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Abstract: This study examines the effect of silica fume (SF) as a partial replacement for cement to
prevent strength retrogression in hardened cement paste (HCP) and mortar at elevated temperatures.
An experimental procedure was conducted on 320 specimens, replacing 0, 10, 20, and 30% of the
cement by weight with SF. The residual compressive strength of the specimens was evaluated at
room temperature (25 ◦C) and at 100, 200, 300, and 400 ◦C for 7, 28, and 56 days. The results indicate
that the addition of SF to the cement paste and mortar improves the compressive strength both at
25 ◦C and at temperatures up to 400 ◦C. That is attributed to the formation of C-S-H phases, such as
tobermorite and xonotlite. Additionally, the optimal residual compressive strength was achieved
by adding 30% of SF. Therefore, XRD, SEM, and EDS techniques were employed to evaluate the
microstructure of HCP specimens with 30% of SF. The results show that adding SF leads to a denser
microstructure and lower porosity, resulting in more durable cement paste and mortar at ambient
and elevated temperatures. In conclusion, using SF as a partial replacement for cement can be an
effective way of developing sustainable fire-resistant construction materials.

Keywords: strength retrogression; compressive strength; hardened cement paste; elevated temperature;
SF; SEM; XRD; EDS

1. Introduction

Concrete is commonly used as a primary structural material in construction due to
its numerous benefits over other materials like compressive strength, durability, ease of
fabrication, and non-combustibility [1]. Emerging from the concrete building specifica-
tions, concrete structures should be able to meet the requirements for safety, structural
performance, and durability, in addition to fire resistance standards [2]. Fire is considered
a serious potential risk in most structures and buildings [3]. Concrete exposed to fire
undergoes a series of chemical and physical changes, including disintegration of hydration
products and aggregates, evaporation of water, increased porosity, and microstructure
coarsening, all of which significantly reduce the mechanical properties of concrete [4,5].
Therefore, a deeper understanding of the main ingredients of concrete, such as cement, and
its behavior when exposed to high temperatures is required [6].

One of the main components of concrete is ordinary Portland cement. It is assumed
that almost 50% of the strength of cement paste comes from the cohesive force, specifically
those in the C-S-H gel sheet area [7]. C-S-H is not a singular compound but a group of
compounds that have different compositions and structures. The forms that C-S-H can take
in hardened cement paste depend on various factors, including curing conditions. There are
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several common forms of C-S-H found in hardened cement paste, including tobermorite,
which has a layered crystal structure and is often found in low-temperature cured cement
paste. Jennite also has a layered crystal structure and is located in high-calcium cement
paste cured at high temperatures [8]. Xonotlite is another form of C-S-H that is fibrous in
form and typically found in cement paste cured at elevated temperatures and pressures [9].
Finally, Strätlingite is a crystalline form of C-A-H (calcium-aluminate-hydrate) that can
develop in cement paste with high levels of alumina and sulfate [10].

At high temperatures, some physical and chemical changes appear in the HCP matrix
that significantly impact its mechanical properties, leading to a phenomenon commonly
called strength retrogression [11,12]. The chemical mechanism causing the strength retro-
gression in hardened cement paste at elevated temperatures starts with the progressive
evaporation of water in the material. Free water is the first to evaporate, followed by
capillary water and then chemically bound water. The process of extracting chemically
bonded water from cement hydrates is the last to start [13]. Free water, adsorbed water, and
one part of bond water evaporate between 30 and 105 ◦C. It is considered that at 120 ◦C, free
and absorbed water is wholly eliminated [14]. Between 80 and 110 ◦C, total decomposition
of gypsum and ettringite occurs, whereas one part of the water from carbo-aluminate
hydrate is also observed [15–17]. The first signals of dehydration of the C-S-H gel show
before or at 180 ◦C. Up to a temperature of 300 ◦C, dehydration is relatively rapid. When
the temperature reaches 300 ◦C, the most strongly bonded water, which is involved in
forming hydrates, begins to evaporate [18]. Between 300 and 400 ◦C, micro-cracks appear
due to differential thermal deformations. Dehydration of Ca(OH)2 crystals begins at 400 ◦C,
with complete decomposition at 600 ◦C. The second stage of hydrate decomposition is
observed from 700 ◦C, with a slower rate and decomposition of the C-S-H gel into calcium
silicate α-C2S, β-C2S, and water [19]. The cement paste continuously loses water as the
temperature rises and is fully dehydrated by about 850 ◦C, which significantly increases
porosity and permeability. Regardless of the type of Portland cement and the w/c ratio,
the thermal degradation of the cement paste remains consistent. Some of the Portland
cement can melt at temperatures above 1200 ◦C, and between 1300 and 1400 ◦C, it melts
completely [20].

