53, 0.55, 

0.58 
f’c 

2001 [45] SF 0, 20, 30, 40 20-800 0.3 f’c 

2008 [47] SF 0, 10, 20, 30 20-800 0.77 f’c, ft 

2001 [46] SF 0, 10 25-450 0.22, 0.33, 0.57 f’c,E 

2017 [57] FA 0, 30 20-550 0.53,0.56 f’c 

2017 [58] FA 0, 30, 50, 70, 90 20- 800 0.35 f’c 

2015 [59] FA 0, 40, 50, 60 35- 800 0.35 f’c, ft 

2003 [60] FA 0, 25, 55 23-800 0.3, 0.5 f’c ft 

2014 [61] FA 0, 20, 40, 60 27-800 0.33 f’c 

2001 [45] FA 0, 30, 40 20-800 0.3 f’c 

2008 [62] FA 0, 10, 20, 30 20-800 0.77 f’c, ft 

1979 [63] FA 25 21- 232 0.5 f’c, E 

2012 [64] S 0, 20, 40, 60 27-350 0.45 f’c, ft 

2012 [67] S 0,10,30,50 150- 700 0.41 f’c,E 

2017 [58] S 0, 30, 50, 70, 90 20-800 0.35 f’c 

2019 [68] S 30, 50, 70 20-800 0.47 f’c 

 

2.2.1 The Effects of Silica Fume at room temperature 

An electric arc furnace produces silica fume as a by-product of smelting of the silicon and 

ferrosilicon [39, 40]. At the temperature of 2000 °C, high-purity quartz reduction to silicon 

results in SiO2 vapours, which oxidize and condense to form tiny particles of amorphous 

silica in the low-temperature zone. Silica fume is also referred to as condensed silica fume, 

micro silica, volatilized silica or silica dust. Over 95% of silica fume particles are finer than 

1 µm [40, 41]. The influence of SF in concrete is physicochemical. The physical phase is 

related to extremely fine particles, which act as a filler to fill the spaces between the 

particles of cement. In the chemical phase, the SF reacts chemically with calcium 

hydroxide Ca(OH)2, leading to calcium silicate hydrate (CSH) formation in the concrete. 
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2.2.1.1 Compressive Strength 

Behnood et al. [20] investigated the compressive strength of high-strength concrete (HSC) 

that contained 0,6 and 10% of silica fume as the cement replacement at room temperature 

and after exposure to high temperature. Compared to the mixture without SF, the 28-day 

compressive strength of concrete mixtures containing 6 and 10% SF increased by 19% and 

25%, respectively. This can be attributed to the reaction between SF and calcium hydroxide 

leading to the formation of calcium silicate hydrate (CSH), which increases the strength of 

concrete. However, the increasing rate of strength is lower at the early ages because of the 

lower calcium hydroxide content. A similar test was conducted by Ghandehari et al. [21]. 

They found that cement replacement by 6 and 10% SF increased the compressive strength 

at room temperature by 20 and 36%, respectively, compared to Ordinary Portland Cement 

(OPC) concrete. They observed that the higher strength of SF concrete was due to the 

reaction between the SF and Ca(OH)2. As a result of these reactions, the secondary calcium 

silicate hydrates are formed and occupy the pores generated during hydration. This reaction 

provides a stronger matrix compared to OPC concrete. 

Kim et al. [22] studied the effect of three types of coarse aggregates, granite, quartzite, and 

basalt, and the use of 10 % silica fume to replace cement on the compressive strength of 

concrete at curing ages of 3, 7, 28, and 56 days. It was observed that the specimens 

composed of basalt aggregate and silica fume showed higher compressive strength than 

those made with quartzite and granite aggregates. This is due to the higher strength of the 

basalt aggregate compared to the other aggregates and the improvement of the interfacial 

transition zone (ITZ) caused by the filling effect of fine particles of SF. 
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Mazloom et al. [23] examined the effect of replacing cement with 0, 6, 10, and 15% of SF 

on the compressive strength of high strength concrete at different ages between 7 and400 

days. Once compared to OPC concrete, it was observed that silica fume caused an increase 

in compressive strength of concrete up to 90 days. However, there were no significant 

changes in the strength of concrete for long-term strength at 400 days. This was due to the 

formation of a layer that inhibits the further reaction between calcium hydroxide and silica 

fume at longer ages. Similar findings for concrete containing 0, 10, 15, and 20% up to 5 

years were observed in the experimental study conducted by Hooton [26].  

Yogendran et al. [24] examined the compressive strength of concrete prepared with 

substitution cement by 0, 5, 10, 15, 20, and 25% of SF with two different water to binder 

(cement and other binding materials) ratios (w/b) ratios of 0.28 and 0.34 at the age of 28, 

56, and 91 days. The results revealed that at the w/b ratio of 0.34, maximum compressive 

strength was obtained for concrete of 15% silica fume replacement at all ages. However, 

at the w/b ratio of 0.28, equal or marginally lower compressive strength than the concrete 

mixture without SF was observed at 5, 10, and 15% replacement levels at 28 and 56 days. 

The lower strength was observed for concrete with 20% SF. They concluded that the 

influence of silica fume decreased with increasing SF content and declining w/b ratios. 

Bhanja et al. [25] evaluated the compressive strength of SF concrete at room temperature. 

In concrete specimens, silica fume was replaced with cement at levels of 0, 5,10, 15, 20, 

25, and 30%. The water to binder (w/b) ratio was between 0.26 and 0.42. It was observed 

that the incorporation of silica fume in concrete improved the concrete compressive 

strength. It was reported that the optimum replacement level of silica fume depends on the 
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w/b ratio and has varied from 15% to 25% replacement ratios. Similar observations have 

been reported by Katkhuda et al. [42]. 

Figure 2-3 shows the relative compressive strength of SF concrete versus the curing ages 

reported by Mazloom et al. [23] and Hooton [26]. As seen in Figure 2-3, replacing cement 

with SF increases the compressive strength of concrete compared to OPC concrete. This 

enhancement in compressive strength can be explained by transforming the weak crystals 

of calcium hydroxide Ca(OH)2 into calcium silicate hydrate (CSH) because of the 

pozzolanic reaction. Thus, calcium silicate hydrate as a hydration product improves the 

strength of concrete [43]. The replacement of cement with SF mainly influences the short-

term strength of concrete. However, SF concrete has very low long-term strength gain 

compared to concrete without silica fume at room temperature. 

 
Figure 2-3. Relative compressive strength of SF- contained concrete at various curing ages [23, 26] 
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2.2.1.2 Splitting Tensile Strength  

Bhanja et al. [25] evaluated the splitting tensile strength of concrete incorporating silica 

fume at the age of 28 days. The mixtures were prepared with 0, 5, 10, 15, 20, 25, and 30% 

silica fume at w/b ratios of 0.26, 0.30, 0.34, 0.38 and 0.42. The result indicated that the 5–

10% replacements of silica fume caused a significant increase in the tensile strength in 

comparison to the control concrete for all w/b ratios. It was also observed that the 

enhancement of splitting strength for more than 15% replacement of cement with SF was 

insignificant. 

Hooton et al. [26] studied the influence of cement replacement by 0, 10, 15, and 20% silica 

fume on the splitting tensile strength of concrete at the age of 28, 91, and 182 days. It was 

observed that the tensile splitting tensile strength for the SF mixes was not increased except 

for 28 days. The results demonstrated that the splitting strength of concrete with 10 and 

15% SF was approximately equal but greater than concrete without SF at 28 days. 

However, the concrete with 20% SF exhibited the lowest splitting tensile strength at all 

ages. 

2.2.1.3 Modulus of Elasticity 

Khder et al. [27] examined the effect of cement replacement by 0, 10, and 20% silica fume 

on the modulus of elasticity of concrete. The results showed that the modulus of elasticity 

of concrete increased with the addition of SF. The best results were achieved from 20% 

silica fume. Similar findings for secant modulus of elasticity of high strength concrete with 

0, 6, 10, and 15% silica fume until to 400 days were reported by Mazloom et al. [23]. They 

studied the effect of silica fume on the modulus of elasticity concrete at the testing ages 
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from 28 to 365 days. The results demonstrated that the elastic modulus of the Portland 

cement concrete and silica fume concretes was approximately equal at the age of 28 days. 

However, the modulus of elasticity of all specimens increased at advanced ages until one 

year. 

Hooton [26] studied the effect of silica fume on the modulus of elasticity concrete at the 

ages of 28, 91, 182, and 365 days. The results demonstrated that the elastic modulus of the 

Portland cement concrete and silica fume concretes was approximately equal at the age of 

28 days. However, the modulus of elasticity of all specimens continued to increase at later 

ages, up to one year. 

2.2.2 The Effects of Silica Fume at high temperatures 

2.2.2.1 Compressive Strength 

Behnood et al. [20] reported how different content of silica fume affect the residual 

compressive strength of concrete after being exposed to temperatures up to 600 °C. Three 

concrete mixtures with 0, 6, and 10 % silica fume were prepared with the constant w/b ratio 

of 0.30. At 100 °C, the concrete compressive strength decreased significantly in 

comparison to strength at room temperature. A slight increase in residual compressive 

strength was observed between the temperature of 100 and 200 °C for all the concrete 

mixtures with or without silica fume. However, this strength recovery is higher in OPC 

concrete in comparison to SF concrete. This can be attributed to the filler role of extremely 

fine particles of SF and their pozzolanic reactions, which caused the microstructure of 

concrete containing Sf to become denser. This, in turn, results in the moisture content of 

SF concrete not being able to remove freely compared to OPC at 200 °C. In the range of 
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300–600 °C, the relative residual compressive strength was considerably reduced for all 

concrete specimens. It was noticed that the relative compressive strength was lower in SF 

concrete, especially for that containing 10% SF compared to OPC concrete. This was due 

to the denser transition zone between paste and aggregates formed in SF concrete. Thus, 

cement paste contraction and aggregate expansion led to higher levels of stress generated 

in the transition zone. This results in the bonding between cement paste and aggregate 

being more sensitive in concrete with silica fume than that of the OPC concrete. Similar 

results were observed by Ghandehari et al. [21].  

Sancak et al. [44] determined the influence of the Portland cement replacement with SF at 

ratios of 0, 5, and 10% on the compressive strength of lightweight concrete (LWC) 

compared to normal weight concrete (NWC) after subjecting to temperatures of 20, 100, 

400, 800, and 1000 °C. Half of the mixtures were prepared by adding the 2% 

superplasticizer (SP). The results indicated that the 0 and 10% SF specimens perform better 

than the 5% SF specimens and no SP. The reduction in compressive strength was quite fast 

at temperatures between 400 and 800 °C. At 1000 °C, no considerable strength was 

observed for all specimens. A similar response was reported for both LWC and NWC after 

being exposed to high temperatures. However, the rate of strength loss was lower in LWC 

than in NWC. 

Poon et al. [45] evaluated the compressive strength of high-strength pozzolanic concrete 

incorporating silica fume as a cement replacement after being subjected to high 

temperatures up to 800 °C for 60 days. The silica fume content was 0, 5, and 10%. The 

compressive strength of high-strength concrete with SF decreased slightly at temperatures 

between 20 and 200 °C. Between temperatures of 200 and 400 °C, hairline cracks appeared 
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in SF concrete but no spalling. Beyond 400 °C, severe cracking and spalling occurred in 

SF concrete, and the residual strength of SF concrete was lower than the ordinary Portland 

cement concrete. This can be attributed to the buildup of vapour pressure produced by 

chemically and physically bound water evaporation because of the denser structure of SF 

concrete. 

Phan et al. [46] determined the residual mechanical properties of high-performance 

concrete mixtures with 0 and 10% of silica fume as a replacement for cement and with w/b 

of 0.22, 0.33, and 0.57 exposed to high temperatures up to 450 °C. It was found that the 

mixture with similar w/b, cement replacement with 10 % SF, resulted in lower strength 

loss up to 200 °C. Furthermore, the mixtures with SF and lower w/b demonstrated less 

strength loss while they were more susceptible to explosive spalling. 

There was only one study that investigated the combined effects of lightweight aggregate 

and SCM. Tanyildizi et al. [47] investigated the effects of SF on the compressive strength 

of lightweight concrete after being heated to temperatures of 200, 400, and 800 °C. The 

replacement ratios of SF in this study were: 0, 10, 20, and 30%. Test results revealed that 

a reduction occurred in the compressive strength for all mixes as the temperature increased. 

This is attributed to the formation of micro and macro cracks in the concrete because of 

high temperatures. However, the lightweight concrete containing SF performed better than 

the lightweight concrete without SF at high temperatures. The highest level of strength was 

reported in the concrete with 20% silica fume at all temperatures. 

It can be concluded that the silica fume incorporation increased the concrete compressive 

strength at temperatures below 200 °C. However, the strength of SF concrete decreased at 
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further high temperatures. This was due to the ultra-fine particles and pozzolanic reactions 

of silica fume resulting in a very dense transition zone between paste and aggregates. 

Moreover, the concrete containing SF exhibited a denser microstructure which was more 

prone to severe cracking and spalling because of the accumulation of pore pressures 

produced by chemically and physically bound water evaporation [23]. The optimum 

content of silica fume as the cement replacement after exposure to high temperatures has 

been reported inconsistently by different researchers.  

Figure 2-4 illustrates the compressive strength ratio at a particular temperature to concrete 

compressive strength at room temperature. While the findings by Behnood et al. [20] do 

not show a notable difference between the OPC and the SF-contained specimens, the 

results obtained by Poon [45] show that the specimens with higher SF have a slightly higher 

strength reduction after 400 °C.  

