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Abstract
The unique physical and chemical properties of silica fume enhance the compressive strength and water resistance of cement
mortar. The study aims to investigate the effect of silica fume in cement mixes in terms of strength-gaining characteristics and
water-resistance attributes. The silica fume was added in amounts of 0%, 10%, 20%, and 25% as a partial cement replacement
for the production of mortar. A total of 120mortar cubes were prepared with steel molds of 50× 50× 50mmdimensions. Two
water-cement ratios (w/c) of 0.4 and 0.5 were utilized to investigate the water-resistance properties. A water-resistant property
was calculated using the compressive strength ratio in the saturated surface dry (SSD) state to the oven-dry condition. The
compressive strength ratios in SSD and the oven-dry state were measured after curing in water for 3, 7, 28, 45, and 90 days.
After 90 days of curing, the sample with a water-cement ratio of 0.4 exhibited the greatest compressive strength and the
highest ratio of SSD to the oven-dry state. The higher SSD to oven-dry strength ratio shows the silica fume possesses superior
water resistance. This study concludes that silica fume possesses great pozzolanic activity and excellent resistance to water.
The incorporation of silica fume creates a concrete composition that enables the construction of durable concrete structures.
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1 Introduction

Cement is considered the most imperative material in the
concrete industry and has been widely used in concrete
because of its excellent cohesion and adhesion properties
[1–3]. Concrete is utilized globally especially in the construc-
tion industry [4]. Cement is the main ingredient in concrete
and is responsible for binding the aggregate, producing a
compact and dense solid mass. Therefore, cement is a bind-
ing agent that is utilized in the production of concrete as well
as mortar for any construction project.

Cement can be divided into two broad categories:
hydraulic and non-hydraulic. Hydraulic cement hardens and
possesses water resistance capabilities when it reacts with
water, whereas the latter does not [5–7]. The hydraulic
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cement is used in concrete structures thatwill come intodirect
or indirect contact with water, which must be water-resistant
and durable [8–10]. Water-resistant concrete implies that it
has a compact, impenetrable, and micro-dense structure so
that it does not allow any ingress of the adverse chemical into
its system [11, 12]. The flow of water causes major problems
in construction projects like abrasion and cavitation on the
surface of spillways, stilling basins, hydraulic tunnels, drain-
pipes, and thewalls of upstream reservoirs [10]. Similarly, the
surface of the floor of a residential building is porous due to
flow of water. Then, water can quickly enter its micro-cracks
and cause reinforcement corrosion and dampness problems
[13, 14]. To address this issue, pozzolanic components are
put into cement to improve the durability and impermeability
of concrete structures [14].

Silica fume makes up pozzolanic material since its par-
ticles are so small and it has a high percentage of silica
content. A significant number of researches have evaluated
the porosity and durability of cement paste and concrete by
adding silica fume,which produces amore discontinuous and
impermeable pore structure in concrete and thus exhibits a
relation with the water-resistance capacity of cement [8–18].
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Fine non-crystalline silica is produced as a by-product in
an electric arc furnace when producing elemental silicon
or alloys containing silicon. This very fine non-crystalline
silica is defined as silica fume—an additive ingredient of
concrete—by the American Concrete Institute (ACI) [19].
Moreover,Mercury intrusion porosimetry (MIP), a technique
defining the porous structure, has shown that silica fume
redistributes the pore structure of concrete paste and mortar
more homogeneously by disseminating the number of large
pores [20, 21]. Hooton’s [22] observation reveals that the
permeability of cement paste measured after 28-days curing
is 0.9 × 10–13 m/s and less than 0.1 × 10–13 m/s contain-
ing 10 and 20% of silica fume by volume, respectively, for
0.25 w/c ratio. On the contrary, permeability is higher with
a 3.8 × 10–13 m/s when no silica fume was added into the
cement paste. Another research by Sellevold and Nilsen [23]
determined that silica fume is more efficient in lowering per-
meability than in increasing strength [24]. The same research
also states that the quality improvement of the cement paste
aggregate is the primary catalyst for enhancing the quality
of cement paste. Another study by Feldman and Huang [25]
focused on silica fume effect on concrete resistance to the
attack by MgCl2. They observed the resistance of mortar
with exposure to 4%MgCl2 solution for about 160 days hav-
ing 0, 10, and 30% silica fume by cement mass and showed
that additions of silica fume significantly improve the mor-
tar’s durability. Mehta [26] also investigated the chemical
resistance of concrete. The results reveal that concrete hav-
ing 15% of silica fume by cement mass was more resistant to
chemicals than other samples of concrete with 0% replace-
ment of cement.

