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Abstract
In the current study, the durability of a clayey-sand stabilized with copper-slag (CS)-based geopolymer and alkaline activa-
tor solution (AAS) is investigated in freezing–thawing (F–T) cycles. For this purpose, tests including Atterberg limits, pH, 
standard Proctor compaction, unconfined compressive strength (UCS), accumulated loss of mass (ALM), swell and shrink-
age, ultrasonic P-wave velocity, the toxicity characteristic leaching procedure (TCLP), and scanning electron microscopy 
(SEM) analysis were conducted. Various contents of CS (i.e., 0, 10%, and 15%) and 8 and 11 M NaOH were assessed in 0, 
1, 3, 6, 9, and 12 cycles. The AAS contained 70% of  Na2SiO3 and 30% of NaOH. Also, the weight ratio of CS to ASS was 
1 (CS/ASS = 1). According to the TCLP test, the CS-based geopolymer stabilized samples have no environmental hazards. 
The results illustrated that the strength and stiffness of untreated soil increased with an increase in F–T cycles until cycle 3. 
For samples with 11 M NaOH concentration, loss of strength and stiffness were observed due to F–T cycles. Furthermore, 
the sample with 8 M NaOH showed hybrid behavior (i.e., an increase in strength and stiffness until cycle 3), similar to that 
of untreated soil, and then declined until cycle 9, similar to soil treated with 11 M NaOH. Based on the microstructural 
analysis, higher microcracks were observed in the 8 M sample compared with the 11 M sample due to soft-strain behavior. 
Furthermore, a higher microcrack formation resulted in a higher potential for swell mass and volume change.
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1 Introduction

Every by-product material or traditional binder utilized for 
chemical stabilization has specific effects on the soil. There-
fore, an extensive investigation of various soils is needed 
to recognize different aspects of binder effectiveness. The 
literature review indicates extensive research about geopoly-
mer, but there are few investigations on the copper slag-
based geopolymer and its durability against F–T cycles [1, 
2]. On the other hand, the effects of CS-based geopolymer 
on the clayey sand are not considered yet. The chosen soil 
in the current paper is the combination of 20% clay with 
80% Babolsar sand which can be utilized in geotechnical 
projects such as dam core, pavement, and Deep Soil Mixing 

(DSM). This used soil has sufficient strength and perme-
ability due to 20% of clay particles. The clay particles are 
smaller than sand particles; hence, clay particles can fill the 
pores between sand particles and enhance the strength and 
permeability of the whole soil fabric. The results and data 
of clayey-sand stabilized with CS-based geopolymer can be 
helpful in future geotechnical projects. Because of the pos-
sible workability of used soil in geotechnical projects, the 
durability of clayey sand stabilized with CS-based geopoly-
mer must be investigated. The natural soil may be affected 
by snowy days during the year, so it is essential to evaluate 
the durability of clayey sand with F–T cyclic simulation.

For instance, in the western cities of Iran, such as 
Tabriz, soil and foundations may experience weathering 
conditions in cold regions. Thus, the geotechnical projects 
experience freezing and thawing (F–T) cycles at least once 
a year. These F–T cycles dramatically affect the durabil-
ity and mechanical performances of soils and geotechni-
cal structures like embankments and highway projects 
[3, 4]. Moreover, F–T cycles have positive effects on 
loose fine-grained soil, which leads to their stabilization 

 * Saman Soleimani Kutanaei 
 samansoleimani16@yahoo.com

1 Department of Civil Engineering, Babol Noshirvani 
University of Technology, 4714871167, Babol, Iran

2 Department of Civil Engineering, Ayatollah Amoli Branch, 
Islamic Azad University, Amol, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s42947-023-00341-8&domain=pdf


 A. Fakhrabadi et al.

1 3

by increasing their compaction temporarily. Therefore, 
when these soils are used in wall, foundation, and tunnel 
construction because of freezing conditions, soil particle 
bonds become denser in disaggregated soils, especially 
in flocculated clay soil. As a result, deterioration of soil 
structure and ice segregation is induced due to nega-
tive pore water pressure [5, 6]. The degree of deteriora-
tion due to F–T cycles is described by some parameters 
such as freezing intensity, the number of cycles, type of 
cycles, duration of cycles, and the mechanical properties 
of geotechnical material used (e.g., void spaces, moisture 
content, capillarity, and type of soil, and the solubility 
of stabilization material) [3]. The prominent phenomenon 
that occurs during the F–T cycles is the formation of ice 
crystals in the air voids of the sample, which leads to the 
expansion of soil and creates microcracks. Afterward, the 
accessibility of melted ice to the microcracks is increased 
in the thawing stage, confirming the sample destruction 
[7].

On the other hand, lack of bearing capacity, swell or 
shrinkage, and soil settlement are significance concerns 
in many geotechnical projects. Also, with the increase in 
population growth and infrastructure demand, it is neces-
sary to reclaim grounds for construction. Soil stabilization 
is a technique to improve soils’ engineering and geotech-
nical properties such as mechanical strength, permeability, 
compressibility, durability, and plasticity [8, 9]. Most inves-
tigations have been based on a traditional binder, includ-
ing Ordinary Portland Cement (OPC), fly ash, and lime. In 
addition to pollution, these materials produce a significant 
amount of  CO2 emissions, which contribute between 5 and 7 
percent to global warming. The production of ordinary Port-
land cement, for instance, consumes a great deal of energy 
(5000 MJ), uses an extensive number of non-renewable 
resources (1.5 tons of limestone), and produces a great deal 
of carbon dioxide (1 ton  CO2 per ton of cement) [10–12]. 
In this regard, environmental-friendly additives have been 
utilized for soil improvement in chemical stabilization [13]. 
Recently, many researchers utilized binders like lime, Port-
land cement, and fly ash to produce geopolymer to stabilize 
the inappropriate soil [14–17].

Geopolymers, as mineral polymers obtained through geo-
synthesis, combine silico-aluminate sources with alkaline-
activator solution [18–20]. Geopolymerization is the chemi-
cal reaction in which alumina  (Al3+ in IV-fold coordination) 
and silica from a silico-aluminate source (as a precursor) are 
dissolved by an alkaline-activator solution. These reactions 
create monomers and, finally, polycondensation of these 
monomers transforms solids to gel and produces Si–O–Al 
bonds [21, 22].