 
Figure 2-4. Effect of high temperatures on the residual compressive strength of SF-contained 

concrete [20, 45] 
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2.2.2.2  Splitting Tensile Strength 

Ghandehari et al. [21] studied the splitting tensile strength of high-strength concrete 

containing SF (0, 6, and 10%) when subjected to high temperatures up to 600 °C. The 

splitting tensile strength of SF concrete decreased with temperature rise. It was observed 

that the tensile strength sharply declined for all concrete specimens after heating to 600°C. 

As the concrete temperature increased from 300°C to 600°C, the relative splitting tensile 

strength of concrete reduced from 71% to 25%. This considerable loss of strength was due 

to different thermal expansion of cement paste and aggregate as well as the decomposition 

of the hydration products in concrete. It was also found that a higher rate of tensile strength 

loss was observed compared to compressive strength loss at high temperatures. This can 

be attributed to the effects of crack coalescence being more significant in the tensile 

strength than the compressive strength. In addition, the cracks tend to close when subjected 

to compressive loads while opening under tensile loads. 

Tanyildizi et al. [47] investigated the splitting tensile strength of lightweight concrete with 

0, 10, 20, and 30% silica fume after being subjected to 200, 400, and 800 °C. It was found 

that the tensile strength declined by increasing the temperature. Moreover, lightweight 

concrete that contained 20% silica fume exhibited better performance at all temperatures.  

The variation of the relative splitting tensile strength of concrete with temperatures is 

plotted in Figure 2-5. The relative splitting tensile strength of SF concrete decreases beyond 

200 °C, and the residual tensile strength of SF concrete at the temperature of 800 °C is 

almost 20% of the original strength of concrete at room temperature. 
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Figure 2-5. Effect of high temperatures on the residual tensile strength of SF-contained concrete [21, 

47] 

2.2.2.3 Modulus of Elasticity 

Various techniques of high-temperature deformation measurement, including contact and 

non-contact approaches, have been developed to determine high-temperature deformation. 

Linear position transducer (LPT) and linear variable differential transformer (LVDT), 

Compressometer, High-temperature strain gauge, and Fiber-optic sensor are typical contact 

methods for strain measurement. On the other hand, Laser sensors and Digital image 

correlation (DIC) are the two key non-contact optical methods that have been increasingly 

used for measuring high-temperature deformation [48, 49]. However, there are still 

difficult technical problems in measuring the deformation-related properties such as 

modulus of elasticity despite the rapid development of various measurement techniques. 

Due to these difficulties and challenges, there is very limited reliable experimental data in 

the literature regarding the deformation-related properties such as the modulus of elasticity 

of different concrete mixtures exposed to high temperatures. 
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Phan et al. [25] examined the influence of high temperatures on the modulus elasticity of 

HPC concrete containing 0 and 10% silica fume with w/b of 0.22, 0.33, and 0.57 up to 

450°C. It was observed that the modulus of elasticity of the HPC in this test program 

decreased for all mixtures with and without silica fume with increasing temperature. All 

mixtures demonstrated a 50% reduction in modulus of elasticity between room temperature 

and 300 °C. Modulus reduction was slower from 300 to 450 °C. However, all mixes lose 

more than 70 % of their initial modulus of elasticity at 450 °C. 

2.2.3 The Effects of Fly Ash at room temperature  

Fly ash, or pulverized fly ash, is the by-product generated from a fuel electricity-generating 

plant and is widely used as a cement replacement in the concrete industry [50, 51]. There 

are two main types of fly ash: low-calcium fly ash (Class F) produced by the combustion 

of anthracite or bituminous coal, and high-calcium fly ash (Class C) obtained from lignite 

or sub-bituminous coal burning. Class F is a material comprising silicate glass, modified 

with aluminum and iron, classified as a normal pozzolan. The calcium hydroxide is 

required by low-calcium fly ash to generate strength-developing products from the 

pozzolanic reaction. Therefore, it is combined with Portland cement, which produces 

calcium hydroxide in the hydration process [52, 53]. However, class C can significantly 

alter the hydration processes in cement due to higher reactivity, and more studies are 

needed to investigate the application of Class C of FA in concrete production [54]. 

Furthermore, fly ash has pozzolanic activity due to the presence of Al2O3 and SiO2. The 

reaction of fly ash with calcium hydroxide results in the formation of additional calcium 

silicate hydrate (CSH) and calcium aluminate hydrate (CAH), which leads to forming of a 

denser matrix in concrete [51, 55]. 
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2.2.3.1 Compressive strength 

Golewski [28] evaluated the compressive strength of concrete containing 0, 20, and 30% 

fly ash as cement replacement at 3, 7, 28, 90, 180, and 365 days. The test results revealed 

the lower compressive strength of fly ash concrete at the early ages in comparison to control 

concrete (i.e., 0% FA). However, fly ash concrete exhibited higher strength compared to 

concrete without FA at later ages. A greater increase was reported for concrete with 20% 

fly ash replacement than control concrete after 28 days and subsequent curing ages. This 

was due to the sharp rise of pozzolanic reaction products at the longer curing time. The 

compressive strength of concrete with 30% FA was higher than the control concrete only 

after 180 and 365 days. 

The influences of the inclusion of a high volume of Class F fly ash on compressive, splitting 

tensile, and modulus of elasticity of concrete at three ages of testing (28, 91, and 365 days) 

was investigated by Siddique et al. [29]. The dosages of replacing cement with fly ash were 

0, 40, 45, and 50%. It was found that there was a reduction in the strength of concrete made 

with fly ash at the age of 28 days compared to the strength of mix without FA. However, 

beyond the 28 days, the compressive strength increased continuously in fly ash concrete. 

This increase can be attributed to the pozzolanic reaction of fly ash. 

Abubaker et al. [30] determined the influence of cement replacement by 10, 25, and 50% 

fly ash on the mechanical properties of concrete until 90 days of curing. The mixes were 

prepared at the w/b of 0.35 and 0.45. The strength of concrete decreased with increasing 

the fly ash content due to the slow secondary hydration reaction at the early ages compared 

to concrete without fly ash. In the fly ash concrete, the compressive strength increased with 
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age. Moreover, it was observed that the concrete with a higher w/b exhibited a lower 

compressive strength. 

Megat Johari et al. [31] examined the compressive strength of high-strength concrete that 

contained fly ash for up to 365 days. The concrete specimens were prepared with 0, 10, 20, 

and 30% fly ash. It was found that the strength of FA concrete decreased at early ages. 

Moreover, a considerable reduction was observed at higher substitution levels of FA. 

However, at later ages, the relative strength continued to exceed with increasing curing 

age. After 90 days, FA concrete showed higher strength than OPC concrete. At the age of 

one year, the relative compressive strength of the concrete with 10, 20, and 30% fly ash 

concrete was found as 104%, 111%, and 112%, respectively. Therefore, 30% is the 

optimum amount of fly ash that can be replaced with cement in high-strength concrete, 

which results in maximum long-term strength. 

The variation of relative compressive strength of fly ash concrete versus the concrete age 

is shown in Figure 2-6. It is found that the FA-contained concrete showed lower relative 

strength at early ages because of the slow rate of pozzolanic reaction of fly ash and Ca(OH)2 

compared to OPC concrete. However, the compressive strength of FA concrete increased 

at later ages because of the additional formation of CSH due to the use of unreacted fly ash 

[30]. As the amount of FA increased, the strength of concrete decreased because of the 

slower rate of hydration with respect to cement [56]. 
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Figure 2-6. Relative compressive strength of FA-contained concrete at various curing ages [28, 29, 

31] 

2.2.3.2 Splitting Tensile Strength 

Lam et al. [32] evaluated the splitting tensile strength of FA concrete at 28 and 56 days. 

The cement was partially substituted with 0,15, 25, 45, and 55% fly ash. The results 

revealed that 15 to 25% fly ash replacement improves the tensile strength of concrete. 

However, higher content of fly ash replacement caused slightly lower tensile strength at 

the ages of 28 and 56 days. This can be attributed to the lower concentration of cement 

hydration products, which required longer curing times to develop interfacial bonds in 

high-volume FA concrete. 

A study by Siddique et al. [29] reported that the cement replacement with fly ash at 0, 40, 

45, and 50% caused an enhancement in the concrete tensile strength at 91 and 365 days 

compared to tensile strength at the age of 28 days. However, increasing the FA content 

reduced the tensile strength at all ages. 
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2.2.3.3  Modulus of Elasticity 

Siddique et al. [29] examined the modulus of elasticity of high-volume FA concrete made 

with 0 to 50% fly ash at the ages of 28, 91, and 365 days. The results revealed that beyond 

the 28 days, the modulus of elasticity of FA concrete increased with an increase in age. It 

was also observed that utilization of the higher content of fly ash decreased the modulus of 

the concrete in comparison to that of the control concrete mix. 

2.2.4 The Effects of Fly Ash at high temperature 

2.2.4.1 Compressive Strength 

Wang et al. [57] evaluated the influence of the high temperatures on the compressive 

strength of concrete with 30% fly ash in comparison to control concrete without FA up to 

the temperature of 550 °C. The results demonstrated that (i) up to the temperature of 

250 °C, the compressive strength decreased for all concrete mixtures with and without fly 

ash; (ii) in the range of 250-350 °C, compressive strength was improved and (iii) after 

350 °C, the compressive strength of concrete continuously reduced due to the 

decomposition of Ca(OH)2 and CSH crystal. After exposure to 550 °C, the strength of the 

control concrete and fly ash concrete was respectively 26.1% and 26.6 lower than the 

original strength at room temperature. Therefore, both FA concrete and ordinary concrete 

showed a similar trend after being subjected to high temperatures. 

Karahan et al. [58] evaluated the compressive strength of the high volume fly ash concrete 

after being exposed to high temperatures (400, 600, and 800 °C). The mixes were made 

with 0, 30, 50, 70, and 90% fly ash. It was found that the compressive strength of concrete 

was remarkably decreased by increasing the fly ash replacement percentage after exposure 
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to high temperatures. It was also reported that the compressive strength of concrete with 

30 and 50% FA was close to concrete without fly ash at 400, 600, and 800 °C. Accordingly, 

the optimal amount of FA as a cement replacement was 30–50% for exposure to high 

temperatures. 

Khan et al. [59] examined the behaviour of fly ash concrete when exposed to high 

temperatures up to 900 °C. The mixes were prepared by replacing the cement with 0, 40, 

50 and 60% FA. It was reported that with increasing test temperature up to 300 °C, the 

residual compressive strength of concrete increased. However, the strength of all the mixes 

decreased with a further increase in temperature. This reduction might be due to moisture 

evaporation and thermal expansion mismatch between the aggregate and cement paste. 

Furthermore, for a given temperature, concrete with a higher content of FA exhibited more 

reduction in compressive strength.  

Xu et al.[60] investigated the deterioration of the mechanical properties of the concrete 

made with pulverized fly ash (PFA) dosages (0, 25, and 55%) after exposure to a series of 

high temperatures (250, 450, 650 and 800 °C) at 90 days. At 250 °C, an increase in 

compressive strength was observed in all specimens. This increase in strength is due to the 

occurrence of a relatively small amount of crack. At the temperature of 450 °C and higher 

temperatures, severe cracks were observed in concrete, resulting in reduced residual 

compressive strength in all specimens. The results also showed that the presence of PFA 

improved the relative residual compressive strength and resulted in the generation of a 

minor network of cracks in PFA concrete.  

Nadeem et al. [61] studied the behaviour of high-performance concrete containing fly ash 

from 20 to 60%, exposed to high temperatures up to 800 °C, under two types of cooling 
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methods: slow cooling and quick cooling at the age of 180 days. At 200 °C, the 

compressive strength decreased continuously in mixes containing 20 and 40% fly ash, 

while a slight increase was observed in the strength of OPC concrete and concrete with 

60% fly ash. This slight increase can be attributed to the additional hydration of the 

unhydrated cement grains due to the steam effect of internal autoclaving or free water 

evaporation, which resulted in greater van der Waals forces as the layers of cement gel 

moved closer together. After exposure to 400 °C, a major strength loss was observed for 

all concrete mixes. It was also found that the compressive strength loss under quick cooling 

in water was more significant than slow cooling due to the effect of thermal shock on 

concrete. This is due to the generation of microcracking caused by the difference in 

temperature between the inner and outer layers of concrete for water cooling conditions. 

Poon et al. [45] conducted a comprehensive study on different SCMs and investigated the 

compressive strength of normal-strength concrete (NSC) and high-strength concrete (HSC) 

containing SF (5 and 10 % ), FA (20, 30, and 40%), and GGBS (30 and 40%) exposed to 

temperatures up to 800 °C at 60 days. The compressive strength of FA and GGBS concrete 

increased up to 200 °C. At 400 °C, high-strength concrete retained its initial strength, while 

a significant reduction was reported in the strength of NSC. However, both types of 

concrete lost their strength due to the reduction of Ca (OH)2 in concrete at temperatures 

above 400 °C. At the temperature of 800 °C, severe strength loss occurred because of the 

decomposition of CSH gel. It was also found that high-strength concrete exhibited higher 

relative residual compressive strength compared to normal strength concrete. Fly ash 

concrete showed the best performance in high-strength concrete, followed by GGBS, OPC, 

and SF concrete, whereas this order was GGBS, FA, and OPC in NSC. In addition, the 
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maximum relative residual strength was observed in concrete with a 30% FA replacement 

level in high-strength concrete and 40% slag replacement in NSC after high-temperature 

exposure.  

Figure 2-7 represents the effect of high-temperature exposure on the behaviour of FA 

concrete as reported by multiple researchers. Generally, as seen in Figure 2-7, the 

compressive strength of concrete containing fly ash increased after exposure to high 

temperatures ranging from 250-300 °C. However, the strength decreased after the 

temperature reached 400 °C and higher temperatures. The addition of fly ash can improve 

the performance of concrete at high temperatures compared to OPC concrete. However, 

the literature shows contradictory results in determining the optimal content of FA in 

concrete subjected to high temperatures. 

