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Abstract.  In this paper, the results of experimental work on the required energy for the crack propagation (fracture 
energy), rupture modulus and compressive strength of fiber-reinforced cementitious composite (FRCC) with 
different types of fibers after exposure to 20℃, 100℃ and 300℃ are investigated. The experimental part of the work 
is divided into the following stages: the effects of sub-elevated temperatures and fiber types on the fracture and 
mechanical behaviors of FRCC; finding a relation between the fracture energy and mechanical properties of the 
specimens based on I-optimal design of response surface methodology (RSM-I-optimal). Specifically, the analysis of 
variance (ANOVA) was examined to evaluate the influences of compressive strength and rupture modulus on the 
required energy for the crack propagation. For this purpose, three monotype fiber reinforced mixes have been 
prepared. The utilized fibers were aramid, basalt and glass. Additionally, the predictive efficiency of the RSM model 
was studied based on the normalized goodness-of-fit statistics (Nash & Sutcliffe coefficient of efficiency, NSE). The 
main finding was that both compressive strength and rupture modulus had considerable influences on the fracture 
energy. However, the effect of rupture modulus was far greater than compressive strength. In terms of NSE value, the 
model predictive efficiency was good for fracture energy. 
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1. Introduction 

 
The acceptable compressive strength of concrete is a sign that makes it reliable in the 

construction industry (Mazloom 2008). Nevertheless, the big weakness point of concrete is its 
tensile strength, which creates brittle fractures when exposed to tensile stresses (Mazloom and 
Mirzamohammadi 2021a). This trouble is the main reason for presenting fibers into the world of 
concrete. The purpose of adding fibers to concrete mix proportions are: greater ductility, superior 
energy absorption, durability development, crack reduction and tensile strength improvement. 
Moreover, improving the rupture modulus of concrete is its most important specification (Yang 
and Li 2010, Mo et al. 2018, Zhang et al. 2019, Mazloom and Mirzamohammadi 2019). The 
progress of fiber reinforced concrete (FRC) has experienced many variations, and fiber-reinforced 
cementitious composite (FRCC) forms a specific category in FRC, which its main ingredients are 
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water, cement, fiber and fine aggregate. It should be emphasized that many studies have been 
carried out on revising the components of FRCC, such as modifying the type of fibers and 
changing cement matrix components (Sahmaran and Li 2007, Li 2008, Şahmaran et al. 2010, 2011, 
Yu et al. 2014, 2015). 

The required energy for the crack propagation or fracture energy of concrete and FRCC is an 
important item for studying its crack propagation. Some researchers have studied the fracture 
behavior of different kinds of concrete, including FRCC, self-compacting normal, and lightweight 
concrete (Nikbin et al. 2016, Karamloo et al. 2016, 2017, Karamloo and Mazloom 2018, Salehi 
and Mazloom 2018, 2019a, b). Fracture parameters like fracture toughness (KIC), fracture energy 
(Gf), critical effective crack-tip opening displacement (𝛿௖) and the length of fracture process zone 
(Cf) are important to estimate the effects of cracking on the elements. According to Wang et al. 
(2016), provided that the elastic energy stored in a zone of concrete becomes higher than its 
fracture energy, it leads to the formation of micro-cracks in the specimen. These micro-cracks may 
cause macroscopic fractures. Consequently, the crack growth in concrete can lead to decreasing the 
durability and serviceability of the structure. 

Response surface methodology (RSM) is a suitable statistical and mathematical tool for 
studying the relationship between the effects of some discrete parameters influencing the 
responses by varying these parameters simultaneously. Alternatively stated, it studies the 
relationship between the independent parameters (factors) and the responses of the problems 
(Mohammed et al. 2018, Şimşek et al. 2018, Tyagi et al. 2018, Mazloom and Mirzamohammadi 
2021b). I-optimal design (RSM-I-optimal) is one of the most common procedures used under 
RSM for empirical modeling. Therefore, the response model based on I-optimal is illustrated in Eq. 
(1) (Awolusi et al. 2019). 

