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Abstract
The effects of elevated temperatures on the properties of high-strength cement paste (HSCP) based on metakaolin (MK), 
silica fume (SF), and fly ash (FA) were studied in the current experimental research. The resistance of HSCP against elevated 
temperatures was evaluated as well. The new method is expressed by the total area under each curve of strength, known as 
“temperature resistance”, is adopted. Results of the HSCP mixtures containing MK, SF, and FA with replacements ratios 
of 9%, 6% and 15% have shown excellent temperature resistance at all levels of maximum temperatures, respectively. Prop-
erties added to HSCP by these supplementary cementitious materials (SCM) such as decreasing the amount of CaO and 
increasing the amounts of  SiO2 and  Al2O3 have minimized the harmful effects of the use of pure ordinary Portland cement 
(OPC) at elevated temperatures. The results have shown also that the grinding fineness of OPC influences the amount of 
optimum replacement of the used SCM on HSCP at elevated temperatures. Hence, the amount of optimum replacement of 
MK blended with CEM I 42.5 N was 9% whereas, the amount of optimum replacement of MK blended with CEM I 52.5 N 
shifted to 3%. Finally, the fineness of cement of 4500  cm2  g−1 has shown a better-elevated temperature resistance compared 
to the cement with a fineness of 4000  cm2  g−1 in case of using pure OPC.
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Introduction

The production of high strength concrete (HSC) has been 
one of the essential incentive research for engineers and 
researchers in terms of enhancing the performance and 
durability of concrete [1]. The American Concrete Institute 
(ACI) specifies the compressive strength grade of 40 MPa as 
the minimum value to be considered as HSC [2]. Moreover, 
various factors are required in the design of the HSC mixture 
such as the low water to binder ratio (w/b) and the high con-
tent of binder [1, 3]. Supplementary cementitious materials 
(SCM) are a type of binder that can be defined as alumi-
nous and siliceous materials, obtained naturally or artifi-
cially which added to the ordinary Portland cement (OPC) in 

order to improve the properties of concrete. In the presence 
of moisture, SCM react with the product of cement hydration 
to produce extra strength in the form of calcium silicate and 
calcium aluminate silicate hydrates [4]. The common types 
of SCM are silica fume (SF), fly ash (FA), ground granulated 
blast-furnace slag (GGBS), and metakaolin (MK) [4–6]. 
Despite the uncountable advantages of the application of 
HSC in terms of strength, stiffness, durability, and economic 
benefits, HSC showed undesirable performance at elevated 
temperature [2, 7, 8]. Thus, the evaluation of elevated tem-
peratures resistance of HSC is of great importance.

The adoption of SCM in cement generally has a good 
impression in the literature from the context of mechani-
cal properties of HSC after exposure to elevated tempera-
tures [9–12]. Behnood and Ziari [3] investigated the effect 
of using SF with different replacements, i.e., 0%, 6%, and 
10% on the properties of HSC after exposure to elevated 
temperature, concluding that the amount of SF optimum 
replacement is 6%. Hertz [13] concluded that the replace-
ment of cement with 10% of SF is the upper limit to avoid 
the occurrence of spalling. From another hand, Poon et al. 
(2003) have experimentally studied the performance of 
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concrete prepared by MK at elevated temperature. Results 
showed that concrete containing high replacements of MK 
(20%) suffered at elevated temperatures, showing a signifi-
cant loss in the mechanical properties [14]. The performance 
of concrete containing FA has been investigated at elevated 
temperatures as well. The properties of concrete are found to 
be improved in the presence of FA after exposure to elevated 
temperatures [15].

The behaviour of HSC at elevated temperatures depends 
on several parameters such as the amount of w/b ratio, 
type of SCM, amount of calcium–silicate–hydrates (CSH), 
amount of Ca(OH)2, degree of hydration, rate of heating, 
and time of exposure [9, 16]. Besides, the quality of HSC 
is fundamentally affected by the chemical–mineral proper-
ties of the used cement as well as its fineness and grading 
[9, 17–19]. However, no available studies have investigated 
the influence of cement fineness on the amount of optimum 
replacement of SCM at elevated temperatures exposure. 
In addition, the significance of this study is clear since the 
results testing, comparing, and discussing of the effects of 
the three SCM, i.e., MK, SF, and FA materials on high-
strength cement paste (HSCP) after the exposure to elevated 
temperatures is presented herein.

