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Abstract: This study aims to evaluate the performance of silica fume (SF) and nano-silica (NS) on enhancing the 
sulfuric acid resistance of mortar mixtures. The NS and SF were added as substitutions for cement at various dosages. 
The cured samples were immersed in the sulfuric acid solution with a pH of 2 for 75 d. A compressive strength test and 
absorption and voids tests were conducted before sulfuric acid immersion. It was found that the addition of SF and NS 
reduced the volume of permeable voids and increased compressive strength. A thermo-gravimetric analysis was carried 
out to investigate the hydration of mixtures. The mixtures with SF showed a higher level of pozzolanic reaction 
compared with mixtures with NS. After the 75 d of immersion, the mixtures with 5% SF and 1% NS showed the best 
resistance against sulfuric acid because they showed the lowest mass change and length change. 
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1 Introduction 
 

For underground structures, a proper support 
system is essential to ensure their stability within 
the service life [1]. Of the underground support 
systems, cementitious material is an indispensable 
component for their application in grouting, 
shotcreting, and tunnel lining [2, 3]. For example, 
North American and Australian mines alone could 
consume 700000 m3 of shotcrete per year [4]. 
However, the cementitious materials are susceptible 
to attacks by acids, which can be naturally 
generated around underground structures. For 
example, when sulfide-bearing rocks such as pyrites 
expose to air and water, the sulfur content in rocks 
can be oxidized, generating sulfuric acid (see 

equations below) [5]. 
 
2FeS2+7O2+2H2O→2Fe2++4SO2−

4+4H+           (1) 
 
4Fe2++O2+4H+→4Fe3++2H2O               (2) 
 
4Fe3++3H2O→Fe(OH)3+3H+                         (3) 
 
    As the generated sulfuric acid contaminates 
groundwater, the pH of the groundwater can be 
reduced to as low as 2 [6]. In such acidic 
environments, the cement hydration products (e.g., 
calcium hydroxide and calcium silicate hydrate) are 
decomposed via the following reactions [7]. 
 

2 4CH+H SO CSH®                       (4) 
 

2 4 2 2CSH+H SO CSH+SiO +H O®             (5) 
 
where CH is calcium hydroxide, CSH denotes 
calcium silicate hydrate, and CSH  is the gypsum 
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(CaSO4·2H2O). This decomposition process of 
cement hydrates damages the mechanical 
performance of cement-based structures, leading to 
a loss of structural support in underground space. 
Such an acid corrosion problem of underground 
structures has been reported in previous literature 
[8−14]. For instance, HAGELIA [14] reported that 
the generation of sulfuric acid from oxidation of 
pyrite reduced the pH of groundwater to 2−4 
around some tunnels in Norway. This sulfuric acid 
attacked the sprayed concrete of road tunnels, 
resulting in cracking and spalling of tunnel surface 
after 27 years of construction. Another example of 
this acid attack is reported by LI et al [8] where a 
severe corrosion issue of cement-based structures 
by sulfuric acid was observed in an underground 
copper mine in China [8]. A thick corrosion layer 
was observed on the surface of the cement-based 
structure. At some locations of the copper mine, 
large deformation of tunnels was found due to this 
acid corrosion. 
    To mitigate this, cement-based materials used 
in underground mines should be made with high 
acid-resistance. By partially replacing cement with 
silica fume, much research has indicated that the 
acid resistance of concrete can be noticeably 
enhanced [15−17]. TORRI et al [15] investigated 
the acid resistance of mortar samples and found that 
the 10% substitution of cement with silica fume 
inhibited deterioration after 36 months of 
immersion in 2% H2SO4 solution. MEHTA et al  
[16] explored the chemical resistance of concrete 
mixtures and concluded that a 15% substitution of 
cement with silica fume demonstrated enhanced 
performance under 1% HCl, 1% H2SO4, 1% lactic 
acid and 5% acetic acid. WU et al [17] investigated 
the acid resistance of shotcrete samples and 
observed that a 5% cement substitution with silica 
fume showed the lowest mass loss and strength 
change after three months of exposure to sulfuric 
acid. The improved acid resistance has been 
attributed to the following two effects: 1) the 
pozzolanic reaction between CH and silica fume, 
consuming CH. CH was considered as the main 
component that leads to the low acid resistance of 
cementitious material [18]. In addition, the 
pozzolanic reaction generates more C-S-H, which 
densifies the cementitious materials and inhibits the 
penetration of aggressive chemicals [19, 20]. 2) The 
filling effect. The silica fume of a smaller size is 