The Sialate network consisted of  SiO4 and  AlO4 tetrahe-
dra linked alternately by sharing all the oxygens. For bal-
ancing the negative charges of  Al3+ in IV-fold coordination, 

positive ions such as  Na+,  K+,  Li+,  Ca2
+,  Ba2

+,  NH4
+, and 

 H3O+ are required. Poly (Sialates) has the following empiri-
cal formula:

where “M” is a cation such as  Na+,  K+, and  Ca2
+, “n” is 

the degree of polycondensation, “z” is the Si/Al molar ratio 
and may be equal to 1, 2, 3, or higher, and “w” is the water 
content.

Geopolymers exhibit higher mechanical and compressive 
strength, long-term durability, fast setting, low shrinkage, 
mitigate soil liquefaction, acid and fire resistance, and low 
 CO2 and other greenhouse gas emissions compared to OPC 
[11, 18, 19, 23–25].

Annually, about 24.6 million tons of slag is generated 
from the world copper production industry [26]. The dis-
posal of waste materials like copper slag (CS) became a 
massive problem due to the lack of space for disposal. How-
ever, since these waste materials are used as a binder for soil 
improvement, they have caused lower pollution.

CS is an industrial by-product waste with a dark black 
color appearance. It contains a large amount of silica and 
alumina, which can be used as a precursor for the geo-
polymer base. CS is classified as poorly graded sand (SP), 
according to the USCS. The soil used in this study con-
tains 20% of clay, which has  SiO2, Ca, and  Al2O3. How-
ever, because of a layered structure, strength development 
did not form, and thus higher amount of silica and alumina 
was required in the mixture for better geopolymerization. To 
deal with this issue, CS has been used [14, 26]. Alkaline-
activator solution consists of alkali silicates, hydroxides, 
carbonates, or mixtures. In this regard, the combination of 
sodium hydroxide and sodium silicate has been widely used.

According to Liew et al. [18], alkali hydroxide is required 
to dissolve of aluminosilicate sources, while sodium silicate 
acts as a plasticizer. Because of its soluble silicate content, 
this silicate is preferred to other alkali activators. Also, due 
to the high amount of Si and Al atoms in this liquid, the 
geopolymerization rate enhanced. The parameters affecting 
the geopolymerization process include the raw material used 
as a base of geopolymer, the type and relative amount of 
alkali activator, and the curing condition (time and tempera-
ture). Therefore, both CS/L and  Na2SiO3-to-NaOH ratios 
have remarkable effects on the workability of geopolymers. 
Heah et al. [27] investigated kaolin and alkali activator with 
S/L ratios. 6–1.2 and  Na2SiO3/NaOH ratio of 0.16–0.36. 
The results showed that the compressive strength is affected 
by both S/L and  Na2SiO3/NaOH ratios and increases with 
aging. The optimum S/L and  Na2SiO3/NaOH ratios for this 
soil were 1 and 0.32, respectively Also, the optimum molar 
ratios for  Al2O3/Na2O and  SiO2/Na2O were determined as 
1.09 and 3.58, respectively.
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Lu et al. [28] evaluated engineering properties such as 
volume, void ratio, collapsible settlement, and densely and 
loosely compacted loess microstructures against cyclic F–T. 
Their experimental results indicated that the dry densities 
decreased for the dense samples and increased for the loose 
samples with the increase in F–T cycles. Both void ratios 
tended to fall into a specific range. Hale and Shakoor [29] 
studied six sandstones to evaluate the effects of F–T cycles 
on their UCS values. The results showed that half of the 
sandstones lost their strength due to F–T cycles. Li et al. [30] 
investigated the correlation between mechanical behavior 
and the number of F–T cycles of compacted fine-grained 
soil using various tests, including F–T cycles, uniaxial com-
pressive strength (UCS), unconsolidated-undrained triaxial 
compression test. According to their results, the F–T cycles 
affect the stress–strain plots and reduce the UC strength by 
11%, elastic modulus by 32%, and cohesion by 84% after 31 
F–T cycles, but the friction angle increased by 1–2°.

Tebaldi et al. [31] investigated clay stabilized with lime 
under the F–T cycles test and showed that with the increase 
in the number of cycles reduced the strength of samples. 
Solanki et al. and Bandara et al. [32, 33] studied three sta-
bilization materials for subgrade soils, including hydrated 
lime, class C fly ash, and cement kiln dust, to examine the 
effects of F–T cycles on their UCS and resilient modulus. 
The results showed that UCS and Mr of stabilized soil with 
cementitious additives increased with the number of F–T 
cycles compared to raw soil specimens. However, all the 
specimens tested in the study showed a decrease in UCS 
values with an increase in the number of F–T cycles. Kamei 
et al. [3] investigated the effects of F–T cycles on UCS and 
the durability of soft clays stabilized with Bassanite. Based 
on the obtained results, the UCS and durability index decline 
with an increase in cycles.

In contrast, the increase in Bassanite content dramati-
cally affected durability and strength improvement against 
F–T cycles. As a result, Bassanite can be considered appro-
priate material for stabilizing soft clay soils against F–T 
conditions. Liu et al. [4] studied the dynamic properties 
of cement- and lime-stabilized clay soils subjected to F–T 
cycles and indicated that clay soil endured F–T cycles with 
this stabilization. However, cement stabilized illustrated fur-
ther strength and durability. Wu et al. [13] investigated the 
effects of F–T cycles on the expansive soil treated with steel 
slag powder (SSP) and cement. All tests were conducted at 

a maximum of 12 F–T cycles with optimum moisture con-
tent. The study applied the samples to various curing times 
and temperatures (− 5 °C, − 10 °C, and − 15 °C). After 
each cycle, the volume change was measured, and UCS 
tests were performed. The results illustrated the increase 
in volume expansion due to temperature reduction. As the 
curing time increased, the effect of the F–T cycles on the 
volume change rate of the specimens reduced, and the UCS 
increased. The results have shown that the addition of SSP 
and cement improved the expansive soil; moreover, NaOH 
inhibited the degradation of the soil during an F–T cycle. 
Baldovino et al. [34] studied the mechanical properties of 
cement (3–9% by weight) treated silt which underwent vari-
ous F–T cycles. Based on the results, the split tensile and 
unconfined compression strength was reduced due to an 
increase in F–T cycles; however, accumulated loss of mass 
(ALM) increased.

