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A B S T R A C T 

This study investigates the effect of incorporating micro-sized silica fume on the me-

chanical properties and durability of cement mortar when exposed to sulfate and 

chloride environments. Mortar samples were prepared by replacing cement with mi-

cro-sized silica fume in varying proportions of 5%, 10%, 15%, 20%, 25%, 30%, and 

35% by weight. The specimens were cured in water and chemically aggressive con-

ditions, including 5% and 10% sodium sulfate solutions, as well as mixtures of 5% 

and 10% sodium chloride solutions, to simulate real-world exposure to such envi-

ronments. Experimental results revealed that the addition of silica fume significantly 

enhanced the mortar's resistance to chemical deterioration caused by sulfates and 

chlorides. This improvement is attributed to the pozzolanic reaction of silica fume, 

which contributed to denser microstructures, reduced porosity, and a stronger bond 

within the matrix. Among the tested proportions, the optimal replacement ratios for 

achieving the best balance between mechanical strength and durability were identi-

fied up to 20%. These findings highlight the efficiency of silica fume as a supplemen-

tary cementitious material in mitigating the adverse effects of aggressive chemical 

agents. Such modifications can be particularly valuable in improving the service life 

of concrete structures exposed to harsh environmental conditions, enhancing sus-

tainability and cost-effectiveness in construction practices. 
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1. Introduction 

Although concrete is widely recognized for its 
strength and durability, it is susceptible to environmen-
tal factors that can degrade its integrity over time (Ala-
meri et al. 2020). Among these, sulphate and chloride at-
tacks are particularly insidious. Sulfate ions, common in 
some soils and groundwater, initiate expansive chemical 
reactions within the concrete matrix, leading to cracking 
and deterioration. Chloride ions, on the other hand, often 
originating from de-icing salts or marine environments, 
penetrate the concrete to corrode its steel reinforcement 
and weaken micro-structural stability. Acid attacks typi-
cally result from various industrial processes and re-
lated applications (Atabey et al. 2023). 

Pozzolans have long been recognized as vital supple-
mentary materials in enhancing the performance and 
durability of concrete (Saif Allah et al. 2024). These ma-
terials, including natural pozzolans such as fly ash 
(Harirchian 2024), silica fume (Güney and Yıldızel 
2024), and volcanic ash (Atasever and Tokyay 2024), are 
widely utilized to improve the longevity of concrete 
structures (McCarthy and Dyer 2019). By refining the 
microstructure and reducing permeability, pozzolans ef-
fectively limit the ingress of aggressive sulfate and chlo-
ride ion (Anwar 2005). This significantly reduces the 
risk of chloride-induced corrosion in steel reinforce-
ment. Additionally, certain pozzolans, such as silica 
fume, possess unique properties that further enhance 
the overall performance of concrete. (Feng et al. 2018). 
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Silica fume, which is rich in silicon dioxide, enhances 
the durability of concrete by improving its resistance to 
sulfate and chloride attacks (Şimşek et al. 2022). This ul-
tra-fine pozzolan reacts with the calcium hydroxide pro-
duced during cement hydration to form additional cal-
cium silicate hydrate (C-S-H) (Al-Saffar et al. 2023). It re-
sults in a much denser and more refined microstructure, 
significantly reducing the permeability of the concrete. 
This dense matrix acts as a barrier against the penetra-
tion of sulphate ions, which are known to cause expan-
sive chemical reactions leading to cracking and deterio-
ration (Shannag and Shaia 2003). By minimising the en-
try of these harmful ions, silica fume prevents the for-
mation of harmful compounds such as gypsum and 
ettringite, thus preserving the integrity of the concrete. 
In chloride-laden environments, such as coastal areas or 
areas where de-icing salts are used, the low permeability 
caused by silica fume is equally beneficial, as silica fume 
not only slows low chloride ingress but also increases 
the concrete’s ability to chemically bind these ions, re-
ducing their availability to initiate corrosion of steel re-
inforcement. This dual effect – as both a physical barrier 
and a chemical binder – makes silica fume an indispen-
sable additive for concrete exposed to aggressive sul-

