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Abstract

High strength concrete (HSC) production isworldwide increased and gradually replacing the normal strength concrete (NSC). The cement
matrix of concrete is the essential part that governs the behavior and strength of concrete. Several researchers have focused on the
performance of hardened cement paste (HCP) at ambient temperature such as using different types of supplementary cementitious
materials (SCM). However, the performance of HCP after exposure to elevated temperatures requires further evaluation. The present
study investigates the influence of different replacements of silica fume (SF) to cement and different water/binder ratios (w/b) on the
compressive strength of HCP before and after exposure to elevated temperatures. Eighteen mixes have been prepared and tested.
Results of compressive strength tests at ambient temperature were ranged from 58 to 102 MPa depending on the difference of w/b.
Furthermore, a new method has been adopted for comparing the responses of HCP at elevated temperatures "heat endurance".
Results showed that using SF enhances the residual compressive strength of HCP after exposure to elevated temperatures due to
the pozzolanic reaction and the filler contribution. Mixes containing 6%, 12%, and 15% of SF have shown the highest relative residual
compressive strength values for 0.30, 0.35, and 0.40 w/b, respectively. Consequently, the results were significantly affected by changing
the w/b ratio. Finally, different measurement techniques were provided to support the work, including Thermo-Gravimetric (TG),
Computed Tomography (CT), and Scanning Electron Microscope (SEM) analysis to characterize the loss of mass, porosity, and micro-
structure alteration of HCP.
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1 Introduction

Since the 1950s, high-strength concrete (HSC) is widely
produced as a proper substitute material for conventional
concrete. The use of low water/binder ratio (w/b) and high
content of cementitious materials are necessary for the
production of HSC [1]. Using supplementary cementitious
materials (SCM) such as silica fume (SF) and fly ash (FA)
as partial replacements to ordinary Portland cement (OPC)
have been found to satisfy several economic, environmen-
tal, and performance values [2].

Silica fume is a by-product material produced from ele-
mental ferrosilicon alloys with about 30% of mass-pro-
duced silicon. SF is a very fine non-crystalline silica pow-
der produced as secondary material that moves out from the
furnaces [3]. SF has a high content of amorphous silicon
dioxide (Si0O,), more than 90% of its chemical composi-
tions, and ultrafine spherical particles with a typical average

diameter of 0.1 to 0.2 um for the particle [4]. In addition to
the physical properties, the color of SF is varied from light
to dark gray, that is mainly due to the carbon and iron oxides.
ACI Committee 234 statistics states that around 900,000
metric tons (1,000,000 tons) of SF are produced annually
in the world [4]. Therefore, many advantages have made
SF the most well-known SCM in the recent years [5]. The
chemical and physical properties of SF are the main reasons
for the high pozzolanic activity with Portland cement [6—7].
Cohen et al. [8] reported that the diameter average of the
individual particles of SF is less than 0.1 um that about 100
times smaller than of OPC particles. Thus, it is foreseeable
that SF has a pronounced effect in the concrete properties.
The first studies that used SF in concrete were started
in the 1950s [4]. Wang et al. [9] concluded that replacing
cement with 2% to 5% of SF producing a dense structure
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with a consequent increase the fracture toughness and
enhance the microhardness. The increase in the mechanical
properties is obtained by the densification of the microstruc-
ture and the formation of calcium silicate hydrates (C-S-H)
that ultimately help to develop the strength [10]. The advan-
tages of SF are not limited to ambient temperatures, but it
also changes the behavior of concrete properties after expo-
sure to elevated temperatures. Several studies have been
carried out to evaluate the performance of HSC containing
SF after exposure to elevated temperatures [11-13]. Phan
and Carino [14] have investigated the mechanical properties
of HSC exposed to elevated temperatures up to 600 °C. The
experimental parameters were SF replacements using 0%
and 10%, and different w/b ratios, i.e., 0.22, 0.33, and 0.57.
Results indicated that the loss in the residual strength was
affected by the amount of w/b ratio, showing an increase in
the probability of spalling as the w/b ratio decrease. In the
results there was no clear evidence that the presence of
SF by itself affect the tendency of explosive spalling. The
advantages of SF are restricted by the sudden occurrence of
spalling that corresponds to the heat pressure and the dense
pore structure. Hertz [15] studied the effect of different SF
replacements to cement i.e., 0%, 5%, 10%, and 15% on the
behavior of concrete at elevated temperatures. The authors
suggested that 10% of SF replacements is the upper limit to
avoid spalling of concrete. Poon et al. [11] investigated the
behavior of HSC prepared with SF and at 0.3 w/b ratio after
exposure to elevated temperatures. Results showed poor
performance, especially above 10% of SF replacement to
cement. Behnood and Ziari [5] investigated the effect of dif-
ferent replacements of SF to cement and different w/b ratio
on the residual compressive strength of HSC after exposure
to elevated temperatures. They concluded that the replace-
ments of SF have shown a negligible effect on the rela-
tive residual compressive strength at 100 °C and 200 °C.
However, the contribution of SF has shown a considerable
influence on the residual compressive strength when tem-
perature is elevated above 300 °C. The optimum replace-
ment of SF was found to be at 6% replacement to cement.

