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A B S T R A C T   

This investigation aims to study the performance of different hybrid binders as environmentally-friendly 
cementitious soil stabilizers as well as Nanosilica as a reactive powder. Mechanical properties and microstruc-
tural analysis in addition to the molecular and mineralogical specifications were investigated to evaluate the 
performance of stabilized soil samples. For this purpose, a series of experimental tests including scanning 
electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD) are 
considered as well as mechanical tests to investigate the various aspects of the material. The results showed that 
the incorporation of Nanosilica not only improved the unconfined compressive strength (UCS) of the stabilized 
samples, but also the elastic modulus which is indicative of Nanosilica’s tendency to increase the ductility of 
samples. In Portland cement (PC) and phosphorus slag blended cement (SBC)-based samples, the results 
confirmed that samples containing Nanosilica possess an intensified C–S–H phase compared to other samples. It 
appeared that the supplied reactive Nanosilica to the matrix showed better participation reaction of Ca2+ of 
Portlandite for formation of extra C–S–H phase due to the observed phase change of needle-like crystals of 
Portlandite in lower amount with smaller particles. Moreover, the microstructure results revealed that the 
presence of Nanosilica leads to more densified binder matrix with more coverage of soil particles. The incor-
poration of Nanosilica in SBC exhibited a more densified matrix with higher UCS values compared to PC samples. 
The presence of 2 wt% of Nanosilica in the alkali-activated phosphorus slag cement (AAC)-based samples 
resulted in lengthening the aluminosilicate chain with more substituted Al with reactive Si. In AAC-based 
samples, with incorporated Nanosilica a compact interfacial bond of matrix and soil particles was observed.   

1. Introduction 

Cement is one of the primary construction materials that provides 
many benefits for developing infrastructure due to its high efficiency 
with reasonable costs. However, this material has its own drawbacks 
which are thoroughly investigated during recent years, such as green-
house gas emissions, energy consumptions, and brittleness [1]. Cement 
plays a critical role in chemical soil stabilization where the engineering 
properties of the soil are improved in poor quality grounds. The role of 
cement is to provide a strong bond structure between soil particles 
through chemical reactions so that a reliable base for engineers to build 

on is prepared [2,3]. Stabilized soil by different binders consist of arti-
ficially stable structure with mixture of cementitious bonds coating soil 
particles named soil-binder matrix. Many attempts have been made to 
use an environmentally-friendly alternative to conventional Portland 
cement. Different types of industrial by-products and wastes have been 
developed with an acceptable performance in engineering application 
which improves the sustainability credentials of the construction pro-
jects [2,4–7]. Phosphorus slag, similar to blast furnace slag is an amor-
phous by-product of phosphoric acid production (dry method 
production process) and its main chemical components consists of cal-
cium oxide and silicon oxide. In the production process, the raw 
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materials which consist of phosphorous ore and coke are sintered at the 
temperature of 1400 

◦

C in an electric furnace to be melted and then the 
remained melt by-product is quenched in water to develop the granular 
phosphorous slag [8–10]. One of the most beneficial alternatives to 
Portland cement (PC) is blended cements, i.e., hydraulic cements con-
sisting of a homogeneous blend of cement and other supplementary 
cementitious materials (SCM). Some known and well-experienced SCMs 
could either be industrial by-products or other wastes, like blast furnace 
slag, fly ash, silica fume, and so on [11]. Another alternative to PC is 
alkali-activated cements (AAC), which is mainly produced by two parts, 
one part is source material and the other part is alkali activator which 
activates the first part to produce a binder. Researchers have used 
various materials like abovementioned SCM’s to produce a durable AAC 
[7,12]. 

Various nanomaterials have recently been used to improve the 
properties of cementitious binders [13–17]. Among the used nano-
materials, Nanosilica can be considered as the most popular one due to 
its high specific surface area, which can interact dynamically with soil 
constituents and thus have significant influence on microstructure and 
mechanical properties of stabilized soil by filling pores of matrix, 
strengthening the interfacial transition zone (ITZ), and enhancing dis-
tribution of hydration products through nucleation effect [18,19]. 
Additionally, it can increase the pozzolanic reactions and may promote 
the stiffness of soil skeleton matrix. Nanosilica consumes calcium hy-
droxide (Ca(OH)2), which arrays in the ITZ between hardened cement 
paste and soil particles. Additionally, Nanosilica enhances the produc-
tion step of hydrated calcium silicate (C–S–H) which increases the 
strength of the hardened cement composites [20,21]. Reduction of 
carbon dioxides emission and environmental impact has been main 
concern of researchers during past decades, however, technical perfor-
mance of blended cements and alkali-activated materials, as the most 
common alternatives to OPC, have to be considered and compared. 
Therefore, the performance of different cementitious composites for soil 
stabilization in terms of mechanical and microstructure properties have 
been investigated. The effect of Nanosilica incorporation is also inves-
tigated for each binders separately. Comparing different categories of 
chemical stabilizers based on phosphorus slag, i.e. SBC and AAC, by 
comparing with OPC as a conventional soil stabilizer, and evaluating the 
effect of Nanosilica on each of stabilizers is the novelty of this research. 
Moreover, analysis, such as, scanning electron microscopy (SEM), 
Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction 
(XRD) are assisted to reveal the molecular and mineralogical aspects of 
the pastes itself. The effects of type of binder, incorporation of Nano-
silica in each binder, and curing time on mechanical properties of sta-
bilized soil are the main parameters being studied. The findings provide 
significance for practical usage of cementitious materials in using 
phosphorus slag and Nanosilica. 

