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1. Introduction 
 

In civil engineering projects, the compressive strength, 

shear strength parameters (cohesion, c, friction angle, ), 

and dynamic properties (shear modulus, G, damping ratio, 

D) of geomaterials are crucial for structural design. Over 

time, various additives, such as traditional stabilizers (like 

lime and cement) and natural or synthetic fibers, have been 

proposed to enhance the static and dynamic properties of 

weak and soft soils in civil engineering endeavors. A 

persistent challenge in these projects remains the high 

compressibility or low shear strength parameters and 

dynamic characteristics of geomaterials (Zhang et al. 2016, 

Du and Pang 2020, Phanikumar and Ramanjaneya Raju 

2020, Bian et al. 2021, Sharma and Kumar 2021, Momeni 

Bayat and Ajalloeian 2022, Salehi et al. 2022, Rezaei-

Hosseinabadi et al. 2022). The effectiveness of soil 

improvement methods on the static and dynamic 

characteristics of geomaterials hinges on their geotechnical 

properties. Cement or lime stabilization enhances the static 

and dynamic characteristics of granular soils by reducing 

void spaces and introducing bonding agents between  
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granular particles (Aryal and Kolay 2020, Ghadir and 

Ranjbar 2018, Liu et al. 2019, Sukmak et al. 2019). 

However, soils stabilized with cement or lime often exhibit 

extremely brittle behavior due to their low tensile strength 

(Bayat et al. 2013, Ghanbari and Bayat 2022, Hadi 

Sahlabadi et al. 2021, ShahriarKian et al. 2021).  

Previous studies have highlighted a significant 

enhancement in geotechnical parameters, such as the 

ductility of stabilized soils, through the incorporation of 

fibers (Anggraini et al. 2015, Boz et al. 2018, Estabragh et 

al. 2017, Olgun 2013, Pongsivasathit et al. 2019). (Tang et 

al. 2007) observed that fiber inclusion increased the 

unconfined compressive strength (UCS), both shear 

strength parameters, and failure strain levels of cement-

stabilized specimens. Narani et al. (2021) demonstrated that 

the mechanical behavior of cement-stabilized rammed-earth 

composites can be enhanced by incorporating fibers under 

cyclic loading conditions. Cao et al. (2019) investigated the 

effect of fiber inclusion on the static and dynamic 

characteristics of stabilized soil with cement and fly ash, 

revealing significant improvements in compressive strength, 

dynamic characteristics, and energy absorption capacity 

with an optimal fiber content of 0.6%. 

In contemporary civil engineering projects, the 

integration of nanomaterials with unique chemical and 

physical properties has become increasingly significant. 

Particularly in geotechnical projects, the adoption of 

nanomaterials aims to enhance soil response (Eshaghzadeh 

et al. 2021, Jassem and Tabarsa 2015, Shokrieh et al. 2013, 
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Abstract.  This study investigates the influence of nano-silica and basalt fiber content, curing duration, and freeze-thaw cycles 

on the static and dynamic properties of soil specimens. A comprehensive series of tests, including Unconfined Compressive 

Strength (UCS), static triaxial, and dynamic triaxial tests, were conducted. Additionally, scanning electron microscopy (SEM) 

analysis was employed to examine the microstructure of treated specimens. Results indicate that a combination of 1% fiber and 

10% nano-silica yields optimal soil enhancement. The failure patterns of specimens varied significantly depending on the type of 

additive. Static triaxial tests revealed a notable reduction in the brittleness index (IB) with the inclusion of basalt fibers. 

Specimens containing 10% nano-silica and 1% fiber exhibited superior shear strength parameters and UCS. The highest 

cohesion and friction angle were obtained for treated specimens with 10% nano-silica and 1% fiber, 90 kPa and 37.8°, 

respectively. Furthermore, an increase in curing time led to a significant increase in UCS values for specimens containing nano-

silica. Additionally, the addition of fiber resulted in a decrease in IB, while the addition of nano-silica led to an increase in IB. 