phate and chloride conditions (Ortega et al. 2018). Pre-
vious studies, listed in Table 1, have extensively investi-
gated the effectiveness of silica fume in reducing sul-
phate and chloride attacks in concrete and have high-
lighted its fundamental role in enhancing the durability 
of the material. These studies used advanced analytical 
techniques such as scanning electron microscopy (SEM) 
and X-ray diffraction (XRD) to observe the microstruc-
tural changes and porosity reduction caused by silica 
fume. In addition, long-term exposure tests in aggressive 
environments confirmed the superior performance of 
silica fume-modified concrete, with results showing sig-
nificantly lower sulphate-induced expansion and chlo-
ride-induced corrosion rates compared to conventional 
concrete (Sharaky et al. 2019). Understanding the mech-
anisms and effects of these attacks is crucial for engi-
neers and builders aiming to increase the longevity and 
durability of concrete structures (Abed et al. 2018). 

This article highlights the important role of using sil-
ica fume in cement mortars, especially in enhancing the 
fresh, physio-mechanical and durability of mortars sub-
jected to high silica fume volume (up to 35%) and ex-
posed to different concentration of NaCl and Na2SO4 con-
ditions.

Table 1. Previous research related to the study. 

Authors Silica fume ratio (%) Experiments 
Optimum silica fume  

ratio found (%) 

Saif Allah et al. (2024) 23, 46, 69 
Compressive strength, Splitting tensile strength,  

Absorption test 
69 

Anwar (2005) 10 
Compressive strength, Flexural strength,  
Pulse velocity, Dynamic elastic modulus 

10 

Kumar et al. (2022) 

5,10, 15 
(2.5%SF+2.5%FA, 

5%SF+5%FA, 
7.5%SF+7.5%FA) 

Compressive strength, Splitting tensile strength,  
Water absorption 

10  
(with 7.5%SF+7.5%FA) 

Şimşek et al. (2022) 0, 2.5, 5, 7.5, 10, 12.5, 15 
Density, Setting time, Soundness,  

Compressive strength, Flexural strength 
 

10 

Ramezanianpour et al. (2020) 
7.5 (with a natural  

pozzolan: 17.5) 
Compressive strength, Capillary absorption, Penetration 
depth, Penetration profile, RCMT analysis, XRD analysis 

7.5 

Tripathi et al. (2020) 5, 10, 15, 20, 25 
Fresh concrete properties, Compressive strength,  

Weight change 
20 

Sharaky et al. (2019) 5, 10, 15 
Length expansion, Compressive strength, X-ray diffraction, 

DSC analysis, SEM analysis, EDX analysis 
30 

Abed et al. (2018) 0, 15, 25, 35 Compressive strength 25 

Shetti and Das (2015) 1, 2, 3, 4, 5, 6 
Slump, Compaction factor, Compressive strength, Acid attack, 

Water absorption, Chloride attack, Alkali attack 
6 

Lee et al. (2005) 5, 10, 15 Compressive strength 5, 10 

Shannag and Shaia (2003) 
0, 20, 40, 60 (+ natural 
pozzolan: 0, 5, 10, 15) 

Compressive strength, UPV 15 

2. Methodology 

2.1.  Materials  

In this study, cement mortar samples were prepared 
using ordinary Portland cement (OPC) according to 
ASTM C150 (2024) was supplied by Amran Cement 
Plant. Specific gravity and fineness for cement were 3.15 
g/cm3 and 3140 cm2/g. The used silica fume (SF) powder 

has a specific surface area of 20 m2/g; it was sieved from 
a 75 μm sieve for eliminating large particles, an average 
diameter of 0.15 µm, silicon dioxide of 88.6%, and a spe-
cific gravity of 2.20 g/cm3 (Fig. 1). Moreover, the chemi-
cal composition of both cement and silica fume is listed 
in Table 2.  

Sand was used as a fine aggregate, and the specific 
gravity and water absorption were laboratory deter-
mined as 2.60 g/cm3 and 1.40%, respectively. 



 Al-Safi et al. / Challenge Journal of Structural Mechanics  (2025) 11(1) 55–69 57 

 

 

Fig. 1. Silica fume. 

Table 2. Chemical composition of the portland cement 
and silica fume. 