 𝑌 = (𝑏଴ + 𝜀) + ෍ 𝑏௜௞௜ୀଵ 𝑋௜ + ෍ 𝑏௜௜௞௜ୀଵ 𝑋௜ଶ + ෍ ෍ 𝑏௜௝௞௝ୀ௜ାଵ௞௜ୀଵ 𝑋௜𝑋௝ (1)

 
Where Y and 𝑘 denote response values and number of factors. b0, 𝑏௜, 𝑏௜௜ and 𝑏௜௝ coefficients 

are determined by the least-squares method, 𝑋௜ and 𝑋௝ (𝑖 ≠ 𝑗) factors are independent parameters 
and 𝜀 is errors. 

Some studies have been conducted on different kinds of concrete to discovery suitable 
equations by RSM. Awolusi et al. (2019) detected several relationships to estimate slump, water 
absorption, compressive, flexural and splitting tensile strengths of concrete reinforced with steel 
fibers. The models were in terms of (independent parameters) fiber aspect ratio, water to cement 
ratio, and cement. Alsanusi and Bentaher (2015) discovered some relations to predict the 
compressive strength of ordinary concrete at the age of 28 days. Independent parameters were mix 
components and the concrete compressive strength of the age of 7 days. Some researchers used 
RSM method to optimize the mix proportions of concrete (Murray et al. 2014, Jimma and 
Rangaraju 2015, Al-alaily and Hassan 2016, Rezaifar et al. 2016). Although various investigators 
have tried to discover some equations to predict concrete and FRCC mechanical properties 
(Mazloom and Ranjbar 2010, Mazloom and Yoosefi 2013, Mazloom et al. 2019), only few 
researches have revealed some equations based on RSM (the I-optimal) to predict fracture energy. 

Despite many advantages of fiber reinforced concrete (FRC) and fiber-reinforced cementitious 
composite (FRCC), their behavior after exposure to high or elevated temperature presents a major 
concern for researchers. When exposed to higher temperatures, a reinforced cementitious material 
may be subjected to a high or low degree of damage. Heating causes different changes in its 
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properties and, in particular, changes in the microstructure accompanied by the loss of mechanical 
strength. Since the benefits of application of fibers on concrete mechanical, fracture, and durability 
properties have been proven, the present study is conducted to evaluate fracture energy, rupture 
modulus and compressive strength after exposure to normal and elevated temperatures (20℃, 100℃ 
and 300℃). Furthermore, this study investigates a relation to predict the fracture energy based on 
the new method (RSM). 

In this study, the experimental part of the work has three phases. First, the effects of fiber types 
on the compressive strength, rupture modulus and fracture energy of FRCC are studied. Secondly, 
the effects of sub-elevated temperatures on the mentioned parameters with different types of fibers 
are investigated. Eventually, a model is developed between the response (fracture energy) and 
independent parameters (Compressive strength and rupture modulus). 

 
 

2. Experimental program 
 
2.1 Materials and specimen preparation 
 
Table 1 shows the details of the mixtures for all fiber types. The cementitious materials used 

for mix proportions were ordinary Portland cement (OPC) and silica fume (SF). It must be noted 
that silica fume is a tremendously reactive cementitious material, and it can develop the creation of 
secondary hydration products (Mazloom and Miri 2017, Mazloom et al. 2017, 2018a, b, Afzali 
Naniz and Mazloom 2018, 2019a, b). The chemical compositions of the cementitious materials can 
be seen in Table 2. The silica sand used as the aggregate in this study had the minimum and 
maximum grain sizes of 130 µm and 250 µm, respectively. To attain the wanted rheology of 
cement mortars, a polycarboxylate-based high-range water reducing admixture (HRWRA) was 
used in the mixes. For establishing equal circumstances, the values of aramid, basalt, and glass 
fibers were 2%volume. Table 3 indicates the geometrical and mechanical properties of the fibers. 