2. Materials and methods 

2.1. Raw materials 

The soil is provided from shoreline of Caspian Sea, in the north of 
Iran. According to unified soil classification system (USCS), this soil is 
classified as poorly graded sandy soil (SP) with specific gravity of 2.7. 
The soil is pure sand with a uniformity and curvature coefficient of 1.15 
and 0.99, respectively. The minimum and maximum unit weight are 
14.72 and 17.67, respectively. Physical properties of the used soil is 
presented in Table 1. Fig. 1 presents the scanning electron microscopy 

(SEM) images and elemental analysis (EDS) of sandy soil grains with the 
magnitude of 100×. Table 2 shows the EDS results done at the selected 
part shown on Fig. 1. 

The PC, (CEM I 42.5R) with Blaine specific area of 350 ± 0.5 m2/kg 
is operated as the control sample. The phosphorus slag as a raw material 
for producing phosphorus slag-blended cement and alkali-activated 
phosphorus slag cements is considered. Chemical analysis of the PC 
and phosphorus slag are presented in Table 3. The granular phosphorus 
slag is grounded to a Blaine specific surface area of 350 ± 0.5 m2/kg, 
similar to OPC. A laboratory mill (110 mm radius and 380 mm length) 
was used for this purpose. Based on laser particle size analyzer, the mean 
particle diameter of the PC and phosphorus slag are 11.38 μm and 13.18 
μm, respectively. Figs. 2 and 3 present the SEM images of PC and 
phosphorus slag powders with the magnitude of 1000x and 5000x, 
respectively. 

Tables 4 and 5 present the EDS results done on the selected part 
shown on images in Figs. 2 and 3. 

Fig. 4 shows the X-ray diffraction (XRD) pattern of phosphorus slag. 
In the amorphous structure of phosphorus slag, a small amount of 
crystalline magnesium oxide (MgO, JCPDS 02–1207) can be seen. 

Sodium silicate (Na2SiO3; 32.87 wt% of SiO2, 24.21 wt% of Na2O, 
and 42.92 wt% of H2O) and sodium hydroxide (NaOH, 99 wt% purity) 
are provided for producing the alkaline activator solution. SiO2 nano-
particles, (99.5 wt% purity) is supplied from US research nano-materials 
Inc., Houston, USA. Properties of the used Nanosilica is shown in 

Table 1 
Properties of soil.   

Specific 
gravity, Gs 

Minimum unit weight, 
γmin (kN/m3) 

Maximum unit weight, 
γmax (kN/m3) 

D10 
(mm) 

D30 
(mm) 

D60 
(mm) 

The coefficient of 
curvature, Cc 

The coefficient of 
uniformity, Cu 

Soil 2.7 14.72 17.67 0.15 0.16 0.17 0.99 1.15  

Fig. 1. SEM images of soil (in magnification of 100x).  

Table 2 
Results of Elemental Analysis on Point A shown in Fig. 1  

Element (wt. 
%) 

O Mg Al Si S K Ca Fe  

47.91 2.18 0.87 2.54 2.47 0.19 42.52 1.33  
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Table 3 
Chemical analysis of the used materials (wt.% determined by X-ray fluorescence method).  

Component SiO2 Al2O3 Fe2O3 CaO MgO P2O5 K2O Na2O 

Portland Cement 21.99 4.31 4.15 62.88 2.86 – 0.47 0.21 
Phosphorus slag 38.39 7.66 0.90 45.16 2.60 1.50 0.56 0.43  

Fig. 2. SEM of PC in magnification of (a) 1000x, and (b) 5000x  

Fig. 3. SEM of phosphorus slag in magnification of (a) 1000x, and (b) 5000x  

Table 4 
Results of elemental analysis on point A shown in Fig. 2  

Element (wt.%) O Mg Al Si Ca Ti Fe  

26.61 0.52 19.48 2.65 32.97 2.09 15.69  

Table 5 
Results of elemental analysis on Point A shown in Fig. 3  

Element (wt.%) O Mg Al Si S K Ca  

37.84 0.29 2.51 15.60 4.19 0.71 38.87  
Fig. 4. X-ray diffraction data for phosphorus slag.  
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Table 6. 