 

Figure 2-7. Effect of high temperatures on the residual compressive strength of FA-contained 

concrete [45, 58, 60, 61] 
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2.2.4.2 Splitting Tensile Strength 

Xu et al. [60] studied the influence of PFA on the tensile strength of concrete after high 

temperatures exposure. The results revealed that at the temperature of 250 °C, the minor 

cracks observed in concrete and all the mixtures showed some losses of tensile strength. 

The tensile strength of concrete decreased as the temperature increased. However, the PFA 

concrete showed better performance at all high temperatures. 

Tanyildizi et al. [62] studied the splitting tensile strength of lightweight concrete 

incorporating 0%, 10%, 20%, and 30% fly ash after being exposed to high temperatures. 

The splitting tensile strength of concrete decreased after exposure to high temperatures up 

to 800 °C. This was due to the occurrence of micro and macro cracks in lightweight 

structural concrete. It was found that a lower reduction in the tensile strength occurred in 

concrete with FA compared to OPC concrete. The highest tensile strength was observed 

with 30% FA in the concrete specimens. 

Khan et al. [59] investigated the tensile strength of concrete with high-volume fly ash at 

replacement levels of 40, 50, and 60% exposed to high temperatures up to 900 °C. The 

tensile strength of FA concrete increased with increasing the exposure temperature, and 

maximum strength was reached at the temperature of around 300 °C. However, above the 

temperature of 300 °C, the splitting tensile strength decreased sharply. Moreover, it was 

found that the tensile strength of the fly ash concrete was reduced with an increase in the 

fly ash content. 

The influence of high temperature on the splitting tensile strength of FA concrete is plotted 

in  Figure 2-8. The tensile strength of concrete prepared with FA decreases almost linearly 
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with the temperature rise. However, the concrete that contained fly ash exhibited higher 

tensile strength values compared to OPC concrete. 

 
 Figure 2-8. Effect of high temperatures on the residual tensile strength of FA-contained concrete [60, 

62] 

2.2.4.3  Modulus of Elasticity 

Nasser et al. [63] examined the modulus of elasticity of concrete with 25% fly ash exposed 

to high temperatures up to 232 °C. It was observed that the modulus of elasticity remained 

constant in the temperature range of 121 °C to 149 °C. However, the modulus of elasticity 

decreased when the exposure temperature was 232 °C. 

2.2.5 The Effects of Slag at room temperature 

Blast furnace slag is a by-product of the iron and steel manufacturing industries in the blast 

furnace [64]. The mixture of limestone with iron ore is fed into blast furnaces and heated 

up to the temperature of around 1500 °C, producing molten slag and molten iron [65, 66]. 

The molten slag is quenched quickly in a pond or using powerful water jets, leading to the 
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formation of the fine and glassy form known as granulated slag [66]. Using ground 

granulated blast furnace slag (GGBFS) in concrete has attracted considerable attention 

because it improves the properties of the concrete and decreases the negative 

environmental effects [67]. GGBFS with latent hydraulic properties is hydrated with 

calcium hydroxide and water. This secondary pozzolanic reaction of hydrated lime 

Ca(OH)2 results in a denser microstructure due to the consumption of Ca(OH)2 and the 

CSH formation [33].  

2.2.5.1 Compressive Strength 

Chidiac et al. [33] investigated the compressive strength of concrete with GGBFS as 

cement replacement (0, 25, 40, 50, and 60%) and two different w/b ratios (0.31 and 0.38) 

at 1, 3, 7 and 28 days. The concrete with GGBFS exhibited lower strength at early ages 

than OPC due to the relatively slower initial hydration rate, while higher strength was 

observed for GGBFS concrete between 7 and 28 days with the formation of denser 

microstructure in concrete. The results also indicated that the compressive strength of 

GGBFS concrete improved with increasing the w/b ratio from 0.31-0.38 because of a 

higher degree of hydration.  

Megat Johary et al. [31] investigated the properties of high-strength concrete made with 0, 

20, 40, and 60% GGBS at the age of 1, 3, 7, 14, 28, 90, 180, and 365 days. The 

incorporation of GGBS in concrete decreased the initial age strength of the concrete 

compared to OPC concrete, especially at the higher replacement ratios. This was due to the 

slower GGBS reactivity as well as the diluting effect since part of the cement was 

substituted by GGBS. The compressive strength of GGBS concrete increased at advanced 
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ages up to one year. However, the later age strength of the HSC decreased gradually with 

the addition of slag content. It was also found that GGBS concrete exhibited higher long-

term strength for the replacement ratio of 20% compared to 40% and 60% slag. 

Güneyisi et al. [34] conducted an experimental study of high replacement levels of 0, 50, 

60, 70, and 80% of blast furnace slag and different methods of curing (air and wet cured) 

on the mechanical properties of high-performance concrete during 28 and 90 days. The 

results revealed that the strength of concrete reduced gradually with increasing the slag 

content, particularly air-cured specimens. However, for concrete containing slag up to 

60%, the compressive strength increased at 90 days under wet curing conditions. 

Khatib et al. [35] investigated the compressive strength of concrete by replacing the cement 

with different ratios of GGBFS between 0 and 80% up to 90 days of curing. Compressive 

strength decreased as the content of GGBS increased at the initial stages of hydration. 

Beyond 28 days and up to at least 90 days, concrete containing 40 and 60% GGBS showed 

higher compressive strength compared to concrete without GGBFS. A considerable 

strength loss of GGBS concrete was observed in the replacement level of 80% at all ages. 

The studies discussed above show that the compressive strength of the concrete containing 

GGBFS is inversely proportional to the GGBFS replacement ratios. Moreover, the 

compressive strength gain was more pronounced at longer ages compared to OPC concrete, 

as presented in Figure 2-9. 
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Figure 2-9. Relative compressive strength of slag-contained concrete at various curing ages [31, 33, 

34] 

2.2.5.2 Splitting Tensile Strength 

Güneyisi et al. [34] evaluated the splitting strength of HPC high replacement levels from 

50% to 80% of blast furnace slag at the ages of 28 and 90 days using two types of curing 

(air and wet cured). They observed that the tensile strength decreased with the 

augmentation of slag content except for concrete specimens with 50 and 60 % slag exposed 

to wet curing conditions at 90 days. 

Aldea et al. [36] examined the effect of replacement cement by 25,50 and 75 % slag on the 

splitting tensile strength of concrete in comparison to control concrete mix without slag at 

two types of curing: steam curing and normal curing. The results indicated that the tensile 

strength improved for 25% and 50% slag replacement in concrete compared to the concrete 

without slag. In addition, it was found that cement replacement with the higher contents of 
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slag (i.e.,75% slag) decreased the tensile strength of concrete regardless of the type of 

curing. 

2.2.5.3 Modulus of Elasticity 

Siddique et al. [37] observed that the modulus of elasticity of concrete made with GGBFS 

(0,20, 40, and 60%) was lower than the OPC concrete at room temperature. Concrete 

containing 20%, 40% and 60% GGBFS had modulus of elasticity that were 22, 5, 39,98% 

and 41,7% less than control concrete. Furthermore, the results revealed that the increase in 

GGBFS content reduced the modulus of elasticity of concrete at room temperature for 28 

days. 

Swamy et al. [38] studied the modulus elasticity of concrete specimens made with 50 and 

65% slag replacement by weight of cement using air and wet curing condition. It was found 

that there is a slight difference in the modulus of elasticity of slag concrete and OPC 

concrete when concrete is exposed to wet curing conditions. However, a considerable 

reduction in elastic modulus was observed under air curing. 

Khatib et al. [35] examined the modulus of elasticity of GGBFS concrete up to 90 days of 

curing. The results revealed that the modulus elasticity decreased up to 28 days. However, 

above 28 days, the modulus of elasticity of concrete with 40 and 60% GGBFS increased 

slightly. It was also found that compared with the differences in compressive strength, there 

are little differences in modulus of elasticity values for all concrete mixtures. 
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2.2.6 The Effects of Slag at high temperature 

2.2.6.1 Compressive Strength 

Siddique et al. [37] studied the mechanical properties of concrete with 0, 20, 40, and 60% 

GGBFS when exposed to high temperatures up to 350 °C. At 100 °C, the compressive 

strength of concrete containing 0% and 20% GGBFS decreased because of thermal 

incompatibility between cement paste and aggregates, and then the strength increased with 

increasing temperatures. However, no significant change occurred in residual strength for 

the GGBFS concrete at replacement ratios of 40% and 50% with the increase in 

temperature. It was also found that the strength decreased as the GGBFS replacement ratio 

increased at room temperature and 350 °C. 

Shumuye et al. [68] investigated the compressive strength of concrete containing 30, 50, 

and 70% GGBFS when exposed to high temperatures between 200 and 800 °C. The 

compressive strength of concrete with 30% and 50% slag replacement decreased at 200 °C 

and then increased at 400 °C. However, after heating to 400 °C, the compressive strength 

continuously decreased for all specimens. The most rapid strength loss was observed for 

concrete made with 70% slag. However, the concrete with 30% slag exhibited better 

performance in comparison to other concrete mixes at high temperatures. 

Li et al. [67] examined the properties of concrete incorporating GGBFS after exposure to 

high temperatures up to 700 °C. The cement was replaced with three percentages of 0, 10, 

30, and 50% of GGBFS. The compressive strength decreased with the temperature raised 

from 150 to 700 °C. The obtained amount of relative compressive strength of 10% GGBFS 

replacement was similar to OPC concrete. However, concrete containing 30 and 50% 
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GGBFS exhibited lower compressive strength than 10% of GGBFS and OPC concrete at 

heating range from 300 to 700 °C. 

Karahan et al. [58] determined the compressive strength of the concrete prepared with 

replacement of cement by 0, 30, 50, 70%, and 90% of slag compared to the control concrete 

at 200, 400, and 800 °C. The results revealed that the compressive strength declined with 

increasing temperatures for all concrete mixtures. The concrete containing slag up to 70% 

showed lower or similar compressive strength compared to the control mix at high 

temperatures. It was also observed that the optimum amount of slag was 50–70% as a 

cement replacement. 

The relative compressive strength of concrete containing slag after exposure to high 

temperatures is shown in Figure 2-10. The results indicate that generally, the slag concrete 

exhibits similar or lower compressive strength than the OPC concrete. However, slag may 

improve the relative residual strength of HSC exposed to high temperatures, according to 

the results reported by Poon et al. [45]. The aforementioned studies show contradictory 

findings regarding the optimal percentage of slag as a cement replacement when concrete 

is exposed to high temperatures. 
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Figure 2-10. The residual compressive strength of slag-contained concrete [45, 58, 67] 

 

2.2.6.2 Splitting Tensile Strength 

The literature review demonstrated that very limited research had been carried out to study 

the tensile strength of slag concrete after exposure to high temperatures. Siddique et al. 

[37] evaluated the influence of GGBFS on the splitting tensile strength of concrete at high 

temperatures up to 350 °C. It was observed that the splitting tensile strength of concrete 

decreased as the temperature raised from 100 to 350 °C for all replacement levels of 

GGBFS. It was also reported that there is a very pronounced loss in splitting tensile 

strength, which contrasts with the gradual decline in compressive strength at high 

temperatures. This is due to the fact that the tensile strength is more susceptible to micro 

and macro cracks induced by high temperatures. The results of this study are presented in 

Figure 2-11. 
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Figure 2-11. The residual splitting tensile strength of slag-contained concrete [37] 

 

2.2.6.3 Modulus of Elasticity 

Li et al. [67] studied the properties of GGBFS concrete with replacement levels of 10, 30, 

and 50% when subjected to high temperatures up to 700 °C. The results indicated that 

incorporating GGBFS caused a reduction in the relative modulus of elasticity of concrete. 

Siddique et al. [37] examined the modulus of elasticity of concrete with 0, 20, 40 and 60% 

GGBS when subjected to high temperatures up to 350 °C at the ages of 28 and 56 days. 

The modulus of elasticity of concrete decreased as the exposure temperature increased for 

all GGBFS replacement levels by cement weight at 28 days. Furthermore, it was observed 

the modulus elasticity of GGBS concrete is lower than control mix concrete at all 

temperatures. Test results at 56 days exhibited a similar trend. The variation of modulus of 

elasticity as a function of temperature for slag-contained concrete is illustrated in Figure 

2-12. 
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Figure 2-12. The residual modulus of elasticity of slag-contained concrete [37, 67] 

 

2.3 Aggregate  

Aggregate makes up 60-75% of the volume of concrete. Therefore, aggregate has a critical 

role in concrete behaviour at room and high temperatures. The coarse aggregate used in 

concrete can be classified into three groups according to its chemical composition and 

mineralogical nature: calcareous (Ca) aggregates (e.g., limestone, dolomite, basalt, and 

diabase), siliceous (Si) aggregate (e.g., quartzite, sandstone, and granite), and lightweight 

aggregates (LWA) (e.g., diatomite, pumice, scoria, clay ash, slate, perlite, and shale). The 

mechanical properties of concrete with three different types of aggregate at high 

temperatures are investigated in the following sections. Table 2-3 gives the summary of 

the effect of different types of aggregates on the mechanical properties of concrete after 

high-temperature exposure. 
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Table 2-3. Summary of research on the influence of different types of aggregate on mechanical 

properties of concrete after high exposure to high temperatures 

Year Source Coarse aggregate type 

Test 

temperature 

(°C) 

w/c 

Mechanical 

properties 

tested 

2007 [11] Limestone, River gravel. 200-1200 0.4, 0.5,0.6 f’c 

2005 [99] Limestone, Siliceous 20-750 0.6 f’c ,E 

2017 [70] Limestone, Quartzite, Granite 25-650 0.55 f’c ,ft,E 

2018 [71] Quartzite, Granite, Basalt 25-600 0.5 f’c 

2011 [72] Silico-calcareous, Calcareous, Siliceous 150-750 0.3, 0.6 f’c ,ft, 

2014 [16] Granite, Calcareous 20-700 0.52, 0.56 f’c ,ft,E 

2004 [76] Granite, Limestone 20- 800 0.22, 0.23, 0.25 f’c,E 

2007 [77] Lightweight volcanic pumice 400,600, 800 0.45 f’c,ft,E 

1971 [75] Lightweight, Calcareous, Siliceous 21-871 
0.4, 0.42, 0.54, 

0.51, 0.58, 0.77 
f’c 

2021 [78] 
Lightweight expanded clay, Lightweight 

expanded shale 
150- 600 0.45 f’c,ft,E 

 

2.3.1 The Effects of Calcareous and Siliceous Aggregate at high temperature 

2.3.1.1 Compressive Strength 

Arioz et al. [11] examined the influence of high temperatures on the compressive strength 

of four concrete mixes prepared by two aggregate types (river grave aggregate and 

limestone aggregate) and different water to portlan cement ratios of 0.4, 0.5, and 0.6. The 

relative compressive strength of concrete reduced as high temperatures increased between 

200-1200 °C. It was found that the strength loss was more significant for concrete with 

river gravel aggregate than crushed limestone aggregate. This can be explained by the 

composition of the siliceous river gravel aggregates. The relative strength of river gravel 

concrete decreased gradually but substantially as the temperature increased. In the 

limestone concrete mixture, relative strength was slightly reduced up to 600 °C. However, 

the relative strength sharply decreased at temperatures above 600 °C.  