Significance of the research

The literature of the performance of HSC incorporated by 
different types of SCM in the case of fire is common. How-
ever, the studies that outline the comparison of them from 
the perspective of temperature resistance are infrequent. At 
the current study, adoption of short incremental replace-
ments of SCM as a binder is considered. This is important 
to provide more accuracy of the selection of the optimum 
replacement. It also investigates the impact of changing the 
fineness of cement in terms of temperature resistance and 
optimum replacement. Finally, providing HSCP with high 
capacity against elevated temperatures is the objective of the 
current experimental work.

Experimental program

A total of 22 mixtures of HSCP were prepared and tested. 
The prepared mixtures are divided into two groups as 
shown in Fig. 1. The first group is prepared by CEM I 
42.5 N (the right branch of Fig. 1) consisting of three sub-
groups including SF, MK, and FA. Mixtures in the second 
group were made with CEM I 52.5 N (the left branch of 
Fig. 1) incorporated only by MK. Each type of SCM at 
both branches has six different mixtures depending on the 
replacement ratios of the used SCM. The different replace-
ments ratios of cementitious materials to the cement were 

kept constant for the three SCM (SF, MK, and FA); the 
replacements were 0%, 3%, 6%, 9%, 12%, and 15% by 
mass. Table 1 shows the proportions the cement paste mix-
tures for a type of SCM. Finally, the w/b ratio of 0.30 was 
constant for all mixtures and constant amount of binder 
of 480 kg  m−3.

Materials

The used types of cement through the current study were 
CEM I 42.5 N and CEM I 52.5 N (Duna-Dráva Cement, Hei-
delberg Cement Group), following the standards: MSZ EN 
196–2:2013; MSZ EN 525-12:2014 [20, 21]. The crystalline 
phases of CEM I could be identified as:  Ca3SiO5  (C3S, alite, 
hatrurite) as main crystalline component;  Ca2SiO4  (C3S, 
belite, larnite) presence cannot be excluded;  CaSO4·2H2O 
 (CSH2, gypsum);  Ca4Al2Fe2O10  (C4AF, brownmillerite). In 
addition, the used mixing water was tap water complied with 
the standard requirement of BS EN 1008:2002. The used 
SF, MK and FA throughout the experimental program are 
mostly amorphous materials [22]. The chemical and physi-
cal properties of the used materials are presented in Table 2.

Heating and testing procedures

The procedures of heating and testing have been prepared 
as follows:

Mixtures of the present
work

CEM I 52.5 N

MK MK SF FA

SCM replacements : 0, 3, 6, 9, SCM replacements : 0, 3, 6, 9,
12, and 15% by mass 12, and 15% by mass

CEM I 42.5 N

Fig. 1  The parameters of the experimental work

Table 1  Experimental matrix 
with detailed varied parameters

Mixture proportion/kg  m−3

SCM dosages CEMI Water

0% 480 144
3% 465.6 144
6% 451.2 144
9% 436.8 144
12% 422.4 144
15% 408 144
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• Mixing all the ingredients in a mixer then pouring the 
paste into 30-mm cubes for the compressive strength 
tests.

• The cubes have been de-moulded after 24 h of the casting 
process, then placed in water.

• After 7 days of curing, the cubes have been removed 
from the water tank then stored in laboratory conditions 
(20 ± 2 °C and approximately 35% of relative humidity).

• At the age of 3 months, the testing program of specimens 
has been conducted.

• The heating program has been applied for each of the 
three specimens from the same mixture, by heating them 
to the target temperature (20, 150, 300, 400, 500, 800 and 
900 °C) for two hours of exposure duration.

• After 2 h of fixed-temperature exposure, the cubes have 
been left in the lab condition (20 ± 2 °C and approxi-
mately 35% of relative humidity) to be naturally cooled 
down. Then, finally, after 24 h of cooling down, load 
testing is applied.