This study conducted laboratory tests to investigate the 
effect of CS-based geopolymer on enhancing the microstruc-
tural and mechanical properties of clayey-sand against F–T 
cycles. Its effects were evaluated by tests such as standard 
compaction, unconfined compressive strength, ultrasonic 
P-wave velocity, F–T cyclic test, swell, and shrinkage after 
specified cycles. Besides, scanning electron microscopy 
(SEM) analyses and pH tests were conducted to investigate 
the microstructural effects. According to recent studies on 
soil stabilized with non-environmentally-friendly binders, 
CS-based geopolymer has not been studied extensively 
regarding clayey-sand behavior against F–T cycles. For this 
purpose, all samples were subjected to 12 F–T cycles and 
then tested for the ultrasonic test, UCS test, height, and mass 
changes (Table 1).

2  Materials

2.1  Soil

A mixture of sand and 20% of clay was used in this study. 
The sand was obtained from the coast of Babolsar city in 
the north of Iran. According to the USCS system [35], 
this sand is poorly graded (SP). Figure 1 and illustrate 
the sand’s grain size distribution and basic properties. 
The geotechnical characteristics of the sand are pre-
sented in Table 1. According to Table 2, the clay used in 

Table 1  Geotechnical properties 
of sand

Parameters Description Value Standard method

Gs Specific gravity 2.78 ASTM D854
Cu = D60/D10 Coefficient of uniformity 1.932 –
Cc = [D30

2/(D60 × D10)] Coefficient of gradation 1.102 –
D50 Mean grain size of the sand (mm) 0.214 –
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this study was extracted from a trench near Amol city in 
Mazandaran province of Iran. This clay is a high-plastic-
ity clay due to Atterberg limits. The SEM image of com-
bined soil (sand + 20%clay) is shown in Fig. 2(a). As can 
be seen, the sample has a sharp and angular shape (sand) 
and planar particles (clay).

2.2  Copper Slag (CS)

CS is a by-product material obtained from matte smelt-
ing and refining of copper. At the end of copper produc-
tion, two separate liquid phases form copper-rich matte 
(sulfides) and CS (oxides). When liquid slag cools slowly, 
it forms a dense, complex crystalline product, but if it 
cools quickly, it forms granulated amorphous slag [8]. 
The Pishro Company provided the CS used in this work 
in Kerman city. The SEM image of CS is illustrated in 
Fig. 2(b). The CS particles are angular with sharp edges. 
The composition and physical properties of CS chemicals 
are presented in Tables 3 and 4, respectively.

2.3  Alkaline‑Activator Solution (AAS)

Using an alkaline-activator solution is essential for the 
geopolymerization process. Because of the low reaction 
pace between CS and water, another source of Si and Al 
is needed. Therefore, a combination of 30% of NaOH 
(for activation of Si and Al of copper-slag) with 70% of 
 Na2SiO3 (as a second resource of Si and Al) was used in 

Fig. 1  The grain size distribution of sand and clay

Table 2  Atterberg limits of clay used in this study

Parameters Description Value Standard method

Gs Specific gravity 2.68 ASTM D854
LL Liquid limit 52 ASTM D4318
PL Plastic limit 20 ASTM D4318
PI Plasticity index 32 ASTM D4318

Fig. 2  SEM images of: a soil: sand + 20% clay b Copper-slag

Table 3  Chemical compositions of copper slag

Parameters Weight (%)

Silica-SiO2 34
Alumina-Al2O3 2
Iron oxide-Fe2O3 47
Calcium oxide-CaO 6.5
Magnesium oxide-MgO 1.5
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this study. The NaOH pellets of 98% purity were provided 
in a 1 kg container from Ariashimi of Amol city. Also, 
 Na2SiO3 liquid with the  SiO2/Na2O ratio of 2.48 was pur-
chased from the Caspian Aftab Company of Amol city.

3  Sample Preparation

The samples were prepared using the under-compaction 
method (UCM) [36]. First, the sieved sand and clay were 
mixed for 5 min to achieve a uniform color. Next, the CS 
was added to the mixed soil. The required content of AAS 
with excess water (to provide the optimum moisture content) 
was mixed to obtain a homogeneous liquid based on the 
mentioned assumptions  (Na2SiO3/NaOH and CS/L ratios). 
Eventually, all materials were mixed for 15 min and then 
placed in a mold with 50 mm diameter and 102 mm height 
in 5 layers. The total mass of mixed soil was divided into five 
portions and bagged in zipped packs separately. Each portion 

was placed in one-fifth of the mold and compacted to reach 
the required level. For better interlocking of the layers, the 
surface of the first layer was scraped after the compaction. 
This process continued until the last layer [37, 38]. The com-
pacted samples were cured for 14 days in a zipped plastic 
bag at ambient temperature (25 ± 2 ℃) due to the effect of 
temperature on geopolymerization products. According to 
the literature, exceeding an optimum temperature and a long 
duration of heating may generate microcracks in samples 
and cause a moisture reduction [39–41].

4  Experimental Program

In this laboratory study, various tests, including eight Plas-
ticity Index (PI), six standards Proctor compaction, 50 UCS 
before F–T condition, and 28 UCS after F–T condition, 13 
SEM, 60 Ultrasonic P-Wave Velocity, 17 F–T cyclic test, and 
nine pH were performed. Table 5 demonstrates the combina-
tion of specimens, and Table 6 illustrates the UCS results for 
treated samples before F–T cycles.

4.1  Plasticity Index (PI) Test

According to ASTM D4318 [42], Atterberg limits were 
conducted on untreated soil and three chosen samples to 
investigate the PI changing after normal curing and F–T 
condition. PI indicates the strength, compressibility, per-
meability, swelling potential, and workability. Moreover, it 
indicates the amount of water that the sample remains in a 
plastic state [43].