The cement strength retrogression phenomenon observed in hardened cement matrices
is generally defined as a phenomenon that reduces compressive strength while increasing
cement matrix permeability. It is principally due to the coarsening of the pore structure
and the metamorphism of the C-S-H phase, which transforms into a high crystalline phase
that is generally very weak and porous [16]. Strength retrogression is a significant problem
in the construction industry. This phenomenon, which affects the cement matrix at high
temperatures over time, can lead to costly repairs or a total replacement of structural
elements made with it.

For many years, adding extra silica to cement has been a common practice in the oil
and gas industry to counteract and control cement strength retrogression [21]. In addition,
many researchers have added some pozzolanic materials in cement slurry formulations to
prevent cement strength retrogression. Through these studies, it has been demonstrated
that heating cement paste with a low CaO/SiO2 ratio will produce several stable crystalline
phases known as tobermorite (C5S6H5), xonotlite (C6S6H), and truscottite (C7S12H3) capable
of preserving the compressive strength and permeability of cement [22].

Recently in the concrete industry, improving concrete’s fire resistance by adding
a source of silica from pozzolanic materials has become a field of interest for many re-
searchers [23]. According to their studies, replacing cement with pozzolanic materials is
one of the most efficient ways to improve the fire resistance of concrete [24]. The pozzolanic
reactions, which involve the chemical reaction of silicon dioxide (SiO2) from the pozzolanic
materials with the Ca(OH)2 of cement, resulting in the formation of additional calcium
silicate hydrates (C-S-H) gel, help to reduce the permeability and improve the strength
and durability of cement paste, mortar, and concrete [25]. Silica fume (SF), fly ash (FA),
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ground granulated blast-furnace slag (GGBS), and metakaolin (MK) are the most common
pozzolanic materials used [26–29].

The study [18] investigated the fire performance of OPC-FA pastes. They tested OPC-
FA pastes containing 30% FA by weight at various temperatures up to 650 ◦C. The relative
residual compressive strength found was 88% at 450 ◦C and 73% at 600 ◦C. This research
showed that OPC-FA pastes performed better at elevated temperatures than OPC pastes.
Further, the study in [27] reviews the effect of supplementary cementitious materials on
the residual mechanical properties of concrete after exposure to high temperatures. The
main focus of this study was on the impact of additional cementing materials, such as SF,
FA, and GGBFS), as well as different types of aggregates, on the mechanical properties of
concrete. The study suggests that the mechanical characteristics of concrete can deteriorate
significantly due to high-temperature changes. However, incorporating FA, SF, and GGBFS
in concrete enhanced its resistance to high temperatures. However, high concentrations of
these materials can have adverse effects on the properties of concrete. Therefore, careful
consideration is necessary when choosing the appropriate type and amount of supplemen-
tary cementing materials and aggregates to use in concrete, especially when it is expected
to be exposed to elevated temperatures.

Among the pozzolanic materials, SF is widely used in concrete due to its distinctive
characteristics, such as small particle size, high surface area, and high silicon dioxide
content. The incorporation of SF into cement mortars and concrete has been found to reduce
porosity and enhance their mechanical performance. The size of silica fume particles is
approximately 100–150 times smaller than that of Portland cement, which allows them
to fill the open voids in mortar or concrete, resulting in reduced permeability of the final
product [30–32].

The study [33] explored the effect of temperature on the physical and mechanical
properties of concrete containing silica fume. In their study, OPC was partially substituted
with different amounts of silica fume. All samples were kept in a moist environment for
28 days, then subjected to various heat treatments ranging from 100 to 600 ◦C for three hours.
The study found that replacing 10% of OPC with silica fume resulted in a 64.6% increase
in compressive strength. The researchers attributed this result to the formation of other
tobermorite gel (C-S-H phase) resulting from the reaction between silica fume and Ca(OH)2.

Silica fume is commonly used to produce high-strength cement paste, mortar, and
concrete. Despite the extensive studies on the benefits of SF in improving the mechanical
performance of concrete, investigators should have emphasized the details regarding the
reason for the increase in strength properties in cement paste with silica fume, particularly
in the temperature range of 100 to 400 ◦C. This research aimed to investigate the effect of
SF in preventing strength retrogression in hardened cement paste and mortar at elevated
temperatures up to 400 ◦C. The study presents novel experimental findings concerning
silica fume as a preventive measure against strength retrogression in hardened cement paste
and mortar at elevated temperatures. It includes new data on the mechanical properties of
the materials both before and after high-temperature exposure, as well as an examination
of the microstructural changes caused by the incorporation of silica fume. Furthermore, the
paper recommends the optimal amount of silica fume to be mixed in cementitious blends.
This paper’s potential innovations could significantly impact the construction industry,
particularly in terms of designing stable, high-performance structures that can withstand
high temperatures.