The main objective of the abovementioned studies was
to evaluate the potential resistance of HSC containing
SF against spalling. In conclusion, HSC is more prone to
spalling than normal strength concrete (NSC) at elevated
temperatures, declaring that the high density of HSC is the
main reason for spalling [16].

The evaluation of the problem requires further studies.
Previous reports [17, 18] have shown that the thermal
decomposition of hardened cement paste (HCP), thermal
gradients, pore-structure coarsening, and structure micro-

cracking are the main types of deterioration of concrete
at elevated temperatures. Due to the fact that the bonding
potential of concrete depends mainly upon the cement paste
matrix, any damage of the HCP results in a decline in the
bond and the properties of concrete. Therefore, the effect
of elevated temperatures on the micro and macrostructure
levels of HCP is of great interest in terms of evaluating the
overall behavior of HSC [19]. A few numbers of research
have been carried out on HCP containing SCM subjected
to elevated temperature. With respect to the cement paste
mixes, Heikal et al. [20] studied the HCP containing dif-
ferent SF replacements to cement i.e., 0%, 5%, 10%, 15%,
and 20%. They concluded that the compressive strength of
the mixtures containing 10%, 15% of SF have shown high
resistance to elevated temperatures. Gomez-Zamorano and
Escalante-Garcia [21] have reported that the increase in
temperature is highly accelerating the pozzolanic reaction.

Finally, the process of testing and evaluating of the
microstructure of HCP is complex due to many fac-
tors such as the shape and fineness of cement particles,
grading of particles, oxide compositions, and w/b ratio.
The finding of this experimental work ultimately provides
a resistive HCP against elevated temperature for mitigat-
ing the damage of buildings under elevated temperatures.
The compressive strength is the test that used for the exam-
ination of mechanical property of the HCP. The results are
also supported by other measurements such as (i) loss of
mass that was investigated using Thermogravimetric (TG)
tests, (i1) Investigation of porosity and pore distribution
that was conducted using Computed Tomography (CT),
and (iii) Scanning Electron Microscope images which
were captured to provide reliable evaluation of the HCP
microstructure.

2 Experimental work

2.1 Materials

Six groups of cement paste mixtures blended with SF were
mixed and prepared using different incremental replace-
ments i.e., 0%, 3%, 6%, 9%, 12%, and 15% to cement
weight and tested at three different w/b ratios (0.30, 0.35,
and 0.40). Determining the optimum replacement of SF for
each w/b ratio is of great importance for the performance
of HCP. Otherwise, the application of SF over the optimum
replacement may reduce the mechanical and durability
properties of the HCP. The total number of the mixes were
eighteen, each mixture contains 24 cubes derived from
eight different temperatures (20, 50, 150, 300, 400, 500,
800 and 900 °C). The detailed parameters of eighteen mix-
tures are shown in Table 1.
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Table 1 Experimental matrix with detailed parameters