reported to fill small pores such as those in the 
interfacial transition zone in the cement-based 
composites, which also makes the cementitious 
composites denser [21]. 
    Furthermore, nanoparticles have been 
increasingly used in cement-based composites. 
Since nano-silica has a smaller particle size (1−  
100 nm) and higher reactivity, the pozzolanic 
reaction could be faster, and the filler effect could 
be more significant. Thus, nano-silica may have a 
better performance than that of silica fume in 
improving the acid resistance of cement-based 
composites. Research has been conducted to 
investigate the acid resistance of cementitious 
composites incorporating nano-silica. For instance, 
DIAB et al [22] immersed three grades of concrete 
(55, 80 and 90 MPa) in nitric acid and sulfuric acid 
for 360 d. They found that the inclusion of 
nano-silica enhanced acid resistance in terms of 
strength loss, weight loss and ultrasonic pulse 
velocity (UPV) loss. MAHDIKHANI et al [23] 
investigated the durability of concrete samples 
under sulfuric acid rain leaching. It was found that 
the incorporation of nano-silica reduced weight loss 
at all ages of leaching. In other words, acid 
resistance was improved by the addition of 
nano-silica. 
    However, commercial nano-silica is much 
more expensive than silica fume [24]. The price of 
commercial nano-silica can be more than 8800 US 
dollars per tonne [25], compared with 640 US 
dollars per tonne for silica fume [26]. Thus, it is 
economically important to compare the efficiency 
of nano-silica and silica fume in improving acid 
resistance. This can help end-users in their decision- 
making regarding the selection of admixtures. 
However, very few studies have been carried out to 
compare the effects of silica fume and nano-silica 
on the acid resistance of cementitious materials. 
Among the studies that have been conducted to date, 
contradictory results have been reported. For 
example, HENDI et al [27] and AMIN et al [20] 
found that the substitution of silica fume performed 
better than nano-silica in resisting sulfuric acid. 
However, MAHMOUD et al [28] conducted three 
phases of sulfuric acid immersion tests (Phase #1: 
pH 4.5 for 12 weeks; Phase #2: pH 1 for 12 weeks; 
and Phase #3: pH 0.5for 12 weeks) on concrete 
samples with silica fume and nano-silica. They 
found that only the mixtures with nano-silica 
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demonstrated enhanced acid resistance during 
Phase #2 immersion. Furthermore, contradictory 
results were also reported on acid resistance of 
silica fume containing mixtures. For example, 
HEWAYDE et al [29] found that concrete with 
silica fume exhibited no improvement in sulfuric 
acid resistance, which is contrary to the previous 
research [15, 16]. More specifically, RAHMANI  
et al [30] found that the sulfuric acid resistance of 
silica fume mixtures depended on the acidity of the 
immersion solution. Furthermore, other testing 
conditions such as wetting-drying cycles, 
immersion time, and the ratio of the sample surface 
to the acid volume were also reported to affect 
concrete deterioration drastically [31, 32]. Since 
there is currently no standard testing procedure in 
acid resistance evaluation, these immersion 
conditions could be significantly different in 
various studies. Thus, it is crucial to compare the 
effects of silica fume and nano-silica on the acid 
resistance of cement-based composites under the 
same testing procedure. In addition, it is 
environmentally significant to carry out this 
research as the silica fume is the waste from the 
metal and alloy production industry, while nano- 
silica can be extracted by processing silica fume 
[33]. Exploring the use of silica fume and 
nano-silica can help with the recycling of this 
industrial waste. 
    In this regard, the objective of this study is to 
evaluate the performance of silica fume and 
nano-silicaon enhancing the acid resistance of 
mortar mixtures. Silica fume and nano-silica were 
added to mortar mixtures to partially replace 
cement. The cured samples were exposed to a 
sulfuric acid solution with a pH of 2 for 75 d. Acid 
resistance was evaluated by monitoring the change 
in compressive strength, ultrasonic pulse velocity, 
mass, and length during acid immersion. This study 
has provided valuable results for the selection 
between silica fume and nano-silica in making more 
acid-resistant mixtures for underground structures. 
 
2 Methodology 
 
2.1 Materials and mix proportions 
    In this research, the general use (GU) type of 
Portland cement was used as the binding material. 
Table 1 lists the chemical compositions of the 
cement. The fine aggregate used in the mixtures 

was the typical sand for concrete making, with a 
bulk density of 1575 kg/m3 and water absorption of 
1.5%. Figure 1 presents the sieve analysis of the 
aggregates. The particle-size distribution of the 
sand was in the American Concrete Institute (ACI) 
grade zone #1 [34]. The silica fume, sourced from a 
local supplier, was added to the mortar mixture to 
partially replace cement at ratios of 5%, 10%, and 
15%. The silica fume had a Brunauer-Emmett- 
Teller (BET) surface area of 2.808 m2/g; its primary 
chemical composition is listed in Table 2. The 
nano-silica was sourced from a local supplier, and 
the main physical and chemical properties of it are 
presented in Table 3. Nano-silica was added to the 
mixtures as a substitution for Portland cement at 
ratios of 0.5%, 1.0%, 1.5% and 2.0%. In this study, 
the dosage selection for nano-silica and silica fume 
was generally based on the following reasons. First, 
the dosage with the best mechanical strength is 
included because strength is a critical parameter for 
the design of underground structures. Studies have 
reported that the optimum dosage with high 
strength was in the range of 0.5%−1% for 
nano-silica [35], and 5%−10% for silica fume [17, 
36]. Second, excessive nano-silica leads to particle 
agglomeration that acts as defects in samples. 
Significant agglomeration has been reported at a 
dosage of ≥1.5% [37]. Thus, the max dosage of 
nano-silica was set at a relatively low value of 2%. 
Third, excessive dosage (>10%) of silica fume 
could lead to a reduced cement content and a 
significant amount of unreacted silica fume in the 
sample that reduces the mechanical strength [17, 
38]. The mixture proportions are presented in  
Table 4. 
 
Table 1 X-ray fluorescence main composition of type 

GU cement (mass fraction, %) 

MgO Al2O3 SiO2 SO3 CaO Fe2O3 

4.6 3.8 19.9 2.9 62.2 3.50 

 

2.2 Sample preparation 
    Cylindrical mortar samples were cast as per 
ASTM C192-16a [39]. For mixtures with silica 
fume, the cement, fine aggregate, and silica fume 
were mixed in a mixing drum for 3 min, then water 
was added to the mixture and mixed for another   
3 min. For mixtures with nano-silica, only the 
cement and fine aggregate were dry mixed in the 
mixing drum. The nano-silica was added and stirred 
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Figure 1 Sieve analysis of fine aggregates 

 

Table 2 Primary composition of silica fume (mass 

fraction, %) 

MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Na2O Fe2O3 

0.29 0.14 95.6 0.1 0.26 0.53 0.38 0.15 0.07 

 

Table 3 Physical and chemical properties of nano-silica 

Property Value 

Surface area (BET)/(m2·g−1) 295 

Tamped density/(g·L−1) 50 

Loss on drying/% <1.5 

pH value 3.7−4.5 

w(Al2O3)/% <0.03 

w(Fe2O3)/% <0.003 

w(TiO2)/% <0.03 

w(HCl)/% <0.020 

w(SiO2)/% >99.8 

 

in the water to make a suspension. Then, the 
suspension was added to the mixing drum for 
another 3 min of mixing. The fully mixed wet  

mixture was cast into Φ50 mm×100 mm cylinder 
molds and stored under an ambient environment for 
24 h. Then, the cylindrical samples were de-molded 
and stored in a moisture room with a temperature of 
(25±2) °C and relative humidity of 100% for 28 d. 
 