Increasing nano-silica content in stabilized specimens enhanced shear modulus while decreasing the damping ratio. Freeze-thaw 

cycles were found to decrease the cohesion of treated specimens based on the results of static triaxial tests. Specimens treated 

with 10% nano-silica and 1% fiber experienced a reduction in shear modulus and an increase in the damping ratio under freeze-

thaw conditions. SEM analysis reveals dense microstructure in nano-silica stabilized specimens, enhanced adhesion of soil 

particles and fibers, and increased roughness on fiber surfaces. 
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Tomar et al. 2019, Turku and Kärki 2014). Lv et al. (2018) 

observed a notable improvement in the geotechnical 

characteristics of loess soil through the incorporation of 

SiO2. Gao et al. (2020) conducted resonant-column tests, 

revealing a proportional increase in shear modulus with the 

addition of nano-MgO in silty clay. Heidarizadeh et al. 

(2021) performed bender element tests, showing a 

significant rise in maximum shear modulus with increased 

cement or SiO2 content and curing time in soft clay 

stabilization. Thomas and Rangaswamy (2020) investigated 

the dynamic properties of nanoparticles and bioenzyme 

stabilized soft clay using cyclic triaxial apparatus, 

suggesting a novel mixture of nano-silica, bioenzyme, and 

cement for enhancing soil dynamics. Prior research suggests 

that nontraditional additives can serve as partial or complete 

replacements for cement or lime in soil stabilization, 

addressing environmental concerns (Al-Mansob et al. 2021, 

Arora 2019, Jiang et al. 2022, Kulanthaivel et al. 2021). 

The static and dynamic properties of treated 

geomaterials are influenced by various factors, including 

additive type and content, confining pressure, freeze-thaw 

or wet-dry cycles, frequency, stress anisotropy, and shear 

strain level (Bayat 2021, Chittoori et al. 2018, Choobbasti et 

al. 2019, Jahandari et al. 2017, Pu 2021). When subjected 

to freeze-thaw cycles, the static and dynamic characteristics 

of reinforced or stabilized soils undergo significant changes 

due to moisture migration and ice formation within soil 

voids (Bozbey et al. 2018, Chaduvula et al. 2014, Elif 

Orakoglu et al. 2017, Hadi Sahlabadi et al. 2021, Kalhor et 

al. 2019, Qi et al. 2008, Shibi and Kamei 2014, Wang et al. 

2015). Hence, investigating the engineering properties of 

geomaterials under freeze-thaw conditions is essential. 

Cheng et al. (2021) s examined the impact of freeze-thaw 

cycles through a series of consolidated undrained triaxial 

shear tests, revealing a gradual reduction in shear strength 

with an increasing number of freeze-thaw cycles. Yousefi et 

al. (2022) investigated the dynamic characteristics of nano-

cement stabilized soils, finding a decrease in shear modulus 

with an increasing number of freeze-thaw cycles. However, 

the inclusion of nano-cement resulted in an increased shear 

modulus and decreased damping ratio. Chen et al. (2022) 

suggested nano-MgO as a suitable additive for stabilizing 

geomaterials under freeze-thaw conditions. (Jiang et al. 

2022) investigated the flexural behavior and energy 

dissipation of cement-based iron tailings powder (CITP) 

modified with polypropylene (PP) and glass fibers under 

freeze-thaw cycles. Findings demonstrate a decline in 

flexural strength for both PP-CITP and GCITP with 

increased freeze-thaw cycles, highlighting GCITP's superior 

frost resistance.  

The integration of nano materials and fibers represents a 

promising avenue for soil improvement. Fibers and nano-

silica enhance tensile strength, durability, and overall soil 

properties. Fibers reinforce soil, while nano materials fill 

voids, strengthen interparticle bonds, and enhance shear 

strength. This combined approach offers a cost-effective, 

sustainable solution for soil stabilization, yielding improved 

performance and durability. 

While numerous studies have explored the impact of 

fiber and nanoparticle incorporation, as well as freeze-thaw  

 

Fig. 1 Grain size distribution curve of Varzaneh sand 

 

 

cycles, on the static and dynamic properties of geomaterials,  

there remains a gap in understanding the static and dynamic 

behavior of soils enhanced with a combination of basalt 

fiber and nano-silica. In this study, we address this gap by 

investigating the effects of basalt fiber content, nano-silica 

content, and freeze-thaw cycles on the UCS, shear strength 

parameters, and dynamic properties of silty sand treated 

with nano-silica and basalt fiber. 