Material 
Oxide composition by mass (%) 

SiO2 CaO MgO Al2O3 Fe2O3 SO3 

Cement 23.2 55.1 2.2 7.4 5.4 2.0 

Silica fume 88.6 0.99 0.26 1.11 0.66 0.33 

2.2. Mix proportions, curing methods and sample 
preparation 

In this study, based on the trial-and-error method to 
produce the best homogeneous, optimum cement dos-
age and W/B ratio, the control cement mortar sample 
was prepared as 1:1:0.45 for cement, fine aggregate, and 
water, respectively. A water reduction additive (super-
plasticizers (SPZ)) was used by a constant percentage 
(0.8%) of binder weight to increase mix workability. The 
other groups were prepared by replacing silica fume 
with 5%, 10%, 15%, 20%, 25%, 30%, and 35% by weight 
of cement. Table 3 shows the mixing ratios for each 
group. 

Table 3. Mixture details and formulation code of the 
control and silica fume based mortar exposed to  

different solutions. 

Group 
Component weight (g) 

Cement Silica fume Fine aggregate SPZ W/B 

SF0 1000 -- 1000 8 450 

SF5 950 50 1000 8 450 

SF10 900 100 1000 8 450 

SF15 850 150 1000 8 450 

SF20 800 200 1000 8 450 

SF25 750 250 1000 8 450 

SF30 700 300 1000 8 450 

SF35 650 350 1000 8 450 

 

Test samples were cured under five different condi-
tions: water (laboratory conditions), 5% NaCl solution, 
10% NaCl solution, 5% Na₂SO₄ solution, and 10% 
Na₂SO₄ solution, for 28 days. They were then air-dried 
for one day before testing. 

2.3. Experiments 

2.3.1. Slump test 

In this study, the slump test was done according ASTM 
C143 (2020). This test is used for fresh concrete to de-
termine the workability and percentage of water. 

2.3.2. Density test 

In this study, the average density of three samples in 
each group was calculated after 28 days. Samples were 
weighed with a sensitive electronic scale to an accuracy 
of 0.1 gm, and then density values (ρ) in g/cm3 were cal-
culated by dividing their mass (m) to their volume ac-
cording to ASTM C642 (2021). 

2.3.3. Ultra-sonic test (UPV) 

The UPV test is a non-destructive technique used to 
evaluate the quality and integrity of mortar specimens. 
Sound's velocity through mortars gives details about 
their homogeneity, internal structure, and possible 
flaws. In this study, cubes with 50×50×50 mm3 dimen-
sions were directly measured for velocity as per ASTM 
C597 (2022) and using Eq. (1).  

𝑉 = 𝐿
𝑇⁄    (m/sec) (1) 

2.3.4. Dynamic modulus of elasticity 

In this study, the dynamic modulus of elasticity was 
calculated as per ASTM E494 (2020). For each sample 
and Eq. (2) were applied, then the average dynamic mod-
ulus of elasticity value was found for each group. Pois-
son’s ratio of mortar was assumed as 0.17. 

𝐸𝑑 =
𝑉long

2  ∙ 𝜌 ∙  (1+𝜈) ∙  (1−2𝜈)

1−𝜈
 (2) 

where Ed is the dynamic modulus of elasticity, ρ is the 
mass density (g/cm3), ν is the Poisson’s ratio of mortar, 
and Vlong is the speed rate of wave in specimen m/sec. 

2.3.5. Capillary water absorption test 

The capillary water absorption test was conducted in 
accordance with the standard ASTM C1585 (2020) after 
28 days. The sides of the specimens were sealed with 
tape up to 20 mm in height so that only one face of the 
specimen was subjected to water. Water absorption 
measures were recorded from 2 min to 24 hr. 

2.3.6. Compressive strength test 

In this study, compression test was applied after 28 
days by different curing methods (water, sodium sul-
fate and sodium chloride solve). The specimens were 
placed on a compression testing machine with a capac-
ity of 2500 kN and a loading rate of 0.4 N/mm2/sec, ac-
cording to the ASTM C109 (2020). The load is applied 
gradually until the specimen fails. Stress-strain curved 
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were drawn and then, the modulus of elasticity, maxi-
mum compressive stress and strain values were calcu-
lated.  

2.3.7. Flexural test 

In this study, the flexural strength of prismatic beams 
(40×40×160 mm3) was obtained through a three-point 
bending (TPB) test based on the ASTM D790 (2017). A 
test machine of 50 kN with a controlled displacement 
rate of 0.2 mm/min was used. Average flexural strength 
values were measured at 28 days. 