2.3 Testing procedure 
    Prior to sulfuric acid immersion, some basic 
properties were tested on the hardened samples. 
First, the density, absorption, and volume of 
permeable voids were tested as per ASTM C642-13 
[40]. For each mixture, three samples were used in 
the test, and then an averaged value was calculated. 
Second, a thermo-gravimetric analysis (TGA) was 
conducted to examine the hydration degree and 
hydration products of each mixture. To eliminate 
the effects of aggregate on the TGA results, 
cylindrical paste samples were made for each 
mixture (without fine aggregate). After 28 d of 
standard curing, two thin slices of the paste samples 
were cut and ground into small particles. Then, the 
particles were immersed in acetone for 48 h to 
extract free water and therefore stop the hydration 
reaction. After the acetone immersion, the particles 
were oven-dried at 60 °C for 24 h and further 
ground into powder smaller than <63 μm for the 
TGA test. For each test, (1.2±0.05) g of a sample 
was heated under a nitrogen atmosphere from 20 °C 
to 980 °C at a heating rate of 10 °C per minute. 
Third, the unconfined compressive strength (UCS) 
was monitored based on ASTM C39/C39M–18  
[41]. Three samples were tested to calculate the 
average values. 
    Then, the samples were soaked in the sulfuric 
acid solution with a pH of 2. The ratio between acid 
volume to sample surface area was kept constant 

 

Table 4 Proportioning of mixtures with silica fume and nano-silica 

No. Mixture ID 
ρ(Cement)/ 

(kg·m−3) 
ρ(Water)/ 
(kg·m−3) 

ρ(Sand)/ 
(kg·m−3) 

ρ(Admixtures)/ 
(kg·m−3) 

Admixture 
content/% 

w/c 

1 Reference 493.25 221.96 1541.4 0 0 0.45 

2 SF5 468.59 221.96 1541.4 24.66 5 0.45 

3 SF10 443.93 221.96 1541.4 49.33 10 0.45 

4 SF15 419.26 221.96 1541.4 73.99 15 0.45 

5 NS0.5 490.78 221.96 1541.4 2.47 0.5 0.45 

6 NS1.0 488.32 221.96 1541.4 4.93 1 0.45 

7 NS1.5 485.85 221.96 1541.4 7.41 1.5 0.45 

8 NS2.0 483.39 221.96 1541.4 9.88 2 0.45 
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with a value of 5.09 (1 L of acid per sample). 
Concentrated sulfuric acid was regularly (every five 
days) added to the immersing solution to maintain 
the acidity. During immersion, the UPV, mass and 
length of samples were monitored every 15 d. Prior 
to the tests, the samples were dried in the ambient 
environment for 24 h to eliminate the effect of 
moisture on mass and UPV. 
    After 75 d of immersion, the samples were 
moved out from the immersing acid for further 
evaluation. One sample of each mixture was cut 
from the middle for visual observation. The 
cross-section was dyed with phenolphthalein to 
assess the degree of corrosion visually. Then, the 
rest of the samples were dried and tested for the 
final mass, length, and UPV. After that, the samples 
were brushed with a steel brush to remove the 
corrosion layer, and the mass and length were 
remeasured to obtain the values after brushing. 
Finally, the UCS test was carried out to evaluate 

mechanical performance after sulfuric acid 
immersion. 
 
3 Results and discussion 
 
3.1 Properties before sulfuric acid immersion 
3.1.1 Density, water absorption and permeable voids 
    The durability of concrete against sulfuric acid 
is closely related to the water absorption and 
volume of permeable voids of cement-based 
composites [42−44]. Thus, the tests for density, 
water absorption and volume of permeable voids 
were conducted for all mixtures. The results are 
plotted in Figures 2 and 3 for silica fume mixtures 
and nano-silica mixtures, respectively. It can be 
seen from Figure 2(a) that the incorporation of 
silica fume increased the bulk density from 2045.7 
kg/m3 for the reference mixture to 2071.3 kg/m3 for 
the mixture with 5% silica fume. Then, the bulk 
density decreased with the increase of silica fume 

 

 
Figure 2 Density, water absorption and volume of permeable voids of SF mixtures: (a) Bulk density and apparent 

density; (b) Water absorption and volume of permeable voids 

 

 
Figure 3 Density, water absorption and volume of permeable voids of NS mixtures: (a) Bulk density and apparent 

density; (b) Water absorption and volume of permeable voids 
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content, reaching 2030.5 kg/m3 for the mixture with 
15% silica fume. The increased bulk density at 5% 
silica fume could have been due to the reduced 
porosity that resulted from the generation of 
secondary C-S-H from pozzolanic reaction [45] and 
from the pore-filling effects of silica particles [46]. 
The reduced bulk density at higher silica fume 
content could have been caused by the lower 
specific gravity of silica fume (2.2−2.3 compared 
with 3.15 for Portland cement). The increase in 
silica fume dosage reduces the availability of CH 
for pozzolanic reaction, thus leads to a higher 
content of unreacted silica fume. The unreacted 
particles acted as either inert filler or defects in the 
matrix [47] that reduced the bulk density of samples. 
The existence of unreacted silica fume can be 
confirmed from the TGA results in this study by 
comparing the actual and theoretical CH content 
which can be calculated based on the method 
proposed by RUPASINGHE et al [48] and 
DODSON et al [49], respectively. It was found that 
the actual CH content was around 23%, 20% and 
18% for the mixture with 5%, 10% and 15% of 
silica fume, respectively, while the corresponding 
theoretical values were around 20%, 16% and 13%. 
Higher actual CH contents than the theoretical 
values suggest that only part of the silica fume was 
reacted. Another contributing reason for the reduced 
bulk density is the generated low Ca/Si CSH. The 
CSH generated from the pozzolanic reaction has a 
lower Ca/Si ratio than that of CSH from the cement 
hydration [50, 51]. It was found that the density of 
CSH is linearly proportional to the Ca/Si ratio. A 
lower Ca/Si ratio leads to a lower density of CSH 
[52, 53]. The apparent density generally decreased 
with the increase of silica fume content. It reduced 
from 2500.4 kg/m3 for the reference mixture to      
2353 kg/m3 for the mixture with 15% silica fume. 
The reduction in apparent density suggests that the 
volume of impermeable voids is increased [40]. It 
was found that the silica fume addition led to an 
increase in pores smaller than 40 nm for mortar 
samples [54], which are more impermeable [55]. 
The increased C-S-H gel from the pozzolanic 
reaction may be responsible for the increase in the 
impermeable voids, as gel pores <20 nm coexist 
with C-S-H gel [56, 57]. Figure 2(b) illustrates the 
results of water absorption and the volume of 
permeable voids for mixtures with silica fume. Both 
the water absorption and volume of permeable 

