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Abstract
This paper aims to find a proper admixture of the cemented sand-gravel (CSG) material for constructing a hardfill embank-
ment located in cold weather. To this end, the compaction, strength, permeability of the cemented sand-gravel mixtures 
with cement contents of 5, 7.5, 10, and 12.5% are experimentally studied. Besides, the freeze–thaw durability of native 
grains of the soil and stabilizing soil is examined. According to the test results, even though the compaction specifica-
tions of all mixtures do not considerably depend on the cement content, however the cement content in the mixture 
significantly influences the compressive strength, stiffness, and permeability of mixtures. The soil aggregates inherently 
have high water absorption and are thus severely fractured after 50 cycles of freeze–thaw. After stabilizing the soil 
grains with cement, the freeze–thaw durability of the cemented soil mixture is considerably improved, and the weight 
loss of all mixtures becomes less than 5% after 12 cycles of freeze–thaw. However, the freeze–thaw cycles reduce the 
mixture strength up to 40% in comparison with the intact mixture. The analysis of scanning electron microscope images 
implies that four factors including disintegration of the calcium-silicate-hydration complex, imposing new porosity, 
releasing interlayered water, and establishing the secondary ettringite are the main reasons for strength reduction of 
the cemented sand-gravel mixtures after encountering the freeze–thaw cycles which have not been observed in the 
previous researches.
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Article Highlights

•	 The cemented sand gravel (CSG) mixture is an efficient and economical solution for the construction of sediment 
control check dams in cold regions.

•	 The durability of coarse-grained soils is improved after blending with a cementing agent.
•	 The freeze-thaw cycles alter the microstructure of the hardened cement paste within the CSG mixture and decrease 

the mixture strength.
•	 The durability, strength, and stiffness increase, and permeability decrease with increasing the cement content in the 

CSG mixture.
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1  Introduction

The cemented sand-gravel mixture (CSG) is frequently 
used for constructing hardfill embankments. This type 
of material is prepared by mixing sand and gravel soils 
with a cementing agent in the presence of an adequate 
amount of moisture. The water content in the mixture is 
an essential element to complete the hydration process 
of the cement paste and facilitates the proper compac-
tion of the mixture within the embankment [1]. From the 
strength aspect, the CSG material has greater strength 
and presents high cohesion due to the cementation 
action between grains. Therefore, hardfill embankments 
composed of CSG mixtures can be constructed with a 
steeper side slope and have a low volume in comparison 
with the conventional earthfill dams and embankments 
[2]. The first idea of a hardfill dam was proposed by 
Londe, Lino [3]. Since the last two decades, hardfill dams 
have been developed as a new solution for the construc-
tion of embankment dams concerning many advantages 
[2, 4]. Numerous hardfill dams were constructed in the 
world using CSG mixtures [1, 5, 6]. The cemented mate-
rial dam (CMD) is the latest solution for hardfill dams, 
where the cement is blended with low-quality soil aggre-
gates to produce the cemented material [7].

The appropriate participant of cement, soil aggre-
gates, and water in CSG mixtures is determined based 
on achieving the desired strength, and maximum degree 
of compaction. However, in some regions encountering 
unusual environmental conditions such as cold weather, 
the durability of the CSG mixture under environmental 
effects may play an important role in the mixing design. 
One of the influencing factors is the durability of CSG 
mixtures under freeze–thaw cycles.

In the last decades, many researchers have focused on 
the behavior of stabilized clay subjected to freeze–thaw 
(F-T) and wetting–drying cycles [8–13]. The results of 
experimental investigations show some degradation in 
the shear strength and bearing capacity of fine-grained 
soils after subsequent F-T cycles [13–15]. Furthermore, 
the fissures and micro-cracks are the consequence of 
F-T that changes the structure of soils and influences 
the volume change and compressibility of soil [11, 13]. 
However, the strength and durability of stabilized soil 
are improved when the native soil is treated by mixing 
with some additives such as lime, cement, fly ash, fib-
ers, and polymers. Shihata, Baghdadi [12] measured the 
compressive strength of treated soil after F-T cycles and 
showed a correlation between weight loss from the F-T 
test and uniaxial compressive strength (UCS), which can 
be used as a new means for evaluating the F-T resistance 
of a soil–cement mixture. Justin, Robert [9] concluded 