Savva et al. [69] studied the residual mechanical characteristics of concrete containing 

different types of Pozzolans, two lignite fly ashes, and one natural pozzolan as cement 

replacements when concrete was exposed to high temperatures of 100, 300, 600, and 
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750 °C. Two series of concrete specimens were made with limestone and siliceous 

aggregate, respectively. An increase was observed in the compressive strength of siliceous 

concrete at 300 °C. This can be attributed to the higher bond strength between siliceous 

aggregate and cement paste. Between 300 and 600 °C, the compressive strength decreased 

in both aggregate types, which was more significant for siliceous concrete. At temperatures 

above 600 °C, compressive strength deterioration was observed for all concrete mixtures. 

However, the limestone concrete showed a slightly higher strength reduction due to the 

decarbonation of limestone at these temperatures. 

Tufail et al. [70] investigated the mechanical properties of three different concrete mixtures 

with granite, quartzite, and limestone aggregates exposed to temperatures up to 650 °C. 

The granite concrete showed the lowest strength loss value, followed by quartzite and 

limestone concrete after exposure to high temperatures. This was due to the high 

temperature-induced partial decomposition of calcite and inner fractures and cracks of 

mineral particles in limestone aggregates. Masood et al. [71] contradicted these 

observations by stating that concrete containing quartzite aggregate exhibited higher 

residual compressive strength than granite and basalt at temperatures ranging from 200 to 

600 °C. 

Xing et al. [72] evaluated the influence of the three types of aggregate (calcareous, 

siliceous, and semi crushed silico-calcareous) on the residual mechanical properties of 

normal strength and high-performance concrete at 20, 150, 300, 450, 600, and 750 °C. 

Similar behaviour was observed for normal concrete with three different aggregate types 

up to 300 °C. After heating to 300 °C, normal concrete with calcareous aggregate presented 

a lower strength loss as compared to normal concrete with silico-calcareous and siliceous 
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aggregates. This result is partially adapted to Eurocode [73] predictions. However, in high-

performance concrete, the siliceous aggregate concrete exhibited better performance than 

other aggregate types, which was inconsistent with that predicted in Eurocode [73]. 

In contrary with the studies discussed above, Santos et al. [16] carried out an experimental 

study on the mechanical properties of two types of concrete specimens with calcareous and 

granite aggregates under two loading levels (0.3 fʹc and 0.7 fʹc) and different cooling 

methods (cooling in air and water jet) and exposed to high temperatures (300, 500 and 

800 °C). For the loading level of 0.3 fʹc, the strength of calcareous aggregate concrete 

decreased significantly in comparison to granite aggregate concrete, regardless of the 

cooling process. A similar trend was found for 0.7 fʹc loading conditions up to 300 °C. 

However, at above 300 °C, calcareous aggregate concrete exhibited higher compressive 

strength than the granite aggregate concrete. Furthermore, for both types of concrete, the 

cooling by water jet induced a greater reduction in compressive strength at temperatures 

between 20 to 800 °C. 

The residual compressive strength of siliceous and calcareous aggregate compared with the 

ACI 216.1 [74] predictions is illustrated in Figure 2-13 (a,b). Residual compressive 

strength of calcareous aggregate concrete collected from the literature proved to be almost 

equal to values in ACI 216.1 [74], particularly above 400 °C. The relative residual 

compressive strength of calcareous concrete generated from existing research is higher than 

the prediction of ACI 216.1 [74] up to 600 °C. Beyond this temperature, the ACI 216.1 

[74] results indicated slightly higher strength. 
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Figure 2-13. The residual compressive strength: a) siliceous aggregate concrete [69-71, 75], b) 

calcareous aggregate[69-72, 75] 
 

2.3.1.2 Splitting Tensile Strength 

Santos et al. [16] studied the tensile strength of granite aggregate concrete (GC) and 

calcareous aggregate concrete (CC) at high temperatures with different cooling approaches, 

including in air and water jet. It was found that both CC and GC showed similar behaviour 

up to 300 °C. However, above 300 °C, GC displayed lower residual splitting tensile 

strength compared to the calcareous concrete. 

Xing et al. [72] indicated that the concrete with calcareous aggregates showed better 

residual tensile strength compared to silico-calcareous and siliceous aggregates up to 

600 °C. However, due to the dissociation of calcium carbonate, the reduction of tensile 

strength of calcareous became more considerable at temperatures higher than 600 °C. 

Tufail et al. [70] investigated the tensile strength of three concrete mixes containing 

limestone, quartzite, and granite aggregates up to 650 °C. It was found that the tensile 
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strength reduced as the exposure temperature increased. The granite concrete showed the 

highest tensile strength at all temperatures compared to two other concrete mixes 

containing quartzite or limestone aggregate. 

The influence of high temperatures on the residual splitting tensile strength of concrete 

containing siliceous and calcareous aggregate is presented in Figure 2-14 (a,b), 

respectively. It seems that the degradation of splitting tensile strength at high temperatures 

is quite linear despite the results captured at 300 °C by Xing et al. [72]. Tufail et al. [70] 

tested specimens with closer temperature intervals and verified a continuous degradation 

of splitting strength at high temperatures. While the results of Xing et al. [61] show better 

performance of concrete with calcareous aggregate, the results of Tufail [70] showed quite 

similar tensile strength behaviour at high temperatures for both aggregate types. 

 
Figure 2-14. The residual tensile strength of concrete (a) concrete containing siliceous aggregate, (b) 

containing calcareous aggregate [70, 72] 

 

2.3.1.3 Modulus of Elasticity 

Santos et al. [16] found the reduction of residual modulus of elasticity was similar for 

calcareous and granite concrete up to a temperature of 400 °C. However, above 400 °C, 
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more reduction was observed for granite concrete compared with calcareous concrete. The 

results also indicated that the cooling methods have no considerable influence on the 

residual modulus of elasticity of both calcareous and granite concrete. 

Savva et al. [69] examined the modulus of elasticity of limestone and ordinary concrete 

after exposure to high temperatures between 300 and 750 °C. The modulus of elasticity 

continuously decreased at all high temperatures for both aggregate types. However, the 

results indicated that this reduction was more substantial for concrete containing limestone 

aggregate. 

Cheng et al. [76] examined the modulus of elasticity of two types of high-strength concrete 

made with carbonate and siliceous aggregate at temperatures of 100, 200, 400, 600, and 

800 °C. It was observed that the modulus of elasticity decreased with increasing 

temperature. It was also found that the type of aggregate has a moderate effect on reducing 

the modulus of elasticity. 

2.3.2 The Effects of Lightweight Aggregate at high temperature 

2.3.2.1 Compressive Strength 

Hossain et al. [77] determined the residual compressive strength of lightweight volcanic 

pumice concrete (VPC) compared to normal-weight concrete (NWC) with gravel aggregate 

at high temperatures up to 800 °C for different durations of 0, 0.5, 1, and 2 hours. The 

results indicated that the residual strength reduced in lightweight and normal-weight 

concrete as the temperature increased. However, lower strength loss was observed in VPC 

compared to NWC at a constant temperature for different durations or constant durations 

at different temperatures. The better residual strength of VPC was due to the less dense 
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pore structure of VPC in comparison with NWC. The denser pore structure in NWC results 

in water vapour buildup of higher pore pressure, leading to thermal crack formation, thus 

causing higher strength reductions at high temperatures than in VPC. 

Abrams [75] investigated the residual compressive strength of three types of concrete made 

with carbonate, siliceous, and lightweight aggregates after being subjected to high 

temperatures up to 659 °C. The results indicated that the lightweight aggregate and 

carbonate aggregate concrete exhibited similar behaviour with higher strength retention 

than the siliceous aggregate concrete. Moreover, the original compressive strength has no 

significant influence on the residual compressive strength of the concrete at high 

temperatures. 

Roufael et al. [78] examined the mechanical properties of lightweight concrete in 

comparison to normal-weight concrete subjected to high temperatures between 150 to 

600 °C. It was observed that a slight reduction occurred in residual compressive strength 

at 150 °C, then an increase was observed at 300 °C for all mixtures. However, the strength 

decreased sharply for all concrete mixtures above this temperature. The lightweight 

aggregate concrete showed moderate strength loss compared to normal weight concrete. 

This can be attributed to the more resistant paste-aggregate bond with porous lightweight 

aggregates and better thermal deformation compatibility between the lightweight aggregate 

and the cementitious matrix. This better paste-aggregate bond was due to the paste 

penetration into the aggregate, causing interlocking sites between them. The variation of 

compressive strength of lightweight concrete exposed to high temperatures is plotted in 

Figure 2-15.  
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Figure 2-15. The residual compressive strength of concrete containing lightweight aggregate [75, 78] 

 

2.3.2.2 Splitting Tensile Strength 

Roufael [78] observed that the lightweight aggregate concrete showed a lower reduction of 

tensile strength with temperature increase than normal-weight concrete. Tensile strength 

loss was due to the expansion of aggregate, the dehydration of the cement paste, and the 

portlandite decomposition, which resulted in week ITZ at higher temperatures. The results 

of this study are shown in Figure 2-16. 
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Figure 2-16. The residual tensile strength of concrete with lightweight aggregate [78] 

 

2.3.2.3 Modulus of Elasticity 

Roufael et al. [78] examined the modulus of elasticity of LWC exposed to high 

temperatures up to 600 °C compared to NWC made with calcareous aggregate. The 

lightweight aggregate concrete displayed a lower elastic modulus reduction than normal-

weight concrete, particularly between 150 and 450 °C. The available relationships for 

residual mechanical properties of concrete at high temperatures. 

 

2.3.3 The available relationships for mechanical properties of concrete at high  

2.3.3.1 Compressive strength 

ACI 216.1 [74] presents the reduction factor for compressive strength of concrete exposed 

to high temperature under three test conditions: transient, steady-state and residual test 

separately for three aggregate types (siliceous, calcareous and lightweight aggregate) 
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generated from the results of only one research conducted by Abrams [75],as shown in 

respectively. 

 
Figure 2-17.Relative compressive strength of siliceous aggregate concrete exposed high temperatures 

presented by ACI 216.1 [74] 

 
Figure 2-18. Relative compressive strength of calcareous aggregate concrete exposed to high 

temperatures presented by ACI 216.1 [74] 
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Figure 2-19. Relative compressive strength of lightweight aggregate concrete exposed to high 

temperatures presented by ACI 216.1 [74] 

 

On the other hand, the Eurocode [73] shows the effect of high temperature on the 

compressive strength of siliceous aggregate concrete and calcareous aggregate concrete 

only for transient and steady-state test conditions. In addition, there is no data for 

lightweight concrete. In accordance with Eurocode [73], about 20% of the compressive 

strength of concrete is reduced at 400 °C, and concrete loses 80% of its strength 

compressive strength at the temperature of 800 °C. The decrease in compressive strength 

of concrete is obtained using the reduction factor of compressive strength identified on 

Eurocode [73], as shown in Figure 2-20. 
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Figure 2-20. Reduction factor of compressive strength for siliceous concrete nad calcareous concrete 

presented by Eurocode [73] 

 
 

2.3.3.2  Tensile strength 

There has been less research on the tensile strength of concrete exposed to high 

temperatures than on the compressive strength and modulus of elasticity which is often 

disregarded. However, it plays a crucial role in susceptibility to spalling and cracking of 

concrete exposed to high temperatures. In other words, tensile strength resists the thermal 

stresses caused by internal vapour pressures at high temperatures [79, 80]. The Eurocode 

[73] provision has not taken to account the concrete residual test conditions and presented 

a simplified equation for the tensile strength of concrete under transient and steady-state 

test conditions. It shows that the deterioration of the tensile strength of concrete occurred 

above 100 °C. Furthermore, both NSC and HSC are considered the same when calculating 

the tensile strength of concrete exposed to high temperatures using the following equation 

(Equation 2-1): 
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fck,t (θ) = kc,t (θ) fck,t                                                                                                                                                                                     Equation 2-1 

kc,t(θ) = 1.0                                            for 20 °C ≤ θ ≤ 100 °C 

kc,t (θ) = 1.0 -1.0 (θ -100)/500             for 100 °C < θ ≤ 600 °C 

where fck,t tensile strength of concrete, fck,t(θ) reduced value of tensile strength of concrete 

at temperature of θ, and kc,t (θ) reduction coefficient for tensile strength of concrete at 

temperature θ. 