voids were decreasing with the increase of silica 
fume content. Water absorption decreased from 
8.55% for the reference mixture to 6.67% for the 
mixture with 15% silica fume, while the volume of 
permeable voids reduced from 18.19% to 13.71%. 
This finding is in good agreement with previous 
research. WU et al [17] found that the volume of 
permeable voids was decreasing with silica fume 
content until it reached 20%. The reduced water 
absorption and volume of permeable voids suggests 
a reduction in large pores. This finding coincides 
with previous studies. TORII et al [54] found 
through a mercury intrusion test that the silica fume 
addition reduced the pores larger than 100 nm, 
which are water-permeable pores. Similarly, 
YAJUUN et al [58] observed that the pores larger 
than 10 nm decreased significantly from 19.38% for 
the reference mixture to 15.06% for the mixture 
with 15% silica fume. 
    Figure 3(a) shows the results of bulk density 
and the apparent density of mixtures containing 
nano-silica. The bulk density generally increased 
with nano-silica content from 2045.7 kg/m3 for the 
reference mixture to 2056.6 kg/m3 for the mixture 
with 1% nano-silica. This can be attributed to the 
pore-filling effect [46] and the enhanced cement 
hydration that made the mortar denser (see Section 
3.1.2). Then, the bulk density was reduced when 
more cement was replaced with nano-silica, 
reaching 2039.1 kg/m3 for the mixture with 2% 
nano-silica. The particle agglomeration could be 
responsible for this reduction. It was found that 
≥1.5% nano-silica led to significant agglomeration, 
which acted as defects in mortar samples [37]. The 
agglomerated particles acted as defects in mortar 
samples that reduced the bulk density. The apparent 
density, however, was reduced with the increase of 
nano-silica content. The mixture with higher 
nano-silica content showed lower apparent density. 
The reference mixture had an apparent density of 
2500.4 kg/m3, and the apparent density was reduced 
to 2454.6 kg/m3 for the mixture with 2% nano-silica. 
The decrease in apparent density suggests that the 
volume of impermeable voids was increased with 
the nano-silica addition. This is in good agreement 
with the research of others. LI et al [59] found that 
the addition of nano-silica up to 4% increased pores 
smaller than 20 nm, while WU et al [60] observed 
an increase in pores smaller than 50 nm with 
nano-silica content up to 2.0%. 
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    Figure 3(b) illustrates the water absorption and 
volume of permeable voids for nano-silica mixtures. 
The water absorption decreased slightly from 
8.55% for the reference mixture to 7.89% for the 
mixture with 1.0% nano-silica. The further addition 
of nano-silica increased the water absorption to 
8.03% for the mixture with 2.0% nano-silica. This 
coincides with the findings by WU et al [60], which 
revealed that the mixture with 1% nano-silica 
showed the lowest porosity. A similar trend was 
observed for the volume of permeable voids, except 
the lowest value was found at 1.5% nano-silica 
content. The increase in water absorption at a 
dosage >1% could be due to the particle 
agglomeration that acts as defects in the mortar 
sample [37].  
    Compared with nano-silica, silica fume 
showed a more significant influence on density and 
microstructure. For example, the water absorption 
was reduced from 8.55% to 6.67% by a 15% silica 
fume addition, while the lowest water absorption 
was 7.89% at a 1% nano-silica addition. Similar 
findings on the microstructure of mixtures with 
silica fume and nano-silica were reported in 
previous research. JALAL et al [61] found the 
capillary water absorption and chloride ion 
penetration of a mixture with 10% silica fume were 
lower than that with 2% nano-silica. A possible 
reason for this is that the extremely fine particle 
size of nano-silica can only affect a narrow range of 
pores. KONG et al [62] found that silica fume with 
a large particle size was more effective in reducing 
macropores, while nano-silica was found to be 
more efficient in refining micropores. FOROOD  
et al [63] found a nano-silica addition to mixtures 
with a water-to-binder ratio of 0.65 significantly 
reduced porosity for pores between 20−50 nm, but 
only a marginal reduction in porosity was found for 
pores larger than 50 nm. 
3.1.2 Thermo-gravimetric analysis 
    A thermo-gravimetric analysis (TGA) was 
conducted to evaluate the influence of silica fume 
and nano-silica on the hydration of cement-based 
composites. The results are shown in Figure 4. 
There are three main phases of weight loss. The 
first phase of weight loss starts from room 
temperature (~20 °C) to 400 °C, which results from 
the dehydration of C-S-H gel and ettringite [64]. 
The second phase of weight loss ends at around 
560 °C [48]. The dehydration of CH is responsible 

 