• Noting that the heating curve of the used electric furnace 
was set up according to the standard fire ISO 834 curve 
for buildings, as shown in Fig. 2 [23].

Thermo‑gravimetric program (TG)

TG investigation defines the ranges of various thermal 
decompositions of different hardened paste products and 
phases with simultaneous estimation of the mass loss in 
static condition. Moreover, changes in phases are controlled 
by means of TG/DTG/DTA using MOM Derivatograph-Q 
1500 D TG/DTA instrument. During the measurements, 
 Al2O3 is the reference material considering the mass of 
the sample to be 300 mg. The heating rate of samples was 
10 °C  min−1 up to 1000 °C in air atmosphere.

Thermo-gravimetric samples are ground to a fine pow-
der and measured by TG/DTA to ensure the soundness 
of samples from carbonation. The tested powders were 
taken from specimens of ambient temperatures 20 °C 
and selected from the core of specimens. The investi-
gated powders are taken from the samples that showed 
high performance after exposure to elevated temperatures 
(optimum replacements of SCM), as well as the mixtures 
of pure OPC (reference) for the comparison. In the case 
of the thermo-analytical test results are determined by 
Winder software (Version 4.4). The TG/DTA studies were 
carried out when the samples have the age of 90 days.

Table 2  Chemical compositions 
and physical properties of tested 
materials

Measured property CEM I 52.5 N CEM I 42.5 N MK SF FA Class F
Oxide compositions/% (by mass)

SiO2 20.59 19.84 52–53 96.43 54.4
Al2O3 5.55 5.38 43–44 0 26.5
Fe2O3 3.21 3.22 < 1 0.073 4.8
CaO 65.02 64.90 < 0.5 0.78 3.5
MgO 1.44 1.38 < 0.4 0.70 2.5
SO3 2.88 2.97 – 0.038 1.7
K2O 0.78 0.78 < 1 1.28 0.6
Cl 0.0048 0.0048 – – –
Na2O – – < 0,1 – 0.4
TiO2 – – < 1 – 1.5
Loss on ignition/% 3.0 1.59 2.8 2.3
Density/g  cm−3 3.17 3.13 2.6 2.2 3.13
Specific surface area/

cm + 2  g−1
4500 4000 24,000 20,000 20,000
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Fig. 2  ISO-834 fire curve
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Scanning electron microscope (SEM)

SEM investigations have helped to discover and understand the 
microstructure properties of hardened cement paste contain-
ing different ratios of SCM (reference and optimum mixtures) 
before and after the exposure to high temperatures. After the 
compressive strength test, the cores of the cross-section of the 
specimens were coated with gold spray with a duration of 30 s 
in a vacuum chamber, thereafter the samples are investigated 
under SEM.

Computed tomography (CT) measurement

Slice image or tomography is a Greek-originated word. 
Tomographic images are obtained from a large series of two-
dimensional X-ray images were taken in a different direction. 
In addition, these cross-sectional images can be combined into 
a three-dimensional image of the specimens inside the struc-
ture. The samples containing different ratios of SCM (refer-
ence and optimum) have been investigated under CT equip-
ment to evaluate the distribution and the volume of pores in 
hardened cement paste.

Results and discussions

Physical characteristic of the used powders

Figure 3 shows the microstructure of the used powders under 
SEM investigation. The differences in the microstructure are 
defined by the size and shape of the particles, which signifi-
cantly depending on the type of the material.

The particles of the used SCM are very small compared to 
the OPC particles, resulting in high specific surface area, par-
ticularly SF that contains hundreds of small spherical particles 
that together reach the size of one particle of OPC. FA is a 
glassy spherical particle, hollow inside with different sizes. As 
shown in Fig. 3, MK is a very fine material characterized by 
elongated shape in the form of micro fibres. On the other hand, 
OPC contains coarse particles with relatively smooth surface. 
The observed difference between CEM I 42.5 and CEM I 52.5 
after many investigated points by SEM is the size of particles. 
Comparing both types of cement, CEM I 42.5 is relatively 
coarser than CEM I 52.5. Finally, by knowing the morphology 
and microstructure of powders could help to understand the 
behaviour of cement paste blended by different types of SCM 
after exposure to elevated temperatures.