2.2. Sample preparation 

Three different kinds of binders are used to stabilize soil, i.e. PC, SBC, 
and AAC. SBC is produced by mixing PC and ground phosphorus slag 
with the proportion of 7:3 in the used laboratory mill for 10 min to be 
homogenized well. The selected proportion was considered based on 
some trial and error tests which resulted better and acceptable me-
chanical performance compared to other proportions. Table 7 shows the 
produced paste identification and related composition. For preparing 
AAC binder, at first the activator solution is prepared and then added to 
the ground phosphorus slag. The activator is prepared by adding sodium 
hydroxide to water to be dissolved, and then the determined amount of 
sodium silicate is added to the solution. Amount of sodium hydroxide 
and sodium silicate are so determined that 18 wt% of Na2O for the used 
slag are supplied with the regulated SiO2/Na2O mass ratio of 0.2. In the 
other word, sodium hydroxide is supplying Na2O component and so-
dium silicate is supplying SiO2 and silica component. This composition 
for the produced activator will be adjusted in the pure paste and in the 
combination of paste with the soil. The total used amount of water for all 
of the prepared pastes are considered based on water/solid ratio of 0.4. 
The total water, here, is the combination of the introduced water from 
sodium silicate plus the required water to achieve the considered water/ 
solid ratio. 

For mixtures that contain Nanosilica, the nanomaterial is blended at 
determined percentages of 2, 4, and 6 wt% with solid material and ho-
mogenized all types of binders in a mechanical stirrer. 

The binders are combined to the soil until a uniform blend is ach-
ieved. The added binders are determined a constant usage amount of 7 
wt% of dry soil. For this purpose, each of the binders of PC, SBC, and 
AAC added to the wetted soil and then mixing procedure started for 10 
min in a rotary mixing machine. Then by tamping and compressing the 
treated soil, final stabilized soil samples are produced. The mixtures 
were casted into the split mould with three equal layers to achieve the 
relative density of 55%, based on weight-volume relationships. The 
water-to-total solid ratio (W/S) of all stabilized soil samples is designed 
as 18 wt%. Samples are removed from their mould after considered 
curing time in moist room to be ready for mechanical experimental tests. 
The used mould is 80 mm in height and 40 mm in diameter in case of 
UCS test. 

2.3. Testing methods 

The prepared stabilized soil specimens are cured in an atmosphere of 
95% relative humidity at 25 ◦C for 28 and 90 days. Before UCS test, the 
sample dimensions are measured with a digital caliper. The diameter 
and height of each sample are measured in three different points. UCS 
test according to ASTM D2166 are conducted in the apparatus with a 
constant vertical load rate of 1 mm/min for each mix, three identical 
specimens are used in the same curing time and the average of three 
values are considered as the reported strength value. Failure strain 
values are presented for investigating the failure mechanism of samples. 
Table 8 shows the composition of the stabilized soil samples used for 
UCS test. 

Scanning electron microscopy along with SEM/EDS was conducted 
for samples listed in Table 9 using VEGA\TESCAN-LMU to investigate 
their microstructure. The broken fragments of 90-day-cured specimens 
of UCS tests samples were chosen to be golden coated before SEM test. 

X-ray diffraction (XRD) is implemented for studying crystalline 
phases of some PC- and SBC- based samples after 90-days of curing, i.e. 
P7C, P7C6N, P7BC, and P7BC6N. The XRD test is carried out by Bruker 
D8 ADVANCE at the range of 10–60o with a scanning rate of 3.9o/min. 
Deliverance, an anti-scatter, and receiving slit of this test are all 1. FTIR 
test was conducted to study the effect of Nanosilica in AAC specimens on 
molecular structure of binders for P7G, P7G2N, and P7G6N samples. 
This test is performed by Shimadzu-8400S by using standard KBr tech-
nique, then the FTIR spectra are collected in transmittance mode from 
400 to 4000 cm− 1 with a sensitivity of 4 cm− 1 and 64 scans per spec-
trum. Table 10 illustrates the composition of the binders samples used 
for XRD and FTIR test. 

3. Results and discussion 

3.1. Unconfined compressive strength 

Fig. 5 represents the results of UCS test for stabilized soil samples. As 
seen, adding Nanosilica to PC- and SBC-based stabilized soil samples 
could be the cause of an increase in the UCS values. The trend of UCS 
values for AAC-based samples seems to be different, although adding 
Nanosilica to AAC-based stabilized soil could generally improve the UCS 
values of samples. The UCS values are decreased by increasing the 
percentage of Nanosilica from 2 to 6 wt% of binder (P7G2N > P7G4N >
P7G6N > P7G). Improvement of PC-based stabilized soil samples in 

Table 6 
Physical properties of nanosilica.  

Properties APS 
(nm) 

SSA 
(cm2/g) 

Bulk 
Density 
(g/cm3) 

True 
Density 
(g/cm3) 

Shape Purity 

Nanosilica 20–30 180–600 <0.1 2.4 White 
Powder 

>99%  

Table 7 
Summary of the binder composition.  

Paste Series 
Identification 

Paste 
Name 

Series details Mixture ratio 

I PC PC Powder (PCP) + Water W/PCP = 0.4 
II SBC 30% Phosphorus Slag Powder 

(PSP) + 70% PC Powder (PCP) +
Water 

PSP/PCP =
0.43 
W/Solid 
material =
0.4 

III AAC Phosphorus Slag Powder (PSP) +
Alkali Activator (AA) (Sodium 
Hydroxide (SH) and Sodium 
Silicate (SS)) + Water 

SS/SH = 0.46 
AA/PSP =
0.3 
W/Solid 
material =
0.4  

Table 8 
Summary of the UCS test stabilized soil samples composition.  