It is noteworthy that in the first step, silica sand and fibers were moved to the mixer and mixed 
for 5 minutes. Then, the silica fume and cement contents were added, respectively; afterwards, 
they were mixed for 1 minute. Lastly, water and HRWRA were added and mixed for 3 minutes. 
The fresh cement mortars were poured into the molds and protected with plastic sheets. After one 
day, the samples were demolded and cured for 27 days. Except for the temperature of 20°C, all the 
samples were warmed in a furnace to the temperatures of 100℃ and 300°C for one hour, and the 
heating rate was 10°C/min. Then, the specimens were exposed to the room temperature and cooled 

 
 

Table 1 Mix proportions of FRCC 
Cement (kg/m3) 850 

Silica fume (kg/m3) 160 
Silica sand (kg/m3) 588 

Water (kg/m3) 390 
HRWRA (kg/m3) 16 

Fiber* 2%vol 
W/(C+SF) 0.38 

*Aramid, Basalt, and Glass 
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Table 2 Chemical composition of cement and SF 
 OPC SF 

Silicon dioxide (SiO2): wt% 21.30 96.4 
Calcium oxide (CaO): wt% 63.48 0.49 

Aluminium oxide (Al2O3): wt% 5.13 1.32 
Ferric oxide (Fe2O3): wt% 3.47 0.87 

Sodium oxide (Na2O): wt% 0.23 0.31 
Mangnesium oxide (MgO): wt% 2.51 0.97 

Phosphorus pentoxide (P2O5): wt% - 0.16 
Sulfur trioxide (SO3): wt% 1.67 0.10 

Potassium oxide (K2O): wt% 0.56 1.01 
Silicon carbide (SiC): wt% - 0.5 

Carbon (C): wt% - 0.3 
Chloride (CL): wt% - 0.04 
Water (H2O): wt% - 0.08 

 
 

Table 3 Properties of fibers 
Fiber 
type 

Diameter, 
µm 

Length, 
mm 

Tensile strength,
MPa 

Young modulus,
GPa 

Density, 
Kg/m3 

Melting 
Point, °C 

Aramid 12 10 3150 80 1440 800 
Basalt 11 10 2950 90 2670 600 
Glass 20 10 3450 69 2550 1400 
 
 

Table 4 Specimen numbers for each mix proportion 

Temperature, 
°C 

Compressive 
strength test 

Four-point 
bending test 

20 3 3 
100 3 3 
300 3 3 

 
 

naturally. Table 4 shows the number of the samples. Figs. 1 and 2 illustrate the mixing and test 
procedures. 

 
2.2 Methodology 
 
RSM is normally used under circumstances where numerous features affect one or more 

performance responses or characteristics. In other words, RSM opens new opportunities in the 
categorization and generality of available empirical results for assessing FRCC strengths. The 
application of I-optimal with RSM includes four main steps. 
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Fig. 1 Mix process
 
 

Fig. 2 Test process
 
 
1) Providing an experimental design according to the selected settings. 
2) Running experiments with statistical design. 
3) Estimating the coefficients in the mathematical model and checking the model accuracy. 
4) Performing response analysis for prediction of optimum settings, which are proven through 

experimentation. In this research, the RSM (I-optimal design) was designated to determine the 
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relationship between two factors and response. The factors with code levels are illustrated in Table 
5. likewise, the predictive efficiency of the RSM model was studied based on the normalized 
goodness-of-fit statistics (Nash & Sutcliffe coefficient of efficiency, NSE) as defined in Eqs. (2) to 
(6) (Ritter and Muñoz-Carpena 2013). 