Results after exposure to elevated temperatures

Effect of SCM on the surface cracking

Propagation of the cracks can be observed after exposure to 
elevated temperature, (see Fig. 4). By increasing the level of 

temperatures, hardened cement paste specimens subjected 
to chemical and physical changes in different temperatures 
levels. This sequence of transformations induces internal 
stresses and simultaneously resulting in the formation of 
cracks. Figure 4 shows the surface cracking of MK mix-
tures only after exposure to 500 and 800 °C. There were no 
cracks observed on the surface of all cubes that exposed to 
temperatures up to 400 °C regardless of the composition of 
the mix ingredients. However, the number and size of cracks 
strongly grew after exposure to elevated temperature, i.e., 
800 °C in case of mixtures with 0% of MK content, and in 
less degree for mixtures contain more amounts of MK. This 
could be contributed to the chemical processes occurring 
in the HSCP with 0% MK (which contains a high content 
of Ca(OH)2 compared to mixtures that contain MK). The 
disintegration of Ca(OH)2 between 450 and 600 °C is very 
rapid and part of the decomposition of CSH sheets occur at 
different phases up to 800 °C. Moreover, after cooling the 
specimens, CaO rehydrates with humidity can cause 44% of 
volume increasing and considerably increase the extent of 
the crack development [24]. Therefore, the number of cracks 
is increased as a function of time after cooling down.

Impact of different types of SCM on compressive strength 
results

The results of the residual compressive strength after ele-
vated temperature exposure are presented in this section. 
All specimens were tested at the age of 90 days, which is 
recommended by RILEM with the purpose to reflect the 
performance of real structures at the fire.

Relative residual compressive strength as a function of 
temperature is calculated as follows: division of the value 
of residual compressive strength for each single temperature 
level by the strength of the same mixture at 20 °C, the values 
of compressive strength at 20 °C for all mixtures are pre-
sented in Table 3. Since the results in the figures give a large 
number of curves (Figs. 5–8) that increase the complexity 
of comparing the results, results were expressed through the 
calculation of the area under the curve of the relative resid-
ual compressive strength (20–900 °C). As a result, obtained 
data are expressed by a new approximate parameter, called 
temperature resistance, all mixtures are presented in Fig. 9.

Figure 5 shows the development of relative residual com-
pressive strength as a function of temperature; six different 
replacements of the cement (CEM I 42.5 N) by amounts 
of MK are presented, i.e., 0%, 3%, 6%, 9%, 12%, and 15%. 
According to Fig. 5, HSCP containing MK shows a higher 
relative residual compressive strength values compared to 
the reference HSCP (Ref 0%). A significant drop in the rela-
tive residual compressive strength after 400 °C was observed 
for the reference mixture (Ref 0%). The dehydration of 
Ca(OH)2 between 450 and 550 °C: Ca(OH)2 → CaO +  H2O↑ 
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could explain this phenomenon [25]. From another hand, 
the mixture containing 9% of MK shows the highest rela-
tive residual compressive strength, improving the relative 
residual compressive strength of HSCP with 52% and 39% 
compared to the reference mixture (Ref 0%) at 500 and 
800 °C, respectively. This improvement is due to the poz-
zolanic reaction provided by MK, besides the properties of 
MK, which featured by low content of CaO, and high con-
stituents of  AL2O3 and  SiO2 [25].