Table 4  Physical properties of copper slag

Parameters Analysis

Color Black
Granule shape Angular, sharp 

edges, multi-
faceted

Hardness (Moh’s scale) 7 Moh
Specific gravity 3.51
Bulk density 1.75 Tones/m
Conductivity 4 ms/s

Table 5  Experimental program 
of treated soil

Sample name CS (%) NaOH concen-
tration (M)

CS/ASS Na2SiO3/NaOH SiO2/Na2O

Soil15%CS-8 M 15 8 1 70/30 2.48
Soil10%CS-11 M 10 11 1 70/30 2.48
Soil115%CS-11 M 15 11 1 70/30 2.48

Table 6  UCS tests of all 
mixtures in variation normal 
curing times

Curing CS (%) NaOH concentration (M)

2 4 8 11 15

2 days 10 48 48 90 143 225
15 149 201 326 208 111

7 days 10 48 52 106 272 482
15 143 226 548 726 529

14 days 10 23 37 92 265 503
15 116 234 625 1097 1055

28 days 10 22 23 49 438 1000
15 120 232 1250 1441 1355
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4.2  pH Test

The pH can represent the development of reactions at the 
microstructural level and the strength of geopolymer-sta-
bilized soil samples. After each F–T cycle, the pH test was 
conducted on the studied samples using a pH meter. pH 
tests were conducted according to ASTM D4972 [44]. At 
the end of the UCS tests, some parts of the samples were 
used for pH testing. The chosen portion of the sample was 
oven-dried at 40 ℃ to de-accelerate the geopolymerization 
process and then passed through sieve #10. Next, 40 gm of 
sieved soil was mixed with 40 gm of distilled water every 
10 min for 1 h, and pH measurements were made [45, 46].

4.3  Compaction Test

According to ASTM D698 [47], the standard Proctor com-
paction test was conducted under three soil states. Soil 
without CS (untreated soil) and soil with 10% and 15% 
CS were used to evaluate the effect of CS on density. Soil 
with CS and alkaline-activator solution was defined as a 
CS-based geopolymer. Maximum dry density (MDD) and 
optimum moisture content (OMC) are necessary for sam-
ple preparation. Standard Proctor Compaction tests were 
conducted in two different series. The results of this test 
depend on the CS content and  Na2SiO3/NaOH ratio. In 
the original series, two different CS contents were added 
to the soil to evaluate CS’s effect on the soil’s compac-
tion characteristics. Another series of compaction, includ-
ing soil with CS and alkaline-activator solution (AAS) 
(geopolymer), was also performed. Six standard Proctor 
compaction tests were conducted in the cylindrical mold 
with a diameter of 100.7 mm and a height of 117.2 mm 
to evaluate the effect of CS and geopolymer on soil sepa-
rately. Dynamic compaction was conducted in three lay-
ers because a large portion of the soil was sand (granular 
particles) in this investigation. Hence, compacting it with a 
dynamic method instead of a static procedure is proposed.

4.4  Unconfined Compressive Strength Test (UCS)

Unconfined compressive stress is the maximum force 
applied per unit area during sample failure or the force 
applied until 15% of axial strain occurs. Various UCS tests 
were carried out to illustrate the impact of the stabiliza-
tion of CS-Geopolymer on soil under F–T cycles following 
ASTM D2166 [48]. After 14 days of normal curing, sam-
ples were unwrapped and trimmed with the blade, and their 
diameter, height, and weight were determined. After 0, 1, 
3, 6, 9, and 12 F–T cycles, the UCS test was performed at a 
constant displacement rate of 1% per minute.

4.5  F–T Cyclic Test

All the chosen samples were cured for 14 days, and then 
F–T cycling tests were applied according to ASTM D560 
[49] after 0, 1, 3, 6, 9, and 12 cycles. The samples were put 
into the freezer at – 23 ℃ for 24 h (freezing stage) and then 
placed into an oven at 23 ℃ for another 24 h (thawing stage), 
making one F–T cycle (48 h.) After each cycle, UCS, mass 
loss, swell and shrinkage, pH, and P-wave velocity tests were 
conducted [3, 50, 51].

4.6  P‑wave Velocity (Ultrasonic) Test

Ultrasonic waves are stress waves with frequencies higher 
than 20 Hz propagated in the mass matrix. These stress 
waves, referred to as longitudinal or primary waves are gen-
erated with two transducers called the “in-through” trans-
mission test method. The frequency of the device was 54 Hz. 
In this method, one transducer was placed at the top surface 
of the sample, and the other was opposite the sample’s sur-
face. Then, the waves were introduced into the length of the 
samples. This instrument shows the time of wave propaga-
tion that travels the sample’s length. Thus, P-wave velocity 
was obtained by dividing the sample length by wave travel 
time [52].

4.7  SEM Test

SEM is one of the tools widely used in nanotechnology. This 
technique provides pictures of samples for different investi-
gations. In this method, the electron beam in a vacuum envi-
ronment passes through the microscope vertically and then 
through the specimen’s electromagnetic fields and special 
lenses. Immediately after colliding the beam with the sam-
ple, electrons and x-rays dissipate from the sample. Then, 
beams, electrons, and x-rays are gathered and presented as 
an SEM image. SEM images can help study morphology 
and composition of samples for microstructural investiga-
tions. Nine cubic specimens with a side length of 1 cm were 
cut, polished, and coated with gold to prevent the charging 
effects [53, 54].

5  Test Results and Discussions

5.1  Plasticity Index (PI)

PI results are provided in Table 7. The PI of samples was 
decreased with an increase in CS content due to cation 
exchange and chemical reactions between CS particles and 
AAS. PI is an indicator of clay content in the samples, and 
a decrease in PI value is accompanied by a reduction in the 
swell potential of clay particles [43].
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Table 7 indicates a minor change in PI values for both 
treated and untreated soil samples after F–T cycles. Also, 
there was a reduction in PI before F–T cycles (i.e., normal 
curing condition). PI reduction of stabilized samples was 
observed due to chemical reactions between CS and clay 
particles, which causes the flocculation of clay particles and 
changes the soil matrix. This phenomenon leads to filling 
and coating the clay particles and, eventually, the decline of 
double-layer water thickness before F–T cycles. In the F–T 
conditions, the cause of the increase in PI is related to the 
degradation of the gel bond and the loss of geopolymeriza-
tion, increasing the value of PI and therefore increasing the 
PI induced a higher water-holding capacity. These results 
are in agreement with those reported by other authors. For 
instance, Bin-Shafique et al. [55, 56] investigated the PI val-
ues before and after F–T cycles for two different clays with 
FA stabilization. The authors showed that, with an increase 
in FA content of unexposed samples, PI was decreased from 
41 for 0% of FA to 18 for 10% of FA and 14 for 20% of FA. 
After F–T cycles, the PI values of stabilized soil with FA 
were increased by almost 13%, which is not statistically sig-
nificant. This study observed an 8% increase in the PI values.