 ACI 216.1 [74] does not provide a reduction factor or guidelines for the tensile strength of 

concrete subjected to high temperatures [81]. 

2.3.3.3 Modulus of elasticity 

Despite extensive studies carried out on the compressive strength of concrete exposed to 

high temperatures, there is less investigation on the modulus of elasticity of concrete under 

fire conditions in the literature. The modulus of elasticity exposed to high temperature is 

not explicitly modeled in Eurocode [73]. The values of compressive strength or tensile 

strength and their corresponding strain as a function of temperature for concrete containing 

siliceous or calcareous aggregate are presented in Eurocode [73]. ACI 216R [82] has 

reproduced the data of only one research conducted by Cruz [83] for variation of modulus 

of elasticity of concrete exposed to high temperatures for three types of aggregate. The 

calcareous aggregate concrete exhibited a lower reduction in modulus of elasticity 

compared to siliceous and lightweight aggregate concrete [83]. 

There is inconsistency in the design curves of ACI 216.1 [74] and Eurocode [73], and their 

results are not applicable for the novel types of concrete containing SCMs. Moreover, as 

discussed earlier, the behaviour of concrete at high temperatures is nonlinear and affected 
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by several parameters such as physical and chemical changes in its ingredients, variations 

in heating and cooling regimes, type of aggregates and water to cement ratio. Therefore, 

the application of modern evaluating tools such as the machine learning approach is 

required to predict the mechanical properties of concrete at high temperatures. 

 

2.4 An Overview of Machine Learning and Artificial Neural Network 

 Artificial Intelligence (AI) was first introduced at a workshop at Dartmouth College in the 

summer of 1956 [84]. AI is defined as the ability of a machine or system to exhibit 

behaviours associated with human intelligence, including planning, reasoning, perception, 

problem-solving, recognition of patterns, and creativity [85]. Several disciplines such as 

computer science, cybernetics, linguistics, information theory, and neurophysiology 

interact in order to develop artificial intelligence [86]. Machine learning is a subfield of AI 

that applies algorithms to synthesize the relationships between data and information [87]. 

Machine learning methods are divided into unsupervised, supervised, and semi-supervised 

learning. In supervised learning, a data set including both input and output variables is 

available. The algorithm learns by mapping the relationship between the supplied input and 

corresponding output variables [85, 88]. The supervised algorithm can predict the output 

of a new set of input data points, and this algorithm requires a large amount of data [89]. 

The Supervised algorithm is classified into two methods: the classification method is 

applied for discrete (categorical) output parameters, and regression is used for continuous 

output parameters. 

On the other hand, in unsupervised learning, the input variables exist, and no output 

variables are provided. In this case, an algorithm tries to identify the underlying unknown 
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structure among inputs to fully understand the nature of the problem [78]. Semi-supervised 

learning is a type of learning that falls between unsupervised and supervised learning and 

has been shown to be able to learn from a small amount of training data and label (or test) 

unknown data [89]. 

The most common machine learning approaches are artificial neural networks (ANN), 

decision trees, support vector machines (SVM), and evolutionary algorithms (EA), as 

reported in the literature. There are significant differences in the structure of algorithms 

and strategies for finding the patterns in these models. The size of the dataset and the 

number of input variables influence the selection of the most suitable method [5, 88]. 

The artificial neural network (ANN) technique is popular and useful for a number of 

different purposes, including classification, pattern recognition, clustering and prediction 

[90]. One of the advantages of the ANN models is their ability to simplify the model to use 

and increase their accuracy in complicated natural systems with large inputs [90, 91]. 

2.4.1 Artificial neural network application in civil engineering  

In recent years, ANN, as a subfield of ML, has been widely applied to solve many 

engineering problems [92]. The main property of ANNs is their ability to learn from 

examples directly. In addition, the other important features of ANNs are their capability to 

respond correctly or almost correctly to incomplete tasks, their ability to extract 

information from noisy or insufficient data, produce generalized results by analyzing new 

cases. These capabilities make ANNs highly effective tools for solving many civil 

engineering problems, in particular ones with complex or insufficient data. Neural 

networks have been successfully used in civil engineering to identify structural systems, 
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detect structural damage, material behaviour modeling, structural control, structural 

optimization, groundwater monitoring and predict experimental studies [93, 94]. 

The ANN method has been increasingly used to predict the mechanical properties of 

concrete at room temperature. However, relatively few research studies have been carried 

out on modeling the effect of high temperature on the mechanical properties of concrete. 

A review of the application of ANN-based models to predict the mechanical properties of 

concrete at room and high temperatures from literature is presented in the following 

subsections. 

2.4.1.1 Prediction model for mechanical properties of concrete at room temperature 

Behnood et al. [95] proposed an ANN-based model to estimate the compressive strength 

of concrete containing silica fume with acceptable error. Eight parameters including binder 

content, the percentage of silica fume to binder ratio, water to binder ratio, the ratio of 

coarse aggregate to the binder, the ratio of coarse aggregate to total aggregate, 

superplasticizer to binder ratio in percentage, age of concrete and maximum aggregate size 

were selected as input variables. The capability of the ANN model to predict the 

compressive strength of concrete based on the changes in the input parameter was 

examined using sensitivity analysis. It was found that when the percentage of silica fume 

to binder increased between 0 and 30%, the compressive strength of concrete with silica 

fume increased linearly. In addition, the maximum aggregate size significantly influences 

the compressive strength of silica fume concrete. 

Atici [96] developed an ANN and multiple regression analysis (MRA) to estimate the 

compressive strength of concrete containing different amounts of fly ash and blast furnace 
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slag at various 3, 7, 28, 90, and 180-day curing times. The performance of the ANN model 

was compared to the MRA model using performance indices. It was concluded that the 

nonlinear functional relationships in inverse problems such as design concrete mix could 

be calculated using the ANN model, which is not possible with classical regression 

methods. 

Chopra et al. [97] predicted the compressive strength of concrete with and without fly ash 

at different curing ages, including 28, 56, and 91 days using two computing techniques, 

Genetic Programming (GP) and Artificial Neural Networks. It was found that the ANN 

model using the Levenberg-Marquardt algorithms for training the network is the most 

reliable prediction tool for this purpose compared to the GP model. 

 Roshani et al. [91] developed the ANN model to investigate the mechanical properties of 

fly ash concrete. The database consists of 296 data points gathered from the literature. The 

parameters such as water content, fly ash, gravel, sand, cement, and SiO2 content of fly ash 

were considered as the inputs of the network. The outputs of the network included the 

compressive strength, tensile strength, and modulus of elasticity. It was found that 

experimental results and predicted outputs of the ANN models agreed well. In addition, 

based on the ANN results to use the outputs of the network, simple and practical equations 

were derived to predict the mechanical properties of concrete with fly ash. 

Boğa et al. [92] used an ANN model to predict the mechanical properties and durability 

properties of concrete that contained ground-granulated blast furnace slag (GGBFS) and 

calcium nitrite-based corrosion inhibitor (CNI). A total of 162 tests were conducted for 
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compressive strength, tensile strength and chloride ion permeability. It was found that the 

ANN model can estimate the experimental data with a notable degree of accuracy. 

Bilim et al. [66] used an artificial neural network model to estimate the compressive 

strength of concrete made with GGBFS considering ingredients and age of concrete. ANN 

model was developed using 212 test data collected from laboratory work. The concrete 

specimens were prepared with three different w/b ratios (0.3, 0.4, and 0.5), three different 

cement dosages (350, 400, and 450 kg/m3) and four different levels of partial GGBFS 

replacement (20%, 40%, 60%, and 80%). Compressive strengths were reported at six 

different ages (3, 7, 28, 90, and 360 days). The ANN model has been developed using six 

input parameters, including concrete age and ingredients. It was found that artificial neural 

networks can be used as an alternative method for predicting the compressive strength of 

slag concrete. They concluded that among the different ANN learning algorithms tested in 

this study, the Levenberg- Marquardt algorithm was determined to be the best algorithm. 

2.4.1.2 Prediction model for mechanical properties of concrete at high temperature 

Mukherjee et al. [3] evaluated the behaviour of concrete under three load conditions, 

including varying load under isothermal conditions, the varying temperature under 

constant load, and varying temperature under total restrain, by developing three separate 

feedforward artificial neural networks. The results indicated that the prediction results of 

the proposed ANN models indicated close agreement with the experimental results in all 

these situations. 

Ahmad et al. [98] evaluated the compressive strength of concrete at high temperatures 

using different machine learning techniques, namely ANN and the decision tree gradient 
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boosting and bagging, based on 207 data points from the published articles in the literature. 

It was found that the ML algorithms are quite effective in predicting concrete performance 

at high temperatures. The ANN model showed a better performance compared to the 

decision tree. However, the bagging model correlation coefficient indicated a better level 

of accuracy in comparison to the ANN, decision tree, and gradient boosting. 

Abbas et al. [99] investigated the residual strength of HSC after exposure to high 

temperatures using the ANN model. Three different ANN models were developed for 

concrete containing siliceous, calcareous, and combined aggregate. A total of 460 data sets 

was collected from the literature, of which 177 data points were for calcareous aggregate, 

228 data points were for siliceous aggregate, and the rest were either silico-calcareous or 

unknown aggregate. According to the results of the sensitivity analysis, among various 

variables, the water to binder ratio, elevated temperature, and the compressive strength of 

concrete at room temperature were the most affecting variables to develop the models for 

all aggregate types. The ANN-based models showed small errors and high correlation 

consistently. 

Türkmen et al. [100] used an ANN model to evaluate the compressive strength of 

lightweight concrete containing Pumis aggregate after high temperatures exposure. An 

experimental test was conducted, and the experimental results were used to establish the 

ANN model database. The ratio of Pumis and the temperature target was considered as 

inputs of the network. The prediction results of the ANN model were in good agreement 

with experimental data. As a result, the compressive strength can be predicted using the 

ANN model. Based on the sensitivity analysis for the model, it can be concluded that the 

target temperature has the most influence on the ANN model of compressive strength. 
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As seen from the above literature, the existing studies are restricted to a specific type of 

concrete and many affecting critical factors in the mechanical properties of concrete at high 

temperatures are ignored. Moreover, some studies have been conducted based on the own 

experimental data of the researchers, while they may not be reliable and accurate in 

predicting the results of other researchers. 

Therefore, to overcome these drawbacks, the present study has employed the artificial  

neural network model to predict the mechanical properties of concrete exposed to high 

temperatures based on a comprehensive database collected from previous experimental 

studies considering all the possible influencing parameters. The procedure for developing 

the ANN models are described in the following sections. 
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Chapter  3: Developing artificial neural network (ANN) models 

The artificial neural network learns from past experiments, identifies the pattern of the 

collected data, and predicts the behaviour of the study subject [101]. Generally, a neural 

network is developed through the acquisition and analysis of data and creating a database, 

determining the architecture, training of the network, and evaluating the model's 

performance after training [102]. Three different ANN models were developed for 

predicting the compressive strength, tensile strength and modulus of elasticity of concrete 

exposed to high temperatures. The process of development of proposed ANN models is 

presented in the following subsections. 

3.1 Development of the ANN model 

The topology of artificial neural networks is similar to the human brain in two aspects: (1) 

the neural network acquires the knowledge from its environment using a learning process, 

and (2) acquired knowledge is stored in inter-neuron connections strengths or (synaptic) 

weights [85, 103]. 

ANN models are comprised of large numbers of neurons, which serve as data processing 

units. As seen in Figure 3-1, the general configuration of the neural network is composed 

of an input layer, one or more hidden layers and an output layer. The neurons of each layer 

are connected to all neurons of the next layers with numerical values known as weights. 

Weights could be adjusted for every new input data [104]. The input information received 

by neurons of the input layer is multiplied by the modifiable weights. The sum of the 

weighted  inputs is obtained using the following function (Equation 3-1) : 
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(𝑛𝑒𝑡)𝑗 = ∑ (x
i
 𝒘𝒊𝒋) + 𝒃𝒏

𝒊=𝟏                                                                                                                  Equation 3-1 

 
where (net)j is the weighted sum of the jth neuron for the input received from the preceding 

layer with n neurons, xi represents the input value of the in input neuron, wij is the weight 

between i neuron of the input layer and j neuron in the next layer; and b is a fixed value as 

internal addition called bias. The summation results are then transmitted to neurons in the 

hidden layer. Each hidden neuron processes information through an activation function and 

sends its output to the neurons of the output layer. This data is multiplied by the 

corresponding weights between the hidden layer and output layer, and then their sum is 

calculated and transmitted to the output layer [92, 105]. Then another activation function 

is applied to this data, and the output of the network is computed in the output layer. The 

ANN model outputs are then compared to the desired outputs to determine the error of the 

network. In order to minimize training error, the output layer passes the error back to the 

input layer, and the network weights and biases are adjusted using an error backpropagation 

algorithm. This training cycle, known as an epoch, is repeated until the error is decreased 

to an acceptable level [106, 107]. Various algorithms have been used for training ANN 

models, including the back-propagation algorithm, simulating annealing algorithm, genetic 

algorithm, and particle swarm optimization algorithm [108]. The backpropagation 

algorithm is one of the most common training algorithms using the gradient descent 

approach that modifies the weights for a particular training pattern in order to minimize the 

error.  
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Figure 3-1. Typical architecture of the artificial neural network with n hidden layer 
 

3.1.1 Database of materials tests at high temperatures  

In the first step, it is extremely important to select the proper database for training neural 

networks. There are two important criteria: (i) the database should contain complete 

information regarding the relationship between the inputs and outputs, and (ii) the training 

data must be sufficiently large for the training process [109]. Generally, an in-depth 

literature review or a comprehensive testing program is conducted to develop the database. 