 𝑁𝑆𝐸 = 1 − ൬𝑅𝑀𝑆𝐸𝑆𝐷 ൰ଶ 𝑜𝑟 𝑁𝑆𝐸 = 1 − ൬ 1𝑛௧ + 1൰ଶ
 (2)

 𝑅𝑀𝑆𝐸 = (𝑀𝑆𝐸)ଵଶ (3)
 𝑀𝑆𝐸 = ∑ (𝑌௜ − 𝑂௜)ଶ௡௜ୀଵ 𝑛  (4)
 𝑆𝐷 = ቆ∑ (𝑂௜ − 𝑜̅)ଶ௡௜ୀଵ 𝑛 ቇଵଶ

 (5)

 
 

Table 5 Independent parameters with code levels 

Factor 
(Symbol) 

Independent variables 
(factors) Units Code levels 

   -1 +1 
A Compressive strength MPa 43 75 
B Rupture modulus MPa 4 10 

 
 

 
Fig. 3 Relationship between NSE and model mean error relative to the spread of the observations 

(Ritter and Muñoz-Carpena 2013)
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Fig. 4 Arrangement for the rupture modulus test
 
 𝑛௧ = 𝑆𝐷𝑅𝑀𝑆𝐸 − 1 (6)
 

where MSE, RMSE and SD are mean square error, root-mean-square error and standard deviation, 
respectively. Moreover, 𝑌௜, 𝑂௜ , 𝑜̅ and 𝑛 are predicted, experimental, mean of the experimental 
and number of values, respectively. In terms of NSE, the model performance rating is classified 
unsatisfactory, acceptable, good and very good as illustrated in Fig. 3 (Ritter and Muñoz-Carpena 
2013). 

 
 

3. Test set up and procedures 
 
3.1 Compressive strength test 
 
To specify the compressive strength of the specimens, ADR Touch machine built in UK was 

used. The specimens were 15 × 15 × 15 cm3 cubes according to BS 1881: part 111: 1983 (BSI 
1983). Furthermore, the loading speed was equal to 0.3 MPa/s. 

 
3.2 Four-point-bending test (Rupture modulus) 
 
Fig. 4 illustrates the preparation of the rupture modulus test, which is according to ASTM 

C1609 (ASTM C1609/M-05 2006). The preferred dimensions of the beams are 150 × 150 × 750 
mm3. However, if the maximum size of aggregate is less than 25 mm, 100 × 100 × 500 mm3 beams 
may be used. In this study, tests were done on the samples with the dimensions of 100 × 100 × 350 
mm3. The machine used to explore the rupture modulus of the specimens was Zwick Roell built in 
Germany. Additionally, the loading rate was 0.5 mm/min. 

 
 

4. Result and discussion 
 
4.1 Compressive strength 
 
Fig. 5 depicts the compressive strength of the specimens at three temperatures of 20°C, 100°C, 

and 300°C respectively. The maximum compressive strength at all temperatures was related to the 
specimens containing aramid fibers. Furthermore, the minimum average compressive strength was 
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Fig. 5 Compressive strength of the specimens

 
 

related to the specimens containing basalt fibers after the exposure to 20℃, 100℃ and 300℃. 
According to Fig. 5, the compressive strength of the samples having aramid fibers improved by 4.5% 
and 5% at 100℃ and 300℃ respectively. It may be because of the strengthened cement paste 
during the evaporation of free water. Actually, the cement gel layers relocated nearer to each other 
at higher temperatures and prepared superior Van der Waal’s forces (Dias et al. 1990, Khoury 
1992). Moreover, the hydration of cement particles that have not contributed in the hydration 
process in lower temperatures can be mentioned (Morsy et al. 2012). Finally, the average 
compressive strength of the specimens having glass fibers enhanced by 6% at 100°C and 
diminished by 5% after exposure to 300°C. In other words, sub-elevated temperatures did not have 
significant effects on the compressive strength of the samples and some studies are in agreement 
with the mentioned results (Morsy et al. 2012). 