The improvement of these properties of cement paste by
using silica fume is explained by its physical and chemi-
cal mechanism. The process shows how the fine silica fume
and cement particles give the calcium hydroxide crystal a
place to start growing. This process is also called the filler-
packing effect [27]. It causes greater cohesiveness among the
ingredients, resulting in densely distributed mixture parti-
cles, and mitigates the bleeding effect. The chemical process
in cement paste occurs in the presence of silica fume due
to the pozzolanic reaction, which can be explained as the
higher pozzolanic activity of silica fume content which reacts
with the calcium hydroxide to form calcium silicate hydrate
(C–S–H) bond. This C–S–H bond provides strength, durabil-
ity [28], and impermeability to cement mortar and concrete.
The study identifies silica fume as a chemical used in cement
paste because of its high pozzolanic activity and capacity to
block micropores [29].

Ahmad et al. [14] investigated the performance of natural
pozzolan-based cement concrete with 5% silica fume. They
examined the drying shrinkage, compressive strength, water
infiltration depth, carbonation depth, corrosion of the rein-
forcement, and strength loss caused by exposure to salt and
sulfate. They discovered that incorporating silica fume into
natural pozzolan-based concrete caused significant improve-
ment in the durability without increasing shrinkage.

Nowadays research focuses on alternatives to cement that
are less harmful to the environment. Alkali-activated mortar
consisting of fly ash and the combination of fly ash and silica
fume as binding agents was used by Sothornchaiwit et al.
[11]. They investigated the effects of acid and sulfate on
compression strength and durability. Compressive strength
is found to be significantly impacted by both the addition
of silica fume and the curing temperature. Nagrockien et al.
[30] investigated the impact of silica fume addition on alkali-
silica reactivity in concrete containing reactive aggregates.
The tests showed that concrete made with 10% silica fume
is more resistant to alkali–silica reaction and more durable.

Research was also conducted [31] to determine the effect
of silica fume and waste rubber on the fire resistance of
slag-based geopolymer mortars to reduce threats to the
environment and ensure that these materials are recycled.
Mahmood and Kockal [32] used the waste PVC fibre-
reinforced mortars having micro-silica and silica fume to
produce concrete or mortar as a sustainable construction
materials. The compressive strength ratio measured in wet
states, also called saturated surface dry states, to the dry states
is a conventional characteristic to express thewater resistance
of cement paste. According to previous research, silica fume
can increase compressive strength while decreasing porosity
and water absorption capacity in mortar samples observed
by combining different mixing methods. However, more
research on adding silica fume in terms of strength-gaining
characteristics and water-resistance attributes is required.

This study aims to extrapolate the effect of silica fume
on the cement material based on strength-gaining character-
istics and water-resistance attributes from the experimental
results obtained in the laboratory. The silica fume is applied
in amounts of 10%, 20%, and 25% as a partial cement
replacement for the production of mortar. In each case, two
water-cement ratios (w/c) of 0.4 and 0.5 are used to inves-
tigate the water-resistance properties. The resistance of a
property to water is measured by the compressive strength
ratio between the saturated surface dry (SSD) state and the
oven-dry state. The compressive strength ratios in SSD and
the oven-dry condition are assessed after 3, 7, 28, 45, and
90 days of water curing.
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Table 1 Physical properties of the cement and silica fume

Materials Specific
gravity
(g/cm3)

Specific surface
area (cm2/g)

Mean particle
size (µm)