In order to accelerate the learning process and achieve faster convergence as well as 

generate values in the 0-1 range by the activation functions, the content of the database 

before the training process must be normalized within the 0-1 range using the linear 

Equation 3-2 [110, 111]:  

𝒙𝒏𝒐𝒓𝒎𝒂𝒍𝒊𝒛𝒆𝒅 =
𝒙−𝒙𝒎𝒊𝒏

𝒙𝒎𝒂𝒙−𝒙𝒎𝒊𝒏
                                                                                               Equation 3-2 

where 𝑥𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑, 𝑥𝑚𝑖𝑛 and 𝑥𝑚𝑎𝑥 denotes the normalized, minimum, and maximum 

values of 𝑥 from input or output variables, respectively. 

In the present study to construct the database, the following criteria were considered: 
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1. Due to the abundance of residual material tests on concrete in the database, the focus 

of this research has been placed on the residual properties of concrete.  

2.  The database only contained air-cooled concrete after the heating period for the 

residual test method. 

3. The data covers concrete specimens containing no fibres. 

3.1.1.1  Compressive strength model 

An optimized ANN model for predicting the compressive strength of concrete exposed to 

high temperature was developed by collecting a comprehensive database containing 500 

experimental results from the published literature. Fourteen parameters, including 

temperature level, aggregate type (Si, Ca and LWA), percentage of SCMs (SF, FA, and 

GGBFS) as the cement replacement, the amount of cement, coarse and fine aggregate, 

water content, and test method, namely transient (T), steady-state (SS) and residual (R), 

were selected as input variables. The ratio of compressive strength of concrete at a given 

temperature to the initial strength of concrete at room temperature was considered the 

output of the ANN-based model. 

 It should be noted that the variation of heating rate in the collected experimental records 

was between 0.77 and 25. However, the degradation of mechanical properties had no 

significant differences with varying the heating rate. As a result, the heating rate is not very 

influential in the degradation of mechanical properties of concrete other than in the case 

when it impacts the spalling occurrence. As the heating rate increases, concrete is more 

prone to spalling [112]. Furthermore, some studies have not reported the heating rate. 

Therefore, the heating rate was not included in the input parameters of the ANN model 

because the mentioned studies with a good number of data (105 data points) should have 
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been discarded. The statistical properties of collected data sets are represented in Table 3-1. 

The distribution of each quantitative input parameter in the data set is shown in Figure 3-2. 

In addition, the frequency of different SCMs (SF, FA and GGBS) and various test methods 

for three types of aggregate (Si, Ca and LWA) are represented in Figure 3-3 and  Figure 

3-4, respectively. The studies on lightweight aggregate are considerably limited compared 

to other types of aggregate, and there is no investigation of the calcareous aggregate 

concrete containing GGBFS exposed to high temperatures.  

 

 
Figure 3-2. Distribution of input parameters for prediction of compressive strength: a) level of 

Temperature, b) coarse aggregate, c) fine aggregate, d) cement, and e) Water 
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Figure 3-3. Distribution of different types of SCMs (SF, FA and GGBS) for prediction of compressive 

strength 

 
Figure 3-4. Distribution of different test methods (Tr, SS and R) for prediction of compressive 

strength 
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3.1.1.2 Tensile strength  

The tensile strength of normal strength concrete is only 10% of its compressive strength, 

and this ratio is even lower for high strength concrete. For this reason, in calculating 

strength at room and high temperatures, the tensile strength is often ignored. The literature 

is limited in reporting the tensile strength of concrete exposed to high temperatures. 

However, tensile strength is the main reason for cracks formation in concrete in fire 

conditions. In addition, spalling occurs in concrete when cracks form due to rapid 

temperature rising or under fire conditions. Thus, tensile strength plays a crucial role in the 

behaviour of concrete at high temperatures, particularly in spalling of concrete [10]. 

The database, including the results of 110 specimens reported in previous studies, was 

collected to predict the tensile strength of concrete exposed to high temperatures. The 

collected data is restricted to residual tests. The input variables include temperature level, 

aggregate type (Si, Ca and LWA), the percentage of SCMs (SF and FA) as the cement 

replacement, the amount of cement, coarse and fine aggregate, and water content. The 

relative residual tensile strength was selected as the output variable. Figure 3-5 represents 

the histogram of the input parameters used for developing the ANN model to predict the 

tensile strength. The descriptive statistics of the input parameters are given in Table 3-2. 

The distribution of different types SCMs for the prediction of tensile strength exposed to 

high temperatures is illustrated in Figure 3-6. It can be seen that the tensile strength of 

concrete containing SCMs has been less studied, particularly for GGBS. 
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Figure 3-5. Distribution of input parameters for prediction of tensile strength: a) level of 

Temperature, b) coarse aggregate, c) fine aggregate, d) cement, and e) water 
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Figure 3-6. Distribution of different types of SCMs (SF, FA and GGBS) for prediction of tensile 

strength 
 

Table 3-2. Statistics of the quantitative input parameters used in the tensile strength ANN model 

Attribute Unit Max Min Average 

Temperature °C 800 95 484 

Coarse aggregate kg/m3 1168 369 938 

Fine aggregate kg/m3 777 536 666 

Cement kg/m3 500 184 363 

Water kg/m3 308 149 188 
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properties of collected data sets are represented in Table 3-3. Moreover, the distributions 

of different types SCMs (SF, FA and GGBS) and test methods are shown in  

Figure 3-8 and Figure 3-9. It can be seen that the lack of data is highly apparent for transient 

and steady-state tests. 

 
Figure 3-7. Distribution of input parameters for prediction of modulus of elasticity: a) level of 

Temperature, b) coarse aggregate, c) fine aggregate, d) cement, and e) Water 
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Figure 3-8. Distribution of different types of SCMs (SF, FA and GGBS) for prediction of modulus of 

elasticity 

 
Figure 3-9. Distribution of different test methods (Tr, SS and R) for prediction of modulus of 

elasticity 

 
Table 3-3. Statistics of the quantitative input parameters used in modulus of elasticity ANN model 
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Attribute Unit Max Min Average 

Temperature ◦ C 750 95 385 

Coarse aggregate kg/m3 1095 393 906 

Fine aggregate kg/m3 868 537 746 

Cement kg/m3 662 210 418 

Water kg/m3 217 133 185 
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3.1.2 Modeling the network 

 After creating the database, the critical step is identifying the best architecture of the 

model. The architecture of the ANN model is comprised of four elements [112]:  

1. The number of layers and neurons within each layer 

2. The activation function 

3. The training algorithm 

3.1.2.1  The number of layers and neurons within each layer 

Generally, the ANN model consists of the input, hidden, and output layers. Input and output 

parameters determined the number of neurons in input and output layers. Therefore, in 

order to achieve the best architecture of an artificial neural network, the number of hidden 

layers and their neurons should be chosen appropriately. There is no general method for 

selecting the number of neurons in the hidden layer to establish an ANN model for a 

particular problem. The number of neurons in the hidden layer is determined through the 

trial-and-error method. The design of a stable backpropagation network is conducted by 

changing the number of neurons in the hidden layer and evaluating changing stability of 

the ANN models [96]. Thus, the number of neurons in the hidden layers can be started with 

a small number and increasing it progressively while monitoring the error of the network. 

Finally, the optimum number of the hidden neurons is obtained based on the error criteria 

or performance of the network. The performance of the network is discussed in section 

3.1.3. 
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In the present study, a source code was used in the MATLAB program to operate the trial-

and-error process automatically. The model was run several times in the MATLAB 

environment to determine the best architecture of the neural network. 

3.1.2.1 The activation function 

Activation functions are selected based on the type of data and layer available. The neurons 

calculate their output using an activation function based on the weighted inputs that they 

receive. There are three different types of activation functions commonly used in artificial 

neural networks, namely hyperbolic tangent sigmoid (TANSIG), logarithmic sigmoid 

(LOGSIG ), and linear transfer (PURLIN) function, as represented in Equation 3-3, 

Equation 3-4 and Equation 3-5 [113]. 

𝒚 = 𝑻𝑨𝑵𝑺𝑰𝑮 =  
𝟐

𝟏+𝒆−𝟐𝒙 − 𝟏                                                                                                                               Equation 3-3 

𝒚 = 𝑳𝑶𝑮𝑺𝑰𝑮 =
𝟏

𝟏+𝒆−𝒙                                                                                                          Equation 3-4 

𝒚 = 𝑷𝑼𝑹𝑳𝑰𝑵 = 𝒙                                                                                                                                    Equation 3-5 

This study employed Tansig and Purlin activation functions in the hidden layer and output 

layer, respectively.  

3.1.2.2 The training algorithm 

There are different training algorithms in the MATLAB environment, such as Scaled 

Conjugate Gradient back, Levenberg-Marquardt, Bayesian Regularization, etc. In this 

research, the backpropagation Levenberg Marquardt (LM) training algorithm was 

employed due to its accuracy in predicting the mechanical characteristics of concrete 

seposed to high temperatures.  
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3.1.2.3 Structure of ANN models 

In the following sections, the optimum architecture of each model to predict the mechanical 

properties of concrete exposed to high temperatures is presented. Similar activation 

function and training function was used to develop the ANN  models. The number of 

hidden neurons was achieved using a trial and error approach. 

3.1.2.3.1 ANN Structure for prediction of compressive strength 

The best configuration of the network is reached by trial and error. Different architectures 

with varying numbers of neurons in the hidden layer have been tested to achieve the best 

structure of the proposed model using the MATLAB program. The error values for each 

number of neurons in the hidden layer were checked. Finally, a model with a suitable error 

consisting of 12 neurons in one hidden layer was selected to estimate the relative 

compressive strength of concrete at high temperatures, as depicted in Figure 3-10. 

It is worth mentioning that the number of neurons in the input and output layer equals the 

number of input and output variables for each ANN model. 

 
 

Figure 3-10. The architecture of the proposed compressive strength ANN model 
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3.1.2.3.2 ANN structure for prediction tensile strength 

Figure 3-11 illustrates the selected structure of the network comprising a single hidden 

layer with 15 neurons to predict the tensile strength of concrete exposed to high 

temperatures based on the trial and error approach. 

 

Figure 3-11. The architecture of the proposed tensile strength ANN model 
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Figure 3-12. The architecture of the proposed modulus of elasticity ANN model 
 

 

3.1.3 Performance of the ANN models 

Statistical error estimation methods, including coefficient correlation (R), root mean square 

error (RMSE), mean square error (MSE), mean absolute error (MAE), etc., are used to 

evaluate the performance of the proposed model. In this study, R and MSE between the 

actual experimental output (target) and model output are employed to assess the adequacy 

and precision of the trained networks according to Equation 3-6 and Equation 3-7. The R-

value close to 1 and MSE almost 0 demonstrates the reliability of the outcome of the 

network [114]. 

𝑴𝑺𝑬 =
𝟏

𝑵
∑ (𝒚𝒊 − �̂�𝒊)

𝟐 𝑵
𝒊=𝟏                                                                                                           Equation 3-6 

𝑹 =
∑(�̂�−�̅̂�)(𝒚−�̅�)

√∑(�̂�−�̅̂�)𝟐 √∑(𝒚−�̅�)𝟐

                                                                                                   Equation 3-7 

where 𝑦 ̅and �̅̂� demonstrate the average values of the target and predicted outputs;𝑦 and 

the �̂� are the target and predicted values of the network, respectively. 

The evaluation of the performance of each suggested ANN model is presented in the 

following subsections. 
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3.1.3.1  Proposed ANN model of compressive strength 

Generally, the ANN models are developed using three main datasets: training, validation, 

and testing. Therefore, the database was randomly divided into three subsets in order to 

achieve good generalization: training, validation, and testing sets. The training data is used 

for training the model by adjusting weight. As part of the training process, the validation 

data sets are used to evaluate the model fit on training data and refrain from overfitting by 

stopping the training. The testing data set is used to measure the generalization capability 

of the model [115].In the present study, by default in MATLAB, the database is randomly 

divided into three subsets: 70% of total data points for training, 15% for validation and 15 

% for testing using the LM algorithm. These percentages are the most common ratios to 

split the data set. However, other portions to divide the data, such as (80%,10% and 10%) 

and (60%, 20% and 20%) can be used to determine the best performance for the network. 

In order to assess the performance of data, plots of the mean square error (MSE) versus 

epoch (number of iterations) are used for training, validation, and testing [116]. Figure 3-13 

shows the best performance of the networks in predicting the compressive strength 

established in the MATLAB program. The blue line represents the decreasing mean square 

error of the training data set. The green line shows the validation error, which monitors the 

overfitting of networks as the main feature to specify the ability of the ANN model to 

predict new data [117]. The overfitting occurs in the network when the validation error 

data begins rising [118]. The red line indicates the error of the test data used to determine 

the performance of the model after training. The circle shows the iteration at which the 

validation performance reached a minimum value. 
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The best performance is achieved at the lowest error of validation when there is no further 

increase in MSE error [116]. The best validation of the performance of the proposed 

compressive strength ANN model was obtained at epoch 18 with a mean square error 

(MSE) of 0.00477. The number of epochs indicates how many times the training cycle was 

repeated to achieve the MES error of 0.00477. 

The coefficient correlation (R) indicating the correlation between the target and predicted 

values for all data is depicted in Figure 3-14. It can be seen that the coefficient correlation 

was 0.966 for the relative compressive strength ANN model. In terms of R, one is the 

optimal value, and on the other hand, the desired value for MSE is zero [91]. Thus, the 

obtained values of R and MSE indicated the satisfactory performance of the proposed 

network with a large number of input variables. 