that cement-treated soil has a weight loss of about 6% 
in the F-T cycles which is less than other stabilized soils 
treated with fly ash and lime agents. According to the 
test results of Ding et al. [8], the compressive strength 
of cement-treated soil sharply decreases after the first 
F-T cycle and then exhibits less reduction after the fifth 
cycle. Solanki et al. [16] concluded that a reduction in the 
compressive strength in the earlier cycles of F-T may be 
referred to as an increase in the moisture absorbed by 
the specimen during the thawing portion of the cycle. 
The results of a test conducted by Li et al. [15] indicated 
that whereas compressive strength of clay soil signifi-
cantly decreased after the F-T cycles, adding cement to 
the clay soil led to an increase in the resistance of stabi-
lized soil under the F-T cycles. Gao et al. [17] measured 
the statistic and dynamic strength of clay soil stabilized 
with basalt fiber reinforced cement in various F-T cycles. 
They showed that both UCS and dynamic strength of 
cemented soil decreased with F-T cycles in such a way 
that the 1st and 3rd cycles have the greatest impact on 
the strength reduction. Wu et al. [18] examined the F-T 
durability and UCS of a modified expansive soil with the 
cement and steel slag powder and concluded the vol-
ume change of the cemented soil specimens decreased 
after eight cycles of F-T. Moreover, the effect of F-T cycles 
on the durability and UCS decreased in the samples with 
greater curing time. Similar studies showed a positive 
effect of the cement on the reduction of the volume 
change in cement-treated expansive soil subjected to 
F-T cycles [19, 20].

Even though many experimental studies were con-
ducted to investigate cement-treated clay soils under the 
F-T cycles, limited research [21] has been conducted for 
evaluating the cementation effect on the behavior of clean 
sand and gravel soils, especially in the frost condition. 
Jamshidi et al. [22] studied the effect of the F-T cycles on 
the permeability, microstructure, and dynamic response 
of silty sand soil stabilized with 10% cement and found 
that the permeability of cemented sand was doubled and 
considerable damage was imposed in the mixtures after 
the 7th cycle of F-T. Theivakularatnam, Gnanendran [23] 
conducted a vast experimental program for examining 
the durability of cemented granular soils under the F-T 
and wetting–drying cycles. In these tests, coarse-grained 
soil is mixed with the 1.5 and 3% of Portland cement-slag 
combination as the cementing agent. The test results 
showed the considerable effect of wetting–drying cycles 
on the destruction of cemented mixtures relative to the 
F-T cycles. Besides, the compressive strength of mixtures 
slightly increased after encountering 12 cycles of F-T, 
which was referred to as the reduction of moisture in 
the samples. Li et al. [24] prepared a mixture composed 
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of Aeolian sand and cement subjected to F-T cycles 
after two curing ages of 7 and 28 days. The cohesion of 
cemented mixtures decreased and friction angle increased 
by increasing the number of F-T cycles. Besides, the F-T 
cycles imposed three various patterns of cracks in the mix-
tures. Jamshidvand et al. [25] investigated the effect of F-T 
cycles on the microstructure and strength of cemented 
sand soil in which the base soil in the mixture contained 
various amounts of silt and different percentages of zeolite 
added to the cemented mixture. The uniaxial compressive 
strength and California bearing ratio (CBR) of all mixtures 
gradually decreased after the F-T cycles. However, add-
ing zeolite to the cemented mixture presents a minimum 
reduction in strength due to F-T cycles. A similar trend was 
observed for the reduction of UCS with F-T cycles in the 
silty soil that was stabilized with cement in addition with 
the other reinforcement such as zeolite and fiber [26–30].