5.2  pH

It can be seen from Fig. 3 that the variation of pH con-
centration for two stabilized samples was decreased with 

increasing the F–T cycles. The reduction in pH concentra-
tion is attributed to the dissolution of unreacted NaOH. 
With increasing the F–T cycles,  OH¯ and  Na+ or  Al+ are 
consumed due to the geopolymerization process. However, 
under cyclic F–T conditions, pH reduction is related to the 
leaching of geopolymer bonds. With a higher NaOH concen-
tration, higher pH values are achieved. “Soil15%CS-11 M” 
indicates the highest pH value regarding the lower mass loss 
[45, 57]. The pH value of “soil15%CS-11 M” decreased 
from 12.1 to 10.5 from cycles 0 to 6. Also, soil15%CS-8 M”, 
it decreased from 11.7 after cycle 0 to 10.2 after cycle 9 
[58–63].

5.3  Standard Proctor Compaction

Table 8 presents the first series of compaction with CS. Add-
ing the CS decreased the optimum moisture content (OMC) 
while the maximum dry density (MDD) increased. This 
behavior is related to two reasons: 

1) CS has a smaller particle than sand and clay, which fills 
the pores. Eventually, it produces a mixture of higher 
density and consistency, increasing MDD [64, 65]. The 
particle size of CS affects OMC because these particles 
fill the voids and pores. Thus, the mixture has no space 
for water, and OMC decreases.

2) The specific gravity  (GS) of CS is 3.51, suggesting a 
limited volume (compaction mold) and higher weight. 
As a result, an increase in MDD is reasonable.

Table 7  Atterberg limits of 
mixtures before and after F–T 
cycles

Atterberg limits

Sample name LL before F–T PL before F–T PI before F–T PI after F–T

Untreated soil 52 20 32 33
Soil15%CS-8 M 48 26 22 24
Soil10%CS-11 M 50 26 24 25
Soil15%CS-11 M 41 23 18 20
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Fig. 3  pH variation of stabilized soil after freezing–thawing cycles

Table 8  Compaction results of treated and untreated samples

Sample name NaOH con-
centration
(M)

Copper slag
(%)

γd−max

(kN/m3)
ω

(%)

Untreated soil 0 0 17.86 15.1
Soil10%CS 0 10 18.97 12
Soil15%CS 0 15 19.20 11.5
Soil15%CS-8 M 8 15 19.94 10.5
Soil10%CS-11 M 11 10 19.20 11.1
Soil15%CS-11 M 11 15 20.5 9.6
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The second series of compaction, which includes CS and 
AAS, are illustrated in Table 8. In all mixtures, adding AAS 
caused increasing the MDD and decreasing in OMC. Based 
on the obtained data, increasing CS content from 10 to 15% 
caused a 1% increase in MDD and a 4% decrease in OMC. 
Adding AAS, including 11 M NaOH, leads to a 6% increase 
in MDD and a 20% decrease in OMC. Adding 8 M NaOH 
causes a 4% increase in MDD and a 9.5% decrease in OMC. 
This behavior of AAS is attributed to PI differences between 
untreated soil and the soil stabilized with a geopolymer due 
to the presence of  Si+ and  Al+ in stabilized soil. As a result, 
it increases clay flocculation and consistency and reduces 
plasticity. Therefore, Atterberg limit tests were conducted 
on stabilized soil and found that soil improvement with geo-
polymer leads to a lower PI (18) for “soil15%CS-11 M” than 
untreated soil (32). Moreover, lower moisture absorption and 
OMC reduction were obtained. Hence, better compaction 
was observed due to lower volume changes [66].

5.4  UCS and  E50

To evaluate the effect of F–T cycles on samples, the UCS 
tests were conducted on all samples after 0, 1, 3, 6, 9, and 12 
cycles. Cycle 0 is 14 days of normal curing used for compari-
son with samples exposed to F–T cycles. The UCS tests were 
applied to the selected samples, including “soil15%CS-8 M”, 
“soil10%CS-11 M”, and “soil15%CS-11 M”. As part of this 
study, a comparison was made between unexposed stabilized 
samples (Cycle 0 = normal curing in 14 days) and the men-
tioned samples against F–T cycles (Cycles 1, 3, 6, 9, and 
12) to illustrate how the mechanical behavior of the sample 
changes from cycle to cycle. The effect of the F–T cycles 
durability test depends on the soil type, classification, and 
properties of the stabilization material. Also, the solubility 
of stabilization material plays an essential role in the dura-
bility of samples [3].

The UCS test provided opposing results between sta-
bilized and untreated soil samples. A different trend was 
observed from the information provided in the following 
figures. As shown in Fig. 4, for untreated soil, the strength of 
the samples was increased with an increase in the number of 
F–T cycles until cycle three and then continued with a minor 
change in the strength. Results showed that the soil exposed 
to a more significant number of F–T cycles became more 
brittle than the soil that had not been exposed to F–T cycles. 
This phenomenon can be attributed to variation in soil fabric 
in untreated soil exposed to the F–T cycle. When untreated 
soil is placed into the freezer cabinet, the pore water of the 
sample begins to freeze and turn into ice lenses. As a result, 
it produces ice pressure that affects soil structure and pushes 
soil particles together, leading to densification and aggrega-
tion of soil. Because of changing soil fabrics, untreated soil 
strength increases with an increase in F–T cycles until cycle 

three. Afterward, a minor change occurred for further F–T 
cycles. This phenomenon may be related to balancing the ice 
pressure and resisting soil particles’ interlocking force. This 
result agrees with many other authors’ reports [28, 67–71].

It is evident from Figs. 5 and 6 that the UCS and  E50 
of the untreated sample have similar trends. Compared 
with untreated soil and chosen mixtures, complex results 
were observed with stabilized soil with CS-based geopol-
ymer. All the selected mixtures failed to withstand twelve 
F–T cycles. “Soil15%CS-8 M”, “Soil15%CS-11 M”, and 
“Soil10%CS-11 M” endured nine cycles, six cycles, and 
one cycle, respectively. As a result of these contradic-
tory results, it is also e to describe all mixtures com-
prehensively. A hybrid behavior was observed for the 
“soil15%CS-8 M” mixture. It is apparent from the data 
provided in Figs. 4, 5, 6, 7 that stress–strain, UCS, and 
 E50 plots can separate into two sections; the first section 
includes cycles 0 to 3, and the second section contains 
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cycles 3 to 9. It is evident from the first section of these 
plots (cycle 0–3) that “soil15%CS-8 M” has a similar 
trend to untreated soil. With an increase in F–T cycles, 
soil particles aggregated and compacted like untreated 
soil.