2. Materials and Methods

Figure 1 is the flowchart of the study presented in this paper.
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Figure 1. Flow chart of research methodology.

2.1. Materials and Acquisition

The materials used in this study are fine aggregates, silica fume, potable water, and
ordinary Portland cement type I 42.5 N. The OPC was obtained from a local producer
and kept at the Jomo Kenyatta University lab at a temperature range of 23 to 27 ◦C. Silica
fume was obtained from Silica Kenya Limited in Nairobi and prepared following ASTM
C1240 [34]. The fine aggregates (river sand) used in this study were collected locally from
Meru, a town in eastern Kenya. The sand was sieved using a 5.0 mm test sieve and air-
dried to a saturated surface dry state following the ASTM C778 standard specification for
sand [35] to eliminate larger particles.

2.2. Mixing and Casting Procedure

The silica fume content was 0% (control), 10, 20, and 30% of the weight of cement
for all mixtures, both paste and mortar. The cement pastes and mortars were mixed in
a hopper mixer. The mortar mix consisted of 1 part of cement and 2.75 parts of sand, as
specified in ASTM C109 [36]. For the cement paste with silica fume, the consistency test
was done using a Vicat apparatus, according to ASTM C143 [37], to determine the amount
of water needed for each mix. For mortar with silica fume, the flow test was done to ASTM
C780 [38] standard, and the flow was fixed at 110 ± 5. No superplasticizers were used in
this research. Table 1 presents the mixes used for cement paste and mortar.

Table 1. Mix proportion of cement paste and mortar with silica fume.

Material Cement with Silica Fume Material Mortar with Silica Fume

Cement
(kg)

Silica
Fume (kg) Water (kg) Cement (kg) Silica Fume

(kg) Sand (kg) Water (kg)

Control 1600 0 480 Control 550 0 1513 330
10% SF 1440 160 489 10% SF 495 55 1513 496
20% SF 1280 320 502 20% SF 440 110 1513 502
30% SF 1120 480 504 30% SF 385 165 1513 504
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The procedure for mixing was done according to ASTM C305 [39]. After which, the
mixes were cast in 50 × 50 × 50 mm3 molds for mortar and 40 × 40 × 160 mm3 molds for
cement paste. They were then compacted using vibration from an external source and kept
in the molds covered with plastic for at least 24 h to stop moisture loss.

2.3. Curing and Heating Procedures

Specimens were moist cured for 7, 28, and 56 days at a temperature of 25 ◦C. Three
hundred and twenty cubes were cast. After curing, the samples were removed and dried
in the open air for 2 h. For each level of replacement, three specimens were heated in an
electrical furnace for two hours. Temperature levels included 100, 200, 300, and 400 ◦C.
After heating, the specimens were naturally and slowly cooled in the laboratory at ambient
conditions (25 ± 2 ◦C) for 24 h [40].

2.4. Testing Procedure
2.4.1. Compressive Strength

The compressive strengths of silica fume cement paste and mortar samples were tested
at 7, 28, and 56 days at 25, 100, 200, 300, and 400 ◦C. The tests were performed as described
in BS EN 196-3 [41]. The testing was conducted using a universal compression testing
machine with a capacity of 150 kN.

2.4.2. XRD and SEM Tests

XRD and SEM tests were conducted on samples of hardened cement pastes for both the
control and that with 30% silica fume after 28 days of water curing at 25 and at 400 °C. For
the XRD test, the hardened cement paste samples were ground into powder, conserved in
plastic bags, and sent to Nigeria at the National Research Institute for Chemical Technology
(NARICT) for analysis. For the SEM, small specimens of 3 × 3 × 3 cm3 were sent to South
Africa at the Nanotechnology Innovation Centre of the University of Johannesburg for
the test.

3. Results and Discussion
3.1. Material Characterization
3.1.1. Physical and chemical properties of OPC and SF

Table 2 shows the chemical compositions of OPC and silica fume determined via the
X-ray Fluorescent (XRF) technique.

Table 2. Chemical composition of OPC and silica fume.

Compounds OPC Silica Fume

SiO2 26.666 98.089
Al2O3 6.037 0.420
Fe2O3 2.296 0.155
CaO 60.306 0.616
MgO 0.00 0.00

S 2.806 0.283
K2O 0.807 0.238

Others 1.082 0.199
LOI 4.48 4.30

According to Table 2, the total percentage of silica (SiO2), iron oxide (Fe2O3), and
alumina (Al2O3) in silica fume was 98.664, which agrees with the ASTM C618 minimum
requirement of 70% for good pozzolanic material [42]. It shows that the silica fume used in
this study can form extra cementitious compounds (calcium silicate hydrates) by reacting
with the free lime present in OPC in the presence of water, thereby increasing the strength
of the paste and mortar [43]. The loss of ignition (LOI) observed was 4.30% for the silica
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fume and 6.3% for the OPC. The LOI of SF was below the 12% specified maximum per
ASTM C618 (2010) for pozzolanic materials.