Mixture proportion in kg/m’

w/b=10.30 w/b=0.35 w/b=10.40
Mix SF CEM 1 Water Mix SF CEM 1 Water Mix SF CEM 1 Water
SF 0% 0 480 144 SF 0% 0 480 168 SF 0% 0 480 192
SF 3% 14.4 465.6 144 SF 3% 14.4 465.6 168 SF 3% 14.4 465.6 192
SF 6% 28.8 451.2 144 SF 6% 28.8 451.2 168 SF 6% 28.8 451.2 192
SF 9% 43.2 436.8 144 SF 9% 43.2 436.8 168 SF 9% 43.2 436.8 192
SF 12% 57.6 422.4 144 SF 12% 57.6 422.4 168 SF 12% 57.6 422.4 192
SF 15% 72 408 144 SF 15% 72 408 168 SF 15% 72 408 192

The materials used in this experimental program are OPC
and SF, which are supplied by a Hungarian company (Duna
Drava company), and Sika Hungéria company. The physi-
cal and chemical properties of cement and SF corresponds
with the European standards, as shown in Table 2 [22].
CEM 142.5 N is used within the specification of European
standard [23]. The CEM 1 42.5 N constitutes mainly CaO,
SiO,, and Al,O,. However, the crystalline phases could be
defined as 3Ca0O-SiO, (C,S, alite, hatrurite) as the main
crystalline component; 2Ca0O-SiO, (C,S, belite, larnite);
CaSO,2H,0 (CSH,, gypsum); 3Ca0O-Al,0O; (C,A, trical-
cium aluminate); and 4Ca0O-Al,O, Fe,O, (C,AF, brown-
millerite), as shown in Table 3. Fig. 1 shows the sieve curve
for the grading of cement particles. The used SF is entirely
amorphous, and has a particle diameter of less than 1 um,
while the sieve refusal > 45 pm is 2%.

The water used for mixing is tap water, which complies
with the standard requirements of EN 1008:2002 [24].

2.2 Mixing procedures

Mixing was carried out in accordance with EN 196-1
at room temperature (20 + 2°C) [25]. At the beginning,
a dry mix of cement and SF has been carried out for 30
seconds to homogenize the binder. Then for two min-
utes, mixing of the binder and water has been carried out.
To avoid the agglomeration of unhydrated particles, the
total amount of water was mixed with 75% of the binder,
after that, the remaining amount was added during the
mixing. The cement paste was cast in cubes (30 x 30 mm).
A vibrating table was used to remove air bubbles from the
fresh mix. The casted cubes were placed for 24 hours in lab
condition (20 £ 2°C) until de-moulding. After that, cubes
were cured for seven days in a water tank then stored in
the lab. According to the Concrete Society Ltd., London
(United Kingdom), the use of SF requires at least seven
days of water curing [26].

Table 2 Chemical composition and physical characteristics
of cement and SF

Measured property CEMI142.5N SF
Density (g/cm’) 3.13 2.20
Specific surface area (cm’/g) 4000 20000
Oxide compositions (%) (by mass)
Si0, 19.84 96.43
Al0, 5.38 0.00
Fe,0, 3.22 0.07
Ca0 64.90 0.78
Mg0 1.38 0.70
S0, 297 0.04
K,0 0.78 1.28
K,SO, 0.02 0.00
MgO 0.25 0.00
Loss on ignition (%) 3.00 2.80
Table 3 Phase compositions of cement
Phase Compositions of CEM [42.5 Mass (%)
C,S 69.4
C,S 14.3
C,A 49
C,AF 9.83
120
100
— 80
=
g
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20
0
0 10 50 80 90

Particle diameter [um]

Fig. 1 Grading curve of cement
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2.3 Testing and heating procedure

Mixtures of HCP were tested in both fresh and hardened
phases. For the fresh property, a Haegermann-Flow Table
was used; it contains an aluminum/glass plate with a diam-
eter of @ 300 mm and funnel cone @ 70/100 mm. During
the test, the funnel should be placed in the center of the
table. The funnel was filled in two layers; each layer has
been tamped 10 times with a tamper. Then, only after 15
seconds, we removed the funnel. Finally, the table is jolted
15 times with a rate of 1 jolt per second, and the diameter
is measured in two directions. The test is conformed to
DIN EN 459-2 standard [27].