 

 

2. Materials, test apparatus, and testing procedure 
 

In this study, Varzaneh sand sourced from Isfahan, 

characterized by fine and sub-rounded particles, was 

utilized. Soil classification is a fundamental process in 

geotechnical engineering that involves categorizing soils 

based on their physical and mechanical properties. This 

classification is typically conducted through a series of 

laboratory tests and field observations aimed at 

characterizing soil behavior and determining its engineering 

properties. Common methods used for soil classification 

include grain size analysis to assess particle distribution, 

Atterberg limits tests to evaluate soil plasticity and liquidity 

limits, and various other tests to determine parameters such 

as soil density, permeability, and compressibility. By 

systematically classifying soils into distinct categories 

according to standardized classification systems such as the 

Unified Soil Classification System (USCS) or the American 

Society for Testing and Materials (ASTM) standards, 

engineers and researchers can better understand soil 

behavior, make informed decisions regarding construction 

projects, and predict potential geotechnical challenges. 

Varzaneh sand is classified as silty sand (SM) according to 

the USCS. Fig. 1 displays the particle size distribution 

curve and a photo of Varzaneh sand. The geotechnical and 

physical properties of Varzaneh sand are detailed in Table 1. 

Basalt fiber, ranging from 0% to 4% by weight, served as 

the reinforcement material. Table 2 presents the physical 

and mechanical properties of the basalt fibers. Nano-silica, 

with proportions ranging from 0% to 20% by weight, was 

employed as the stabilizer material, with its physical and 

chemical properties outlined in Table 3. 
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Table 1 Geotechnical and physical properties of Varzaneh 

sand 

Values and 

descriptions 
Characteristics 

2.66 Specific gravity 

20 Passing No. 200 sieve (%) 

NP Plasticity index (%) 

SM Unified Soil Classification System (USCS) 

9.55 Optimum water content (%) 

20.11 Maximum dry unit weight (kN/m3) 

15 Cohesion (kPa) 

35 Friction angle (°) 

 

Table 2 Physical and mechanical properties of the tire 

textile fibres 

Property Value 

Cut length (mm) 10 

Filament diameter (μm) 17 

Density (g/cm3) 2.61 

Elastic modulus (GPa) 95 

Tensile strength (MPa) 3000 

 

Table 3 Physical and chemical properties of nano-silica 

particles 

Property/composition Value 

Specific surface area (m2/g) 235 

Main particle size (μm) 25 

Agglomerate mean particle size (μm) 10.5 

Tamped density (kg/m3) 200 

pH 6.8 

SiO2 (%) >98.5 

SO3 (%) 0.5 

 

 

A series of tests including UCS, static triaxial, and 

cyclic triaxial tests were conducted to evaluate the 

compressive strength, shear strength parameters, and 

dynamic properties of the specimens. UCS specimens 

measuring 50 mm in diameter and 100 mm in height were 

prepared and tested according to ASTM D-2166 at a 

constant strain rate of 1% per minute until peak stress was 

reached. Cylindrical specimens measuring 100 mm in 

diameter and 200 mm in height (with a height-to-diameter 

ratio of 2) were prepared for static and cyclic triaxial tests, 

following ASTM D-4767 and ASTM D-3999 standards, 

respectively. 

The triaxial compressive strength test serves as an 

indirect method for assessing shear strength parameters. By 

subjecting soil specimens to controlled axial and radial 

stresses in a triaxial cell, this test allows for the 

determination of parameters such as cohesion and internal 

friction angle, which are indicative of the material's shear 

strength characteristics. Through the analysis of stress-

strain relationships and failure modes observed during the  

 
Fig. 2 Procedure defined by ASTM D-3999 using 

hysteresis loops to extract the dynamic properties of 

specimens 

 

 

test, valuable insights into the mechanical behavior of the 

soil under various loading conditions can be gained, aiding 

in the characterization of its shear strength properties. 