 

3. Results and Discussion 

This study evaluated the fresh, physio-mechanical, 
and durability properties of mortars containing silica 
fume (up to 35%) under varying concentrations of NaCl 

and Na₂SO₄. The assessment included visual inspections, 
density measurements, ultrasonic pulse velocity, dy-
namic modulus of elasticity, capillary absorption, com-
pressive strength, modulus of elasticity, and flexural ten-
sile strength. The findings are systematically summa-
rized in this section. 

3.1. Slump 

The results of the slump test were summarized in 
Table 4 and Fig. 2. Results clearly show that, as the 
amount of silica fume increases, the workability 
decreases. For the reference group (SF0), a 250 mm 
slump value was observed, and a linearly slight decrease 
was observed in the SF5, SF10, and SF10 groups. While a 
significant sudden drop was observed at SF20 to SF35 by 
52% to 80%, respectively. Thus, silica fume particles 
with a high surface area require more water in combina-
tions more than mixtures without silica fume.

Table 4. Physical and mechanical results. 

Group 
Slump 
(mm) 

Density 
(kg/m3) 

UPV test 
(m/sec) 

Dynamic modulus of 
elasticity (GPa) 

Flexural strength 
(MPa) 

SF0 250 2,003.3 4,168.0 31.96 7.031 

SF5 230 2,019.2 4,170.4 32.22 8.906 

SF10 220 2,064.1 4,610.6 40.28 8.438 

SF15 200 2,055.8 4,312.3 35.11 7.575 

SF20 120 1,974.2 4,239.9 32.59 6.976 

SF25 80 1,945.4 4,204.2 31.58 6.064 

SF30 60 1,968.1 4,034.7 29.38 4.098 

SF35 30 1,954.2 4,148.4 30.88 3.642 

 

Fig. 2. Slump test results.  
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3.2. Density 

The results of the density test on cement mortars with 
varying percentages of silica fume reveal a particular 
trend which indicates the effect of silica fume on the mi-
crostructure of the matrix. The density rises from 2.00 
g/cm³ with 0% silica fume to a maximum of 2.06 g/cm³ 
with 10% silica fume. This is so because silica fume con-
sists of ultrafine particles, it also fills in the cracks be-
tween cement bases or grains and makes more C-S-H, 
which effectively enhances the density. However, be-

yond 10%, the density begins to decline, with values 
dropping to 2.05 g/cm³ at 15%, 1.98 g/cm³ at 25%, and 
further to 1.95 g/cm³ at 35% silica fume. The decline fea-
ture at higher percentages can be explained due to ex-
cessive fine nature of silica fume increasing the water de-
mand hence poor workability and compaction uni-
formity. The findings indicate that silica fume densifies 
the composite up to an optimum amount of 10%. Beyond 
this amount, SiO2 constitutes the mortar, which may lead 
to disruptions in homogeneity and segregation, making 
the mortar comparatively less dense.

 

Fig. 3. Density test results.

3.3. Ultrasonic pulse velocity (UPV) 

The results of UPV were listed in Table 4 and shown 
in Fig. 4. The UPV and density test results for cement 
mortars with varying silica fume contents show a paral-
lel trend that highlights how microstructural changes af-
fect both wave transmission and material density. Ini-
tially, both UPV and density increase, with UPV rising 
from 4168 m/s at 0% silica fume to a peak of 4610 m/s 
at 10%, and density increasing from 2.00 g/cm³ to 2.06 
g/cm³ over the same range. This simultaneous rise in 
UPV and density indicates that up to 10% silica fume con-
tributes to a denser, more uniform microstructure, likely 
due to improved particle packing and enhanced C-S-H 
formation through the pozzolanic reaction. This densifi-
cation reduces porosity, allowing sound waves to travel 
faster and improving the mortar's structural integrity. 

However, as silica fume content increases beyond 
10%, both UPV and density begin to decline. UPV values 
drop from 4610 m/s to 4034 m/s at 30% silica fume, 
while density decreases from 2.06 g/cm³ to 1.96 g/cm³, 
indicating that higher silica fume levels may introduce 
microstructural inconsistencies. This parallel decline in 
UPV and density at higher silica fume levels underscores 
the importance of balanced silica fume content for en-
hancing both the material’s structural integrity and wave 

propagation properties. Fig. 5 shows the correlation be-
tween UPV and density with R2=0.657. 