In hardened properties, a compressive strength test
was conducted on HCP specimens with a loading rate of
1.40 kN. The test is carried out by ALPHA 3/3000S test
machine with a capacity of 200 kN for compressive stress.
The test method and heating program have been applied
as follow:

At the age of 90 days, tests were conducted. The heating
program was applied for every set of three cubes; the tem-
perature is logarithmically (according to the ISO 834 [28])
increased up to the target temperature level then fixed for
two hours. Different temperature levels were applied: 20,
50, 150, 300, 400, 500, 800, and 900 °C, then the specimens
were naturally cold down. The temperature range used in
this study is similar to that which could occur in a real fire
situation [28]. The selection of the temperature ranges was
based on the chemical reaction and physical changes of
the HCP. At the relatively high temperature, i.e., 50 °C and
150 °C, there was a transient decrease in strength, therefore,
50 °C and 150 °C were chosen to test the rate of decrease.
Decomposition of Portlandite occurs between 400 °C and
500 °C. Then, after 800 °C heat load, decomposition of
CSH certainly occurs, taking into account the measurement
error of the furnaces. The temperature load of 900 °C was
used to examine the tendency of the decrease of strength
changes due to the additional heat load.

2.4 Thermogravimetric (TG) analysis

Thermogravimetric investigation defines various ther-
mal decompositions of different HCP products and phases
with simultaneous estimation of the mass loss in static
conditions. Besides, changes in phases were controlled
by Thermogravimetry/Derivative Thermogravimetry/
Differential Thermal Analysis (TG/DTG/DTA) and MOM
Derivatograph-Q 1500 D TG/DTA instruments. During
the measurements, Al,O, is the reference material where

the mass of the sample is 300 mg. The heating rate of sam-
ples was 10 °C min ' up to 1000 °C in the air atmosphere.
The samples for thermogravimetric were ground to fine
powder measured in TG/DTA to ensure samples' sound-
ness from carbonation, the powders were selected from
the core of specimens. The thermo-analytical test results
were determined by Winder (Version 4.4.) software. The
tested powders were taken from specimens of ambient
temperatures (20 °C). The investigated powders were for
the reference mixture (SF 0%), and the mixture contain-
ing the optimum replacement of SF obtained at elevated
temperature for the mixture prepared with 0.30 w/b ratio.
The TG/DTA studies were carried out when the samples
reached 90 days of age.

2.5 Computed Tomography

The examination of permeability, pores, and pore size dis-
tribution of HCP is feasible using CT method [29]. Siemens
Somatom 16 was used for the CT tests at the Diagnostic
and Oncoradiology Institute of Kaposvar University in
Hungary. The thickness of the slices was 1.5 mm while the
pixel spacing was 0.225 mm. The samples were unloaded
during the CT analyses. The CT slices were processed
by automated algorithms in Matlab environment using
predefined parameters without any user interaction [30].
CT measurements have been carried on cylindrical spec-
imens with a diameter of 100 mm and a height of 50 mm
for reference and SF mixtures. The test results with CT
intended to demonstrate porosity and pore distributions
through HCP with and without SF. The pores content was
determined as the sum values of slices that were taken
along the sample's vertical axis.

2.6 Scanning electron microscope

Scanning electron microscope was used to examine the
microstructure of HCP using Phenom XL SEM in the lab of
Budapest university of Technology and Economics. SEM
offers great magnification and resolution to the micro-
structural level of the modified HCP [31]. The tested sam-
ples were prepared with a smooth viewing face in order to
obtain a better image resolution. SEM images were taken
for both reference sample (SF 0%) and samples containing
SF. After the compressive strength test, the samples have
been selected from the core of the cross-sectional areas of
the specimen. Then, the samples faces were coated with
golden spray for a duration of 30 second, then the samples
were investigated using SEM.