Table 3 summarizes the physical properties of OPC and silica fume used in this study.

Table 3. Physical properties of OPC and silica fume.

Property OPC Silica Fume Standard

Specific gravity 3.14 2.2 ASTM C188-95 [44]
Normal consistency (%) 34 / ASTM C187-04 [39]
Initial setting time (min) 156 / ASTM C191-08 [45]
Final setting time (min) 224 / ASTM C191-08 [45]

Moisture (%) / 0.5 ASTM-C 1585 [46]

The OPC used has a specific gravity of 3.14 which is between the range requirements
of 3.1–3.16 kg/m3 per ASTM C188-95 [44]. If exposed to various conditions and humidity,
cement may contain a lot of moisture due to its pores, which may raise the specific gravity
of the materials, increase the water–cement ratio and reduce the strength of the cement
paste [47]. The specific gravity of cement is an important parameter when studying the
strength retrogression of HCP at high temperatures. It gives information about the chemical
composition and density of the material. Cement with high specific gravity will have better
strength than cement with low specific gravity. That is due to the fact that cement with
high specific gravity has a high amount of heavy compounds like alumina and silica, which
can react with the free lime in cement to form cementitious compounds and can increase
the strength and durability of the material.

The specific gravity of the silica fume was 2.2 kg/m3. That is lower than the specific
gravity of cement mentioned above. That implies a greater volume of silica would be required
to replace the same amount of cement, causing issues of water demand. This has a serious
impact on the mix design and the strength of the material. An increase in water demand can
cause weakness in the materials, reducing their compressive strength and durability.

Figure 2a presents the images of silica fume taken by a scanning electron microscope
(SEM) at the University of Johannesburg. The SEM machine had an accelerating voltage
and magnification of 20 kV and 6 kX, respectively. Figure 2b presents the energy-dispersive
X-ray spectroscopy (EDS) of silica fume.

On the SEM micrograph, some particles of silica fume look extremely fine, and others
look perfectly spherical. These particles can play the role of good filling materials when
used in cement. Further, due to its fine particle and high reactivity, silica fume can be used
as a pozzolanic material, improving the strength properties of hardened cement paste and
mortar. The EDS graph shows the presence of three elements: silicon (Si), oxygen (O), and
carbon (C). Since silicon dioxide (SiO2) is the main component of silica fume, the presence
of silicon and oxygen in these results was expected. That was confirmed by the unique
phase SiO2 presents in the XRD of silica fume shown in Figure 3. However, the presence of
carbon was not initially expected and can be considered an impurity that resulted from
contamination of the material by carbon-contaminated materials like coal or petroleum
during production or from contamination during preparation and analysis of the material.
The calcium hydroxide created during cement hydration can react with the carbon present
in the silica fume to form calcium carbonate (CaCO3). By consuming the calcium hydroxide
necessary to develop the strength of cement paste, the amount of carbon present in silica
fume could reduce its ability to prevent strength retrogression in cement paste and mortar
at high temperatures.
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The XRD of silica fume is shown in Figure 3.
XRD was primarily done to verify the mineralogical properties of the silica fume used.

The result shows a high amount of silicon dioxide with the chemical formula (SiO2), which
was highly expected based on the findings of the material’s chemical composition and EDS.
Ref. [48] confirmed the shape and mineralogical composition contained in this result. The
silica fume pattern in Figure 3 is considered amorphous.

Figure 4 shows the summarized results of the particle size distribution of OPC and SF
used in this study.
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Figure 4 shows that about 60% of the particles of silica fume were between 0.001 mm
and 0.01 mm, while less than 40% were below 0.01 mm. The silica fume used in this
research was finer than ordinary Portland cement, which has less than 30% fines below
0.01 mm. Due to its finer particles, silica fume has a greater surface area and is, therefore,
more reactive with cement and water. This can help to enhance the strength development of
HCP and mortar. Moreover, finer silica fume particles can fill the gap in cement, producing
a denser and more compact cement paste and mortar matrix that could increase strength at
normal and elevated temperatures and prevent strength retrogression.