3.4. Dynamic modulus of elasticity 

Fig. 6 and Table 4 show the dynamic modulus of elas-
ticity results of each group. The results for the dynamic 
modulus of elasticity, UPV, and density tests for cement 
mortars for all groups containing silica fume exhibit a 
closely related trend that illustrates how micro struc-
tural densification influences each property. Initially, all 
three properties - dynamic modulus, UPV, and density - 
show an increase with silica fume addition up to 10%. 
The dynamic modulus rises from 31.9 GPa at 0% to a 
peak of 40.2 GPa at 10% silica fume, UPV increases from 
4168 m/s to 4610 m/s, and density reaches its maximum 
at 2.06 g/cm³. This parallel improvement suggests that 
up to 10% silica fume promotes a denser and more uni-
form matrix.  

Beyond the 10% silica fume content, however, all 
three properties begin to decline, with the dynamic mod-
ulus dropping to 29.4 GPa at 30% silica fume, UPV falling 
to 4034 m/s, and density decreasing to 1.96 g/cm³. This 
trend suggests that excess silica fume may negatively im-
pact the compactness and uniformity of the matrix, likely 
due to reduced workability.  
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The alignment in the trends of dynamic modulus, UPV, 
and density indicates that around 10% silica fume is op-

timal for enhancing the mortar's overall physical and 
mechanical properties.

 

Fig. 4. UPV test results. 

 

Fig. 5. Correlation between UPV and density.

3.5. Capillary absorption 

     Each point in Fig. 7 is the average value of meas-
urements of three specimens. The capillary permeability 
of the mortar changed depending on the amount of SF. 
The graph shows an overall increasing trend in capillary 
rise with time for all samples. All the other samples (SF5 
to SF35) show higher capillary rise at any given time 
compared to SF0. The highest increase is observed in 
FS35, with a 160%. 

3.6. Compressive strength 

The results of compressive strength for specimens 
cured in water, 5% NaCl solution, 10% NaCl solution, 5% 
Na₂SO₄ solution, and 10% Na₂SO₄ solution for 28 days 
were calculated as the average of three samples from 
each group, as shown in Table 5 and Figs. 8‒10. The com-
pressive strength results for all groups reveal a trend 
that aligns with observed changes in UPV and density, 
providing insight into how silica fume influences the 
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overall matrix strength and compactness. Initially, com-
pressive strength increases sharply from 38 MPa at 0% 
silica fume to 53.1 MPa at 5%, reaching 46.8 MPa at 
10%. This improvement mirrors the rise in both UPV 
(from 4168 m/s to 4610 m/s) and density (from 2.00 
g/cm³ to 2.06 g/cm³) within the same range, indicating 

that the addition of silica fume enhances matrix densifi-
cation. Up to 10% silica fume, the finer particles fill mi-
cro voids and engage in a pozzolanic reaction with cal-
cium hydroxide to form additional C-S-H, which binds 
the matrix more effectively, increases compaction, and 
boosts strength.

 

Fig. 6. Dynamic modulus of elasticity test results. 

 

Fig. 7. Capillary test results.

Beyond 10% silica fume, compressive strength begins 
to decline, reaching 44.2 MPa at 15% and further de-
creasing to 36.8 MPa at 35%. This downward trend in 
compressive strength aligns with the reductions in UPV 

(dropping to 4034 m/s) and density (falling to 1.96 
g/cm³) observed at higher silica fume contents.  

These results suggest that while adding silica fume 
around 5–10% enhances compressive strength by im-
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proving microstructural densification hence higher silica 
fume contents lead to diminishing returns across all 
properties.  

The compressive strength results for cement mortars 
cured in a 5% NaCl solution reveal a notable decrease for 
all silica fume groups compared to samples cured in wa-
ter.  