 
Figure 4 TG/DTG curves of mortar mixtures: (a) Silica 

fume; (b) Nano-silica 

 
for the weight loss at this phase. The last phase of 
weight loss, starting from 560 °C to 840 °C is 
caused by the decarbonization of CaCO3 [48]. 
    Figure 4(a) shows the thermo-gravimetric (TG) 
and derivative of thermo-gravimetric (DTG) curves 
of mixtures with silica fume. It is noticed that the 
peak of CH on the DTG curves reduced with the 
increase of silica fume content, while the peak of 
C-S-H was increased with the silica fume content. 
This is attributed to the pozzolanic reaction between 
CH and silica fume, which consumes CH and 
generates secondary C-S-H gel [65]. With the 
increase in silica fume content, more CH is 
consumed, generating more C-S-H gel, which 
caused the reduction of the CH peak and the 
increase of the C-S-H peak on the DTG curves. 
    Compared with the mixtures with silica fume, 
the addition of nano-silica showed less pozzolanic 
reaction as a negligible reduction of CH peak was 
observed for mixtures with nano-silica. This may be 
caused by the lower dosage of nano-silica than that 
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of silica fume. Despite the low pozzolanic reaction, 
the substitution of cement with nano-silica 
increased the final weight loss. The reference 
mixture had a final weight loss of 22.15%, while a 
weight loss of 22.17%, 22.95%, 23.22% and 
23.44% was found for mixtures with 0.5%, 1.0%, 
1.5% and 2.0% of nano-silica, respectively. The 
increase in the final weight loss could be caused by 
the improved hydration caused by the nucleation 
effect [66] and the generation of secondary C-S-H 
from the pozzolanic reaction. It can be seen from 
the TG curves that the mixtures with nano-silica 
showed less residual weight at a temperature of 
400 °C than that of the reference mixture, which 
suggests that there was more C-S-H gel in the 
mixtures with nano-silica. 
3.1.3 Mechanical strength 
    Mechanical strength is critical for underground 
structure performance as it indicates the bearing 
capacity of the structure. In this study, the UCS was 
tested after 28 d of standard curing. The results are 
plotted in Figure 5. The addition of nano-silica and 
silica fume enhanced the UCS of mortar samples. 
The UCS increased from 34.429 MPa for the 
reference mixture to 40.159 MPa for the mixture 
with 1.0% of nano-silica, which accounts for a 
16.64% improvement. Then, it dropped back to 
35.524 MPa at 2.0% nano-silica. Improved 
compressive strength has also been reported in 
previous research [23, 67, 68]. For example, an 
improvement of 9% and 12% in UCS was observed 
by DU et al [67] for concrete mixtures with 0.3% 
and 0.9% nano-silica, respectively. The enhanced 
UCS may be attributed to the reduced porosity, 
which is confirmed by the results of water 
absorption and the volume of permeable voids. 
Compared with the nano-silica mixtures, silica 
fume incorporation showed more significant 
enhancement of UCS. The UCS increased to   
52.7 MPa at 10% silica fume, accounting for a 47% 
improvement. Then, the UCS reduced to 48.9 MPa 
at 15% silica fume. This finding coincides with 
results in previous research. AL-SWAIDANI et al 
[69] found that a mixture with a nano-silica content 
of less than 3% showed lower compressive strength 
than a mixture with 10% silica fume. This more 
drastic improvement in UCS by silica fume could 
be due to the lower volume of water-permeable 
voids and more significant pozzolanic reaction. It 
was observed that the silica fume is more effective 

 

 
Figure 5 UCS of mixtures after 28 d of curing 

 
at reducing the porosity of mortars, as discussed in 
Section 3.1.1. In addition, the TGA results 
illustrated that the pozzolanic reaction in mixtures 
with silica fume was more significant than that in 
mixtures with nano-silica. 
 
3.2 Properties after sulfuric acid immersion 
3.2.1 Visual observation 
    Visual observation was conducted as one of 
the evaluation methods of sample deterioration. 
Figure 6 shows the cross-section of samples after 
phenolphthalein spray. The purple area indicates the 
unneutralized area, while the white/grey area is the 
neutralized area. From Figure 6, the reference 
sample was severely corroded because a ~1.5 mm 
thick neutralized layer was clearly observed at the 
surface of the reference sample. With the 
substitution of 5% silica fume, the thickness of the 
neutralized layer was significantly reduced. As 
shown in Figure 6(b), the neutralized layer is 
noticeably thinner. By adding more silica fume, the 
neutralized layer became thicker. A neutralized 
layer of about 2 mm thick was observed for 
mixtures with 10% and 15% of silica fume. It is 
also noted that a lower volume of permeable voids 
did not necessarily lead to a thinner neutralized 
layer. This is because the addition of silica fume 
affects a group of mortar properties that influences 
the acid resistance, including porosity, 
neutralization capability, and chemical stability. 
First, the addition of silica fume reduced the 
volume of permeable voids due to the pozzolanic 
reaction [45] and pore-filling effect [46]. The 
reduced volume of permeable voids hindered the 
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Figure 6 Visual observation: (a) Reference; (b) SF5; (c) SF10; (d) SF15; (e) NS0.5; (f) NS1.0; (g) NS1.5; (h) NS2.0 

 

acid penetration, thus reduced the corrosion degree. 
Second, the chemical stability of samples was 
increased due to the consumption of CH and the 
generation of CSH from the pozzolanic reaction. It 
is reported that the CSH from the pozzolanic 
reaction has a low Ca/Si ratio, which leads to a 
more stable structure [50, 51]. Third, the 
replacement of cement by silica fume reduced the 
content of cement hydration products, thus reduced 
the neutralization capability. It has been reported 
that higher neutralization capability could lead to a 
higher acid resistance [70, 71]. This reduced 
neutralization capability led to a thick neutralized 
layer of about 2 mm at 10% and 15% of silica 
fume. 
    For mixtures with nano-silica, inhibited 
corrosion can be observed compared with the 
reference mixture as the corrosion layers are 
relatively thin. But it is difficult to tell which 
sample showed better performance as the boundary 
between the neutralized area and the unneutralized 
area is not clear. Thus, more indicators (e.g., mass 
change and length change) should be used to 
evaluate the acid resistance. 
3.2.2 Mechanical strength 
    The UCS and UCS change after 75 d of acid 
immersion are illustrated in Figure 7. The positive 
UCS change means a UCS increase, while the 
negative UCS change indicates a UCS loss. For 
mixtures with nano-silica, all mixtures showed a 
positive UCS change. The reference mixture had a  