During static triaxial tests, specimens were sheared at a 

constant strain rate of 1 mm/min until the axial strain 

reached approximately 20%. Dynamic properties were 

determined following the procedure outlined in ASTM D-

3999, using hysteresis loops to extract dynamic properties 

for shear strain amplitudes ranging from 10^-4 to 10^-2 (see 

Fig. 2). Cyclic triaxial tests involved stages of cyclic 

loading starting at a small shear strain level with a 

sinusoidal wave at a constant frequency of 1 Hz, gradually 

increasing in magnitude. Each stage comprised 40 loading 

cycles, with the tenth cycle of hysteresis loops utilized to 

compute shear modulus and damping ratio. Local Linear 

Variable Differential Transformers (LVDTs) were installed 

on the membrane during triaxial tests to measure axial 

strain. 
In general, the dynamic properties of geomaterials have 

been studied for various confining pressures ranging from 

50 kPa to 500 kPa (Bayat 2020a, b, Thomas and 

Rangaswamy 2020, Yousefi et al. 2022). However, in this 

study, we opted for a confinement pressure of 200 kPa for 

measuring the shear modulus and damping ratio of treated 

specimens with varying nano and fiber content to assess 

their effects. Soil improvement is typically implemented at 

the surface of the ground, where the overall stress around 

the soil element is relatively limited and low due to the 

shallow depth of the soil above it. Therefore, by selecting a 

confinement pressure of 200 kPa, we aimed to simulate 

conditions relevant to practical soil improvement 

applications while focusing on the dynamic response of the 

treated soil under controlled laboratory conditions. 

To determine the maximum dry density (MDD) and 

optimum moisture content (OMC) of various material 

mixtures, standard Proctor compaction tests were conducted 

initially. Varzaneh sand was oven-dried at 110°C for 24 

hours, followed by the addition of the desired number of 

additives (nano-silica and basalt fiber) and thorough mixing 

using a mixer machine (see Fig. 3). Subsequently, water 

equivalent to the OMC was sprayed onto the materials and 

mixed again to ensure uniform water distribution. All 

specimens were prepared at MDD with initial water content 

equal to OMC using a wet tamping technique into the mold 

in five layers for UCS and static and cyclic triaxial tests.  
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Fig. 3 Process of preparing specimens for testing 

 

 
The wet tamping method offers significant advantages 

for preparing treated soil specimens with nanomaterials and 
fibers in this study. Firstly, by saturating the soil with water 
before compaction, the wet tamping process ensures 
thorough dispersion and distribution of the nanomaterials 
and fibers within the soil matrix, promoting uniformity in 
treatment application. This uniform distribution is crucial 
for accurately assessing the effectiveness of the treatment 
on soil properties such as strength and durability. 
Additionally, wet tamping facilitates better bonding 
between the soil particles and the introduced nanomaterials 
and fibers, enhancing the overall stability and mechanical 
properties of the treated soil. Furthermore, the controlled 
compaction achieved through wet tamping helps mitigate 
potential issues such as segregation or uneven distribution 
of the treatment components, ensuring consistent results 
across the reconstituted soil specimens. Overall, the wet 
tamping method provides a reliable and reproducible 
approach for preparing treated soil specimens, enabling 
precise evaluation of the effects of nanomaterials and fibers 
on soil behavior and performance. 

Specimens containing nano-silica were wrapped with 

thin plastic film and stored in a humidity chamber for 7, 14, 

28, 60, or 90 days, while specimens without nano-silica 

were tested promptly.  

To investigate the impact of freeze-thaw cycles on shear 

strength parameters, a closed system was employed. 

Specimens were initially stored in a freezer at -20°C for a 

minimum of 12 hours for freezing, followed by thawing at 

20°C for at least 12 hours. This temperature range for 

freeze-thaw cycles aligns with previous studies (Hadi 

Sahlabadi et al. 2021, Roustaei et al. 2021, Torabi Asl and 

Taherabadi 2018). Specimens were tested after 0, 1, 3, 6, or 

9 cycles of freezing-thawing. 