While the previous studies were focused on the 
individual specification of the cemented soils, few 
systematic investigations can be found that simultaneously 
investigate both key and durability specifications of the 
cemented sand-gravel content. However, construction of 
the hardfill dam in the cold region requires to investigate 
not only the strength and permeability but also the 
long-time durability of cemented sand-gravel mixture 
after encountering cold weather in a uniform framework 
which have not been studied in the previous studies. The 
northwest region of Iran has cold weather with below 
zero temperatures during most days of cold seasons and, 
in turn, the weather temperature rises to a high degree 
in the warm season of summer. Thus, the F-T cycles 
during the lifetime significantly impact the durability of 
the geotechnical structures such as embankments. This 
paper aims to study the key parameters and durability of 

the cemented sand gravel (CSG) mixtures that are used for 
the construction of a sediment control check dam with a 
short height, which is categorized as a small dam. With 
this objective, a clean coarse-aggregate soil is blended 
with the various contents of Portland cement. Then, the 
topmost tests of the compaction, compressive strength, 
hydraulic conductivity are conducted on the mixtures 
with various cement contents, and the effect of cement 
content on the key parameters is determined. To examine 
the behavior of the CSG check dam in cold weather, the 
durability of individual grains and the CSG mixtures are 
tested in the F-T test. Besides, the effect of the F-T cycles on 
the strength and stiffness of the mixture is determined. To 
interpret the strength reduction trend of the mixture after 
encountering F-T cycles, the microstructure of a mixture 
with 10% cement is surveyed after some specific F-T 
cycles. The microstructure investigation of the cemented 
soil showed the alteration in the hydrated cement paste 
structure after various F-T cycles which is different from 
the observed trend in the previous studies.

2 � Material specifications, mixing design, 
and testing program

The stiffness, strength, permeability, F-T durability specifi-
cations, and microstructure of the CSG mixtures are inves-
tigated here. The CSG mixture is used for constructing a 
small check dam (for sediment control) that is located in 
Marand city in the northwest of Iran (Fig. 1). The photo 
from the dam body during the construction stage is shown 
in Fig. 2.

The native soil in the mixture is retrieved from the 
river bed strata near the small check dam site (located at 

Fig. 1   The location of the CSG 
check dam in the Marand city 
of Iran
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38.579043° N and 45.652973° E) and is composed of 40% 
sand and 58% gravel. The fine content of soil (passing 
through the No. 200 sieve) is about 2%. The particle size 
distribution of native soil is shown in Fig. 3. According to 
the unified soil classification system, the soil is categorized 
in the SW group. The maximum dry density (MDD) and 
optimum water content (OWC) of native soil are meas-
ured at 19.11 kN/m3 and 10.86%, respectively following 
the ASTM D698 [31].

The quality of grains was examined to implement 
the coarse-grained soil for producing the CSG mixture. 
The lists of key tests conducted on the CSG mixture and 
native soil are presented in Table 1. The degradation 
loss of material in the Los Angles abrasion test [32] after 
500 cycles is measured less than 30%. The weight loss 
of gravel and sand aggregates in the soundness sulfate 
sodium test is about 2% and 10%, respectively. Besides, 
other qualitative specifications of native soil such as 

chemical components, needle and platy shape particles, 
clay lumps, friable particles, and organic impurities, lie in 
an acceptable range, and the native soil can be used as 
the aggregates in concrete from the aspect of aggregate 
quality.

Even though the satisfactory quality of soil grains, the 
results of apparent density [33, 34], oven-dried density, 
and water absorption tests (Table 2) indicate that solid 
grains of the native soil have a high degree of water 
absorption and low bulk density. The soil grains are origi-
nally formed by the destruction of the welded tuff bed-
rock, and the native soil is mainly composed of angular-
shaped grains with intra-void porosity, which are seen in 
the scanning electron microscope (SEM) image of grains 
(Fig. 4). These porosity spaces cause high water absorption 
of the grains in order of 5%. Moreover, Marand city (the 
location of the CSG check dam) has cold weather in the 
winter and becomes warmer in summer, and the average 
long-term temperature of the city varies between − 12 °C 
in winter and 37 °C in summer. The high amount of water 
absorbed inside the grains may be frozen in winter and 
melted in the warm season. These frequent F-T cycles may 
break down and crush the grains. The result of the F-T test 
of aggregates conforms to the high susceptibility of grains 
to cracks in F-T cycles, which will be presented later.