3 Results and discussion

3.1 Fresh property

SF improves the physical properties of the cement paste
matrix by reducing the bleeding. As a result, nucleation
sites are provided, where the hydration products can read-
ily precipitate. Table 4 shows the results of the slump test
illustrating that the presence of SF material is not signifi-
cantly affecting the degree of slump for a given cement
matrix mixture. However, the paste mixtures containing
SF showed more cohesion than ordinary cement paste and
slightly harsh as far as the SF content was increased, par-
ticularly for mixes of low w/b ratio.

3.2 Results at ambient temperature

3.2.1 Compressive Strength

All results of compressive strength were tested at the spec-
imens of 90 days of age. The compressive strength val-
ues of eighteen mixtures before heating are presented in
Fig. 2. The standard deviation for each value was calcu-
lated and presented in the form of error bar, showing the
consistency of compressive strength values. HCP mixtures
containing the following SF replacements of 9%, 9%,
and 6% for the w/b ratios of 0.30, 0.35, and 0.40, respec-
tively, have shown the highest compressive strength val-
ues. This resulted in compressive strength values reaching
101.88 MPa, 99.81 MPa, and 87.73 MPa, respectively. This
improvement in compressive strength is mainly associated
with the reaction of the hydration product of cement with
SF forming C—S—H, along with the filler role of SF par-
ticles [5]. Considerable differences were recorded in the
compressive strengths due to the changing in the w/b ratio,
as shown in Fig. 2.

Furthermore, specimens containing the optimum
replacements of SF showed higher increase of compres-
sive strength values than the values of its reference spec-
imens (SF 0%). The gain of compressive strength value
based on SF replacements increased up to 9% replacement
for all mixtures of w/b ratios of 0.30, 0.35 and 0.40.

3.3 Results after the exposure to elevated temperature

The results of residual compressive strength after the expo-
sure to elevated temperature are presented in this subsec-
tion. The specimens were tested at the 90 days of age, that
recommended by RILEM (Réunion Internationale des
Laboratoires et Experts des Matériaux) [32]. As a func-
tion of the temperature, the relative residual compressive
strength results were calculated by the ratio of the resid-
ual compressive strength of each temperature level to the
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Table 4 Slump test results (mm)

SF replacement level 0% 5%
0.3 w/b 220 190
0.35 w/b 260 250
0.4 w/b 300 300
120.00 03wb m035whb m0.4w/b

100.00

= ] :
z I T
80.00
60.00
40.00
20.00
0.00

SF-0% SF-3% SF-6% SF-9% SF-12% SF-15%

Compressive strength [MPa]

SF replacements

Fig. 2 Compressive strength results

same mixture's compressive strength at ambient tempera-
ture. The compressive strength of each mixture at ambi-
ent temperatures is presented in Fig. 2. In addition to the
detailed results of the curves, the heat endurance method
could also be used in this study by calculating the arca
under each curve [33].

3.3.1 Effect of SF amounts
The results of the relative residual compressive strength
of HCP prepared with different SF replacements and w/b
ratios after heating to different temperatures are presented
in Figs. 3, 4, and 5. Heat endurance has been calculated and
presented in Figs. 6, 7, and 8 as well. Generally, the rel-
ative residual strength decreases after temperature expo-
sure up to 150 °C, because of the dehydration of cement
product (decomposition of ettringite). Then the residual
strength increases up to 300 °C, because of the hydration of
the un-hydrated cement grains in the microstructure due to
steam movement. Afterward (more than 300 °C), the resid-
ual strength decreases again (as shown in the Figs. 3-5).
This result was reported by previous studies as well [34].
Figs. 3-5, show that improvement in the strength of SF
mixtures is occurred with the increase of temperatures,
especially after 150 °C. This increase could be attributed
to the fact that SF mixtures are enriched with fine parti-
cles in which the hydration of un-hydrated particles is more
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compared to the ordinary mixture. Subsequently, with an
increase of temperature up to 500 °C, significant reduc-
tions occurred in the relative residual compressive strength
of the reference mixtures (SF 0%) mainly due to the decom-
position of portlandite (Ca(OH)2). As shown in Figs. 3-5,
the relative residual strength reaches 24%, 34%, and 40%
at 500 °C for 0.30, 0.35, 0.40 w/b ratio, respectively. On the
other hand, the relative residual strength increases in the
presence of SF. For specimens prepared using w/b ratio of
0.30, the relative residual compressive strength values of
specimens containing 6% and 9% of SF were 97% and 92%
after heating to 500 °C of ambient-temperature strengths,