OPC (Type-I) 3.05 3250 22.5

Silica fume 2.2 150,000 0.15

2 Materials andMethod

3 Materials

Ordinary Portland cement (OPC) ASTM Type-I is used for
the experiments in this research. Silica fume is added with
OPC in three proportions to investigate its effect on water
resistance. According to ASTM C144, the fine aggregate
passing through a 4.75 mm sieve is utilized in the mortar
mixture. The silica fume acts as amicro-filler in the concrete,
increasing density and workability and as additional mate-
rial for cementation by reacting with calcium hydroxide and
enriching the bond between particles, resulting in enhanced
strength due to its pozzolanic properties. The physical and
chemical properties of the cement and silica fume are pre-
sented in Tables 1 and 2, respectively.

4 Mix Proportion and Specimen Preparation

Type-I cement was used in mixing proportions, as shown in
Table 3, to determine the compressive strength of cement
mortars in saturated surface dry (SSD) and oven-dry condi-
tions. Silica fumewas used at 0%, 10%, 20%, and 25%partial
cement replacement, and the water-to-cement ratio for each
mix remains constant at 0.4 (by weight) and 0.5 (by weight)
to increase compressive strength. The water-to-cement ratio
is determined based on the trial mixture to ensure that the
mortar has acceptable workability [14, 33, 34]. The mortar
mixtures were then cast into steel molds with 50 × 50 ×
50 mm dimensions. The mortar was mixed for two minutes
before it was put into the molds in two layers. Each of the
two layers was compacted ten times with a 16-mm-diameter
bar. For each mortar mixture, 30 cubes were prepared for the
compressive strength tests. The specimens were de-molded
after 24-h of casting and cured in water at room temperature
at 20± 3 °C for 3, 7, 28, 45, and 90 days [35]. Subsequently,
the specimens were dried in an oven for 24-h period before
breaking the samples [36, 37].

Fig. 1 Compressive strength of mortar for different state and w/c ratio
at 3 days

5 Experimental Method

The compressive strength and water absorption tests were
performed according to ASTM C109 and ASTM C642-06,
respectively. In each step, three cubes were tested for com-
pressive strength in their SSD state, and three cubes were
tested in the oven-dry state. The average of the three spec-
imens was taken, and outliers were discarded. Before the
compressive strength test, the cubes were weighed in both
the SSD and oven-dry states to estimate the water absorp-
tion. The water absorption test was performed by placing
cube samples in an oven at 100–110 °C for 24 h andweighing
them (W1). The samples were then submerged in water for
48 h, after which their surfaces were dried andweighed again
(W2). The calculation of water absorption was done as fol-
lows:

Water absorption � W2 − W1

W1
× 100

6 Results and Discussion

6.1 Effect of Silica Fume Addition
on the Compressive Strength

The compressive strength of SSD and oven-dry state for the
control sample and cement silica fume (CSF) sample for w/c
of 0.4 and 0.5 are investigated in this section to observe the
effect of silica fume in the replacement of cement. The results
of the experimental tests at 3 days are shown in Fig. 1. As
seen in the figure, adding silica fume reduced the compres-
sive strength compared to the control samples aged 3-day.
For dry-state samples, the compressive strength is slightly
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Table 2 Chemical composition of cement and silica fume (% by weight)

Chemical compounds CaO SiO2 Al2O3 MgO Na2O SO3 Fe2O3 K2O TiO2 LOI*

Cement 63.08 21.26 4.44 3.36 0.33 2.78 2.14 0.68 0.13 1.8

Silica fume (SF) 0.82 91.3 1.43 0.96 0.42 0.87 2.3 0.2 - 1.7

*LOI loss on ignition

Table 3 Mixture proportions of
the specimens Mix

number
W/C
ratio

Sand
(kg/m3)

Cement Silica fume Water
(kg/m3)

(%) Weight
(kg/m3)

(%) Weight
(kg/m3)

M41 0.4 920 100 460 0 0 184

M42 90 414 10 46 184

M43 80 331 20 129 184

M44 75 248 25 212 184

M51 0.5 920 100 460 0 0 230

M52 90 414 10 46 230

M53 80 331 20 129 230

M54 75 248 25 212 230

decreasing as the percentage of silica fume increases. The
compressive strength is reduced by an average of 3.65%,
9.38%, and 11.55% compared to the control sample when
silica fume is replaced by 10%, 20%, and 25%, respectively.
The inclusion of silica fume caused the decrease in early-age
compression strength of cement mortar.