Sample 
Name 

Binder 
Percentage (%) 

Nanosilica 
Percentage (%) 

Description 

P7C 7 0 SP + 7% of PC 
P7C2N 2 SP + 7% of PC+ 2% of 

Nanosilica 
P7C4N 4 SP + 7% of PC+ 4% of 

Nanosilica 
P7C6N 6 SP + 7% of PC+ 6% of 

Nanosilica 
P7BC 7 0 SP + 7% of SBC 
P7BC2N 2 SP + 7% of SBC + 2% of 

Nanosilica 
P7BC4N 4 SP + 7% of SBC+ 4% of 

Nanosilica 
P7BC6N 6 SP + 7% of SBC+ 6% of 

Nanosilica 
P7G 7 0 SP + 7% of AAC 
P7G2N 2 SP + 7% of AAC+ 2% of 

Nanosilica 
P7G4N 4 SP + 7% of AAC+ 4% of 

Nanosilica 
P7G6N 6 SP + 7% of AAC+ 6% of 

Nanosilica  
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presence of Nanosilica are greater compared to the similar SBC-based 
ones, however, P7BC samples has a greater UCS values compared to 
P7C samples. Moreover, AAC-based samples (P7G) show quite higher 
compressive strength than PC-based samples (P7C), i.e. 0.73 MPa for 

P7G, and 0.33 MPa for P7C after 90 days of curing. This trend is also 
observed for 28 days cured samples. An increase of Nanosilica to 2, 4, 
and 6 wt% after 90 days of curing improve the UCS value of PC-based 
stabilized soil by about 297, 339, and 336% compared to no added 
Nanosilica. 

By adding Nanosilica, the UCS value of stabilized soil by PC is 
increased from 0.33 MPa for P7C to 1.44 MPa for P7C6N, after 90 days 
of curing. It is evident from Fig. 5 (a) (b), P7C4N and P7C6N approxi-
mately possess the same UCS value, which indicates that adding more 
than 4 wt% Nanosilica has no effect on UCS improvement of PC-based 
samples. 

Adding Nanosilica to SBC paste showed steady increase in strength 
by increase in usage amount of Nanosilica after 28 days (P7BC: 0.76, 
P7BC2N: 0.81, P7BC4N: 0.89, and P7BC6N: 1.10 MPa), but there is a 
slight change on UCS value after 90 days by increasing the percentage of 
Nanosilica (P7BC: 0.88, P7BC2N: 0.89, P7BC4N: 0.99, and P7BC6N: 
1.23 MPa). It could be concluded that added Nanosilica is more bene-
ficial in short term than long term approach in terms of mechanical 
strength. An increase of Nanosilica to 2, 4, and 6 wt% after 90 days of 
curing improve the UCS value of SBC-based stabilized soil by about 1.14, 
12.5, and 39.77% compared to no added Nanosilica. The acceleration 
effect of Nanosilica in cement and blended cement is well reported in the 
literature, the essential role of Nanosilica is its participation in the hy-
dration and working as nucleation site for precipitation of C–S–H gel. 
Additionally, its chemical reactivity and its contribution in pozzolanic 
reaction due to the high surface area could be the second reason of its 
successful effect on cement and blended cement matrix [22–25]. 

In stabilized soil samples by AAC, adding Nanosilica shows an in-
crease on UCS values, which is improved from 0.73 MPa to 1.76 MPa for 
P7G and P7G2N, respectively. However, UCS values show a sharp fall by 

Table 9 
Summary of the SEM/EDS test Samples composition.  

Sample 
Name 

Binder 
Percentage (%) 

Nanosilica 
Percentage (%) 

Description 

P7C 7 0 SP + 7% of PC 
P7C6N 6 SP + 7% of PC+ 6% of 

Nanosilica 
P7BC 7 0 SP + 7% of SBC 
P7BC6N 6 SP + 7% of SBC+ 6% of 

Nanosilica 
P7G 7 0 SP + 7% of AAC 
P7G2N 2 SP + 7% of AAC+ 2% of 

Nanosilica 
P7G6N 6 SP + 7% of AAC+ 6% of 

Nanosilica  

Table 10 
Summary of the XRD and FTIR tests Samples composition.  

Sample Name Test type Nanosilica Percentage (%) Binder Composition 

C0N XRD 0 PC 
C6N 6 PC+ 6% of Nanosilica 
BC0N 0 SBC 
BC6N 6 SBC+ 6% of Nanosilica 
AAC0N FTIR 0 AAC 
AAC2N 2 AAC+ 2% of Nanosilica  

Fig. 5. Compressive strength of stabilized soil by PC, SBC, and AAC in different amounts of Nanosilica 0, 2, 4, and 6 wt% of binders at (a) 28, and (b) 90 days.  
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addition of Nanosilica for more than 2 wt %, i.e. 4 and 6 wt %, 1.08 MPa 
and 0.92 MPa for P7G4N and P7G6N after 90 days, respectively. The 
same trend is also observed for 28-day cured samples. An increase of 
Nanosilica to 2, 4, and 6 wt % after 90 days of curing improve the UCS 
value of AAC-based stabilized soil by about 139.73, 47.95, and 26% 
compared to no added Nanosilica. It seems that higher Nanosilica con-
tent, more than 2 wt %, show negative effects on the compressive 
strength of stabilized soil by AAC. This finding is in agreement with 
some previous works [26,27], however, in some works Nanosilica with 
1 wt%, 2 wt%, and even in some others 3 wt% of Nanosilica has been 
reported as the optimum value [11,28–30]. In literature, it is also 
mentioned that at high Nanosilica usage amount, the autogenously 
shrinkage due to self-desiccation increase and results in a higher 
cracking potential [24]. 