Meanwhile, after cycle 3, the strength and stiffness of the 
sample declined significantly, just like the two other mix-
tures. According to Table 6, this behavior is attributed to the 
geopolymerization process, which was not accomplished in 
14 days of normal curing for “soil15%CS-8 M”. The differ-
ence in UCS values of “soil15%CS-8 M” between 14 and 
28 days of normal curing was much higher than the UCS 
values difference in sample “soil15%CS-11 M”. Therefore, 
the geopolymerization process of “soil15%CS-8 M” was 
continued after the first few cycles [32, 72]. These results 
agree with the observations of Zhao et al. [73], who reported 
the effects of F–T cycles on red mud slurry-class F fly ash 
(RMSFAA). For 14-days-cured RMSFAA samples, further 
geopolymerization at the early stages of F–T condition-
ing was observed. Geopolymer stabilization in the current 
study differs from that of Lu et al. [28]. According to these 
authors, cement stabilization of expansive soil indicates a 
suitable response to F–T cycles despite the strength reduc-
tion. In other words, the cement-stabilized samples endured 
all 12 F–T cycles.

Conversely, from cycles 3 to 9, a dramatic reduction in 
strength and stiffness is observed due to the air voids within 
the samples. These air voids provide free space for the pore 
water content of the sample to change into ice crystals in 
the freezing stage. Moreover, the ice crystals create tensile 
stress that destroys particle interlocking and gel bonds (geo-
polymerization product). Therefore, the particles are disar-
ranged, and microcracks are generated. In the thawing stage, 
melted ice penetrates microcracks and causes the dissolu-
tion of geopolymer gel. Eventually, gel reduction induces 
destruction in soil due to more accessibility of water in 

microcracks, leading to a decrease in UCS [3, 32, 50, 72]. 
In “soil15%CS-11 M”, UCS decreased rapidly compared 
with “soil15%CS-8 M”. According to  E50 results in Fig. 6, 
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strain hardening of the sample changes to strain-softening 
after the first cycle.

The results show a remarkable decrease in the strength 
of “soil15%CS-8 M” and “soil15%CS-11 M”. The concen-
tration and suitable content of alkaline-activator solutions 
are among the main parameters that play an essential role 
in activating CS. Activation of CS was guaranteed signifi-
cantly in 14 days of normal curing for “soil15%CS-11 M” 
because of the high content of alkaline-activator concentra-
tion. Therefore, applying F–T cycles induced the formation 
of cracks and deterioration of gel bonds. Meanwhile, there 
was insufficient content of alkaline-activator solution to acti-
vate CS in “soil15%CS-8 M”. Thus, some portions of CS 
remained unreacted, which took time to be activated. Moreo-
ver, freezing of pore water provided suitable contact between 
AAS and CS. Eventually, most of them were activated, 
especially in the thawing stage. As more F–T cycles were 
applied, cracks and geopolymerization products were lost. 
Hence, the strength of samples declined with increasing the 
F–T cycles. According to Zhao et al. [73], strength increases 
for 14 days normal curing sample after five cycles were 50% 
while it was 15% for 28 days normal curing. This result 
agrees with that reported for “soil15%CS-8 M” UCS. The 
UCS of “soil15%CS-11 M” is more than “soil15%CS-8 M” 
at cycle 0. However, due to the F–T condition, a series of 
chemical reactions happened and caused an increase in 
“soil15%CS-8 M” strength compared to “soil15%CS-11 M”.

In F–T cycles, the flexibility of samples plays an 
essential role in the strength-changing rate of samples. 
“Soil15%CS-8 M” is more flexible than “Soil15%CS-11 M”. 
For instance, when ice pressure is applied to the soil struc-
ture of “soil15%CS-11 M”, the brittle structure of the sam-
ple prevents expansion. Thus, all the pressure is applied to 
geopolymeric links, leading to the deterioration of these 
bonds. The flexibility of “soil15%CS-8 M” caused a signifi-
cant reduction in bond destruction and strength loss. Unlike 
untreated soil, soil with geopolymer stabilization indicates 
a strain-softening behavior with an increase in F–T cycles. 
Because the UCS test was applied after the thawing stage, 
the melted ice crystals existed in samples and reduced the 
brittle behavior of samples. As shown in Fig. 7(c), the most 
unstable sample is “soil10%CS-11 M”, which endured one 
cycle of the F–T cycling test. Nevertheless, the trend illus-
trates the reduction in strength and shifting from strain-hard-
ening to strain-softening.

Figure 8 presents the pictures of the mixtures at vari-
ous cycles. These pictures represent the procedure of dete-
rioration of samples with the number of F–T cycles. As 
shown in Fig. 8(c), “soil10%CS-11 M” endured one cycle 
and collapsed after cycle two due to critical cracks expe-
rienced in the first cycle of F–T conditions. However, the 
rate of deterioration in soil with 8 M and 11 M was dif-
ferent. In “soil15%CS-8 M”, the shape of the sample was 

stable until cycle 3, and just microcracks formed due to F–T 
cycles. After completion of CS activation, the destruction 
of the sample was begun, and critical cracks were formed 
in the sample due to the increasing number of cycles. 
Destruction appeared at the interface of layers, while 
in “soil15%CS-11 M,” the rate of destruction was faster. 
This destruction also appeared in the shape of the sample. 
Another reason for the deterioration of strength with increas-
ing F–T cycles is the leaching of dissolved  Si+ and  Al+ by 
AAS at the thawing stage [45, 46].

Figure 6 presents the elastic modulus  (E50), determined 
by the slope of a line connecting 50% of UC strength to 
the origin.  E50 versus the number of F–T cycles indicates 
samples’ strain-hardening (brittle) and strain-softening (soft) 
behavior. As can be seen,  E50 of untreated soil increased 
until cycle three and continued with minor change until 
cycle 12, which is in agreement with stress–strain plots. For 
stabilized soil, stiffness results indicate different trends; for 
instance, the  E50 value of “soil15%CS-8 M” dramatically 
increased until cycle three and then declined sharply at cycle 
9. This trend is related to the reasons mentioned above in 
the UCS section. From cycle 1 of F–T, the geopolymeri-
zation process and strength gaining started in the studied 
sample. Therefore, the soil fabric became denser, and the 
 E50 value increased until the beginning of strength reduction. 
For “soil15%CS-11 M”, a minor change was observed after 
cycle one because of a slight change in UCS result due to 
completion of geopolymerization. Therefore, after cycle 1, 
the  E50 value of “soil15%CS-11 M” decreased [74].