On the other hand, the SSD state sample experienced a
significant reduce in compressive strength with respect to
the sample without silica fume. The compressive strength
was decreases by 32%, 46%, and 50% when 10%, 20%, and
25% silica fume is replaced. It is worth noting that in this
early stageof the hydrationprocess, thewater-to-cement ratio
appears to have minimal effect on the compressive strength,
as indicated in the figure by the minimal to no difference
in the compressive strength between the two different w/c
ratios at any given replacement level of silica fume. However,
the curing time has a noteworthy impact on the compressive
strength value at any additional level of silica fume, as shown
in the figure. For example, the dry state sample with a water-
to-cement ratio of 0.4 is 120% higher than the SSD state
sample with the same water-to-cement ratio and 20% silica
fume instead of cement.

The compressive strength after 7 days of casting is shown
in Fig. 2 for the evaluated specimens. The compressive
strength for dry-state samples at the age 7-day follows a sim-
ilar pattern to the 3-day compressive strength curve, where
the change in compressive strength is negligible. However,
the compressive strength for the SSD state samples with 10%

Fig. 2 Compressive strength of mortar for different state and w/c ratio
at 7 days

silica fume is reduced by 18% compared to the control sam-
ple, after which the replacement level of silica fume is no
significant effect on the compressive strength.

The results of the compressive strength test for 28 days are
shown in Fig. 3. As the figure indicates, the optimal replace-
ment level of silica fume for SSD state samples is 20% for
both w/c ratios. Also, reducing the w/c ratio is more effective
on samples with higher replacement levels. For instance, the
compressive strength for the SSD state sample with a w/c
of 0.4 is 11% higher than that with a w/c of 0.5 at a 20%
replacement level. However, the optimal replacement level
for the dry-state samples varied based on the w/c ratio. The
maximum compressive strength for the sample with a w/c
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Fig. 3 Compressive strength of mortar for different state and w/c ratio
at 28 days

Fig. 4 Compressive strength of mortar for different state and w/c ratio
at 45 days

ratio of 0.5 is obtained with a replacement level of only 10%,
while the maximum strength for the sample with a w/c of 0.4
is obtained at a replacement level of 20%. Unlike the 3-day
and 7-day compressive strength values, which are considered
early stages of the hydration process, the 28-day compres-
sive strength values are more variable with a variation of the
w/c ratio. This could be due to the completion of most of the
hydration process and the dense microstructure of the mix
due to the addition of silica fume.

Figures 4 and 5 represent the compressive strength test
samples for 45-day and 90-day, respectively. As shown in
the figures, the compressive strength increases as the silica
fume replacement level increases regardless of the w/c ratio
until a replacement level of 20%, after which the compres-
sive strength value decreases. At the 90-day test, the results
show that the SSD sample with a w/c of 0.5 has a maximum

Fig. 5 Compressive strength of mortar for different state and w/c ratio
at 90 days

increase of 15% compared to the control mix, while it is 20%
for the SSD sample with a w/c ratio of 0.4. For the dry state
samples with w/c of 0.4 and 0.5, the compressive strength
is 11% and 9% higher than the control sample, respectively,
at the same 20% replacement level. Therefore, it could be
concluded from the above discussion that the optimal level
of silica fume replacement is 20% by weight of cement and
that the optimal type of drying is SSD combined with the
lower w/c ratio of 0.4.