 
4.2 Rupture modulus 
 
Fig. 6 shows the rupture modulus of the samples after exposure to 20°C, 100°C, and 300°C 

respectively. As is obvious in this figure, the greatest average rupture modulus was related to the 
specimens having glass fibers at normal temperature (20℃). Nevertheless, at elevated 
temperatures (300℃), the maximum average rupture modulus was related to the specimens having 
aramid fibers in most situations. In addition, the average rupture modulus of all the specimens 
decreased by increasing the temperature. It means, using glass fibers with the greatest melting 
points could not increase the rupture modulus of the specimens at elevated temperatures. 
Microstructures of the specimens at mentioned temperatures were examined using scanning 
electron microscopy (SEM). The SEM images revealed that the structure of samples were 
homogeneous and compressed (Figs. 7(a) and (b)). Also, a few air pores and cracks were detected 
in the specimens, which was the main reason for decreased rupture modulus of samples (Figs. 7(c), 
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Fig. 6 Rupture modulus of the samples

 
 

(d) and (e)). In other words, a temperature rise can reduce the van der waal’s forces between C-S-
H layers and create silanol groups (Si-OH), leading to an increased number of micro-cracks. 

 
4.3 The required energy for the crack propagation (Fracture energy) 
 
For calculating the fracture energies of the specimens, the recommendations of RILEM 

Committee 50-FMC were used (RILEM Committee 50-FMC). It should be noted that the fracture 
energy (GF) of the specimens can be defined as the total area under the load-deflection curve (𝑊) 
divided by its broken cross section (𝑎) (Hillerborg 1985). In other words, fracture energy can be 
calculated by the following equations 

 𝐺ி = 𝑊𝑎  (7)

 𝑊 = 𝑊଴ + 𝑊ଵ + 𝑊ଶ (8)
 𝑊ଵ = 𝑊ଶ = 𝐹ଵ𝛿଴ (9)
 
The deformation when the beam breaks is 𝛿଴ and F1 is the weight of testing equipment and the 

beam. 
Fig. 8 represents the fracture energies of the samples presented above. Note that these values 

are for average load-deformation curves at elevated temperatures. According to this Fig, using 
glass fibers with the maximum melting point could increase the fracture energy of the specimens 
at 100°C; however, it was not successful at 300°C. In other words, the melting point of fibers did 
not have significant positive effect on the fracture energy of the specimens at elevated 
temperatures. Moreover, this Fig shows that the average fracture energies of the samples with 
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(a) Aramid fibers (20°C) (b) Glass fibers (20°C) (c) Basalt fibers (100°C)

 

 
(d) Basalt fibers (300°C) (e) Glass fibers (300°C) 

Fig. 7 Microstructure of the specimens
 
 
 

 
Fig. 8 Fracture energies of the specimens
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aramid, basalt and glass fibers dropped by 30%, 52.5% and 8.5% at 100℃, respectively. 
Furthermore, the average fracture energy of the specimens reinforced with aramid, basalt and glass 
fibers declined by 57%, 73% and 68% at 300℃, respectively. It means, the negative effect of sub-
elevated temperatures on fracture energy was much more than its drawback on the rupture 
modulus. 

Eq. (10) shows the relation between fracture energy (GF) and independent parameters, which 
are achieved by The RSM (I-optimal design) in terms of experimental factors. Fig. 9 indicates the 
analysis of variance (ANOVA) for response. It is clear that both compressive strength and rupture 
modulus have a notable effect on the fracture energy (p-value < 0.05). P-Values larger than 0.1000 
denote the model terms are not important. In other words, B2 (p-value > 0.1) is not significant in 
this model. It is worth mentioning that the impacts of rupture modulus on the fracture energy are 
far greater than compressive strength. Moreover, Eq. (11) represents the final equation in terms of 
coded factors. According to this equation, the effect of rupture modulus on fracture energy was 
positive (+ 2.41B). In other words, increase occurred in the fracture energy of samples when the 
rupture modulus increased. Fig. 10 depicts the cracks of the samples under compressive strength 
and four-point bending tests. 

 𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 =  −20.58704 + 0637941𝐴 + 1.22470𝐵                                     −0.021559𝐴𝐵 − 0.004539𝐴ଶ + 0.060649𝐵ଶ (10)
 𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 = +3.89 − 0.7767𝐴 + 2.41𝐵 − 1.3𝐴𝐵 − 1.16𝐴ଶ + 0.5458𝐵ଶ (11)
 
4.4 Predictive efficiency of the RSM model 
 
Numerous methods for calculating the goodness-of-fit of observations against model-calculated 

values have been proposed but none of them is free of limitations and are often ambiguous. The 
 
 

Fig. 9 Analysis of variance for fracture energy
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(a) Aramid fibers (20°C) (b) Glass fibers (20°C) 

 

 
(c) Glass fibers (300°C) (d) Basalt fibers (300°C) 

Fig. 10 Cracks of the samples under compressive strength and four-point bending tests 
 
 

Table 6 Predictive efficiency of the RSM model 
Test SD MSE RMSE 𝑛௧ 𝑁𝑆𝐸 Model classification 

Fracture energy (Eq. (10)) 1.78 0.45 0.67 1.62 0.85 good 
 
 

Nash & Sutcliffe coefficient of efficiency (NSE) is a widely used indicator due to its flexibility to 
be applied to various types of mathematical models like RSM. This research assesses the 
predictive efficiency of the RSM model between experimental and predicted values based on NSE 
method (Ritter and Muñoz-Carpena 2013). Standard deviation (SD), mean square error (MSE), 
root-mean-square error (RMSE), Nash & Sutcliffe coefficient of efficiency (NSE), and model 
classification are described in Table 6. In terms of NSE, the model performance rating is classified 
unsatisfactory, acceptable, good and very good when NSE < 0.65, 0.65 ≤ NSE < 0.8, 0.8 ≤ NSE < 
0.9 and NSE ≥ 0.9, respectively. According to this table, the model classification is good for 
fracture energy. Awolusi et al. (2019) discovered some relations to predict slump, water 
absorption, compressive strength, flexural strength and splitting tensile strength of concrete 
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reinforced with steel fibers. The model classification was very good for slump, water absorption, 
compressive strength and splitting tensile strength, but it was acceptable for flexural strength. It 
should be noted that independent parameters were fiber aspect ratio, water to cement ratio and 
cement. 

 
 

5. Conclusions 
 
From the results of this research, the following conclusions can be derived: 
 
● According to the results of experimental work, using glass fibers with the maximum melting 

point could increase the required energy for the crack propagation of the specimens at 
100℃; however, it was not successful at 300℃. In other words, the melting point of fibers 
did not have significant positive effect on the fracture energy of the specimens at elevated 
temperatures. 

● The detrimental effect of sub-elevated temperatures on the required energy for crack 
propagation was much more than its drawback in rupture modulus. In fact, the required 
energy for the crack propagation of the samples decreased about 30% and 66% on average 
at 100℃ and 300℃, respectively. In fact, a temperature rise can diminish the van der waal’s 
forces between C-S-H layers and create silanol groups (Si-OH), leading to an increased 
number of micro-cracks. 

● RSM model predictive efficiency was good for fracture energy. 
● The analysis of variance (ANOVA) for fracture energy expressed that both compressive 

strength and rupture modulus had considerable influences on the fracture energy. However, 
the effect of rupture modulus was far greater than compressive strength. 

● Rupture modulus had considerable positive impact on the required energy for the crack 
propagation of the samples. It means the fracture energy of all the specimens improved by 
increasing the rupture modulus. Additionally, the effect of compressive strength was not 
considerable on the fracture energy of some samples. The highest fracture energy was 
related to the specimens having the most rupture modulus values. 
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