 
Figure 3-13. The performance of the proposed model of compressive strength 
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Figure 3-14. The regression of the proposed model of compressive strength 

 

3.1.3.2 Proposed ANN model of Tensile strength  

The values of min square error and coefficient correlation to estimate the tensile strength 

of concrete under high temperature were 0.0096 and 0.976, as shown in Figure 3-15 and 

Figure 3-16, respectively. These values were at an acceptable level indicating the accuracy 

of the model in predicting the tensile strength of concrete. 

 
Figure 3-15. The performance of the proposed model of tensile strength 
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Figure 3-16. The regression of the proposed model of tensile strength 

 

3.1.3.3 Proposed ANN model of Modulus elasticity 

The suggested ANN model to predict the modulus of elasticity of concrete exposed to high 

temperature presents an MSE of 0.0089 and an R of 0.981, as illustrated in  

Figure 3-17 and Figure 2-18, respectively. These values demonstrated the capability of the 

suggested ANN model to accurately predict the modulus of elasticity of concrete exposed 

to high temperatures. 

 
Figure 3-17. The performance of the proposed model of modulus of elasticity 
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Figure 3-18. The regression of the proposed model of modulus of elasticity 

 
 

3.2 Sensitivity analysis 

The sensitivity analysis is used to determine how input variables contribute to the output 

of a network. In this way, the user can reduce the size of the network by eliminating 

insignificant input parameters [119]. This technique identifies the most important input 

parameters considered by the network. The weights determine the impact of a particular 

input on the output of the network. The relative significance of each parameter in the 

network is assessed by calculating Garson's factor as shown in Equation 3-8 [110]: 

𝑸𝒊𝒌 =
∑ (

𝒘𝒊𝒋

∑ 𝒘𝒓𝒋
𝑵
𝒓=𝟏

𝝊𝒋𝒌)𝒍
𝒋=𝟏

∑ (∑
𝒘𝒊𝒋

∑ 𝒘𝒓𝒋
𝑵
𝒓=𝟏

𝝊𝒋𝒌)𝑳
𝒋=𝟏

𝑵
𝒊=𝟏

                                                                                                Equation 3-8 

where wij is the connection weight between the hidden neuron i and the input neuron j, 𝜐ik 

is the connection weight of hidden neuron i, and the output neuron k and ∑ 𝑤𝑟𝑗
𝑁
𝑟=1  is the 

sum of the connection weights of N input neurons and hidden neuron j [110]. The algorithm 

of relative importance is represented in Figure 3-19. 
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Figure 3-19. Algorithm of relative importance [110] 

 

After training the model, the values connection weights between each layer can be 

generated. In this algorithm, i indicates the number of neurons in the hidden layer, and j 

shows the number of neurons in the input layer.  The absolute value of the hidden-output 

layer connection weights is multiplied by the absolute value of the hidden-input layer 

connection weights. Then each element of the product matrix is divided by the sum of its 

corresponding row. In the new matrix, the sum of each column is calculated, which 

produces a matrix with one row. Then each element of this matrix is divided by the sum of 

its all elements. Expressed these values as a percentage, the relative importance of each 

input variable is obtained [120]. 

In the present study, the sensitivity analysis is conducted, and results for the compressive 

and tensile strength and modulus of elasticity of concrete are illustrated in Figure 3-20,  
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Figure 3-21 and Figure 3-22, respectively. Relatively comparable participation in predicting 

the mechanical properties of concrete exposed to high temperatures was observed for 

almost all input variables. Since no parameters have low importance, it can be concluded 

there are no excessive or irrelevant input parameters that were included [91]. The results 

of the sensitivity analysis revealed that the target temperature is the most important 

parameter in the results of the three developed ANN-based models compared to other input 

variables. 

 
Figure 3-20. Sensitivity analysis of the selected model for compressive strength of concrete at high 

temperatures 
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Figure 3-21. Sensitivity analysis of the selected model for tensile strength of concrete at high 

temperatures 

 
 

Figure 3-22. Sensitivity analysis of the selected model for modulus of elasticity of concrete at high 

temperatures 
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Chapter  4: Implementation of the ANN model to predict concrete 

properties at high temperatures  

4.1 Parametric study 

Three separate ANN-based models were developed to predict the mechanical 

characteristics of concrete exposed to high temperatures, and their performance was 

evaluated. Due to the generalization capability of the neural network, parametric studies 

can be conducted to examine the influence of the input variables on the output [120]. In 

the following subsections, the parametric analysis results are presented to evaluate the 

effect of input variables on the mechanical characteristic of concrete using suggested ANN 

models. 

 

4.1.1 Compressive strength model 

The variation of compressive strength due to changes in input parameters was determined 

in this section. Patterns similar but not identical to those with which ANN models have 

been trained can be recognized and answered by the models [112]. In other words, ANN 

models are able to be generalized effectively for new input data in the range for which they 

were trained. However, outside of this range, they are unable to extrapolate accurately. 

Therefore, a wide variety of concrete mixtures can be evaluated utilizing the network 

results of proposed ANN models. Table 4-1 and Table 4-2 list all the concrete mix designs 

for three aggregate types selected for a parametric study on compressive strength. 

Furthermore, the range of temperature was selected between 20 and 800 °C. 
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Table 4-1. The concrete mix designs employed for parametric analysis of the effect of the test method 

and water to cement ratios on the compressive strength 

Number 

Coarse 

Aggregate 

Type 

Coarse 

aggregate 

(kg/m3) 

Fine 

aggregate 

(kg/m3) 

SF% FA% 
GGBS

% 

Cement 

(kg/m3) 

Water 

(kg/m3) 
w/c 

Used 

in 

1 Si 1080 855 0 0 0 249 127 0.5 

Test 

method 

2 Si 1080 855 0 0 0 249 127 0.5 

3 Si 1000 880 0 0 0 308 154 0.5 

4 Ca 1095.3 794.7 0 0 0 320 160 0.5 

5 Ca 1095.3 794.7 0 0 0 320 160 0.5 

6 Ca 1095.3 794.7 0 0 0 320 160 0.5 

7 LWA 482 678 0 0 0 370 185 0.5 

8 LWA 482 678 0 0 0 370 185 0.5 

9 LWA 482 678 0 0 0 370 185 0.5 

10 Ca 1168 615 0 0 0 495 149 0.3 

 

Effects 

of w/c 

11 Ca 853.8 868.2 0 0 0 392 196 0.5 

12 Ca 853.8 868.2 0 0 0 368.3 221 0.6 

13 Si 1086 724 0 0 0 500 150 0.3 

14 Si 1132 609 0 0 0 410 205 0.5 

15 Si 1050 699 0 0 0 343 205 0.6 

 
 

Table 4-2. The concrete mix designs employed for parametric analysis of the effect of different SCM 

on the compressive strength of concrete 

Number 

Coarse 

Aggregate 

Type 

Coarse 

aggregate 

(kg/m3) 

Fine 

aggregate 

(kg/m3) 

SF

% 

FA

% 

GGB

S% 

Cement 

(kg/m3) 

Water 

(kg/m3) 
w/b Used in 

16 Ca 1168 615 0 0 0 495 149 0.3 

Effects 

of SF 

17 Ca 1168 615 5 0 0 495 149 0.3 

18 Ca 1168 615 10 0 0 495 149 0.3 

19 Si 1066 710 0 0 0 500 150 0.3 

20 Si 1066 710 5 0 0 500 150 0.3 

21 Si 1066 710 10 0 0 500 150 0.3 

26 Si 1196 643 0 0 0 450 135 0.3 

Effects 

of FA 

27 Si 1196 643 0 20 0 360 135 0.3 

28 Si 1196 643 0 30 0 315 135 0.3 

29 Si 1196 643 0 40 0 270 135 0.3 

22 Si 1095.3 794.7 0 0 0 300 180 0.6 

23 Si 1095.3 794.7 0 20 0 240 180 0.6 

24 Si 1095.3 794.7 0 30 0 210 180 0.6 

25 Si 1095.3 794.7 0 40 0 180 180 0.6 

26 Ca 845.8 733.6 0 0 0 661.6 198.6 0.6 

27 Ca 845.8 733.6 0 20 0 5929.3 198.6 0.6 

28 Ca 845.8 733.6 0 30 0 463 198.6 0.6 

29 Ca 845.8 733.6 0 40 0 396.6 198.6 0.6 

30 Si 1145 616 0 0 0 500 150 0.3   
31 Si 1145 616 0 0 30 350 150 0.3 

Effect 

of 

GGBS 

32 Si 1145 616 0 0 40 300 150 0.3 

33 Si 1135 626 0 0 30 273 195 0.5 

34 Si 1135 626 0 0 30 273 195 0.5 

35 Si 1135 626 0 0 40 234 195 0.5 
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4.1.1.1 The effects of test methods 

The variation of relative compressive strength of concrete as a function of temperature for 

concrete containing three different aggregate types: siliceous, calcareous, and lightweight 

aggregate, are discussed in this section. 

In the case of concrete with a water to cement ratio of 0.5, the results of the network for 

three test methods (transient, steady-state and residual) are compared to ACI 216.1 [74] 

and Eurocode [73] prediction for siliceous, calcareous, and lightweight concrete, as shown 

in Figure 4-1, Figure 4-2 and Figure 4-3, respectively. It should be mentioned that the 

Eurocode [73] results are limited to the transient test; however, they are more similar to the 

results of the ACI 216.1 [74] for the steady-state test. Furthermore, the Eurocode [73] 

model does not cover the relative compressive strength of lightweight concrete.  

Overall, the lowest relative strength loss was observed in the transient test, followed by the 

steady-state and residual test for all types of aggregate. The lower reduction of strength in 

the transient test was due to the friction caused by the pre-loading of specimens limiting 

the thermal stress in the expansion of the specimens, thereby preventing thermal cracking 

caused by the thermal gradient. Moreover, this might be attributed to the effect of 

preloading on the densifying of the coarse pore structure of concrete induced by high 

temperature [12, 121]. 

The results predicted by the proposed ANN model are fairly close to the results of A CI 

216.1 [74], and Eurocode is sitting between, as shown in Figure 4-1. It can be seen in Figure 

4-2 that in the case of calcareous aggregate concrete, In the case of calcareous aggregate 

concrete, there is a considerable difference between the results of  ACI 216.1 [74] and the 
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prediction of the ANN model. However, the results of Eurocode [73] were close to ANN 

results.  

The outcomes of the ANN model compared to the ACI 216.1 [74] result for lightweight 

concrete are plotted in Figure 4-3. It was found that the relative compressive strength was 

in close agreement with the ACI216.1 results for lightweight concrete for all test methods. 

 
Figure 4-1. The comparison of the results of the ANN model for  relative compressive strength of 

siliceous concrete for three test methods (TR, SS and R) exposed to high temperatures with ACI 

216.1 [74] and of Eurocode [73] results 
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Figure 4-2. The comparison of the results of the ANN model for  relative compressive strength of 

calcareous concrete for three test methods (TR, SS and R) exposed to high temperatures with ACI 

216.1 [74] and of Eurocode [73] results 

 

 
Figure 4-3. The comparison of the results of the ANN model for  relative compressive strength of 

lightweight concrete for three test methods (TR, SS and R) exposed to high temperatures with ACI 

216.1 [74] and of Eurocode [73] results 
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4.1.1.2    Effect of water to cement ratio 

The relative compressive strength at three different water to portland cement ratios of 0.3, 

0.5 and 0.6 for siliceous and calcareous concrete subjected to high temperatures up to 

800 °C compared to the results of the ACI 216.1 [74] and Eurocode [73]  is illustrated in 

Figure 4-4 and Figure 4-5, respectively. The estimation of the ANN model was only 

presented for the residual test due to a wide range of data in this test approach, as shown in 

Figure 3-4. At 100 °C, the residual compressive strength of siliceous aggregate concrete 

was reduced due to free water from concrete evaporation. Between 100 °C and 300 °C, the 

strength improved or remained constant. Beyond 300 °C, the compressive strength was 

reduced with temperature rise. Regarding calcareous aggregate concrete with w/c of 0.3, 

the compressive strength reduced continuously with increasing the temperature. However, 

in the case of higher w/c (0.5 and 0.6), the significant strength loss occurred up to 100 °C. 

Then a compressive strength recovery was observed after heating to 200 °C compared to 

100 °C. Above 300 °C calcareous concrete presents severe strength loss, as shown in  

Figure 4-5. 

 The relative compressive strength was reduced by increasing the w/c ratios for both 

siliceous and calcareous aggregate. Poon et al. [38], Phan et al. [46], and Chan et al. [122] 

also reported similar conclusions about the residual compressive strength of concrete 

exposed to high temperatures. However, based on the finding of Kodour et al. [10] and 

Phan et al. [46], high-strength concrete with lower w/c is more susceptible to spalling due 

to its lower permeability compared to normal-strength concrete. In contrast, the prediction 
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of Eurocode [73] indicated that the reduction of compressive strength was lower in normal 

strength concrete (NSC) compared to high-strength concrete (HSC). 

 
Figure 4-4. Comparison of prediction of ANN model for the relative compressive strength of siliceous 

concrete with three w/c: 0.3, 0.5 and 0. exposed to high temperatures with Eurocode [73] and 

ACI 216.1 [74] results 
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Figure 4-5. Comparison of prediction of ANN model for the relative compressive strength of 

calcareous concrete with three w/c: 0.3, 0.5 and 0.6 exposed to high temperatures with Eurocode [73] 

and ACI 216.1 [74] results 

4.1.1.3 Effect of supplementary cementitious materials 

In order to analyze the effect of replacement of cement with different SCMs, the 

compressive strength of concrete containing different content of silica fume (0, 5 and 10%), 

fly ash (0, 20, 30, and 40%), and ground blast slag (0, 30 and 40%) at high temperatures 

up to 800 °C was investigated. It is worthy to note that the provisions of both ACI 216.1 

[74] and Eurocode [73] have not covered the effect of SCMs on the compressive strength 

of concrete at high temperatures. The selected mix designs are represented in Table 4-1. 