Figure 6 shows the results of relative residual compres-
sive strength of HSCP as a function of the temperature; six 
replacements of cement by SF are presented, i.e., 0%, 3%, 
6%, 9%, 12%, and 15%. The relative residual compressive 
strength values of the mixtures containing 6% and 9% of 
SF are higher than counterparts’ specimens with different 

amounts of SF (shown in Fig. 6). Incorporation of cement 
by 6% and 9% improves the relative residual compres-
sive strength of HSCP with 73% and 68% more than the 
reference mixture at 500 °C and the difference is 73% and 
43% at 800 °C, respectively. This improvement is related 
to the consumption of Ca(OH)2 in addition to the inter-
nal autoclaving effect which forming additional hydration 
of cement. Moreover, the pozzolanic reaction of SF with 
Ca(OH)2 produces additional strength in the form of CSH 
[4]. Mixtures containing 12% and 15% of SF show a lower 
compressive strength in comparison with mixtures of 6% 
and 9% of SF. This could be attributed to the high dense 
structure provided at high SF replacements which induce 
internal cracking.

Relative residual compressive strengths of HSCP con-
taining different replacements of FA are shown in Fig. 7. 
The relative residual compressive strengths increase with the 
increase of FA replacements. Furthermore, the inclusion of 
15% of FA revealed the highest relative residual compressive 
strength at all temperature levels, in which strength improve-
ment values are 71% and 36% more than the reference value 
(Ref 0%) at 500 °C and 800 °C, respectively.

Impact of cement fineness on the behaviour of SCM

The relative residual compressive strength of HSCP (type 
CEM I 52.5 N) incorporated only by MK are graphically 
presented in Fig. 8. The highest relative residual compres-
sive strength was obtained from the mixture that containing 
3% of MK for all temperature levels. The relative residual 
compressive strength is enhanced by 41% and 32% com-
pared to the reference at 500 °C and 800 °C, respectively.

This study highlights the two types of cement incorpo-
rated with MK that have been shown before in Figs. 5, and 
11. It was found that there is a significant effect of changing 
the type of cement fineness on the performance of MK at 
elevated temperature. Results showed that the amount of 
optimum replacement value of MK with CEM I 42.5 N was 
9% then it has been shifted to 3% by changing the cement 
fineness by using CEM I 52.5 N. Finally, the findings of the 
current study are summarized in Table 4. In general, using 
any of the three materials; MK, SF or FA has benefits in 
terms of enhancing temperature resistance of HSCP. Fur-
thermore, SF increases the temperature resistance more than 
MK and FA by 8% and 7%, respectively. This result could be 
related to the high content of  Si02 included in the composi-
tion of SF as well as due to the very small SF particles. The 
highest replacement by cement was achieved by FA (15%) 
compared to the other pozzolanic materials. This could be 
due to the shape of FA particles, which is hollow and porous 
inside, contributing for the enhancement of HSCP at ele-
vated temperature by working as micro pores.

CEM I 42.5 N CEM I 52.5 N 

FA MK 

 
SF

Fig. 3  Microstructure morphology of the used powders by SEM
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Figure 9 shows the calculated temperature resistance 
results of all mixtures from Figs. 5–8. The mixtures of MK 
prepared by CEM I 42.5 N showed that using 9% of MK has 
the highest temperature resistance that improved by 152% 
compared to the reference mixture (Ref 0%). The tempera-
ture resistance of HSCP containing SF, indicating that the 
use of SF is generally preferred. The maximum increase in 
the temperature resistance of the relative residual compres-
sive strength using SF compared to the reference mixture 

is 160% achieved by mixture containing 6% replacement. 
As illustrated in Fig. 9, it can be observed that all FA mix-
tures have higher temperature resistance than the reference 
mixture. The temperature resistance has reached the maxi-
mum value by 15% of FA with an extra increase of 153% 
from the reference value. In the other hand, MK mixtures of 
CEM I 52.5 N have shown that the incorporation of 3% of 
MK achieved the highest temperature resistance by 156% of 
increase compared to the reference. Finally, the comparison 
between reference mixtures for both of cement types, i.e., 
CEM I 42.5 N and CEM I 52.5 N have been conducted. 
Results show that temperature resistance of the mixture 
containing CEM I 52.5 N is higher than mixture containing 
CEM I 42.5 N. This conclusion could be attributed to the 
high fineness of CEM I 52.5 N (4500  cm2  g−1).