3.1.2. Physical Properties of Fine Aggregates

The bulk and loose densities of the fine aggregates were found to be 1572.13 kg/m3

and 1403.26 kg/m3, respectively. The average density of 1487.70 kg/m3 meets the required
range of 1450–2082 kg/m3, and the specific gravity value was determined to be 2.56, all
of which conformed to ASTM C128-07 [49]. The water absorption and moisture content
values were determined to be 2.81 and 2%, respectively, indicating that the proportion of
water in the fine aggregates was sufficient and ready for use [50]. Finally, in accordance
with the ASTM C117-04 criteria of not exceeding 5%, the silt percentage of 4.3% for fine
aggregates was acceptable [51]. Table 4 shows the results of the physical properties of fine
aggregates used in this study.

Table 4. Physical properties of fine aggregates.

Property Results Standard

Specific gravity 2.56 ASTM C128-07 [49]
Loose density (kg/m3) 1403 ASTM C29-09 [52]
Bulk density (kg/m3) 1512 ASTM C29-09 [52]
Water absorption (%) 2.81 ASTM C128-07 [49]
Moisture content (%) 3.4 ASTM C566 [50]

Fineness modulus 2.52 ASTM C33 [53]
Silt content (%) 5.3 ASTM C117-04 [51]

Figure 5 presents the results of the particle size distribution of the fine aggregates used
in this study.
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Figure 5. Particle size distribution of fine aggregates.

The particle size of the aggregates ranged between 0.18 and 5 mm. The graph indicates
that the fine aggregates’ curve is within the upper and lower limit envelopes specified in
ASTM C33 for graded aggregate. Further, ASTM C33 requires that the fineness modulus be
kept between the ranges of 2.3 and 3.1 [53], to which the fineness modulus of the sand in this
study, 2.52, conforms. The fineness modulus of sand is a quantitative measure of the sand’s
particle size distribution used in a mix. It is an important factor that must be considered to
optimize the performance of mortar at high temperatures. In most cases, a smaller fineness
modulus indicates a more uniform and fine-grained particle size distribution. This can
help to create a more densely packed and less porous mortar mix, which can improve the
strength and durability of mortar [54].

3.2. Properties of Fresh Cement Paste and Mortar
3.2.1. Water Demand

Figure 6 shows the water demand of cement paste and mortar with silica fume.
As the percentage of silica fume increased, the water demand also increased (Figure 6a,b).

This was due to its high surface area and particle size distribution, which needed more water
to wet the silica fume particle and complete the hydration (see Section 3.1.2). This result of the
consistency of cement with silica fume is confirmed in [55], which asserts that the consistency of
cement increased with the increase in silica fume content. In total, 40% more water was required
for cement pastes containing 20–30% of silica fume. By carefully adjusting the water binding
ratio, the workability of cement paste and mortar can be optimized without compromising the
strength or durability of the final product. Furthermore, it also helps minimize excess water in
the mixture. This can result in HCP and mortar that are more compact and show less strength
retrogression when subjected to elevated heat.
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3.2.2. Properties of Hardened Cement and Mortar

Figure 7 illustrates the development of compressive strength of the control cement
paste and cement paste with silica fume curing at 7 days and exposed to temperatures of 25,
100, 200, 300 and, 400 °C for 2 h. Figure 8 shows the development of the strengths of control
mortar, mortar with silica fume curing at 7 days, and mortar exposed to temperatures of 25,
100, 200, 300, and 400 °C for 2 h.
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Figure 7. Residual compressive strength of hardened cement paste with silica fume at 7 days.
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Figure 8. Residual compressive strength of mortar with silica fume at 7 days.

Figure 9 illustrates the development of the compressive strength of control cement
paste and cement paste with silica fume curing 28 days and exposed to temperatures of
25, 100, 200, 300, and 400 °C for 2 h. Figure 10 shows the development of strength of the
control mortar, and mortar with silica fume curing at 28 days and exposed to temperatures
of 25, 100, 200, 300, and 400 °C for 2 h.
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Figure 9. Residual compressive strength of hardened cement paste with silica fume at 28 days.
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Figure 10. Residual compressive strength of mortar with silica fume at 28 days.

Figure 11 illustrates the development of compressive strength of control cement paste
and cement paste with silica fume curing at 56 days and exposed to temperatures of 25, 100,
200, 300, and 400 °C for 2 h. Figure 12 shows the development of the strengths of control
mortar and mortar with silica fume curing at 56 days and exposed to temperatures of 25,
100, 200, 300, and 400 °C for 2 h.

Buildings 2023, 13, x FOR PEER REVIEW 13 of 23 
 

Figure 11 illustrates the development of compressive strength of control cement 

paste and cement paste with silica fume curing at 56 days and exposed to temperatures of 

25, 100, 200, 300, and 400 ℃ for 2 h. Figure 12 shows the development of the strengths of 

control mortar and mortar with silica fume curing at 56 days and exposed to tempera-

tures of 25, 100, 200, 300, and 400 ℃ for 2 h. 

 

Figure 11. Residual compressive strength of hardened cement paste with silica fume at 56 days. 