The Portland type II cement is used as the cementa-
tion agent in the CSG mixture and has a Blaine value of 
2974 (cm2/gr) and initial and final setting times of 116 
and 175 min, respectively. The chemical composition of 
the cementing agent is presented in Table 3.

To select the best proportion of cement content 
within the CSG mixture, the native soil is blended with 
different cement contents of 5%, 7.5%, 10%, and 12.5%. 
The cement content corresponds to the weight ratio of 
dry cement to the dry weight of native soil fraction. In 
the first step, the key parameters of the CSG mixtures 
with different cement contents are determined and com-
pared to determine the effect of cement content. These 
key parameters consist of the MDD and OWC relating to 
the compaction, stiffness and strength, strength evolu-
tion with curing time, and permeability. To this end, the 
compaction, uniaxial compressive strength, and perme-
ability tests are conducted for all mixtures. Besides, the 
compaction and permeability of individual soil (with-
out cementing agent) are determined and compared 
with the CSG mixtures. In the next step, the durability 
of the individual soil and stabilized soils with all ranges 
of cement contents are examined in sequence cycles of 
freeze–thaw. Besides, the strength of the mixture with 
10% cement is measured after subjecting to the F-T 
cycles. To interpret the effect of the F-T cycles on the 
strength variation of the mixture after encountering F-T 
cycles, the microstructure of a mixture with 10% cement 

Fig. 2   The CSG check dam in the Marand city of Iran during con-
struction

Fig. 3   The particle size distribution of soil fraction in the mixture
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is surveyed after some F-T cycles. To this end, the scan-
ning electron microscope (SEM) images of the mixtures 
are prepared and the deterioration of cement paste com-
pounds is investigated.

The MDD and OWC of all mixture designations are 
determined following the ASTM D558 [35]. According to 
the standard procedure, the aggregates of native soil are 
separated into coarse and fine fractions based on pass-
ing and retaining on a sieve No. 4. The coarse fraction of 
the native soil is saturated but the surface of aggregates 
is dried to achieve the saturated surface dried (SSD) state. 
The fine fraction of native soil is dried. Then, the predeter-
mined weight of cement is added to the fine fraction of 
native soil. The dry mixture is carefully blended to make a 
high degree of uniformity. Next, water is added to the dry 
admixture, and then the coarse fraction of the native soil 
in the SSD state is added to the wet admixture to prepare 
the final state of the mixture. By preparing numerous fresh 

mixtures with different water contents, the dry density of 
the fresh mixture is measured for a range of moisture con-
tents. Then, the OWC and MDD are determined from the 
dry density-moisture curve.

The test specimens of the UCS test are prepared with 
the aforementioned procedure, and the fresh mixture 
with OWC is compacted in a cylindrical mold with a 
height of 30 cm and a diameter of 15 cm to achieve the 
maximum density. Then, the samples are cured within the 
moisture room under a constant room temperature and 
full humidity condition for two periods of 7 and 28 days, 
After completing the curing process, the UCS is measured 
for all mixture designations following the procedure of the 
ASTM D1633 standard [36]. The loading jack in the UCS test 
apparatus is controlled by a stress rate of 120 kPa/s which 
falls within the acceptable range of the ASTM standard.