The rate of compressive strength gains for different mixes
in a saturated surface dry state is shown in Table 4. The max-
imum rate of strength is gained in the first 3–7 days, while
minimum strength takes 7–45 days to reach. Particularly, the
strength gains M44 mix sample showed the highest variation
from3 to 7days,whereas the strength gainsM41control sam-
ple showed the lowest variation from 7 to 45 days. Strength
gain variation is highest for the w/c ratio 0.4 in SSD condi-
tion. Table 5 presents the rate of compressive strength gain
for different mixes in an oven-dry state. In comparison to
SSD, the oven-dry state has a higher gain in compressive
strength. However, the variation of strength gain in oven-dry
conditions is lower than in SSD conditions for all differences
(i.e., 3–7 days, 7–28 days, etc.).

The increments percentage of compressive strength for
different mixes in SSD conditions are shown in Fig. 6. The
rate of compressive strength growth is very significant for all
mixtures during the first 10 days. Nonetheless, the increment
rate is high when silica fume is used in various percentages
until 30 days. The increment rate for the control sample is
lower for both w/c ratios. The additional bond created by the
silica fume particles as a result of the pozzolanic reaction
and the cement particles obtains stronger when the curing
period is extended. Figure 7 depicts the increments in the
percentage of compressive strength for different mixes in
oven-dry conditions. During the first 10 days, the rate of
strength gaining is very significant for all mixtures. However,
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Table 4 The rate of strength
gaining for different mixes in a
saturated surface dry state

Mix number 3–7 days 7–28 days 28–45 days 45–90 days

M41 38.14 14.17 11.48 19.65

M42 67.74 37.59 17.63 22.88

M43 123.44 44.52 15.32 26.29

M44 128.97 45.45 16.57 23.53

M51 38.09 10.27 14.77 20.01

M52 59.24 38.91 20.70 19.80

M53 110.98 36.83 22.10 24.62

M54 123.15 35.35 23.24 24.73

Table 5 The rate of strength
gaining for different mixes in
oven dry state

Mix number 3–7 days 7–28 days 28–45 days 45–90 days

M41 34.27 4.99 9.91 18.36

M42 35.91 13.50 6.42 17.21

M43 42.51 17.84 8.17 21.12

M44 47.22 16.42 9.12 19.00

M51 34.88 1.88 12.14 17.32

M52 42.07 15.11 5.71 15.88

M53 48.48 13.15 10.40 20.70

M54 50.96 12.60 10.65 20.35

Fig. 6 The increments percentage of compressive strength for different
mixes in a saturated surface dry state

the increment rate is high when silica fume is used in various
percentages for 30 days. The rate increment for the control
sample is decreased for both w/c ratios. According to the
findings, silica fume increased the compressive strength of
mortar. Despite having much more surface area than cement
particles, silica fume has poor workability.

Fig. 7 The percentage of compressive strength increment for different
mixes in oven dry state

7 Effect of Silica Fume Addition onWater
Absorption

This section discusses the impact of silica fume on water
absorption as a replacement for cement in mortar. Figure 8
shows the water absorption results for samples with a
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Fig. 8 Water absorption on the CSF mortar at the different ages for w/c
of 0.4

Fig. 9 Water absorption on the CSF mortar at the different age for w/c
of 0.5

water-to-cement ratio of 0.4. As shown in the figure, water
absorption at 3 days’mortar age increases asmore silica fume
is added in all mixes. It could be attributed to the demand for
water in the early stages of the hydration process combined
with the increased surface area of the microstructure of the
paste due to silica fume addition. At 3 days’ age of mortar,
water is absorbed approximately 17% for 0% replacement of
silica fume. The amount of water absorption by the control
sample is decreased as the mortar age increases. Neverthe-
less, the water absorption is reduced when using silica fume
in all mixtures at all mortar ages except 3 days sample. The
optimal silica fume mixture is 20% with a w/c ratio of 0.40,
which reduces water absorption in all ages of mortar.

The results of water absorption for samples with a water-
to-cement ratio of 0.5 are shown in Fig. 9. The water
absorption for the control sample at 3 days is 20%. As shown
in the figure, increasing mortar age reduces water absorption
for the sample of 0% replacement of silica fume; for exam-
ple, 17.2%, 9.96%, and 9.88% of water are absorbed after
7, 28, 45, and 90 days. When 20% silica fume is used in
replacement of cement, water absorption is decreased for
mortar of all ages. In contrast, increasing the percentage of

Fig. 10 SSD to dry state strength ratio and water absorption of mortar
for w/c of 0.4

Fig. 11 SSD to dry state strength ratio and water absorption of mortar
for w/c of 0.5

silica fume decreases the water absorption in all ages except
3 days sample. The water absorption is increased as the sil-
ica fume increases by 20% and 25% for the sample period of
3 days.