 

Figure 12. Residual compressive strength of mortar with silica fume at 56 days. 

At 25 ℃, the different mixes of silica fume-cement paste and silica fume-mortar 

showed higher strength than the control cement paste and control mortar mix at 7, 28, 

and 56 days (Figures 7–12). This is due to the pozzolanic reaction of silica fume with free 

0 100 200 300 400

0

10

20

30

40

50

60

70

R
es

id
u

al
 c

o
m

p
re

ss
iv

e 
st

re
n

g
th

 i
n

 M
p

a 

Temperature in c

 control

 10 % Silica fume

 20 % Silica fume

 30 % Silica fume

0 100 200 300 400

0

10

20

30

40

50

R
es

id
u

al
 c

o
m

p
re

ss
iv

e 
st

re
n

g
th

 i
n

 M
p

a 

Temperature in c

 control

 10 % Silica fume

 20 % Silica fume

 30 % Silica fume

25

Figure 11. Residual compressive strength of hardened cement paste with silica fume at 56 days.
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Figure 12. Residual compressive strength of mortar with silica fume at 56 days.

At 25 °C, the different mixes of silica fume-cement paste and silica fume-mortar
showed higher strength than the control cement paste and control mortar mix at 7, 28,
and 56 days (Figures 7–12). This is due to the pozzolanic reaction of silica fume with free
lime to produce extra C-S-H phases leading to higher compressive strengths. Furthermore,
the compressive strengths of silica fume-cement paste and silica fume-mortar for the mix
proportions increased with curing age (Figures 7–12).

A 30% replacement of cement by silica fume gave better results in both cement paste
and mortar. Ref. [55] found that the optimum silica fume content for achieving higher
strength of mortars ranges between 15 and 22%. That is in discordance with the results
obtained in this study. The results of this study have shown that 30% silica fume has no
adverse effect on the strength of mortar and gives higher strength compared to the other
percentages. The difference in results may be due to the different water/binder ratios
used for each study and also to the mixed design adopted. The strength gain of the silica
fume-cement paste with respect to the control mix was in the order of 9% gain for 30%
replacement levels at 7 days, 15% gain for 30% replacement levels at 28 days, and 12% gain
for 30% replacement levels at 56 days.

The compressive strength of the control cement paste and the control mortar slightly
increased with temperatures up to 200 °C and decreased with temperatures up to 400 °C.
The increase in compressive strength up to 200 ◦C could be attributed to additional hy-
dration of unhydrated cement grains as a result of the steam effect under the conditions
of the so-called internal autoclaving effect [43]. Ref. [56] also reported a slight increase in
the compressive strength of cement paste and mortar at temperatures up to 200 ◦C. The
decrease in strength after 200 °C is due to the evaporation of the most strongly bonded
water, which is involved in the formation of hydrates and the preparation of Portlandite
decomposition [11]. The loss of strength at 400 °C in the control cement paste was approxi-
mately 11%, whereas the strength loss in the control mortar was 9.2%, which is close to the
9% found by [56].

As the temperature increased up to 400 °C, the strength of the silica fume-cement paste
and silica fume-mortar increased accordingly. Moreover, the 30% replacement of cement
with silica fume gave better results in cement paste and mortar. Ref. [43] also found that
the residual compressive strength of combined silica fume and metakaoline in hardened
cement paste increased up to 400 °C and then decreased up to 800 °C. They suggested
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that the increase in strength was caused by higher volumes of C-S-H in silica fume-cement
pastes and a decrease in Ca(OH)2 content when compared to the control cement paste. The
study further suggested that the crystalline products formed depended principally on the
metakaoline/calcium hydroxide ratio and reaction temperature.

At 400 °C, the strength gain of silica fume-cement paste with respect to the control mix
was in increasing order of 29, 33, and 43 for 10, 20, and 30% replacement levels at 7 days;
28, 26, and 21 for 10, 20, and 30% replacement levels at 28 days; and 26, 28, and 19 for 10,
20, and 30% replacement levels at 56 days. Improvements in compressive strength at an
elevated temperature at different curing ages can be justified by the additional tobermorite
and xonotlite gels found in the hardened silica fume-cement paste at 400 °C which was
formed due to the faster reaction of silica fume with Ca(OH)2 at elevated temperatures.
These tobermorite and xonotlite gels are usually qualified as crystalline and stable phases
responsible for preventing the loss of strength in the cement matrix [57,58].

3.3. Microstructure of Hardened Cement and Mortar Control and of Hardened Cement and
Mortar Control
3.3.1. XRD Analysis

Hardened control Cement paste at 25 and 400 °C
Figure 13 illustrates the XRD patterns of cement paste at 25 °C and fired at 400 °C.
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Figure 13. XRD Patterns of hardened control cement paste at 25 and 400 °C.