The hydraulic conductivity of the cemented mixtures 
is measured in a flexible wall permeameter chamber 

Table 1   The list of the key tests conducted for the CSG mixtures and specimen specifications for each test

Test name CSG mixture 
or native soil

Curing time (day) Cement content in 
the mixture (%)

Specimen diameter 
(cm) or base 
dimension (in cm)

Specimen height 
(cm)

Test standard

Permeability 
(flexible wall 
chamber)

CSG mixture 14 and 28 days 5, 7.5, 10 and 12.5% 10 20 ASTM D5084 [37]

Permeability (rigid 
wall chamber)

Native soil – – 10 10.3 ASTM D5856 [43]

Uniaxial 
compression 
strength

CSG mixture 7 and 28 days 5, 7.5, 10 and 12.5% 15 30 ASTM D1633 [36]

Uniaxial 
compression 
strength after 
freeze–thaw 
cycles

CSG mixture 7 days 10% (four 
specimens)

15 30 ASTM D1633 [36]

Compaction CSG mixture Fresh state 5, 7.5, 10 and 12.5% 10.1 11.6 ASTM D558 [35]
Compaction Native soil – – 10.1 11.6 ASTM D698 [31]
Freeze–thaw 

durability
CSG mixture 7 days 5, 7.5, 10 and 12.5% Cubic 

(10 cm × 10 cm)
Cubic (10 cm) ASTM D560 [38]

Freeze–thaw 
durability

Native soil – – AASHTTO T-103 [44]

Table 2   The apparent density, 
bulk density, SSD state density 
and water absorption of native 
soil aggregates (in accordance 
with ASTM C127 [33] and 
ASTM C128 [34]

Soil fraction Apparent density 
(kN/m3)

SSD density (kN/
m3)

Oven-dry  
density (kN/m3)

Water  
absorption (%)

Sand 26.87 25.10 24.12 4.20
Gravel (the grains with 

diameters finer than 
2.54 cm sieve)

26.77 24.41 23.04 5.88

Gravel (the grains with 
diameters coarser than 
2.54 cm sieve)

25.69 24.02 22.94 4.65
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following the ASTM D5084 standard [37]. The specimen 
of the hydraulic conductivity test has a cylindrical shape 
with a diameter of 10 cm and a height of 20 cm and is com-
pacted with maximum density. After curing the samples 
for two ages of 14 and 27 days by submerging in a water 
pool, the hydraulic conductivity is measured at these cur-
ing ages. During the hydraulic conductivity test, the hard-
ened mixture is covered by a thin latex membrane and 
installed inside a large-scale cell. Then, the test specimen 
is saturated by circulating distilled water from the sample 
bottom to the upper cap. To achieve full saturation in the 
sample, a back pressure of 200 kPa is kept in the test sam-
ple until the test termination. By this method, the target 
B-value of 95% is adjusted in the sample. In the next step, 
water under a constant head of 244 mm flows from the 
sample bottom and the discharge is measured throughout 
the sample upper cap. Thus, the hydraulic conductivity of 
the mixture is measured with the constant head method.

The F-T durability of the CSG mixtures is examined 
following the procedure of ASTM D560 [38]. In this test, 
two cubic samples with identical conditions are prepared 

for each mixture designation and cured inside the moisture 
room for 7 days. Then, both samples are subjected to 12 
cycles of freezing and then thawing. In each cycle, both 
samples are kept in the freezing box at -23 °C for 24 h. 
Then, the samples are brought out and kept in the melting 
condition at 21 °C for 24 h. After each cycle, one sample is 
brushed with a wire scratch brush, followed by measuring 
the volume loss of the sample. Besides, the second sample 
is frequently weighted for measuring weight loss. The 
weight loss of all mixture designations after each F-T 
cycle is determined by dividing the difference between 
the current and the initial weights by the initial weight. 
To evaluate the effect of the F-T cycles on the mechanical 
behavior of the CSG mixture, the compressive strength of 
the mixture with 10% cement content is measured after 
the 6th, 8th, and 12th cycles and compared with the intact 
mixture.