Compressive strength values drop from 38 MPa at 0% 
silica fume to 35 MPa, from 53.1 MPa at 5% to 39 MPa, and 
from 46.8 MPa at 10% to 36.6 MPa. This trend indicates 
that exposure to a saline environment adversely affects 
the mechanical properties, likely due to the corrosive ef-
fects of sodium chloride on the concrete matrix. The re-
ductions in compressive strength are particularly pro-
nounced at higher silica fume contents, with values de-
creasing to 32 MPa at 30% and 27.8 MPa at 35%, com-
pared to 40.7 MPa and 36.8 MPa in the water-cured results. 

The compressive strength results for cement mortars 
cured in a 10%NaCl solution demonstrate a further de-

cline in strength across all silica fume content levels 
compared to the both water and 5%NaCl conditions. 
Specifically, compressive strength values decrease from 
38 MPa at 0% silica fume to 34 MPa, from 53.1 MPa at 
5% to 36.8 MPa, and from 46.8 MPa at 10% to 30.5 MPa. 
The decline in compressive strength is particularly sig-
nificant at 10% and higher silica fume contents, where 
the strengths drop to 31.4 MPa at 15%, 31.5 MPa at 20%, 
31.3 MPa at 25%, and 28.1 MPa at 35%. 

The observed reductions in strength can be attributed 
to the higher concentration of sodium chloride intensi-
fies the corrosive impact on the cement matrix, which 
can disrupt the formation and integrity of C-S-H and 
compromise the bond between the silica fume and the 
cement matrix. Additionally, the presence of NaCl at ele-
vated concentrations may also induce internal stresses 
and microcracking, particularly in mortars with higher 
silica fume content, which are already predisposed to 
brittleness (Zhou et al. 2015).

Table 5. Compressive strength results. 

Compressive strength at 28 days (MPa) 
Group 

10% Na2So4 5% Na2So4 10% NaCl 5% NaCl Water 

30.45 34.36 34.03 35.08 38.00 SF0 

38.00 39.42 36.85 39.20 53.12 SF5 

35.16 37.81 30.53 36.64 46.76 SF10 

36.05 40.77 31.44 41.94 44.21 SF15 

43.40 44.50 35.60 37.40 40.70 SF20 

35.53 39.13 31.50 32.00 40.58 SF25 

29.87 31.21 31.30 32.12 41.62 SF30 

28.00 30.55 28.10 27.81 36.78 SF35 

 

Fig. 8. Compressive strength results for the samples cured in water. 
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Fig. 9. Compressive strength results for the samples cured in 5% NaCl solution. 

 

Fig. 10. Compressive strength results for the samples cured in 10% NaCl solution.

The compressive strength results for cement mortars 
cured in 5% and 10% Na₂SO₄ solutions reveal a signifi-
cant decline in strength across all silica fume content lev-
els compared to the compressive strengths obtained un-
der water curing conditions (Figs. 11‒12). In the 5% 
Na₂SO₄ solution, compressive strength values are rec-
orded as 34.36 MPa at 0% silica fume, 39.4 MPa at 5%, 
37.8 MPa at 10%, 40.77 MPa at 15%, 44.5 MPa at 20%, 

39.13 MPa at 25%, 31.2 MPa at 30%, and 30.5 MPa at 
35%. In comparison, the results for specimens cured in 
10% Na₂SO₄ show further reductions, with compressive 
strengths of 30.4 MPa at 0%, 38 MPa at 5%, 35.2 MPa at 
10%, 36.1 MPa at 15%, 43.4 MPa at 20%, 35.5 MPa at 
25%, 29.8 MPa at 30%, and 28 MPa at 35%. 

The initial decline in compressive strength in the 5% 
Na₂SO₄ solution compared to water-cured specimens 
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reflects the detrimental effects of sulfate ions, which can 
react with the hydration products in cement, poten-
tially leading to the formation of expansive products 
such as ettringite. This expansive reaction may create 
internal stresses within the mortar matrix, promoting 
cracking and reducing overall strength. The further de-
crease in compressive strength observed in the 10% 
Na₂SO₄ solution suggests that higher sulfate concentra-

tions exacerbate these effects, leading to increased per-
meability and more significant microstructural damage 
(Han and Li 2024). Notably, while some mortars, par-
ticularly those with 20% silica fume, show relatively 
higher strength retention in both sulfate solutions com-
pared to others, the overall trend emphasizes the vul-
nerability of silica fume-enhanced mortars to Na₂SO₄ at-
tack.