Figure 14 illustrates the XRD Patterns of cement paste with 30% silica fume at 25 and
400 °C.
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Figure 14. XRD patterns of cement paste with 30%.

The crystalline phases that were detected in the unfired cement paste (Figure 13) are di-
calcium silicate (belite), tricalcium silicate (alite), ettringite, calcium hydroxide (Portlandite)
arising from the hydration process, and calcium silicate hydrate (C-S-H) present in different
polymorphs such as tobermorite and xonotlite. The estimated quantities by weight of these
crystalline phases were analyzed by the software Match 3, and the results gave 2.7% of
Portlandite, 9% of ettringite, 21% of alite, 24.9% of belite, and a total of 42.4% of C-S-H.
Based on the previous studies [33,35], the XRD pattern of hardened cement paste shows the
presence of several crystalline phases such as: (i) calcium silicate hydrate (C-S-H), the main
binder with quantity varies between 40 and 70%; (ii) calcium hydroxide formed during the
curing of cement with quantity varying between 5 and 20%; (iii) calcium aluminate form
during the curing of cement with quantity varying between 5 and 15%; (iv) quartz, alite,
and belite whose quantities vary due to the curing condition.

At 400 °C, the XRD patterns (Figure 13) show some changes in the phase compositions
of cement paste. The crystalline phase quantities detected are 25.5% of belite, 22.1% of alite,
16.1% of calcium oxide and aluminate oxide, and 36.2% of tobermorite (C-S-H). Based on
the crystalline phase quantity, the presence of calcium and aluminum oxide was noticed.
That may be due to the fact that at 400 °C, the first decomposition of Portlandite occurs and
can increase to a certain rate if the temperature increases [59]. Further, a decrease in the
amount of C-S-H was noticed. The percentage loss is estimated at 15%. That is one of the
reasons for the loss of strength at 400 ◦C.

The dominant crystalline phases that were detected in the XRD pattern of unfired cement
paste with 30% silica fume at 25 °C (Figure 14) where 34.6% of belite, 10.8% of alite, and a total
54.8% C-S-H (31% of tobermorite and 23.8% of xonotlite). The amount of C-S-H in cement
paste with 30% silica fume was higher than the amount of C-S-H in hardened cement paste.
The percentage increase was 29.25. The increase in the amount of C-S-H is due to the fact that
Portlandite reacts with the SiO2 present in the silica fume to produce additional C-S-H. That
explains the fact that at 28 days, the compressive strength of cement with silica fume was
higher than the compressive strength of the hardened control cement paste.

The crystalline phases that were detected in the XRD pattern of cement paste with
30% silica fume at 400 °C (Figure 14) were 21.2% of belite, 20.8% of alite, and a total of
57.9% C-S-H (31% of tobermorite and 23.8% of xonotlite). The amount of C-S-H in cement
paste with 30% silica fume was higher than the amount of C-S-H in hardened cement paste.
The percentage increase was 59.94 at 400 °C. The presence of tobermorite and xonotlite
phases in hardened OPC that has been thermally treated at 400 ◦C can be attributed to
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the cement’s reaction between calcium silicates and calcium hydroxide. Heat causes the
reaction between these two components to occur more quickly during the thermal treatment
process, resulting in the formation of the tobermorite and xonotlite phases. These two
phases have a significant impact on increasing the mechanical and durability properties of
hardened cement. That confirms why the strength of OPC with silica fume was higher than
the strength of the hardened control cement paste thermally treated at 400 °C. Tables 5 and 6
show the phase composition by percentage weight presented in hardened control cement
paste and cement paste with 30% of silica fume at 25 and 400 °C.

Table 5. Composition of phases presented in hardened control cement paste and cement paste with
30%of silica fume at 25 °C by percentage weight.

Phase Chemical
Formula

Cement Paste (%)
at 25 °C

Cement Paste with
Silica Fume (%) at 25 °C

Belite Ca2SiO4 24.9 34.6
Alite Ca3SiO5 21.0 10.8

Portlandite Ca(OH)2 2.7 /
Tobermorite Ca5Si6O22(OH)2. 4H2O 31.4 31

Xonotlite Ca6(Si6O17)(OH)2 11 23.8
Ettringite Ca6Al2(SO4)3(OH)12 26H2O 9.0 /

Table 6. Composition of phases present in hardened control cement paste and hardened cement paste
with 30% of silica fume thermally treated at 400 °C (weight%).