 

 
Figure 7 UCS and UCS change after 75 d of sulfuric 

acid immersion 

 
UCS change of 21%. The UCS change dropped 
with the increase of nano-silica content, reaching 
4.6% at 1% nano-silica. Then, the UCS change 
increased again to 13.69% at 2% nano-silica. After 
the 75 d of sulfuric acid immersion, all mixtures 
showed a similar UCS of ~42 MPa. A UCS increase 
during sulfuric acid immersion was also reported in 
previous research. For example, MAKHLOUFI   
et al [72] investigated the compressive development 
of mortars with blended cement during sulfuric acid 
immersion. It was found that all Portland cement 
mixtures demonstrated a compressive strength 
increase during immersion, with the highest 
strength increase of 30% at the immersion age of 
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180 d. They attributed the increase in compressive 
strength to the continuous hydration of cement. 
Similarly, RAHMANI et al [73] investigated the 
strength development of Portland-cement-based 
concrete mixtures under sulfuric acid attack. A 
strength increase of up to 11.2% was observed after 
28 d of sulfuric acid immersion. They attributed the 
strength increase to the continuous hydration and 
the filler effect of generated gypsum and ettringite. 
The continuous hydration has been confirmed in 
previous research. For example, FENG et al [74] 
found that the CH content in Portland cement paste 
increased from 18.36% after 28 d of curing to 
21.2% after 90 d of curing. In addition, 
AL-SWAIDANI et al [75] observed a UCS increase 
of 10−15 MPa from 28 d to 90 d of standard curing. 
In terms of the filler effect of corrosion product, 
TSUBONE [76] found that the total pore volume 
near the boundary between the corroded part and 
the uncorroded part was smaller than that in the 
inner uncorroded part. This suggests that the pores 
may be filled by the gypsum produced. 
    Contrary to mixtures with nano-silica, all 
mixtures with silica fume showed negative UCS 
change. The mixture with a higher content of silica 
fume showed a higher UCS loss. The reference 
mixture had a UCS change of 21%, while the 
mixture with 15% silica fume showed a UCS 
change of −17.5%. After 75 d of sulfuric acid 
immersion, the mixture with 10% silica fume 
showed the highest UCS with a value of 46.47 MPa. 
The other three mixtures showed a similar UCS of 
42 MPa. The negative UCS change of silica fume 
mixtures may be caused by the enhanced hydration 
before sulfuric acid immersion. HUANG et al [77] 
observed that the silica fume particles acted as 
nucleation sites during cement hydration, which 
accelerates the cement hydration reaction. More 
specifically, KADRI et al [78] observed a higher 
heat release rate of silica fume mixtures at earlier 
stages compared with that of the reference mixture. 
This accelerated hydration mitigated the effect of 
continuous hydration on strength development 
during sulfuric acid immersion. 
3.2.3 Ultrasonic pulse velocity 
    The test of UPV is increasingly adopted as a 
non-destructive method to assess the deterioration 
of cement-based composites [7, 22, 79, 80]. In this 
research, the UPV was monitored during sulfuric 
acid immersion as a possible indicator of sample 

deterioration. A high UPV indicates a dense 
microstructure and fewer cracks [7]. Figure 8 
presents the UPV results of mixtures with silica 
fume and mixtures with nano-silica. Before sulfuric 
acid immersion, the UPV of mixtures with 
nano-silica ranged from 4070−4193 m/s, which can 
be classified as being of good quality (3600−  
4500 m/s) [81, 82]. The addition of nano-silica and 
silica fume enhanced the UPV of mortar samples. 
For example, the addition of nano-silica increased 
the UPV from 4070 m/s for the reference mixture to 
4193 m/s for the mixture with 0.5% nano-silica. 
This can be attributed to the reduced porosity, 
which has been confirmed in Section 3.1.1. 
Compared with the nano-silica mixtures, the silica 
fume addition showed a more significant 
enhancement in the UPV. The mixture with a 5% 
silica fume showed the highest UPV of 4343.3 m/s. 
    During sulfuric acid immersion, the UPV of all 
mixtures was decreasing with the immersion time. 
This was caused by the formation of a corrosion 
layer on the sample surface (see Section 3.2.1), 
which has  a  porous s t ructure .  As  shown in 
 

 
Figure 8 UPV with immersion time: (a) NS mixtures;  

(b) SF mixtures 
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Figure 8(a), the addition of nano-silica showed a 
limited effect on the UPV throughout the immersion 
period as mixtures with nano-silica showed similar 
UPV values at all ages. After 75 d of immersion, the 
UPV of mixtures with nano-silica ranged from 3710 
to 3800 m/s, which indicates that the samples were 
still of good quality. However, the mixtures with 
nano-silica had a lower UPV than the reference 
mixture. Compared with mixtures with nano-silica, 
the mixtures with silica fume showed a higher UPV. 
It ranged from 3690 to 3906 m/s after sulfuric acid 
immersion. The highest UPV was found on the 
mixture with 5% of silica fume. 
3.2.4 Length change 
    The sulfuric acid corrosion may result in a 
length change due to the dissolution of cement 
hydrates and the peeling off of aggregates. Thus, 
the change in length was monitored as one of the 
indicators to evaluate sample deterioration. The 
length change of mixtures with nano-silica is 
demonstrated in Figure 9. A positive value implies 
that the sample length was increased. As shown in 
Figure 9(a), all samples showed a positive length 
change throughout the immersion period, and the 
length change increased with immersion time. The 
reference mixture had the lowest length increase 
throughout the immersion period. It is also noticed 
that the nano-silica dosage showed a negligible 
effect on the length change since the length change 
of mixtures with nano-silica was similar at all 
immersion ages. The length change after 75 d of 
immersion is plotted in Figure 9(b). Before sample 
brushing, the reference mixture had a length change 
of 0.12%. The greatest length change of 0.47% was 
found for the mixture with 2% nano-silica. This 
positive length change was caused by the 
generation of gypsum, which is two times larger 
than cement hydration products [83]. The length of 
the samples was also measured after removing the 
corrosion layer on sample surface, and the results 
are shown in Figure 9(b) with a blue line. All 
samples showed a negative length change after 
removing the corrosion layer. The reference mixture 
showed a length change of −1.34%. The nano-silica 
addition slightly reduced the length change to 
−0.93% for the mixture with 1 % nano-silica. With 
nano-silica content higher than 1%, a greater length 
change was observed, with a value of −1.22% for 
the mixture with 2% nano-silica. The higher length 
loss at  nano-sil ica >1% could be due to the 