—— SF-0%
SF-9%

—8— SF-3%
—e— SF-12%

—&— SF-6%
—— SF-15%
1.40

1.20

1.00
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0.60

0.40

0.20

Relative residual compressive strength [-]

0.00
0.00 200.00

400.00

Temperatures [°C]

600.00  800.00  1000.00

Fig. 3 Relative residual compressive strength of HCP as a function of
temperature and SF replacements for 0.30 w/b
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Fig. 4 Relative residual compressive strength of HCP as a function of
temperature and SF replacements for 0.35 w/b

respectively. Test results showed that the relative residual
strength values decreased up to 64% and 67% for 6% and
9% of SF replacement, respectively after heating to 800 °C
as shown in Fig. 3. Moreover, using more than 9% replace-
ment of SF, the relative strength decreases at elevated
temperature which could be due to the dense microstruc-
ture [11]. Fig. 4 shows that the presence of SF enhances
the heat endurance of all the paste mixtures for 0.30 w/b.
Therefore, 6% of SF presents the highest heat endurance
value that could be accepted as an optimum replacement.

Results of HCP mixtures made by w/b ratio of 0.35
are presented in Fig. 5. Results show that relative residual
strength values of specimens contain 12% of SF were 84%
and 53% after heating to 500 °C and 800 °C, respectively.
As illustrated in Fig. 7, the heat endurance was increased
with the incorporation of SF, whereas mixture with 12% of
SF showed the highest heat endurance.

Fig. 5 shows the relative residual strength results of spec-
imens prepared with 0.40 w/b ratio. The mixture contain-
ing 15% of SF showed the highest relative residual strength
values. The relative strength values were 77% and 51%
after heating to 500 °C and 800 °C, respectively. The heat
endurance results presented the performance advantage of
using mixtures containing 15% of SF, as shown in Fig. 8.

In terms of the test results, the positive contribution of
SF is significant, especially in case of mixtures contain-
ing the optimum replacements of SF obtained in the three
w/b ratios. The ultra-fine particles of SF that contribute
as excellent fillers and their pozzolanic reactions lead to
the formation of a very dense microstructure in the HCP,

—8— SF-0%
SF-9%

——SF-3%
—o—SF-12%

~—— SF-6%
—e&—SF-15%

Relative residual compressive strength [%]

0 200 400 600 800 1000

Temperatures [°C]

Fig. 5 Relative residual compressive strength of HCP as a function of
temperature and SF replacements for 0.40 w/b



resulting an HCP with a high capacity to resist elevated
temperatures. Above 400 °C, the efficiency of SF in the
HCP was increased significantly, this could be interpreted
by decreasing the effect of decomposition of (Ca(OH),) by
pozzolanic reaction [34].

3.3.2 Effect of w/b ratio

The effect of changing the w/b ratio on the residual com-
pressive strength of HCP after the exposure to elevated
temperatures is plotted in Fig. 9. The results could be
divided into two groups, based on the changes in the behav-
ior during the exposure to elevated temperatures. The first

790.73

711.34
739.98

652.58

614.08

503.47

Heat endurance of compressive strength [% x °C]

SF-0% SF-3% SF-6% SF-9% SF-12%SF-15%

SF replacements

Fig. 6 Heat endurance of all HCP mixtures prepared with 0.30 w/b [%x °C]