Thermo‑gravimetric results

Results of the loss of mass using TGA/DTG analysis of MK 
unheated samples (before exposure to elevated temperatures) 

Ref 0% MK 3% MK 6% MK 9% MK 12% MK 15%

500 
°C

800 
°C

Fig. 4  Effect of MK dosages on the development of surface cracking as a result of the elevated temperature

Table 3  Compressive strength values at 20 °C (MPa)

Dosages/% MK/CEM I 42.5 MK/CEM I 52.5 SF FA

0 107.00 110.62 107.00 107.00
3 89.40 82.17 112.62 126.72
6 82.01 96.65 93.36 109.17
9 86.24 119.68 94.58 123.02
12 118.94 102.72 91.08 118.14
15 94.22 93.27 92.64 94.25

Fig. 5  Relative residual 
compressive strength of HSCP 
incorporated with MK as a 
function of temperature
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are presented herein. As illustrated in Fig. 10, different endo-
thermic peaks are observed: (i) 20–200 °C, (ii) 430–540 °C, 
and (iii) 600–900 °C. The loss of mass appeared in the first 
peak is wider than the others, which is mainly due to evapo-
ration of moisture from samples. The second endothermic 
peak (430–540 °C) corresponds to the decomposition of 
Ca(OH)2 [26]. The third endothermic peak corresponds to 
the loss of water as a result of CSH decomposition and due 
to the decomposition of calcium–carbonate  (CaCO3) com-
pound. Incorporation of MK, SF, and FA increases the mass 
loss due to evaporation of moisture. This performance could 
be related to the high absorption capacity of SCM powders. 
Less loss of mass was observed by the inclusion of the three 
SCM corresponds to the second peak, in which MK, SF, 
and FA consume Ca(OH)2 resulting in additional strength. 
Finally, the last peak indicates that the optimum replace-
ments decrease the amount of  CaCO3.

Generally, the effects of SCM on temperature resistance 
of HSCP properties are significant due to the pozzolanic 
activity that is based on the consumption of Ca(OH)2.

SEM results

Figure 11 shows the SEM images of the cement pastes 
made from OPC with and without SCM (MK, SF, and FA) 
at 20 °C and 500 °C. The reference mixture (0% SCM) con-
tains excessive amounts of hexagonal Ca(OH)2 in addition to 
rods of ettringite which produce a lot of pores and destruc-
tion after the exposure to elevated temperatures. The matrix 
containing pozzolanic materials shows denser microstruc-
tures with no presence of Ca(OH)2 which preserving the 
microstructure at elevated temperatures. This could be due to 
the high reaction of Ca(OH)2 with the pozzolanic materials 
[27]. Thereafter, forming more crystalline products to fill 
some pores and keep the structure coherent.

Computed tomography results

The results of CT analysis were obtained from a trans-
verse cutting on the cylinder from the middle to figure 
out the pores in the inner side of the specimen structure. 
The CT photographs were captured for specimens’ size 

Fig. 6  Relative residual 
compressive strength of HSCP 
incorporated with SF as a func-
tion of temperature
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Fig. 7  Relative residual 
compressive strength of HSCP 
incorporated with FA as a func-
tion of the temperature
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of ∅100 × 50 mm through a very thin slicing in the whole 
cross-section. After the CT image processing, the distribu-
tion of the air void content and distribution along the slices 
was determined. Figure 12 shows the porosity of the pro-
duced cement paste. The changing of porosity due to SCM 
is evaluated on the optimum mixtures of SF and FA. The 
mixture has no SCM possess high porosity content in vol-
ume 5.93%, the filling and segmentation of pores by SF and 
FA decreases the porosity to 3.53% and 4.1% respectively. 
Although, the less amount of SF optimum replacement com-
pared to FA optimum replacement, the porosity was less in 
SF optimum replacement this attributed to the fine particles 
and the packing effect provided by SF. Finally, the chemical 

alteration and porosity enhancement take place by SCM, all 
together could produce a blended cement paste with less loss 
of strength after the exposure to elevated temperatures. The 
CT method is a suitable and accurate method to measure the 
pores through the cross-section in very thin slices.