3 � The key specifications of CSG mixtures

3.1 � Compaction test results

The graph of dry density versus moisture content for all 
CSG mixtures is presented in Fig. 5. Moreover, the graphs 
of MDD and OWC of mixtures with various cement con-
tents are presented in Fig. 6. The compaction graph of CSG 
mixtures is separately distinguished in all ranges of water 
contents, and the mixture with the greater cement content 
has the higher density at all levels of moisture content. 
This result implies that the cementing agent facilitates the 
densification of the fresh mixture in all ranges of water 
contents. Thus, the MDD and OWC of mixtures are related 
to the cement content in such a manner that the MDD 
and OWC increase by increasing the cement content in the 
mixtures. According to the free-drainage specification of 

Fig. 4   The scanning electron microscope (SEM) image of soil grains

Table 3   The total chemical compositions (in percent) of cement 
agent

Si2O Al2O3 Fe2O3 CaO MgO SO3

21.7 4.7 3.6 63.6 3.5 2.9

Fig. 5   The dry density–water content graph of CSG mixtures in 
compaction test
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the native soil (due to less fine-grained content), the maxi-
mum compaction state of native soil should be measured 
with the vibratory method following the standard of ASTM 
D4253 [39]. However, the compaction test of the native 
soil is conducted with a similar tamping procedure used 
for the CSG mixtures to compare the results. The MDD of 
all CSG mixtures becomes greater than that of the native 
soil, and the dry density of native soil increases from 19.11 
to 20.36 kN/m3 with an increased rate of 6% after blending 
the native soil with 12.5% cement. In contrast, the OWC 
of mixtures with low cement becomes lower than that 
of the native soil. The densification of grains in the mix-
ture is facilitated and the OWC is reduced as the cement 
paste covers around the native soil grains in the mixture. 
However, a greater amount of water is required to acti-
vate the cement paste after increasing the cement content 
in the mixtures, and the OWC increases in the mixtures 
with higher cement content. It should be noted that all 
CSG mixtures compacted with the OWC withstand in the 
slump test of concrete (Fig. 7), and thus the fresh mixture 
is appropriately compacted under a heavy-duty roller in 
practical conditions.

Based on the compaction test results, the MDD 
and OWC of the CSG mixtures increase up to 10% by 
increasing the cement content from 0 to 12.5%, and thus 
the compaction of the fresh cemented mixture does 
not considerably depend on the cement content. This 
consequence was previously observed for the compaction 
of clay soil treated by cement [40–42].

3.2 � Uniaxial compressive strength of mixtures

In contrast to the compaction test, the strength and stiff-
ness of the CSG mixture are directly associated with the 
cement content. The stress–strain graph of mixtures with 
different cement contents after a curing age of 28 days is 

shown in Fig. 8. Besides, the UCS and tangential deforma-
tion modulus (measured at a stress level equal to half of 
UCS) for all samples with different curing ages are pre-
sented in Fig. 9. Accordingly, the UCS and deformation 
modulus gradually increase, and in turn, the ultimate 
strain decreases by increasing the cement content. The 
cement content in the mixture influences the general 

Fig. 6   The graph of MDD and OWC for the CSG mixtures with dif-
ferent cement contents

Fig. 7   The slump test of CSG mixture with 12.5% cement content 
and in the fresh state

Fig. 8   The axial stress–strain graph for CSG materials with different 
cement contents after curing age of 28 days
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shape of the strain–stress graph. When the mixture con-
tains a low cement content of 5%, the test sample shows 
greater deformation at the early stages of loading. Then, 
the strain of the sample occurs at a considerable rate at 
the near-peak stress level. On the other hand, the mix-
ture with the highest cement content of 12.5% exhibits 
brittle behavior, and limited deformation is observed in 
the mixture until a stress level equal to half of the peak 
strength. Then, the deformation of the mixture consider-
ably increases and greater strain is developed in the test 
sample. The stress–strain graphs of mixtures with cement 
contents of 7.5 and 10% are similar, and the deformation 
of test samples gradually occurs at a near-constant rate.