SF-0% SF-3% SF-6% SF-9%  SF- SF-
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Fig. 7 Heat endurance of all HCP mixtures prepared with 0.35 w/b [%x °C]
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group is the results of the relative residual strength in the
range of 20 to 400 °C, while the second group is the results
obtained after 400 °C. As illustrated in Fig. 9, the spec-
imens prepared with 0.30 w/b ratio showed higher val-
ues than specimens of 0.35 w/b ratio up to 400 °C. After
that, the behavior was changed in which the specimens of
0.35 w/b showed better performance than in case of spec-
imens prepared with 0.3 w/b. This could be attributed to
the fact that at a low w/b ratio (0.30), the microstructure
of HCP is very dense which lead to the formation of sharp
cracking at elevated temperatures.

SF-0% SF-3% SF-6% SF-9%  SF- SF-
12% 15%

550.23
527.58
553.59
589.91
663.67

467.75

Heat endurance of compressive strength [% X °C]

SF replacements

Fig. 8 Heat endurance of all HCP mixtures prepared with 0.40 w/b [%x °C]
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0.20

Relative residual compressive strength [%]
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20 50 150 300 400 500

Temperatures [°C |

800 900 °C

Fig. 9 Effect of w/b ratio for reference specimens (SF 0%) at different
temperatures exposures
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The increase of w/b ratio increases the moisture content
and the permeability of the HCP. The high moisture con-
tent would adversely affect the behavior of the hardened
paste at elevated temperatures, whereas the high permea-
bility of the HCP would have positive behavior. As mois-
ture content increases, the amount of physically bounded
water increases, resulting in both pore pressure and tem-
perature gradient at elevated temperatures. Besides, many
researchers have noted that decreasing moisture amount
reduces spalling [35]. Regarding the current work results,
to some extent, mixtures made with a high w/b ratio, the
increase of permeability was more advantageous than
increasing moisture content in the HCP exposed to ele-
vated temperature.

Based on the test results of this research, the inclusion
of SF on HCP has more positive effects on the compres-
sive strength results at elevated temperatures. The opti-
mum mixtures of SF with any of the three w/b ratios are
shown in Fig. 10. Using any of the used w/b ratios, the
optimum amount of the needed SF was considered and
relied on mixtures that exhibited less loss in the residual
compressive strength behavior. The general behavior of
SF replacement was limited by the high-density micro-
structure, which was the prominent problem that causes
cracks. The latter effect was also changed by the amount
of free water that forms the porosity in the structure of
HCP. Therefore, the limited use of the amount of SF varies
by changing the amount of w/b ratio.

850.00
)
X
$  800.00
=
)
5
= 730.54
@ 750.00
P
2z
2
2
(="
E 70000
]
S
=}
54
=
«
5 650.00
=
=
P
=
=
600.00

0.3 w/b-SF 6% 0.35 w/b-SF 12% 0.4 w/b-SF 15%

Fig. 10 Heat endurance of the HCP with optimum replacements of SF
for the three w/b ratio

3.3.3 Thermogravimetric results

The thermogravimetric test results that carried out on
hardened paste samples for all of the reference mixture
(SF 0%) and the mixture containing SF (SF 6%) are shown
in Fig. 11. During the thermo-analytical test, several heat
reactions occur on HCP between a temperature range
of 20—1000 °C. Most of these reactions are endothermic
reactions, the test results have shown three main phases.
First temperature range between 20-200 °C is basically
linked to the evaporation of physically combined water,
dehydration of ettringite (C;A-3CaSO4-H,,), and dehydra-
tion of mono-sulfate (C;A-CaSO4-H,,). The second range
430-540 °C is due to the decomposition of Ca(OH),. The
third temperature range 600-900 °C has corresponded
to the decomposition of C—S—H and calcium—carbonate
(CaCO;) [36]. The amount of Ca(OH), and the amount of
CaCO, on the HCP are the responsible for the deterioration
of the strength [34, 37]. As shown in Fig. 11, the mixtures
containing SF showed less loss of mass due to decompo-
sition of Ca(OH), and CaCO,. Consequently, these out-
comes were the main reasons for the better performance
exhibited by the mixtures containing SF.