 

 
Figure 9 Length change of NS mixtures: (a) With 

immersion time; (b) With NS content after sulfuric acid 

immersion 

 
increased water absorption caused by the 
agglomeration of nano-silica, which has been 
confirmed in Section 3.1.1. The increased water 
absorption enhanced acid penetration and led to a 
higher length loss. 
    The length change of silica fume mixtures is 
presented in Figure 10. Similarly, the mixtures with 
silica fume also showed a positive length change 
during immersion. The length change also increased 
with immersion time. The reference mixture had the 
lowest length change, while the mixture with 5% 
silica fume showed the greatest length change in the 
entire immersion period. The length change after  
75 d of sulfuric acid immersion is plotted in  
Figure 10(b). The mixture with a 5% silica fume 
showed the greatest length change of 0.43%. After 
sample brushing, the corrosion layer on the sample 
surface was removed. The length change after 
sample brushing is plotted in Figure 10(b) with a 
blue line. All mixtures showed a negative length 
change. The lowest length change of −0.57% was 
observed on the mixture with 5% silica fume. This  
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Figure 10 Length change of SF mixtures: (a) With 

immersion time; (b) With SF content after sulfuric acid 

immersion 

 
may suggest that the mixture with 5% silica fume 
has the highest acid resistance. The reduced volume 
of permeable voids and the increased chemical 
stability were responsible (as discussed in Section 
3.2.1) for the reduced length change for the mixture 
with 5% of silica fume. 
3.2.5 Mass change 
    Sulfuric acid corrosion can lead to a loss of 
sample due to the dissolution of cement hydrates 
and the peeling off of aggregates. Thus, the change 
in mass was monitored as another parameter to 
assess sample deterioration during sulfuric acid 
immersion. Figure 11 illustrates the mass change of 
mixtures with nano-silica. A positive value indicates 
mass gain, while a negative value indicates a mass 
loss. In general, the mass change of all mixtures 
increased with immersion time for all mixtures. 
After 75 d of immersion, the mixtures had a mass 
change ranging from 0.835% to 1.383%, with the 
mixture with 0.5% nano-silica having the lowest 
mass change. The increased mass during acid 

immersion was due to the generation of gypsum 
that attached to the sample surface (as shown in the 
visual observation results). To better understand the 
sample deterioration, the corrosion layer was 
removed by brushing the samples with a steel brush. 
The mass change after sample brushing is shown in 
Figure 11(b). All mixtures showed a negative mass 
change after brushing. The mass loss reduced from 
−5.48% for the reference mixture to −4.06% for the 
mixture with 1% nano-silica, and then the mass loss 
increased to −4.9% for the mixture with 2% 
nano-silica. This suggests that the addition of 1% of 
nano-silica mitigated the deterioration in terms of 
mass change. 
 

 
Figure 11 Mass change of NS mixtures: (a) With 

immersion time; (b) With NS content after sulfuric acid 

immersion 

 
    The mass change of silica fume mixtures is 
plotted in Figure 12. Similarly, all mixtures 
illustrated positive mass change during the 
immersion period. The mass change after 75 d of 
immersion ranged from 1.12% for the mixture with 
15% silica fume to 1.56% for the mixture with 5% 
silica fume. After the corrosion layer was removed 
by brushing, all samples illustrated mass loss. 
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Among the mixtures, the one with 5% silica fume 
showed the lowest mass loss with a value of 
−4.15%, compared with −5.48% for the reference 
mixture. Adding more than 5% silica fume 
increased the mass loss to −6.63% for the mixture 
with 15% silica fume. This suggests that the 
mixture with 5% silica fume showed the best acid 
resistance in terms of mass change. Compared with 
nano-silica mixtures, the silica fume mixtures 
generally showed a higher mass change. The mass 
change of nano-silica mixtures ranged from −5.48% 
to −4.06%, while the mass change of silica fume 
mixtures ranged from −6.63% to −4.15%. This can 
be attributed to the differences in neutralization 
ability between these mixtures. As observed in the 
TGA results, the addition of 15% silica fume 
reduced the final weight loss (1.35%), while the 
addition of 2% of nano-silica increased the final 
weight loss (1.29%). This suggests that the mixtures 
with nano-silica had a higher content of cement 
hydration products, which led to a higher 
neutralization. 
 

 
Figure 12 Mass change of SF mixtures: (a) With 

immersion time; (b) With SF content after sulfuric acid 

immersion 

3.3 Evaluation of acid resistance 
    During the sulfuric acid immersion, several 
tests were conducted to evaluate the acid resistance 
of mixtures with nano-silica and silica fume. Due to 
the generation of a corrosion layer on the samples’ 
surface, both mass and length increased during 
sulfuric acid immersion. And the mass change and 
length change had a good correlation with R2 of 
0.86 and 0.83 for mixtures with nano-silica and 
silica fume, respectively, as shown in Figure 13. 
However, the positive mass change and length 
change made the evaluation of sample deterioration 
difficult because of the complexity of the 
mechanism of the mass change and length change 
during immersion. On the one hand, when samples 
are immersed in sulfuric acid, the CH and C-S-H 
are decalcified at the presence of H+ in the pore 
solution [84]. This reduces the mass and length of 
samples. On the other hand, the chemical reaction 
between cement hydration products (e.g., CH and 
C-S-H) and the sulfuric acid generates swelling 
gypsum that will lead to the formation of a 
corrosion layer on the sample surface. This causes 
 