3.2. Failure strain 

Table 11 represents the failure strain of samples. As seen, the failure 
strain for the PC-based sample without Nanosilica is 0.93. By adding 2, 4 
and 6 wt % of Nanosilica to the mixture, failure strain amounts are 
increased to 1.25, 1.24, and 1.31% in 90 days of curing, respectively. It 
seems that adding up to 2 wt % has not a significant effect on failure 
strain of stabilized samples by PC. 

During curing time, an increasing trend is observed for failure strain 
of pure PC-based sample, from 0.73 to 0.91%. But for samples contained 
2, 4, and 6 wt % of Nanosilica the trend is decreasing, i.e. 1.77 to 1.25% 
for P7C2N, 2.08 to 1.24% for P7C4N, and 2.14 to 1.31% for P7C6N from 
28 to 90 days of curing, respectively. The failure strain for the SBC-based 
sample is 0.83%. By adding 2, 4 and 6 wt% of Nanosilica, the failure 
strain amounts are increase to 0.85, 0.90, and 1.07% in 90 days of 
curing, respectively. For SBC-based samples without Nanosilica the 
failure strain changes from 0.95 to 0.83% in 28 and 90 days of curing, 
respectively. This amount changes from 1.07 to 0.85% for P7BC2N, 1.07 
to 0.9% for P7BC4N, and 1.31 to 1.07% for P7BC6N in the age of 28 and 
90 days, respectively. The failure strain for the AAC-based sample is 
0.92%. By adding 2, 4 and 6 wt% of Nanosilica, failure strain are 
increased, but adding Nanosilica from 2 to 4 and 6 wt% shows a des-
canting trend, 2.89, 2.00, and 1.79% in 90 days of curing, respectively. 

For all AAC-based samples, with or without Nanosilica, the failure 
strain amount increase with curing time. For stabilized sample by AAC 
without Nanosilica, the failure strain increases from 0.83 to 0.92 in 28 
and 90 days, respectively. These amounts increase 1.12–2.89% for 
P7G2N, 0.97–2.00% for P7G4N, and 0.52–1.79% for P7G6N in the age 
of 28 and 90 days, respectively. 

The above results declare that failure strain in all stabilized samples 
by different types of binders, i.e. PC, SBC, and AAC, are increased by 
adding Nanosilica compared to samples without Nanosilica. This may 
interpret as more ductile behavior when Nanosilica participate in the 
mixture, however, this point should be consider besides the obtained 
UCS values and elastic modulus. Now, the main question is that the used 
Nanosilica to what extend and by how could affect the failure strain in 
each group of samples with different percentages of Nanosilica. For 
stabilized samples by PC, there is an increasing trend in strain values by 
increasing the amount of Nanosilica. However, for samples stabilized by 
SBC, these amounts are quite similar to each other and a slight increase 
have been seen. In samples stabilized by AAC a decrease of failure strain 

has been seen by increasing the amounts of Nanosilica. This could be due 
to the structural change in the produced AAC sample when Nanosilica is 
used as an active constituent into activation reaction. This is more dis-
cussed in the FTIR test section in continue. 

3.3. Elastic modulus 

Fig. 6 (a, b, c) demonstrate elastic modulus of samples stabilized by 
PC, SBC, and AAC, respectively. As seen, the elastic modulus for the PC- 
based sample is 43.61 MPa. Adding Nanosilica in PC-based samples has 
an increasing effect on elastic modulus and by adding 2, 4, and 6 wt% of 
Nanosilica, elastic modulus values are increased to 104.27, 105.35, and 
110.57 MPa after 90 days of curing, respectively. Elastic modulus (EM) 

Table 11 
Failure Strain of stabilized soil by PC, SBC, and AAC binders in different amounts of Nanosilica 0, 2, 4, and 6 wt% of binder at 28 days, and 90 days.   

Failure strain (%) 

PC SBC AAC 

P7C P7C2N P7C4N P7C6N P7BC P7BC2N P7BC4N P7BC6N P7G P7G2N P7G4N P7G6N 

28 Days 0.73 1.77 2.08 2.14 0.95 1.07 1.07 1.31 0.83 1.12 0.97 0.52 
90 Days 0.91 1.25 1.24 1.31 0.83 0.85 0.90 1.07 0.92 2.89 2.00 1.79  