Conclusions

This experimental study is related to the performance of 
high strength paste (HSCP) incorporated with different 
supplementary cementitious materials (SCM) after expo-
sure to different levels of elevated temperatures. The SCM 
were metakaolin (MK), silica fume (SF), and fly ash (FA) 
by using the following replacements of cement: 0, 3, 6, 9, 
12 and 15%. Short incremental replacement is used in order 
to increase the accuracy for optimum replacement selection. 
The effects of changing the grinding fineness of cement 

Fig. 8  Relative residual 
compressive strength of HSCP 
incorporated with MK as a 
function of temperature
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have been studied as well as the mechanical and chemical 
properties after exposure to 50, 150, 300, 400, 500, 800 and 
900 °C. The results showed that incorporating MK, SF and 
FA has significant advantages for temperature resistance. 
The main following results could be drawn as follows:

 1. Incorporating MK, SF or FA to cement increases the 
temperature resistance of HSCP based on their chemi-
cal compositions and their particles fineness.

 2. Replacing of the cement (Type CEM I 42.5 N) by 
9% of MK is the optimum replacement as far as the 
relative residual compressive strength is concerned, 
which improves the temperature resistance by 152% 
compared to the reference mixture (0% replacement).

 3. The increase in the temperature resistance for SF mix-
tures reaches the maximum value when using 6% of 
SF to cement replacement. The increase of temperature 
resistance is by 160% compared to the reference mix-
ture.

 4. The increase in the temperature resistance for FA mix-
tures reaches the maximum value when using 15% of 
FA to cement replacement. The increase of tempera-

ture resistance is by 153% compared to the reference 
mixture.

 5. The comparison of the used SCM from the perspective 
of temperature resistance has been considered through-
out the study. Results indicated that SF showed higher 
temperature resistance than MK and FA by about 8% 
and 7%, respectively.

• The elevated-temperature performance of SCM 
changes by changing the grinding fineness of the 
cement. The study has been conducted only for 
MK, which is blended with two types of cement, 
i.e., CEM I 42.5 N and CEM I 52.5 N.

 I. The effect of cement fineness in the behaviour of 
the MK replacements is significant, the amount of 
optimum replacement of MK with CEM I 42.5 N is 
shifted from 9 to 3% by changing cement to CEM I 
52.5 N. This outcome is due to the high fineness of 
CEM I 52.5 N, likewise the high fineness of MK, 
resulting in very dense microstructure, therefore lim-
iting the contribution of MK.

 II. In case of reference mixtures (0% SCM), mixtures 
of CEM I 52.5 N have shown higher temperature 
resistance than the mixtures of CEM I 42.5 N. The 
increase in the temperature resistance reaches 120%.

• Thermo-gravimetric findings support the positive 
contribution of MK. This result is promising for 
other SCM. Using SCM enhance the temperature 
resistance through pozzolanic activity by consump-
tion, Ca(OH)2 which considers the main cause for 
deterioration.
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Fig. 11  The SEM images of 
HSCP with and without SCM at 
20 and 500 °C for the results of 
optimum replacements

OPC Cement paste 20 °C OPC Cement paste 500 °C 

SF Cement paste 20 °C SF Cement paste 500 °C 

MK Cement paste 20 °C MK Cement paste 500 °C

FA Cement paste 20 °C FA Cement paste 500 °C 
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• The mineralogical composition and microstructure 
for the optimum replacements were also studied 
using SEM technique at ambient and elevated tem-
peratures.

• SEM results show that ordinary cement paste con-
tains a lot of hexagonal shapes of Ca(OH)2, which 
destroys the microstructures after elevated tem-
peratures.

• The morphology of powder particles has an effect on 
the replacement amount and temperature resistance, 
where SF is finer than the other SCM. This results in 
higher temperature resistance and at less replacement 
compared to the other SCM.

• The porosity development is investigated using CT, 
the comparison was taking place between the refer-
ence mixture (0%) and the optimum mixtures of SF 
and FA. The pores content in volume decreased by 
SF and FA with 2.4% and 1.83% compared to the 
reference, respectively.
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