 

Fig. 11. Compressive strength results for the samples cured in 5% Na2So4 solution. 

 

Fig. 12. Compressive strength results for the samples cured in 10% Na2So4 solution.  
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3.7. Modulus of elasticity 

Table 6 summarizes the results of modulus of elastic-
ity and Figs. 13‒17 show the stress-strain curves under 
compression for all curing methods. The modulus of 
elasticity results reflects significant differences based on 
the curing conditions, showcasing how aggressive envi-
ronmental factors influence the mechanical behaviour. 
For specimens cured in water, the modulus values range 
from 4.3 GPa at 0% silica fume to a peak of 12.3 GPa at 
10%. The optimal hydration conditions provided by wa-
ter curing facilitate the pozzolanic reaction, allowing the 
silica fume to effectively contribute to the matrix's 
strength and elasticity. 

In contrast, when the specimens are cured in a 5% 
Na₂SO₄ solution, the modulus values drop significantly, 
ranging from 3.3 GPa at 0% silica fume to 9.3 GPa at 15%. 
The decline in modulus continues to be pronounced in 
specimens cured in a 10% Na₂SO₄ solution, with values 
ranging from 3.1 GPa at 0% silica fume to a maximum of 
only 8.4 GPa at 15%. The formation of ettringite and 

other expansive products is likely intensified, leading to 
greater microstructural damage and a more significant 
loss of elasticity. 

Comparatively, the results from specimens cured in 
saline environments exhibit similar downward trends in 
modulus of elasticity. In the 5% NaCl-cured specimens, 
modulus values range from 4.8 GPa at 0% silica fume to 
6.6 GPa at 15%. Although the modulus is higher than that 
observed in the sulphate-cured specimens, the presence 
of sodium chloride still negatively impacts the mortar's 
stiffness. 

Finally, the lowest modulus values are recorded for 
specimens cured in a 10% NaCl solution, where results 
range from 3.4 GPa at 0% silica fume to 4.98 GPa at 
20%. The decline in modulus compared to both water-
cured and 5% NaCl specimens suggests that the higher 
concentration of chloride exacerbates the detrimental 
effects on the mortar's mechanical properties. The in-
creased salinity may enhance the likelihood of mi-
crocracking and reduce the overall elastic behaviour of 
the mortar.

Table 6. Modulus of elasticity results. 

Modulus of elasticity at 28 days (GPa) 
Group 

10% Na2So4 5% Na2So4 10% NaCl 5% NaCl Water 

3.13 3.29 3.41 4.77 4.34 SF0 

8.84 5.54 3.55 4.42 11.91 SF5 

5.33 4.95 4.14 5.36 12.33 SF10 

3.74 9.30 3.22 6.60 9.70 SF15 

8.40 8.36 4.98 6.40 9.63 SF20 

3.76 7.28 3.80 5.05 7.46 SF25 

2.70 4.66 3.54 3.67 9.50 SF30 

3.52 4.00 3.27 3.37 8.71 SF35 

 

Fig. 13. Stress-strain curve for the groups cured in water. 
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Fig. 14. Stress-strain curve for the groups cured in 5% NaCl solution. 

 
Fig. 15. Stress-strain curve for the groups cured in 10% NaCl solution. 

 
Fig. 16. Stress-strain curve for the groups cured in 5% Na2So4 solution. 
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Fig. 17. Stress-strain curve for the groups cured in 10% Na2So4 solution.

3.8. Flexural strength 

The results of flexural test for specimens submerged 
in water were calculated as the average of three samples 
from each group as shown in Fig. 18. The flexural 
strength results for cement mortars with varying silica 
fume contents indicate a moderate performance under 

normal curing conditions, with values ranging from 7.03 
MPa at 0% silica fume to a peak of 8.91 MPa at 5%. How-
ever, the observed decline in flexural strength at higher 
silica fume contents, specifically at 10% (8.44 MPa), 15% 
(7.6 MPa), and beyond, suggests that excessive silica 
fume may lead to a more brittle mix with reduced flex-
ural capacity. 

 

Fig. 18. Stress-strain curve for the water cured samples in 3-point test.