 

 

3. Tests results and discussion 
 
3.1 UCS tests 

 
Before examining the combined impact of basalt fibers  

 
Fig. 4 UCS results of the fiber reinforced specimens at 

various fiber content 

 

 
Fig. 5 UCS results of the nano-silica stabilized specimens 

at various nano-silica content and curing time  

 

 

and nano-silica, the optimal content for each was 

determined individually through initial testing. This 

selection aimed to achieve the desired improvements in soil 

properties. Subsequent tests evaluated the synergistic effects 

of the combined additives on soil enhancement. This 

approach allowed for a comprehensive assessment of their 

individual and combined contributions to soil improvement. 

The variation of UCS for fiber-reinforced specimens with 

different fiber contents is illustrated in Fig. 4. The results 

demonstrate an increase in UCS with increasing fiber 

content from 0% to 1%. However, beyond 1% fiber content, 

the UCS shows a declining trend. This suggests that the 

optimal basalt fiber content is 1%, as further increases lead 

to a reduction in UCS. Fig. 5 displays the variation of UCS 

for nano-silica-stabilized specimens at various curing times 

up to 90 days. It is evident that, for a given curing time, 

specimens stabilized with 10% nano-silica exhibit the 

highest UCS values. Moreover, UCS gradually increases 

with increasing curing time from 7 to 90 days. Fig. 6(a) 

depicts the effect of nano-silica and fiber content on the 

UCS of specimens treated with both materials at a curing 

time of 28 days. The results indicate that specimens 

containing 10% nano-silica and 1% fiber demonstrate 

higher UCS compared to other specimens for a given curing 

age. Furthermore, Fig. 6(b) illustrates the effect of curing 

time on UCS values for specimens treated with 10% nano-

silica and 1% fiber. It is observed that UCS significantly 

increases with increasing curing time from 7 to 28 days. 

Overall, the results of the UCS tests highlight 1% fiber and 

10% nano-silica as the optimum mixture percentages for 

enhancing UCS properties. 
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Fig. 6 UCS results of the specimens treated with nano-

silica and fiber at (a) curing time of 28 days (b) various 

curing time and nano-silica content of 10%  

 

 
Fig. 7 Failure patterns of the specimens at the end of the 

UCS test 

 

 

The failure patterns of specimens, along with the shapes, 

sizes, arrangements, and distributions of cracks, serve as 

crucial evidence primarily influenced by the movement and 

sliding of soil particles, deflection, and internal particle 

stress (Ghanbari and Bayat 2022). Fig. 7 illustrates the 

failure patterns of three types of specimens: fiber-

reinforced, nano-silica stabilized, and fiber-reinforced nano-

silica stabilized specimens.  

In the fiber-reinforced specimens, small-sized cracks are 

observed primarily in the upper section. Conversely, in the 

nano-silica stabilized specimens, a prominent longitudinal 

crack traverses the entirety of the specimen, accompanied 

by smaller cracks at the top, alongside debris and soil 

blocks. Notably, cracks in the nano-silica stabilized 

specimens exhibit rapid development. The incorporation of 

fibers significantly influences the failure pattern of the 

nano-silica stabilized specimens, enhancing their brittle 

behavior by reducing crack length and increasing the 

occurrence of fine cracks. 

Indeed, the fibers exhibit a notable "bridging" effect, 

dispersing stress, forming a stable three-dimensional 

network, and impeding crack propagation within the 

specimens. Previous studies have consistently demonstrated 

the efficacy of various fiber types in enhancing the brittle 

behavior of stabilized specimens (Estabragh et al. 2017, 

Ghanbari and Bayat 2022, Kaniraj and Havanagi 2001, 

Tang et al. 2007, Yilmaz and Ozaydin 2013). 

 

3.2 Static triaxial tests 
 

A series of static triaxial tests were conducted to 

investigate the mechanical characteristics of the specimens. 