Fig. 6. Elastic Modulus of stabilized soil by (a) PC, (b) SBC, and (c) AAC 
binders in different amounts of Nanosilica 0, 2, 4, and 6 wt% of binder at 28 
days, and 90 days. 
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of samples stabilized by pure PC show an increase from 31.64 to 43.61 
MPa (with 38% increase) for 28–90 days cured sample. For samples 
contain 2 wt% of Nanosilica, the EM amount increase from 42.64 to 
104.27 MPa (with 144% increase) in the age of 28 and 90 days, 
respectively. For samples contain 4 wt% of Nanosilica, the EM amount 
increase from 44.74 to 105.35 MPa (with 135% increase) in the age of 
28 and 90 days, respectively. For samples contain 6 wt% of Nanosilica, 
the EM amount increase from 41.97 to 110.57 MPa (with 163% in-
crease) after 28 and 90 days, respectively. In SBC-based stabilized 
sample, the elastic modulus is 105.97 MPa. Adding Nanosilica show an 
increasing trend in elastic modulus and these amounts are 105.52, 
110.61, and 114.80 MPa when Nanosilica is added to the mixture in 2, 4, 
and 6 wt%, respectively. 

This trend is valuable for SBC-based samples by increasing curing 
time, with quite lower increasing rate. For SBC-based samples without 
added Nanosilica, the elastic modulus increase from 63.54 to 105.97 
MPa (with 67% increase) when samples cured from 28 to 90 days, 
respectively. When Nanosilica is added to mixture in amounts of 2 wt%, 
the EM values change from 62.23 to 105.52 MPa (with 70% increase) 
after 28 and 90 days, respectively. For samples contain 4 wt% of 
Nanosilica, the EM amount increase from 68.92 to 110.61 MPa (with 
60% increase) after 28 and 90 days, respectively. For samples contain 6 
wt% of Nanosilica, the EM amount increase from 71.59 to 114.80 MPa 
(with 60% increase) after 28 and 90 days, respectively. 

As seen in Fig. 6c, Elastic modulus for stabilized soil by AAC is 76.92 
MPa, but the trend is different when Nanosilica treated to the mixture. 
By adding Nanosilica a decreasing trend can be observed in the elastic 
modulus values, it seems adding Nanosilica more than 2 wt% has no 
effect on EM deterioration of AAC-based samples. 

Elastic modulus of AAC-based stabilized samples without Nanosilica 
is quite similar in 28 and 90 days of curing, i.e. 77.93 and 76.92 MPa, 
respectively. However, when 2 wt% of Nanosilica is added to AAC-based 

samples, elastic modulus change from 89.29 to 59.96 MPa (with 33% 
decrease) in 28 and 90 days of curing. For samples contain 4 wt% of 
Nanosilica, the EM amount decrease from 87.35 to 56.02 MPa (with 
36% decrease) in 28 and 90 days of curing. For samples contain 4 wt% of 
Nanosilica, the EM amount increase from 83.32 to 56.71 MPa (with 32% 
decrease) after 28 and 90 days. 

By considering UCS values in Fig. 5, failure strain in Table 11, and 
elastic modulus in Fig. 6, since UCS values and failure strain for PC- and 
SBC-based samples increase by adding and increasing Nanosilica, and 
also it is observed that the elastic modulus of these samples increase by 
adding and increasing Nanosilica content in 90-day cured samples, as 
mentioned before. It could be concluded that the rate of increasing of 
UCS values are higher than the rate of increasing failure strain in PC- and 
SBC-based samples. Therefore, by the addition of Nanosilica, samples 
tend to be more ductile in long term (90 days of curing). Using Nano-
silica leads to an increase in UCS and failure strain of all samples for PC- 
and SBC-based samples. But, the increasing rate of UCS in AAC-based 
samples are lower than the that of failure strain that seems adding 
Nanosilica in AAC-based samples tend them to be more ductile specially 
in the long term of curing (after 90 days of curing). On the other hand, by 
increasing Nanosilica for more than 2 wt% in AAC-based samples, UCS 
values and failure strain decreased. Also, the elastic modulus results 
show that the increasing Nanosilica decrease the elastic modulus in 90 
days cured samples. It means that by increasing Nanosilica, the 
decreasing rate of UCS values are higher than the decreasing rate of 
failure strain in AAC-based samples that proved the higher tendency of 
more ductile products (after 90 days of curing). 

3.4. Binder analysis 

3.4.1. X-ray diffraction 
X-ray diffraction analysis is performed to establish a suitable 

Fig. 7. XRD patterns for C0N, C6N, BC0N, and BC6N.  
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criterion for investigation of the crystalline phases of the used Portland 
cement and blended cement binders in UCS test. The main aim of this 
test is to understand the effect of Nanosilica in the chemical activity of 
the binder mixtures and its probable effect on crystalline structure. Fig. 7 
presents the XRD patterns of C0N, C6N, BC0N, and BC6N after 90 days of 
curing. These binders have been used for P7C, P7C6N, P7BC0N, and 
P7BC6N samples in UCS test, respectively. As seen, Calcium-silicate- 
hydrate (C–S–H; JCDPS 33–0306) and Portlandite (Ca(OH)2; JCPDS 
44–1481) are observed in Fig. 7. As seen in Fig. 7, the main hydration 
product of phosphorus slag-blended cement is similar to that of PC, 
which is C–S–H. It seems that Nanosilica has an effect on intensifying 
Calcium-silicate-hydrate (C–S–H; JCDPS 33–0306) when C6N and BC6N 
are compared to C0N and BC0N in Fig. 7. Also, it is mentioned that 
Nanosilica incorporated samples show a decrease in the intensify of 
Portlandite (Ca(OH)2; JCPDS 44–1481) compared to non-incorporated 
samples. The reason for this phenomenon could be due to consuming 
calcium hydroxid by Nanosilica particles and creating more C–S–H gel 
[20,21,31]. 