4.1.1.3.1 The Effects of silica fume (SF) 

The available research works are limited to high-strength concrete containing SF at 0-10% 

cement replacement ratios. Accordingly, this study examines incorporating silica fume at 

replacement levels of 0, 5%, and 10 % on the strength of concrete with the water to binder 

ratio of 0.3. The prediction of the network for siliceous concrete compared to calcareous 

concrete at high temperatures up to 800 °C is depicted in Figure 4-6.  

It can be seen that the concrete without SF shows slightly better performance than the SF 

concrete, particularly at temperatures beyond 500 °C for both Ca and Si aggregate concrete. 
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Figure 4-6. The influence of SF content on relative compressive strength of siliceous or calcareous 

concrete with w/b of 0.3 exposed to high temperature using the proposed ANN model 
 

4.1.1.3.2 The Effects of fly ash (FA) 

 The influence of different content of fly ash (0, 20,30 and 40%) on the compressive 

strength of siliceous aggregate concrete at w/b of 0.3 and 0.6 are plotted in Figure 4-7 

Figure 4-8.  

It can be seen that the presence of FA improves the compressive strength of siliceous 

concrete up to 300 °C. Beyond this temperature, the strength decreased with temperatures 

rising in all concrete mixtures. The siliceous aggregate concrete with a higher percentage 

of FA exhibited higher values of relative compressive strength up to 500 °C for both levels 

of water-binder ratio. In contrast, beyond this temperature, the concrete with a lower 

content of FA showed slightly higher strength. In addition, the inclusion of FA increases 

the relative compressive strength of concrete compared to concrete without FA at all 

temperatures. The strength loss was higher in concrete with a higher w/b ratio. 
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The results were investigated only for calcareous concrete with the w/b ratio of 0.6 because 

there is insufficient data available in the literature for calcareous concrete with lower w/b 

ratios. As seen in Figure 4-9, calcareous concrete made with FA up to 30% FA shows better 

results compared to OPC concrete. The presence of FA increased the strength of concrete 

up to 300 °C. However, the compressive strength was reduced with temperature rise for all 

concrete mixtures. Between 300 and 800 °C, concrete loses more compressive strength 

with increasing the FA content. Similar results were reported in experimental research 

carried out by Savva et al. [69].  

 
Figure 4-7. The influence of FA content on relative compressive strength of siliceous concrete with 

w/b of 0.3 exposed to high temperature using the proposed ANN model 
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Figure 4-8. The influence of FA content on relative compressive strength of siliceous concrete with 

w/b of 0.6 exposed to high temperature using the proposed ANN model 

 

 

 
Figure 4-9. The influence of FA content on relative compressive strength of calcareous concrete with 

w/b of 0.6 exposed to high temperature using the proposed ANN model 
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4.1.1.3.3 The Effects of ground-granulated blast slag (GGBS) 

The results of the ANN model for three concrete mixes with different levels of slag (0, 30 

and 40%) for siliceous aggregate concrete with two w/b ratios (0.3 and 0.5) are depicted in 

Figure 4-10 and Figure 4-11, respectively. The data for calcareous concrete containing 

GGBS is not available in the literature, as represented in Figure 3-3. However, there are 

some studies in the literature, but the type of aggregate has not been specified. 

Before 300 °C, there was no significant reduction except at 100 °C. The compressive 

strength decreased considerably for all concrete mixes with and without GGBS beyond 

300 °C. 

 The replacement of cement with GGBS led to slightly better performance of concrete with 

w/b of 0.3 subjected to high temperature compared to OPC. This can be explained by the 

acceleration of the hydration reaction caused by the increase in temperature [58]. A similar 

observation was reported by Poon et al. [45] and Karahan et al. [58].  

 

Figure 4-10. The influence of GGBS content on relative compressive strength of siliceous concrete 

with w/b=0.3 exposed to high temperature using the proposed ANN model 
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Figure 4-11. The influence of GGBS content on relative compressive strength of siliceous concrete 

with w/b=0.5 exposed to high temperature using the proposed ANN model  

 

 

4.1.2 Tensile strength 

The ratio of residual tensile strength of concrete at a given temperature to the tensile 

strength of concrete at room temperatures at two water to cement ratios of 0.3 and 0.5 for 

siliceous, calcareous and lightweight aggregate is plotted in Figure 4-12, Figure 4-13 and 

Figure 4-14, respectively. The concrete mix used in the parametric study on tensile strength 

is represented in Table 4-3. 

 

Table 4-3. The concrete mix designs employed for parametric analysis of tensile strength 

Number 
Coarse 

Aggregate  

Coarse 

aggregate

(kg/m3) 

Fine 

aggregate

(kg/m3) 

SF% FA% GGBS% 
Cement 

(kg/m3) 

Water 

(kg/m3) 
w/c 

1 Si 411 764 0 0 0 500 150 0.3 

2 Si 1050 699 0 0 0 343 205 0.6 

3 Ca 1168 615 0 0 0 500 149 0.3 

4 Ca 1050 699 0 0 0 343 205 0.6 

5 LWA 585 777 0 0 0 426 192 0.3 

6 LWA 369 777 0 0 0 386 231 0.6 
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The proposed residual tensile strength model results were compared to the tensile strength 

of the concrete curve presented by Eurocode [73]. The results of Eurocode [73] show that 

the reduction of the tensile strength (under hot conditions) starts at 100 °C and continues 

until 600 °C. However, the types of aggregate have not been specified in the Eurocode 

[73]. The relative residual tensile strength estimated by the ANN model was greater than 

the Eurocode model [73] for both siliceous and calcareous concrete beyond 200 °C. 

It was found that the concrete containing a lower w/c ratio exhibited a lower loss of tensile 

strength at high temperatures for siliceous and calcareous aggregate concrete compared to 

a higher level of w/c. This can be attributed to lower w/c caused by the decrease of porosity 

of ITZ led to higher bond strength at the paste–aggregate interface [72]. 

The lightweight concrete shows better performance than other aggregate types, as shown 

in Figure 4-14. The lightweight aggregate concrete loses less than 20% of its tensile 

strength at temperatures of 400 °C, while the tensile strength loss was about 40% for 

siliceous and calcareous concrete. 

 
Figure 4-12. The comparison of the results of the ANN model for  relative tensile strength of siliceous 

concrete at w/c of 0.3 and 0.6  at high temperatures with Eurocode [73] results 
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Figure 4-13. The comparison of the results of the ANN model for relative tensile strength of 

calcareous concrete at w/c of 0.3 and 0.6 at high temperatures with and of Eurocode [73] results 

 

 
 

Figure 4-14. The  results of the ANN model for tensile strength of lightweight concrete at w/c of 0.3 

and 0.6 exposed to high temperature 

 

 

0 200 400 600 800

0.0

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
te

n
si

le
 s

tr
en

g
th

Temperature (C)

 Ca-w/c=0.3

 Ca-w/c=0.6

 Eurocode

0 200 400 600 800

0.0

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
co

m
p

re
ss

iv
e 

st
re

n
g

th

Temperature (C)

 LWA-w/c=0.3

 LWA-w/c=0.6



98 

4.1.3 Modulus of elasticity 

The relative modulus of elasticity of concrete exposed to high temperatures for siliceous 

and calcareous aggregates was investigated using the ANN model compared to results 

obtained by Cruz [83] as presented by ACI 216R [82], as shown in Figure 4-15 and Figure 

4-16. The concrete mixes used in analyzing the modulus of elasticity of concrete exposed 

to high temperatures are listed in Table 4-4. The network results indicated that the modulus 

of elasticity is more sensitive to high temperatures than compressive and tensile strength. 

The modulus of elasticity of siliceous concrete predicted by the ANN model was higher 

than the results of ACI 216R [81] regardless of the level of w/c, as depicted in Figure 4-15. 

In concrete containing calcareous aggregate, the modulus of elasticity declined more than 

in siliceous concrete. 

 In the case of calcareous aggregate, the output of the ANN model for concrete with w/c of 

0.6 was in good agreement with the data obtained by ACI 216R [82], particularly beyond 

400 °C. 

Table 4-4. The concrete mix designs employed for parametric analysis on the modulus of elasticity 

Number 
Coarse 

Aggregate  

Coarse 

aggregate(kg/m3) 

Fine 

aggregate(kg/m3) 
SF% FA% GGBS% 

Cement 

(kg/m3) 

Water 

(kg/m3) 
w/c 

1 Ca 459 646 0 0 0 500 150 0.3 

2 Ca 1050 699 0 0 0 343 205.8 0.6 

3 Si 411 764 0 0 0 500 150 0.3 

4 Si 1050 699 0 0 0 343 205 0.6 
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Figure 4-15. . The comparison of the results of the ANN model for relative modulus of elasticity of 

siliceous concrete at w/c of 0.3 and 0.6 at high temperatures with ACI 216R [82]results 

 

 

 

Figure 4-16 The comparison of the results of the ANN model for relative modulus of elasticity of 

calcareous concrete at w/c of 0.3 and 0.6 at high temperatures with ACI 216R [82] results 
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Chapter  5: Conclusions and Recommendations 

The behaviour of concrete under high temperatures is complex and affected by several 

factors. The main purpose of this study was to predict the mechanical properties of concrete 

when subjected to high temperatures. A total of 500, 110 and 128 data points were gathered 

separately to establish the artificial neuron network (ANN) models to forecast the 

compressive strength, tensile strength and modulus of elasticity of concrete, respectively. 

Three distinct ANN networks were developed in the MATLAB environment to predict the 

mechanical characteristics of concrete exposed to high temperatures. Furthermore, a 

parametric study was conducted in order to evaluate the effect of input variables on the 

mechanical characteristic of concrete using suggested ANN models. 

5.1 Conclusions 

Based on analyzing the proposed ANN models, the following conclusions were drawn: 

1. A network consisting of one hidden layer within 12 neurons was established to 

estimate the compressive strength of concrete exposed to high temperatures. This 

network with a mean squared error (MSE) of 0.004 and coefficient correlation (R) 

of 0.966 showed excellent accuracy and reliability in predicting the compressive 

strength of concrete. 

2. The database contained experimental test results from three common test protocols: 

transient temperature, steady-state temperature, and residual tests. It was found that 

the reduction in the relative compressive strength of concrete for the transient test 

is lower than the steady-state and residual test for all aggregate types. A similar 

trend was reported by ACI 216.1 [74]. 
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3. The lower water to cement ratio (w/c) resulted in less degradation of compressive 

strength of concrete exposed to high temperatures. However, the prediction of 

Eurocode [72] was on opposite. 

4. The addition of silica fume (SF) has no positive effect on the compressive strength 

of concrete at high temperatures compared to ordinary Portland cement (OPC) 

concrete. 

5.  The incorporation of fly ash (FA) improves the compressive strength behaviour of 

siliceous concrete compared to OPC concrete. 

The siliceous aggregate concrete with a higher percentage of FA exhibited higher 

values of relative compressive strength up to 500 °C. In contrast, beyond this 

temperature, the concrete with a lower content of FA showed slightly higher 

strength.  

The calcareous aggregate concrete with FA up to 30% replacement ratio shows 

better results than OPC concrete at all temperatures. 

The presence of FA increases the relative compressive strength of concrete up to 

300 °C. However, the compressive strength was reduced with temperature rise for 

all concrete mixtures. 

6. There is no significant difference in relative compressive strength of siliceous 

concrete containing slag with different w/b ratios, but in siliceous concrete with 

w/b of 0.3, concrete containing 40% slag exhibits slightly better performance. 

7. The ANN model comprised of one hidden layer with 15 neurons was selected for 

predicting the tensile strength of concrete. The MSE of 0.096 and R of 0.976 
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indicated the reliability of the model for the estimation of the tensile strength of 

concrete. 

8. It was found that the concrete containing a lower w/c ratio exhibits a lower loss of 

tensile strength at high temperatures compared to a higher level of w/c regardless 

of aggregate type. 

9. The tensile strength of lightweight concrete degrades less than siliceous concrete 

and calcareous concrete. 

10. The ANN-based model with 12 neurons in the hidden layer shows the best 

performance in predicting the modulus of elasticity of concrete under high 

temperatures. The MSE and R were obtained as 0.0089 and 0.98, respectively, 

exhibiting the accuracy and reliability of the network for estimation of the modulus 

of elasticity of concrete exposed to high temperatures. 

11.  Based on analyzing the effect of the w/c ratio, it was observed that the lower w/c 

led to a smaller reduction of modulus of elasticity of concrete regardless of the type 

of aggregate. 

5.2 Recommendations 

Based on the findings of this study, there are some suggestions to improve the utilization 

of AAN as a powerful tool to evaluate the behaviour of concrete under high temperatures. 

The following key recommendations are made as follows: 

1. Additional experimental studies are necessary to assess the behaviour of lightweight 

aggregates containing different SCM during and after exposure to high temperatures. 
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2. Overall, fewer studies have been carried out on the tensile strength and modulus of 

elasticity than compressive strength based on information collected from the 

literature. Therefore, additional research is recommended to evaluate the tensile 

strength and modulus of elasticity of concrete exposed to high temperatures. 

3. A database can be developed and employ the ANN model approach to examine and 

analyze the other properties of concrete at high temperatures, such as flexural 

strength and creep. 

4. Sufficient data is available in the literature regarding the thermal properties of 

concrete, including thermal expansion, specific heat, and thermal conductivity. 

ANN-based models can be established to evaluate the thermal characteristic of 

concrete. 

5.  Further experimental investigations are recommended on the calcareous aggregate 

concrete containing SCMs, particularly slag. Moreover, there are some studies in the 

literature, but the type of aggregate has not been identified. Thus, providing detailed 

information on types of aggregate would be helpful. 
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