Initially, tests were performed under a confining pressure of 

200 kPa to examine the influence of basalt fiber and nano-

silica contents on the maximum deviatoric stress and 

brittleness index (IB). The brittleness index, defined as the 

ratio of peak deviatoric stress to ultimate (or residual-state) 

deviatoric stress, was analyzed (Bahadori et al. 2008, Güllü 

and Khudir 2014, Liu et al. 2020, Wang et al. 2021). 

Fig. 8(a) presents the variation of maximum deviatoric 

stress and brittleness index for fiber-reinforced specimens. 

The specimen containing 1% fiber exhibited the highest 

maximum deviatoric stress, while the addition of fibers 

reduced the brittleness index, approaching zero. Similar 

findings have been reported in previous studies (Consoli et 

al. 2007, Radoslaw et al. 2005). 

Fig. 8(b) illustrates the variation of maximum deviatoric 

stress and brittleness index for nano-silica stabilized 

specimens. Specimens stabilized with 10% nano-silica 

demonstrated the highest maximum deviatoric stress, with 

the nano-silica content significantly impacting this stress. 

The brittleness index decreased with increasing nano-silica 

content up to 10% and then stabilized. Comparison with 

fiber-reinforced specimens showed that nano-silica 

stabilized specimens exhibited higher maximum deviatoric 

stress values. 

Fig. 8(c) shows the variation of maximum deviatoric 

stress and brittleness index for specimens treated with 10% 

nano-silica and different fiber percentages. These specimens 

exhibited the highest maximum deviatoric stress, with the 

1% fiber content specimen displaying the highest value. 

Overall, fiber addition reduced the brittleness index and 

improved mechanical behavior. 

Subsequent static triaxial tests were conducted under 

confining pressures of 100, 200, and 400 kPa to analyze 

shear strength parameters. The selection of 100, 200, and 

400 kPa for static triaxial tests aligns with common 

geotechnical practices. These pressures simulate real-world 

conditions in embankments, foundations, and retaining 

structures. Testing under these pressures offers insights into 

the mechanical behavior of treated soils. Mohr-Coulomb 

failure envelopes of various specimens, including sand, 

fiber-reinforced, nano-silica stabilized, and fiber-reinforced 

nano-silica stabilized specimens, were plotted (see Fig. 9). 

The results indicate that the addition of nano-silica and fiber 

had minimal effect on the friction angle, while significant 

changes were observed in cohesion. Specimens containing 

10% nano-silica and 1% fiber exhibited the highest 

cohesion and friction angle, highlighting the significant 

impact of nano-silica on cohesion. Specifically, cohesion 

increased from 15 to 90 with the addition of 10% nano-

silica and 1% fiber to sand specimens. 
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Fig. 8 Variations of maximum deviatoric stress and 

brittleness index (IB) versus different additive contents 

(a) the fiber reinforced specimens, (b) the nano-silica 

stabilized specimens and (c) the specimens treated with 

10% nano-silica and various fiber contents 

 

 
Fig. 9 Mohr-Coulomb failure envelopes of specimens (a) 

the pure sand, (b) the fiber reinforced specimen with 1% 

fiber, (c) the nano-silica stabilized specimen with 10% 

nano-silica and (d) the specimens treated with 10% nano-

silica and 1% fiber 

 

 

3.3 Cycles triaxial tests 
 
This section presents the results of cyclic triaxial tests, 

focusing on the changes in shear modulus and damping 

ratio versus shear strain under a confining pressure of 200 

kPa. 

Fig. 10 displays the shear modulus reduction and 

damping ratio curves of nano-silica stabilized specimens. 

The stabilized specimens demonstrate slightly more 

nonlinear behavior compared to pure sand specimens. Shear 

modulus reduction curves for stabilized specimens are 

significantly higher than those for pure sand specimens, 

with specimens containing 10% nano-silica exhibiting the 

highest shear modulus. The maximum shear modulus of 

specimens treated with 10% nano-silica is approximately 

2.5 times higher than that of pure sand specimens. Shear 

modulus increases with nano-silica content up to 10% and 

then decreases with further increases in nano-silica content. 

Additionally, stabilized specimens exhibit lower damping 

ratios compared to pure sand specimens, with the maximum 

damping ratio being approximately 6% higher for pure sand 

specimens. Increasing nano-silica content from 5 to 20% 

has little effect on the damping ratio, resulting in close 

damping ratio curves for nano-silica stabilized specimens. 