Phase Chemical Formula Cement Paste Control (%)
at 400 °C

Cement Paste with
Silica Fume (%) at 400 °C

Belite Ca2SiO4 25.5 21.2
Alite Ca3SiO5 22.1 20.8

Calcium oxide CaO 16.1 /
Tobermorite Ca5Si6O22(OH)2. 4H2O 36.2 39.6

Xonotlite Ca6(Si6O17)(OH)2 / 18.3

3.3.2. SEM and EDS Analysis

Figures 15 and 16 show the SEM micrograph and the EDS of hardened control cement
paste and hardened cement paste with 30% silica fume at ambient temperature (25 °C),
respectively. Figures 17 and 18 show the SEM micrograph and the EDS of hardened control
cement paste and hardened cement paste with 30% silica fume thermally treated at 400 °C
for 2 h in a furnace at a rate of 10 °C/min, respectively.
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The microcracks inside the hardened cement paste at ambient temperature (25 °C)
are very few (Figure 15a) compared with the microcracks inside the hardened cement
paste at 400 ◦C (Figure 17a). Figure 17a clearly shows that pore structure intensified at
400 ◦C. Two mechanisms can explain the intensification of pore structures when the HCP is
subjected to temperatures up to 400 ◦C. The physical mechanism is the thermal expansion
of trapped water and gases in cement pores. As the temperature rises, the water and gases
present in the pores of HCP expand, causing extra pressure and stress on the cement’s
surfaces. In addition to this physical mechanism, the chemical process that contributes to
the intensification of pore structures at 400 °C is the decomposition of calcium hydroxide
into calcium oxide and aluminate oxide. The release of water and gases by these two
chemicals contributes to the enlargement of pores.

The micrograph of cement plus 30% silica fume (Figure 15b) at ambient temperature
(25 °C) is denser and presents smaller voids than the micrograph of hardened control cement
paste (Figure 15a), which presents some voids and small cracks that can negatively affect the
compressive strength. This can be explained by the fact that silica fume is finer in particle size
than cement, so the use of silica fume as a partial replacement for cement will fill the voids in
the hardened cement paste and mortar and increase their strength [60]. Further, the increased
amount of C-S-H (increase in the amount of tobermorite and xonotlite) occasioned by the
extra reactions between the silica and calcium hydroxide in the matrix can be the second
explanation for this. The particles of tobermorite and xonotlite gels form with the presence of
silica fume are typically much finer than those of the C-S-H phase that forms without the
addition of silica fume, resulting in a denser and more tightly packed microstructure.

The micrograph of hardened cement paste with 30% silica fume at 400 °C (Figure 16b)
also looks much denser in the microstructure form compared with the micrograph of
the control cement paste (Figure 16a). This is due to the presence of a huge quantity of
stable crystalline phases, such as tobermorite and xonotlite, which appear in the cement
formulation at elevated temperatures compared to the one at ambient temperature. The
extra tobermorite and xonotlite gel are calcium silicate hydrate (C-S-H) phases that form



Buildings 2023, 13, 1301 19 of 21

through the reaction between calcium hydroxide (CH) and silica fume in the presence of
heat.

4. Conclusions

In this study, the effect of silica fume on preventing strength retrogression in ordinary
Portland cement and mortar at temperatures up to 400 °C was investigated. The residual
compressive strength, SEM, XRD, and EDS tests were done. According to the experimental
results, the following conclusions can be drawn:

• Control cement paste and control mortar residual compressive strengths increase
slightly with temperatures up to 200 ◦C, then decrease with temperatures up to 400 ◦C.
At 400 ◦C, the strength loss was 11% for the control cement paste and 9.2% for the
mortar control.

• Hardened cement and mortar made with 30% silica fume possess the highest compres-
sive strength values at 25, 100, 200, 300, and 400 °C.

• The inclusion of silica fume has a very positive effect on the strength of hardened
cement paste and mortar at 25 °C and at different temperatures up to 400 °C. That is
due to the reaction between the calcium hydroxide from the cement hydration and the
SiO2 from the silica fume leading to the formation of extra calcium silicate hydrates,
which are responsible for the strength development of the materials.

• At 25 °C, the estimated amount of C-S-H was 42.4% for cement control and 54.8% for
cement with 30% silica fume. The resulting percentage increase was found to be 29.25.

• At 400 °C, the estimated amount of C-S-H was 36.2% for cement control and 57.9% for
cement with 30% silica fume. The resulting percentage increase was found to be 59.94.

• Silica fume cement pastes at 25 and 400 °C have a denser microstructure compared to
the microstructure of control cement paste.

• The silica fume can be considered a sustainable material to prevent strength retrogres-
sion at elevated temperatures.

5. Recommendation

To advance the existing knowledge of the benefits of using silica fume in cementitious
materials, further research can be conducted on concrete with silica fume at elevated
temperatures, pore structural, and fractal analysis of the influence of fly ash and silica fume
on the mechanical property and abrasion resistance of concrete.
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