 
Figure 13 Correlation between length change and mass 

change (before brush): (a) NS mixtures; (b) SF mixtures 
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the mass and length increase during immersion. 
Thus, to remove the effect of gypsum generation on 
the mass change and length change, sample 
brushing with a steel brusher was carried out on 
samples after 75 d of immersion. The results after 
brushing showed that the mixture with 5% silica 
fume and 1% nano-silica had the lowest mass 
change and length change for silica fume mixtures 
and nano-silica mixtures, respectively. This reduced 
deterioration on samples can be attributed to the 
reduced volume of permeable voids, enhanced 
chemical stability and cement hydration, as 
discussed in Sections 3.1.1 and 3.1.2. Beyond these 
dosages, higher mass loss and length loss were 
observed. For mixtures with nano-silica, a possible 
reason for this is the nano-silica agglomeration that 
became weak zones in the mortar sample; for 
mixtures with silica fume, the reduced 
neutralization capacity was responsible for the high 
deterioration at high dosage. 
    However, the UCS and UPV results suggest 
that other mixtures may have a better performance 
after sulfuric acid immersion. For example, the 
reference mixture showed a positive UCS change, 
while all the silica fume mixtures showed reduced 
UCS after sulfuric acid exposure. In addition, the 
UPV results indicated that the mixture with 
nano-silica was of lower quality compared with the 
reference mixture after 75 d of sulfuric acid 
immersion. These contradictory results from 
various indicators may suggest that there is no 
single indicator that is able to comprehensively 
describe the deterioration [85]. GU et al [85] 
compared test methodologies regarding the 
assessment of deterioration. They concluded that 
each test method has the following disadvantages:  
1) visual observation is a subjective judgment and 
can be significantly influenced by samples palling; 
2) mass change is highly variable because of the 
peeling off of the aggregates; 3) the length is too 
sensitive to pH change, and may have a high error 
on rough surfaces. The change in UCS, however, 
was found in this research to be highly affected by 
the hydration degree of samples before immersion. 
At a low hydration degree, such as for the reference 
mixture, the UCS could be increased during sulfuric 
acid immersion due to the continuous hydration. 
This makes the UCS change a poor indicator of 
sample deterioration. One indicator can only 
partially reflect the deterioration samples. A 

combination of indicators should be used to 
comprehensively assess the acid resistance of 
mixtures. 
    Among all the silica fume mixtures, the one 
with 5% silica fume showed the best performance 
in resisting sulfuric acid attack because it had the 
lowest mass change and length change. In addition, 
the mixture showed a reasonably high UCS and 
UPV after sulfuric acid immersion. Similarly, for 
mixtures with nano-silica, the mixture with 1% 
nano-silica presented the lowest mass change and 
length change and a reasonably high UCS. This 
suggests that for the mixtures with nano-silica, a 
1% addition has the best potential with regard to 
resisting sulfuric acid. It is also noted that the silica 
fume was noticeably more effective than nano-silica 
in enhancing the acid resistance of mortars as the 
mixture with 5% silica fume showed less length 
change, and higher UCS and UPV than the mixture 
with 1% nano-silica after 75 d of immersion. 
 
4 Conclusions 
 
    The mortar samples with silica fume and 
nano-silica were immersed in sulfuric acid (pH=2) 
for 75 d to investigate acid resistance. From the test 
results, the following conclusions can be drawn: 
    1) From the density, water absorption, and 
permeable voids results, the addition of silica fume 
and nano-silica reduced the water absorption and 
volume of permeable voids. In addition, the silica 
fume showed a more drastic influence on the water 
absorption and volume of permeable voids 
compared with nano-silica. 
    2) From the thermo-gravimetric analysis result, 
the addition of silica fume significantly reduced 
calcium hydroxide and increased calcium silicate 
hydrates in the hardened samples. This is attributed 
to the pozzolanic reaction between calcium 
hydroxide and silica fume. The addition of 
nano-silica showed a negligible effect on cement 
hydration as there was no significant change in the 
amount of calcium hydroxide and calcium silicate 
hydrates. 
    3) The addition of nano-silica and nano-silica 
improved the unconfined compressive strength after 
28 d of curing. However, the silica fume showed 
more significant improvement than that of nano- 
silica, with the greatest improvement of 16.7% and 
47% for nano-silica mixtures and silica fume 
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mixtures, respectively. 
    4) The sulfuric acid immersion test illustrated 
that the silica fume was more effective than 
nano-silica in improving the acid resistance of 
cement mortars. The optimal dosages with best acid 
resistance were 1% and 5% for nano-silica and 
silica fume, respectively. However, the mixture with 
5% silica fume illustrated noticeably better 
performance than the one with 1% nano-silica as it 
had less length change, and higher compressive 
strength and ultrasonic pulse velocity after 75 d of 
immersion. 
    5) The selection of indicators for deterioration 
evaluation could significantly affect the evaluation 
of acid resistance because contradictory results 
were found from different test methods. This 
suggests that there is no single indicator that is able 
to describe the deterioration comprehensively. 
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中文导读 
 

硅粉与纳米硅粉水泥基材料的耐酸性 
 
摘要：为了研究硅粉与纳米硅粉作为添加剂对水泥砂浆耐酸性的影响，本文将标准养护后的样品浸泡

于 pH=2 的硫酸溶液中，并分析了样品在浸泡实验前后的性能变化。实验结果表明，添加硅粉及纳米

硅粉能有效提高浸泡前水泥砂浆的单轴抗压强度，降低可渗透孔隙的体积率。相较于纳米硅粉，硅粉

对水泥砂浆的性能影响更为显著。在硫酸溶液中浸泡 75 d 后，样品出现了不同程度的腐蚀。其中，掺

5%硅粉及 1%纳米硅粉的样品展现了最低的质量损失及长度损失。 
 
关键词：耐酸性；纳米硅粉；硅粉；水泥砂浆 