5.5  Absorbed Energy Results

Every stress–strain plot creates a specific area with the 
horizontal axis that illustrates the Absorbed Energy (AE), 
which means the energy required for the sample’s defor-
mation. After a specified number of F–T cycles, AE was 
calculated from stress–strain plots and illustrated in 
Fig. 9. As can be seen, with an increase in the number of 
cycles, AE was decreased for both “soil15%CS-11 M” and 
“soil10%CS-11 M”. This reduction is related to the chang-
ing behavior of samples from hardening to softening. How-
ever, the AE of “soil15%CS-8 M” acted like untreated soil 
until cycle one and decreased until cycle 9. The higher AE 
shows that the tested specimen needs to apply higher stress 
to deform.

5.6  Mass Loss Results

According to Fig.  10, a dramatic contrast is observed 
between untreated soil and stabilized soil. The accumulated 
loss of mass is measured using Eq. (1).



Durability Evaluation of Clayey Sandy Soil Stabilized with Copper‑Slag‑Based Geopolymer…

1 3

where ALM is the accumulative loss of mass (%), mi,thaw 
is the mass of the sample after the first thawing cycle, and 

(1)ALM =
mi,thaw − mcycle0

mcycle0

× 100i = 1, 2,… , 12

mcycle0 is the mass of the unexposed sample after 14 days of 
normal curing.

According to Fig. 10, mass gain or loss is somehow 
related to absorbing or losing water due to F–T conditions. 
It is generally attributed to the extension of voids and dense 
states. Soil particles have a tight packing in dense samples. 

Fig. 8  Images of samples in variation F–T cycles; a soil15%CS-8 M b soil15%CS-11 M c soil10%CS-11 M
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Therefore, the interlocking force prevents the reduction 
of double-layer water, reducing water-absorbing poten-
tial. For stabilized soil, including “soil15%CS-8 M” and 
“soil15%CS-11 M,” gain of mass occurred until cycles 2 
and 3, respectively. This phenomenon is related to freez-
ing water content in samples in the freezing stage. Due to 
solid interlocking in earlier cycles, formed ice crystals can-
not entirely be oven-melted at 23 ℃. Hence, the mass of the 
sample was increased. With an increase in the number of 
cycles, the voids of the sample were filled with melted ice. 
In further cycles, there is no space for water in the freezing 
stage. Hence, the mass of samples gradually declined due to 
the ice crystals melting in the thawing stage. The flexibility 
of “soil15%CS-8 M” induced more swelling and shrink-
age. Therefore, expansion and contraction sequences led to 
higher mass loss. Despite applying more load to soil parti-
cles and gel bonds, “soil15%CS-11 M” indicated a lower 
mass loss due to higher brittle behavior and lack flexibility 
[13, 75].

5.7  Swell‑Shrinkage Results

Because of changes in diameter and height of the samples 
under F–T cycles, volume changes were calculated in this 
study to illustrate the swell (positive volume change) and 
shrinkage (negative volume change) of samples. Volume 
change of samples is obtained using Eq. (2), which indi-
cates the total deformation after each cycle (after thawing):

where Vi,thaw is the volume of samples after each cycle (after 
thawing) and Vcycle0 is the volume of unexposed stabilized 
samples cured for 14 days under normal curing.

Figure 11 demonstrates a swelling behavior for untreated 
soil due to F–T cycles. The first reason for this result is the 
freezing of pore water in air voids, which causes expansion. 
The second reason is the higher content of swelling than 
shrinkage due to the cohesion of clay particles. In untreated 
soil, “forward migration” (i.e., water migration from the 
core of the sample to the surface) was higher than “converse 
migration” (i.e., water migration from the surface to the core 
of the sample). As a result, it leads to higher swelling of 
untreated soil. In contrast, however, stabilized soil showed 
a different behavior due to F–T cycles. They swelled until 
cycle three and then shrunk until they collapsed [76]. The 
higher the PI content, the higher the shrinkage potential was 
obtained. Therefore, with a concentration on the results pro-
vided in the PI section, it is evident that “soil15%CS-8 M” 
has a higher PI than “soil15%CS-11 M” after F–T cycles. 
Accordingly, it has more shrinkage potential than the soil 
with 11 M. According to mass loss results, a higher loss 

(2)

Volume Change =
Vi,thaw − Vcycle0

Vcycle0

× 100i = 1, 2,… , 12

of gel bands was observed because of higher mass loss in 
“soil15%CS-8 M”, leading to more deformation [43].

5.8  P‑wave Velocity Results

The P-wave velocity of all samples was calculated for each 
F–T cycle. In this regard, contradictory results were obtained 
for the untreated and stabilized sample. According to 
Fig. 12, with an increase in the number of cycles, the P-wave 
velocity of mixtures with 11 M NaOH was decreased in the 
same trends in freezing and thawing conditions, except for 
“soil15%CS-8 M” and untreated soil. From P-wave veloc-
ity plots of the untreated soil, it is evident that the trend of 
thawing and freezing conditions was different.

Two reasons contribute to changes in the P-wave velocity 
of the untreated sample: (1) the change in soil structure and 
(2) the water phase, which changed from liquid to ice lenses. 
For untreated soil in thaw condition, Vp was increased from 
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103 at cycle 0 to 809 m/s at cycle 12. This phenomenon is 
related to soil structure changing, which provides a com-
pacted path for wave transmitting. Although the voids were 
increased due to structural change, it caused more closely 
connected particles in the solid soil matrix. Moreover, a dra-
matic drop was observed in the untreated soil after cycle 1 
of the freezing stage. Figure 10 shows the mass loss of the 
sample, which is the reason for this phenomenon. Based on 
the mass content of the sample, it appears that the loss of 
pore water was related to the mass loss of F–T cycles.

Consequently, decreasing amounts of pore water cause 
fewer ice lenses to form, and thus fewer voids will be filled. 
In this way, Vp significantly decreased after the first cycle. 
The reason for the higher value of Vp in freeze conditions 
than in thawing conditions for stabilized soil is related to the 
freezing of pore water in the freezing stage. More voids were 
occupied due to the volume expansion of ice crystals. This 
phenomenon contributes to linking soil particles and thus 
densifying in the freezing stage. Eventually, P-waves travel 
in a shorter time in dense samples. In the thawing stage, 
melted ice was dissipated from the samples. As a result, the 
microcracks generated by the pressure of ice crystals were 
extended, particles’ interlocking was destroyed, and the void 
ratio was increased. Thus P-waves must travel over longer 
distances due to these microcracks, and finally lower veloc-
ity is obtained [77–79].