Fig. 11 illustrates the shear modulus reduction and 

damping ratio curves of fiber-reinforced specimens. Fiber 

content significantly influences the results, with reinforced 

specimens showing slightly more linear behavior compared 

to pure sand specimens. Specimens containing 1% fiber 

exhibit the highest shear modulus and damping ratio among 

reinforced specimens. Comparison with nano-silica 

stabilized specimens indicates that nano-silica stabilized 

specimens have higher shear modulus, while fiber-

reinforced specimens exhibit higher damping ratio. 

Additionally, fiber content has a greater effect on damping 

ratio compared to nano-silica content, consistent with 

previous findings (Li and Senetakis 2017). 

Fig. 12 presents the shear modulus reduction and 

damping ratio curves of specimens treated with a mixture of 

nano-silica and fiber. The specimen containing 10% nano-

silica and 1% fiber demonstrates the highest shear modulus.  

 

 

 
Fig. 10 Variation of shear modulus and damping ratio of 

nano-silica stabilized specimens as a function of shear 

modulus (σ3= 200 kPa) 
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Fig. 11 Variation of shear modulus and damping ratio 

of fiber reinforced specimens as a function of shear 

modulus (σ3= 200 kPa). 

 

 
Fig. 12 Variation of shear modulus and damping ratio of 

specimens treated with nano-silica and fiber as a function 

of shear modulus (σ3= 200 kPa) 

 
 

Overall, specimens treated with a combination of nano-

silica and fiber exhibit larger shear modulus values 

compared to both nano-silica stabilized and fiber-reinforced 

specimens. 
 
3.4 Freeze-thaw cycles  
 
A series of static triaxial tests were conducted to 

investigate the effect of freeze-thaw cycles on the shear 

strength parameters of specimens. 

Fig. 13 illustrates the impact of freeze-thaw cycles on 

the reduction of shear strength parameters. The friction  

 
Fig. 13 Effect of freeze-thaw cycles on the reduction of 

shear strength parameters. 

 

 
Fig. 14 Effect of freeze-thaw cycles on the shear modulus 

and damping ratio of the specimens treated with 10% 

nano-silica and 1% fiber (σ3= 200 kPa) 

 

 

angle shows minimal variation due to freeze-thaw cycles, 

with changes less than 4%. However, specimens containing 

nano-silica experienced an increase in the friction angle, 

while a decrease was observed in specimens containing 

only fibers. Freeze-thaw cycles significantly reduce 

cohesion in all specimens, with specimens treated with 10% 

nano-silica and 1% fiber exhibiting the lowest reduction, 

and reinforced specimens with 1% fiber showing the 

highest reduction. 
Fig. 14 presents the effect of freeze-thaw cycles on the 

shear modulus reduction and damping ratio curves of 

specimens treated with 10% nano-silica and 1% fiber under 

a confining pressure of 200 kPa. The results highlight the 

significant impact of freeze-thaw cycles on the dynamic 

properties of specimens. Shear modulus at shear strain 

around 0.01% decreases from 390 MPa to 290 MPa with 

increasing freeze-thaw cycles from 0 to 9. Shear modulus  
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Fig. 15 SEM images of (a) the nano-silica stabilized 

specimens, (b) the fiber reinforced specimens and (c) the 

specimen treated with nano-silica and fiber 

 

 

loss primarily occurs in the initial freeze-thaw cycles. 

Conversely, the damping ratio corresponding to large shear 

strain values increases from 25.5% to 31% with increasing 

freeze-thaw cycles from 0 to 9. Initial freeze-thaw cycles 

notably affect the damping ratio of specimens. These 

findings align with previous studies by (Chen et al. 2022, 

Elif Orakoglu et al. 2017, Yousefi et al. 2022). 
 
3.5 SEM analyses 
 

Previous studies have highlighted that the static or 

dynamic behavior of reinforced or stabilized soils with 

various additive materials is significantly influenced by the 

microscopic characteristics of mixtures (Hadi Sahlabadi et 

al. 2021, Tang et al. 2007).  