3.3.4 Computed Tomography results

The pores content and their distribution were determined
alongside the sample using CT method, by measuring
the pores with size larger than 0.01 mm. This method
provides high accuracy and could be used as an alterna-
tive method for the other standard laboratory tests [29].

ESF 0% =SF 6%
14

12

10

loss of mass [%]
o)}
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Temperatures [°C |

Fig. 11 TG results of the loss of mass for the reference mixture (SF 0%)

the mixture containing SF at 0.30 w/b



Figs. 12 and 13 illustrate the obtained results of pores dis-
tribution in the HCP at ambient temperature (20 °C) for
reference specimens (SF 0%) and specimens containing
SF (SF 6%), respectively. The pattern of the results showed
a decrease in the amount of the pores on the sample con-
taining SF. This is clear where comparing the two figures
(Figs. 12 and 13), confirming the packing effect added to
the HCP microstructure by SF. The total pores volume was
also calculated showing that the total volume of the HCP
containing 6% of SF was 3.5% while the HCP without SF
has a total volume of 5.93%.

3.3.5 Scanning electron microscope results

The SEM images are presented in Fig. 14, SEM pro-
vide visual identification of HCP microstructures [38].
The images reveal the variation in the HCP microstruc-
ture before and after adding SF for specimens of ambi-
ent temperature (20 °C). The HCP without SF has abun-
dance of Ca(OH), in hexagonal form. In contrast, the HCP

— —_ —_
(=} [\ 4

Pores distribution (V %)
oo

Slice number

Fig. 12 The distribution of pores through the reference HCP (SF 0%)

Pores distribution (V %)

Slice number

Fig. 13 The distribution of pores through the HCP containing 6% of SF
(SF 0%)
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The reference HCP mixture with 0% SF

HCP mixture containing 6% of SF

Fig. 14 The microstructure observation by SEM images for hardened
paste containing 0%, and 6% of SF

containing SF showed no observation for Ca(OH),, and the
microstructure of the sample has high amount of C—S—H.
These results were correspond to the pozzolanic reaction
of SF with Ca(OH),. As stated before, the major problem
causing the deterioration of HCP at elevated temperatures
is the decomposition of Ca(OH),, where its presence in the
pure HCP was about 28% of its mass [39]. For that reason,
mixtures containing SF showed better performance at ele-
vated temperatures.

4 Conclusions

The aim of the current experimental study is to evaluate
the performance of HCP incorporated with SF after expo-
sure to elevated temperatures. The used parameters were
SF replacements, w/b ratio, and temperature levels. To the
best knowledge of authors, testing the effect of SF addi-
tives with short incremental replacements at elevated tem-
peratures is not covered before in the literature. Moreover,
the work presents additional measurement techniques,
1.e., TG/DTG/DTA, CT, and SEM, to understand further
the mechanism of the SF effect. The main findings were
the following:

1. The obtained optimum replacements of SF at ambi-
ent temperature were different from the optimum
replacements obtained after exposure to elevated
temperatures.

2. The efficiency of SF in compressive strength at ambi-
ent temperature was higher in mixtures mixed with
a high w/b ratio than mixtures mixed with low w/b.

3. Regarding w/b ratio 0.30, mixtures containing 6%
of SF possess the highest relative residual compres-
sive strength after exposure to elevated temperatures
and with the highest heat endurance. Results of rela-
tive residual strength values were 97% and 64% after
exposure to 500 and 800 °C, respectively.
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4. Regarding w/b ratio 0.35, mixtures containing 12%

SF possesses the highest relative residual compres-
sive strength at elevated temperatures and with the
highest heat endurance. Results of relative residual
strength values were 84% and 53% after exposure to
500 and 800 °C, respectively.

. Regarding w/b ratio 0.40, mixtures containing 15%

of SF possess the highest relative residual compres-
sive strength after exposure to elevated tempera-
tures and with the highest heat endurance. Results
of relative residual strength values were 77% and
51% after exposure to temperatures 500 and 800 °C,
respectively.
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