Furthermore, the decrease in flexural strength at 
higher silica fume levels is also supported by the lower 
values observed at 20% (6.98 MPa), 25% (6.06 MPa), 
30% (4.1 MPa), and 35% (3.64 MPa). These results indi-
cate a significant reduction in the material's ability to 
withstand bending stresses, highlighting the diminishing 
returns of silica fume as a partial replacement for ce-
ment. The increased brittleness at higher percentages 

may be due to the high silica fume content creating a 
dense, but less flexible, structure that is more susceptible 
to crack propagation under load (Hamada et al. 2023).  

The maximum flexural strength of 8.91 MPa at 5% sil-
ica fume corresponds with a compressive strength peak 
of 53.1 MPa under similar water curing conditions, high-
lighting how the optimal silica fume content can enhance 
both properties effectively.  
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However, as the silica fume content increases beyond 
5%, a notable decline in both flexural and compressive 
strengths occurs, particularly at 10% (8.44 MPa flexural) 
and 15% (7.6 MPa flexural), which correlates with a de-
crease in compressive strength (46.8 MPa and 40.7 MPa, 
respectively). This trend suggests that while moderate 
amounts of silica fume enhance strength, excessive con-
tent can lead to increased brittleness and reduced duc-
tility, impacting the material's overall performance un-
der both compressive and flexural loads (Lou et al. 
2023).  

The lower flexural strength values observed at higher 
silica fume levels, such as 6.98 MPa at 20% and 3.64 MPa 
at 35%, correspond with significant drops in compres-
sive strength, indicating that the microstructural integ-
rity may be compromised due to the high pozzolanic con-
tent. 

 

4. Conclusions 

This study aimed to investigate the effects of varying 
silica fume contents on cement mortar properties, in-
cluding compressive strength, flexural strength, modu-
lus of elasticity, and UPV, under different curing condi-
tions. The findings provide insight into the effectiveness 
of silica fume as a partial cement replacement and high-
light the importance of environmental factors in deter-
mining the performance of these mortars. The following 
points are highlighted:  
 Peak compressive strength of 53.1 MPa was observed 

at 5% silica fume content under water curing, indicat-
ing enhanced strength due to improved microstruc-
ture, while a general decline in compressive strength 
was noted at higher silica fume levels, with values 
dropping to 36.8 MPa at 35%, suggesting increased 
brittleness and microcracking at excessive silica fume 
contents. 

 Flexural strength reached a maximum of 8.91 MPa at 
5% silica fume, correlating with the highest compres-
sive strength, which emphasizes the role of silica fume 
in enhancing ductility. While a significant reduction in 
flexural strength was noted at higher percentages, 
with values falling to 3.64 MPa at 35%, reflecting the 
negative impact of excessive silica fume on the mate-
rial's ability to resist bending. 

 The modulus of elasticity peaked at 12.3 GPa for the 
water-cured specimens at 10% silica fume, support-
ing the enhanced stiffness observed with optimal sil-
ica fume levels. While exposure to harmful environ-
ments, such as 5% and 10% Na₂SO₄ and NaCl solu-
tions, led to substantial decreases in modulus values, 
with the lowest recorded at 2.7 GPa in 10%Na₂SO₄, in-
dicating significant degradation of the material's me-
chanical properties. 

 The compressive and flexural strengths, as well as 
modulus values, significantly declined in saline and 
sulphate environments, highlighting the vulnerability 
of silica fume-enhanced mortars to chemical attack. 

 Results showed that while silica fume can enhance 
performance, excessive content in harmful environ-
ments can lead to severe reductions in mechanical 

properties, emphasizing the need for careful material 
design. 
In addition, recommendations for the further re-

search could be summarized as following: 
 Conduct long-term exposure tests to evaluate the du-

rability of silica fume-enhanced mortars in aggressive 
environments over extended periods. 

 Perform detailed microstructural investigations using 
techniques such as scanning electron microscopy 
(SEM) or X-ray diffraction (XRD) to better understand 
the interactions between silica fume and cementitious 
materials. 

 Investigate the effectiveness of protective coatings or 
sealers that could enhance the resistance of silica 
fume mortars to chemical attacks, such as saline and 
sulphate environments. 

 Assess the behaviour of silica fume-enhanced mortars 
under various loading conditions. 

 Conduct a cost-benefit analysis of incorporating silica 
fume in cementitious materials to determine its eco-
nomic advantages. 
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