It can be concluded that the interring reactive silica to the matrix 
from the source of Nanosilica can help the better participation reaction 
of Ca2+ of Portlandite to formation of more C–S–H crystalline phase that 
mainly result in higher strength. 

3.4.2. FTIR 
The activation process for formation of alkali-activated materials, 

namely dissolution, orientation, and polycondensation, leads amor-
phous structure of raw material to a new semi-crystaline structure. So, it 
seems better to apply FTIR technique for studying the molecular struc-
ture [32]. 

In this study, FTIR spectroscopy method is used for bond structures 
investigation of AAC0N and AAC2N which are the binders of P7G and 
P7G2N samples, and this samples are tested after 90 days of curing. 
Fig. 8 depicts the FTIR spectra of alkali-activated phosphorus slag binder 
without or with presence of 2 wt% of Nanosilica. 

The bands in the range of 450 cm− 1 and 1000 cm− 1 wavenumber are 
related to Si–O–Al and silicate chain bonds [33–35]. Also, there are 
some bands attributable to stretching and bending vibrations of OH 
groups in the wavenumbers of 1650 cm− 1 and 3500 cm− 1 [32,36]. 

In AAC2N, the bands in the range of 450–500 cm− 1 become sharp 
with less intensity confirming more formation of Si–O–Al bonds in 
AAC0N. For AAC0N, the bands in the range of 1000 cm− 1 show stronger 
and sharper peak that indicate the presence of Nanosilica with an effect 

on alleviating the intensifying of spectra. 
As seen in Fig. 8, the main peak in the range of 960 cm− 1 for AAC0N 

which is the non-incorporated Nanosilica binder shifted to wave-
numbers of 970 cm− 1 for Nanosilica incorporated binder, i.e. AAC2N. 
This could be due to structural effect of Nanosilica on lengthening the 
Si–O–Si and Si–O–Al chain in the matrix. Samples with higher amounts 
of Nanosilica (more than 2 wt%) have this structural change with long 
Si–O–Si and Si–O–Al chain in the matrix. This phenomena can result in a 
decrease in mechanical strength of the final product [37]. This is in line 
with the observed decrease in failure strength in activated slag with 
more than 2 wt% of Nanosilica. 

3.5. Microstructural assessment 

The SEM/EDS analysis revealed some noteworthy points in terms of 
the microstructure of the matrix of studied binders and also the addition 
of Nanosilica to the binders. The SEM/EDS is applied to stabilized soil 
samples in different magnifications of 500, 1500, and 5000x for P7C, 
P7C6N, P7BC, P7BC6N, P7G, P7G2N, and P7G6N samples. Furthermore, 
the magnification of 10000x is applied for P7C6N, P7BC6N, P7G2N, and 
P7G6N, the ones which contained Nanosilica. 

Fig. 9 shows the SEM images of 90-day cured of P7C (without 
Nanosilica) and P7C6N (with 6 wt% of Nanosilica). As seen in Fig. 9 (a, 
c), presence of Nanosilica has a profound effect on microstructural 
modification and also densification of binders, so that, more coverage of 
soil particles is observed in the sample containing Nanosilica that results 
in higher UCS values and elastic modulus (observed in Figs. 5 and 6). 

Table 12 presents the EDS done on points A and B in Fig. 9 which are 
the matrix of the used binders of PC and PC containing Nanosilica. As 
was expected the measured Si element in the matrix is increased with 
addition of Nanosilica. As mentioned in the XRD test (Fig. 7), more 
C–S–H phase is observed in the Nanosilica containing matrix which 
could be proved with the more measured Si in the elemental analysis 
that incorporated in the formation of more C–S–H phase. This could also 
be observed in the phase change of needle-like crystals of Portlandite in 
Fig. 9b to lower amount with smaller particles in Fig. 9d in the presence 
Nanosilica. 

Fig. 10 depicts the SEM images of 90-day cured of P7BC (without 
Nanosilica) and P7BC6N (with 6 wt% of Nanosilica). As seen in Fig. 10 
(a, c), presence of Nanosilica has a profound effect on microstructural 
modification and also densification of binders, so that, more coverage of 
soil particles is observed in the sample containing Nanosilica that results 

Fig. 8. FTIR spectra of AAC0N and AAC2N binders.  
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in slightly higher UCS values and elastic modulus (observed in Figs. 5 
and 6). 

As seen in Fig. 10b, a number of unreacted particles of phosphorus 
slag could be observed which are markedly decreased in Fig. 10d. This 
could be due to the progress of hydration reaction of phosphorus slag 
and Portland cement in presence of Nanosilica as an active filler that 
results in the consumption of needle-like Portlandite phase to have more 
C–S–H in the matrix (as seen in Fig. 7 BCE0N and BC6N). 