Fig. 15(a) presents SEM micrographs of nano-silica 

stabilized specimens with a nano-silica content of 10%. The 

images reveal a dense microstructure resulting from the 

presence of nano-silica particles, forming a paste that 

exhibits strong adhesion to sand particles. Additionally, 

increased roughness on the surface of sand particles and 

reduced voids between particles are observed. In Fig. 15(b), 

SEM micrographs of fiber-reinforced specimens with a 

fiber content of 1% are displayed. The images illustrate the 

penetration of soil particles onto the fiber surface, 

enhancing contact between fibers and soil particles. Fibers 

play a crucial role in providing tension within the mixture 

through fiber bridging, particularly when cracks propagate. 

Fig. 15(c) depicts SEM micrographs of treated specimens 

with a nano-silica content of 10% and a fiber content of 1%. 

Enhanced adhesion of soil particles and nano-silica paste to 

the fiber surface is evident, along with increased attachment 

by cementitious particles. This results in greater roughness 

on the fiber surface, facilitating more contact points, 

interlocking, and bond strength between fibers and soil 

particles. Ultimately, the increased roughness of fibers 

enhances interactions between fibers and sand particles, 

contributing to improved performance. These observations 

underscore the importance of microscopic scale 

characteristics in understanding the behavior of reinforced 

or stabilized soils with additive materials. 
 
 
4. Conclusions 

 
In this study, a comprehensive series of tests, including 

UCS, static and dynamic triaxial tests, were conducted to 

assess the impact of basalt fiber content, nano-silica 

content, and freeze-thaw cycles on the mechanical and 

dynamic behavior of Varzaneh sand. Additionally, SEM 

micrographs were utilized to corroborate the test results. 

The key findings and conclusions drawn from this research 

are summarized as follows: 

1. The UCS of fiber-reinforced specimens increased 

with fiber content up to 1%, beyond which it declined. The 

maximum UCS, approximately 150 kPa, was observed at 

1% fiber content. Nano-silica stabilized specimens with 

10% nano-silica exhibited the highest UCS (approximately 

260 kPa) at a curing time of 90 days, with a gradual 

increase observed with longer curing times. A combination 

of 1% fiber and 10% nano-silica proved to be the optimum 

mixture for soil improvement, showing significantly higher 

UCS compared to specimens treated with either fiber or 

nano-silica alone. 

2. Fiber reinforcement improved the brittle behavior of 

nano-silica stabilized specimens, reducing crack length and 

increasing the number of fine cracks. 

3. Specimens with 1% fiber exhibited the highest 

maximum deviatoric stress among fiber-reinforced 

specimens, while those stabilized with 10% nano-silica 

showed the highest values among nano-silica stabilized 

specimens. A significant reduction in the brittleness index 

was observed with fiber reinforcement. Specimens treated 

with a mixture of fiber and nano-silica exhibited higher 

maximum deviatoric stress values compared to those treated 

with either fibers or nano-silica alone. 

4. Friction angle changes due to fiber or nano-silica 

addition were minimal, while significant changes in 

cohesion were observed. The highest friction angle and 

cohesion were observed in specimens containing 10% nano-

silica and 1% fiber. 

5. Nano-silica stabilized specimens exhibited slightly 

more nonlinear behavior compared to pure sand specimens, 

with significantly higher shear modulus. Fiber-reinforced 

specimens showed more linear behavior, with specimens 

containing 1% fiber exhibiting the highest shear modulus 

and damping ratio. 
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6. Freeze-thaw cycles had a significant effect on 

cohesion reduction, with the lowest reduction observed in 

specimens treated with 10% nano-silica and 1% fiber. 

Dynamic properties were affected by freeze-thaw cycles, 

with a decrease in shear modulus and an increase in 

damping ratio observed as cycles increased. 

7. SEM micrographs revealed dense microstructures and 

strong adhesion between sand particles and nano-silica gel, 

resulting in decreased voids. Fiber-reinforced specimens 

showed enhanced adhesion between soil particles and 

fibers, leading to improved interactions. 
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