5.9  TCLP Results

The TCLP test was conducted at 14 days of normal curing of 
CS-based geopolymer stabilized samples following USEPA 
method 1311 in Table 9. The investigated heavy metals were 
Arsenic (As), Bismuth (Bi), Cadmium (Cd), Chromium (Cr), 
Copper (Cu), Nickel (Ni), Lead (Pb), Selenium (Se), and 
Zink (Zn). The results of TCLP tests are compared with the 

Environmental Protection Agency’s (EPA) regulated ranges 
in Table 9. Based on the TCLP analysis, the amounts of 
heavy metal in CS-based geopolymer stabilized samples 
are much lower than the EPA regulated ranges and have no 
environmental hazard [80, 81]

5.10  SEM Results

Figure 13 illustrates 11 SEM images for all mixtures in 
cycles 0, 1, 3, 6, and 9 to observe microstructural differ-
ences and similarities. Figure 13(a–e), (f–i), and (j–k) pre-
sents the effect of the number of F–T cycles on the micro-
structural and the rate of reactions of “soil15%CS-8 M”, 
“soil15%CS-11 M”, and “soil10%CS-11 M”, respectively. 
To better understand how microstructures developed, all 
mixtures were compared in each cycle. Previously, cycle 
0 was defined as 14 days of normal curing that were not 
exposed to F–T cycles. As a result of data supplied by 
stress–strain and UCS plots, higher strength is inferred from 
“soil15%CS-11 M”, which is consistent with microstructural 
analysis. From Fig. 13(f), a dense gel structure with highly 
activated CS and few microcracks is observed, which justi-
fies the higher value of UC strength of “soil15%CS-11 M”.

The microstructure of the samples dramatically changed 
during the F–T test. Figure 13(b) indicates the reactiva-
tion of unreacted CS. The strength was increased due to 
the geopolymerization and gel-forming process. Although 
more microcracks and some loose gel were formed, the 
strength of “soil15%CS-8  M” was higher than that of 
other samples. In “soil15%CS-11 M”, large destructive 
cracks are observed. These cracks lead to strength reduc-
tion of this sample compared with “soil15%CS-8 M”. In 
“soil10%CS-11 M”, destructive cracks and deterioration of 
gel bonds were formed enough to cause destruction and col-
lapse of the sample at the end of the first cycle. Furthermore, 
a higher content of microcracks in “soil15%CS-8 M” than in 
“soil5%CS-11 M” caused a higher loss of mass and provided 
a higher potential for deformation. In other words, the higher 
the microcracks, the higher the potential for deformation 
(swell and shrinkage). With an increase in the number of 
destructive cracks, the value of UCS decreased. Reactions 
of CS in “soil15%CS-8 M” enhanced with a low rate of 
increase until cycle 3. According to Fig. 13(c), some dense 
gel formation and reactivation of remaining unreacted CS 
particles occurred due to the geopolymerization process. 
From cycle 3 to cycle 9, destructive and critical cracks were 
generated in “soil15%CS-8 M”, which led to strength dete-
rioration. The SEM analysis indicates that an increase in 
the number of F–T cycles leads to two crucial facts: (1) the 
expansion of critical cracks and solution of geopolymeriza-
tion products, which causes sample destructing, and (2) the 
reactivation of CS, which causes the generation of gel bonds 
and gaining strength [82].

Table 9  TCLP results of CS-based geopolymer stabilized sample 
after 14 days of normal curing

BDL Blow detectable limit, N/R Not regulated

Metal Results of TCLP tests for soil15%CS-11 M 
sample on USEPA method 1311

USEPA 
regulatory 
level

(mg/L) (mg/L)

As  < 0.63 5
Bi BDL N/R
Cd  < 0.03 1
Cr  < 0.05 5
Cu  < 5.46 N/R
Ni BDL N/R
Pb  < 0.75 5
Se  < 0.38 1
Zn  < 0.06 N/R
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6  Conclusions

1. Before applying F–T cycles, the PI of stabilized soil was 
decreased. For instance, “soil15%CS-11 M” experienced 
a 44% reduction compared to the untreated soil, but after 
the F–T cycle, PI increased slightly. The pH values for 
stabilized soil decreased with an increase in the number 
of F–T cycles.

2. Due to the addition of CS and AAS to the soil, the MDD 
and OMC increased and decreased, respectively; i.e., 
adding 10% of CS resulted in a 6% increase in MDD and 
a 20% decrease in OMC.

3. The strength of clayey sand increases with increas-
ing F–T cycles until cycle 3; after that, it shows 
minor changes. The UCS increased from 90 at cycle 
0 to 590 kPa after cycle 12. Also, the behavior of the 
untreated sample changed from strain-softening to 
strain-hardening.

4. A 150% strength increase was observed for 8 M NaOH 
at cycle 1, and a 75% increase occurred in cycle 3. How-
ever, the strength declined to 33% and 67% for cycles 
6 and 9, respectively. For “soil15%CS-11 M”, the UCS 
decreased to 91%, while “soil10%CS-11 M” collapsed 
after cycle 1.

5. The mass loss plot indicates that untreated soil mass 
loss increases to 13% by cycle three and continues with 
a minor change. In both stabilized soil samples, detri-
mental mass loss was obtained until cycle 3. Afterward, 
it declined to 14% for soil with 11 M and 25% for soil 
with 8 M. The swelling percentage of untreated soil was 
2.5% approximately, and the shrinkage percentage for 
“soil15%CS-8 M” and “soil15%CS-11 M” was 10% and 
2.5%, respectively.

6. In both freezing and thawing conditions, Vp decreased 
with an increase in cycle number. This reduction 
in freezing conditions was higher than the thawing 
condition. For instance, under freezing conditions, 
“soil15%CS-11 M” loses its velocity up to 80% in the 
last cycle.

7. According to SEM results, with an increase in cycle 
number, voids and microcracks increased due to the 
leaching of geopolymerization products. Moreover, it 
shows that the sample with 8 M NaOH has a higher 
potential to gain strength because of higher CS activa-
tion and geopolymerization.
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