The evolution of compressive strength with the curing 
age of the CSG mixture is related to the cement content. 
The curing process of the mixture with 5% cement has 
less influence on the evolution of strength, and the long-
term strength after a curing age of 28 days is raised about 
1.38 times compared to the sample with the curing age of 
7 days. However, when the mixture contains 12.5% cement, 
the compressive strength is more enhanced with the curing 
period, and the strength of the sample with a 28-day curing 
age is raised about 2.14 times than the sample with 7-day 
curing age. The effect of curing age is more distinctive 
in the deformation modulus of mixtures. The rate of 
increase in the deformation modulus with curing age is 
directly related to the cement content. The difference of 
the deformation modulus of the mixture with 5% cement 
between two curing ages of 28 and 7 days is only 646%. 
However, the deformation modulus of the sample with 
12.5% cement and a 28-day curing age is raised about 37.49 
times greater than the sample with a curing age of 7 days. 
By comparing the deformation modulus and compressive 
strength of the mixtures with different cement contents 
between two curing ages, it can be summarized that the 
resistance and stiffness of mixtures are slowly improved 
by increasing the cement content in the mixture at the 

early curing age. However, when the hydration process is 
completed after 28 days, the resistance and stiffness of the 
mixture significantly increase with increasing the cement 
content.

The cement content not only influences the values of 
strength and stiffness of the CSG mixtures but also gov-
erns the failure type of the sample. The failure mode of 
the mixtures with the cement contents of 5, 7.5, and 12.5% 
at a curing age of 28 days is shown in Fig. 10. When the 
mixture has the lowest cement content, the sample bursts 
under the peak compressive stress, and most of the bonds 
between the grains that are imposed by the cementation 
process are broken. Thus, the mixture loses most of the 
artificial cohesion and tends to show continuous large 
deformation until reaching the ultimate state. The gradual 
break of bonding between grains causes a regular increase 
in sample strains from the early stage of loading, which 
imposes a ductile behavior in the sample. However, the 
failure mode of the mixture with 12.5% cement is differ-
ent from that with low cement. In other words, while the 
bonding between most of the grains in the mixture with 
a high cement content is kept in an unbroken condition, 
a major vertical slip surface is established in the sample 
under axial loading and causes the sample to fail. Before 
emerging the slip surface in the sample, the test specimen 
shows low strains under loading. However, large strains are 
gradually developed in the sample at the same time with 
emerging the major slip surface in the sample.

3.3 � The hydraulic conductivity of CSG mixtures

The graph of the hydraulic conductivity of the CSG mixture 
with different cement contents cured at two ages of 14 
and 28 days is shown in Fig. 11. Furthermore, the perme-
ability of pure sand with no cementing agent is shown 
in this figure which is measured via a rigid wall chamber 
of permeameter following the standard of ASTM D5856 

Fig. 9   The graph of uniaxial compressive strength (UCS) (a) and deformation modulus (b) versus cement content for CSG mixtures at two 
curing ages
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[43]. The cementing agent not only imposes a cohesion 
between grains and improves the strength of the mix-
ture but also fills the void volume within the mixture, 
and reduces the permeability of the CSG mixture. The 
descending trend of the mixture permeability with the 
cement content exists in both curing ages. However, the 
intensity of the cementing agent’s impact on the perme-
ability reduction is more characteristic in the mixture 
with an age of 28 days than the curing age of 14 days. For 
instance, the permeability declines from 9.48 × 10–4 cm/s 

to 9.64 × 10–5  cm/s by increasing the cement content 
from 0 to 12.5% at the curing age of 14 days. To compare 
the effect of the cement content on the permeability of 
the CSG mixtures, the permeability of the CSG mixture 
with a specific cement content is divided by that of the 
pure native soil that is not blended with cement, which is 
called the ratio of permeability. The ratio of permeability 
parameter is used to compare the efficiency of cement for 
reducing the permeability of the CSG mixture. The ratio of 
permeability of the CSG mixture with 12.5% cement to the 