Table 13 presents the EDS done on points A and B in Fig. 10 which 
are the matrix of the used binders of SBC and SBC containing Nanosilica. 
P7BC6N presents slightly more C–S–H phase compared to P7BC in Fig. 7. 
This result can be observed in the UCS values in Fig. 5 and also in XRD 
analysis which P7BC6N presents C–S–H with quite similar intensity. 

Comparing Fig.s. 10c and c results in more densified matrix for PC 
containing samples with the soil particles. The higher UCS values for 
P7C6N compared to P7BC6N could be due to its more densified ITZ. 

As seen in Fig. 11 (a, c, and e), the sample P7G2N containing 2 wt% 
of Nanosilica shows more densified ITZ with strong bond between the 
matrix and soil particles compared to P7G and P7G6N. This can be the 

results of higher strength in the mentioned samples compared to the 
others. This sows that an optimum usage of Nanosilica is necessary in the 
activated phosphorus slag to obtain higher UCS values. This could be 
due to the structural effect of Nanosilica, as mentioned in FTIR test in 
Fig. 8. The excessive amount of Nanosilica (more than 2 wt%), in sam-
ples results in lower UCS values with relatively loose interlocking 
morphology with higher amount of open pores in the binder. 

Table 14 presents the EDS done on points A, B, and C in Fig. 11 which 
are the matrix of the used binders of AAC and AAC containing Nano-
silica. As seen in Table 14, the measured Si element in the matrix is 
increased with addition of Nanosilica. Due to elemental analysis of raw 
phosphorus slag shown in Table 5, the presented calcium ion (Ca+2) and 
sulfur ion (S− 2) in Table 14 could be the result of leaching out of these 
ions from activated phosphorous slag [10]. 

4. Conclusions 

The key findings in this study can be summarized with the following 
conclusive statements:  

1. PC- and SBC-based stabilized soil samples containing Nanosilica 
showed an increase in the UCS values. The UCS value for PC-based 
samples seems to be constant with addition of Nanosilica for more 
than 4 wt%. This could be due to chemical reactivity of pozzolanic 
activity of Nanosilica and its potential acceleration effect in Portland 
cement and blended cement. Nanosilica’s participation in the hy-
dration can lead to nucleation site for precipitation of C–S–H gel. In 

Fig. 9. SEM images of 90-day cured P7C (a,b) and P7C6N (c, d) in magnifications of 500x and 5000x  

Table 12 
Elemental Analysis done on point A and B shown in Fig. 9  

Element (wt.%) O Mg Al Si Ca K Fe 

Point A 57.71 3.13 1.92 7.61 25.71 0.86 3.07 
Point B 55.99 0.67 1.74 13.24 25.24 1.38 1.74  
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AAC-based samples, the optimum dosage amount of Nanosilica is 
found to be 2 wt% according to UCS test. The observed negative 
effect of high Nanosilica dosage on the compressive strength of sta-
bilized soil by AAC could be due to autogenous shrinkage increase of 
self-desiccation which results in a higher cracking potential in the 
matrix that leads to reduction in UCS values. Excessive amount of 
Nanosilica (more than 2 wt%) results in lower UCS values with 
relatively loose interlocking morphology with higher amount of open 
pores in the binder.  

2. By comparing the obtained UCS values and failure strains, it could be 
concluded that the used cementing materials, have high tendency for 
producing more ductile samples when incorporated with Nanosilica. 
This characteristic would be beneficial in many civil engineering 
applications where ductile materials are needed. However, 
economical issues should be taken into account so that adding 
Nanosilica may not be a practical option at current situation in some 
projects depending on its cost and availability.  

3. The main hydration product of phosphorus slag-blended cement is 
similar to that of PC, i.e. C–S–H and Portlandite phases. Samples 

containing Nanosilica showed an intensified C–S–H compared to 
non-involving samples. Moreover, supplying reactive silica to the 
matrix from the Nanosilica showed better participation reaction of 
Ca2+ of Portlandite to formation of more C–S–H crystalline phase 
that potentially results in higher strength.  

4. In the alkali-activated slag containing 2 wt% of Nanosilica compared 
to non-incorporated Nanosilica binder, a shift is observed from 960 
cm− 1 to wavenumbers of 970 cm-1 in the FTIR spectrums which 
could be due to structural effects of Nanosilica on lengthening the 
Si–O–Si and Si–O–Al chains in the matrix. It seems that Al is 
substituted by reactive entering Si from Nanosilica. This could be a 
proof for the observed decrease in failure strength by increasing the 
amount of Nanosilica in activated slag for more than 2 wt%.  

5. Presence of Nanosilica as a reactive powder has a profound effect on 
microstructural modification and also densification of binders with 
more coverage of soil particles and higher progress of hydration re-
action of phosphorus slag and Portland cement with more con-
sumption of unreacted phosphorus slag. Additionaly, the measured 
Si element in the matrix increases with the addition of Nanosilica. 
This could be incorporated in the formation of more C–S–H phase. A 
phase change of needle-like crystals of Portlandite to a lower amount 
with smaller particles in the Nanosilica containing samples was 
observed which could lead to more C–S–H in the matrix. 
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