The graphical demonstration between the SSD to dry state
strength ratio and water absorption is plotted to compare the
results of all samples for a w/c ratio of 0.4 in Fig. 10. The
extended curing effect demonstrates that samples containing
silica fume significantly impact their compressive strength
value. For instance, the 10%, 20%, and 25% silica fume sam-
ples showed higher compressive strength than the control
sample. As a result of higher compressive strength, the SSD-
to-dry strength ratio is higher. For example, the 20% silica
fume-containing sample with a w/c ratio of 0.4 provided the
highest SSD-to-dry strength ratio, 0.96, and the lowest water
absorption, 6.62%, for 90 days after casting.

The results of all samples with a w/c ratio of 0.5 in terms
of SSD to dry state ratio and water absorption are compared
in Fig. 11. It also follows the similar trends of Fig. 10, the
highest SSD-to-dry strength ratio and low water absorption
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for the samples containing silica fume. For example, the 10%,
20%, and 25% silica fume-containing samples provided the
SSD-to-dry strength ratio of 0.91, 0.94, and 0.92 for 90 days
after casting. The water absorption is 7.46%, 7.06%, and
7.54% for 90 days period sample having silica fume 10%,
20%, and 25%, respectively. Hence, it can be concluded that
silica fume enhances the compressive strength and SSD-to-
dry strength ratio because of the high pozzolanic activity and
additional calcium silicate hydrate (C–S–H) bond formed
between cement and silica fume particles.

8 Conclusion

The effects of silica fume on the strength-gaining and water-
resistance properties of mortar mixes were examined in this
study. Other variables were also examined in this study,
including curing time,water-to-cement ratio, and drying con-
dition. Silica fume was used to replace cement at 0%, 10%,
20%, and 25% replacement levels in two water-to-cement
ratios of 0.4 and 0.5. The compressive strength and water
resistance of the mixes were assessed after 3, 7, 28, 45, and
90 days of curing. The results of this research concluded the
following points:

• Addition of silica fume caused reduction of the compres-
sive strength at early stages of the hydration process (Age
3 days and 7 days)

• The effect of water-to-cement ratio on the compressive
strength appears to be minimal at early stages of the
hydration process which is evident by the minimal to no
difference in the compressive strength between the two
different w/c ratios at any given replacement level of silica
fume. however, the curing time has a noteworthy impact
on the compressive strength at early hydration stages

• The results of this study indicate that the optimal replace-
ment level of silica fume for SSD state is 20% for both
w/c ratios. Also, reducing the w/c ratio is more effective
on samples with higher replacement levels of silica fume

• The optimal replacement level for the dry-state samples
varied based on the w/c ratio

• Based on the results of the 90-days test, the long-term
optimal level of silica fume replacement is 20% by weight
of cement and the optimal type of drying is SSD combined
with the lower w/c ratio of 0.4.

• Water absorption at three days’ mortar age increases as
more silica fume is added in all mixes, which is attributed
to the demand for water in this stage of the hydration
process combined with the increased surface area of the
microstructure of the paste due to silica fume addition

• As the hydration continues, water absorption is reduced
with the increase in silica fume replacement levels. The

optimal silica fumemixture is 20% replacement level with
a w/c ratio of 0.40

• Silica fume enhances the compressive strength and water
absorption resistance due to its high pozzolanic activ-
ity and additional calcium silicate hydrate (C–S–H) bond
formed between cement and silica fume particles

• Therefore, silica fume has the potential to partially replace
cement in the manufacture of sustainable building mate-
rials. It also improves concrete performance, including
compressive strength and water absorption, and can be
producedwith technical, financial, and environmental ben-
efits.
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