Fig. 10   The failure mode 
of CSG material in uniaxial 
compression test at the age 
of 28 days; a 5% cement, b 
7.5% cement, c 10% cement, d 
12.5% cement
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permeability of the untreated native soil becomes about 
0.102. Besides, the ratios of permeability of the mixtures 
with the cement contents of 5% and 10% at a curing age 
of 14 days to the permeability of untreated native soil are 
0.363 and 0.208, respectively. In contrast, the ratios of per-
meability of CSG mixtures with cement contents of 5%, 
10%, and 12.5% after a curing age of 28 days to the perme-
ability of the untreated native soil reduce to 0.247, 0.074, 
and 0.041, respectively. This fact implies that the efficiency 
of the cementing agent in the reduction of mixture perme-
ability is improved after hardening the cemented mixture, 
and more pore spaces in the mixture are blocked by the 
cement gel after completing the hydration process.

4 � Durability of the CSG mixtures

4.1 � Freeze–thaw durability of native soil grains

For examining the durability of CSG mixtures, the 
durability of individual aggregates of the native soil 
against the F-T cycles is examined with method A 
introduced in the AASHTTO T-103 procedure [44]. In this 
test, the dried aggregates are separated on the specified 
sieves, and the initial weight of retaining on the ith sieve 
is measured and denoted by Bi. After immersing the grains 
inside the water, the fully submerged aggregates are 
subjected to 50 cycles of F-T. After completing all F-T 
cycles, the soil aggregates were dried and passed through 
the identical sieves again, followed by weighting the 
retaining on ith sieve (denoted by Ci for each sieve). The 
weight loss percentage of separate aggregates on each 
sieve is calculated by subtracting the final and initial 
weight of retaining on the ith sieve and dividing by the 
initial retaining weight (i.e. Di =

Bi−Ci

Bi
× 100 ). The total 

weight loss of both gravel and sand fractions of native soil 
are separately calculated by the following equation.

where the (Ai − Ai−1) is the difference of the retaining per-
centage of initial soil between two sequent sieves. The 
sand and gravel fractions are referred to as the passed and 
retained on a No. 4 sieve, respectively.

The weights of the aggregates retaining on the various 
sieves before and after the latest cycle of F-T are presented 
in Table 4. Moreover, the calculated weight loss for both 
gravel and sand fractions is presented in this table. As 
seen, the aggregates exhibit considerable weight loss after 

(1)

E =
∑

(

Di

)

∗
(Ai − Ai−1)

Gravel or sand fraction percentage in initail native soil

Fig. 11   The permeability graph of CSG material with different 
cement content after ages of 14 and 28 days

Table 4   The result of freeze–thaw test for the native soil aggregates

Sieve size (mm) Initial passing 
percent (%) (A)

Weight of soil grains retaining on each sieve Calculated total weight loss 
percentage of each fraction 
(%) (E)Before 

test (B) 
(gr)

After 
test (C) 
(gr)

Weight loss for retaining on 
each sieve (D = (C-B)/B × 100) 
(%)

Coarse fraction (gravel) 19 100.0 0 0 0.0 14.34
12.5 62.2 674 674 0.0
9.5 43.7 330 330 0.0
4.75 26.9 300 113 62.3

Fine fraction (sand) 2.36 20.2 120 55 54.2 69.17
1.18 13.5 120 19 84.2
0.6 6.7 120 27 77.5
0.3 0.0 120 47 60.8

Passing through No. 60 
sieve (0.3 mm)

0 0 519
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50 cycles of F-T. Even though the maximum acceptable 
limit for F-T loss of aggregates for use in the road embank-
ment is restricted to 10%, the gravel and sand aggregates 
lost about 14% and 69% of their original weights due to 
fragmentation and splitting, and the majority of soil grains 
are transformed to small-size grains passed through the 
No. 60 sieve. Thus, the soil aggregates are severely dam-
aged after frequent F-T cycles. This fact implies the weak 
nature and low resistance of the original coarse-grained 
sand soil under the environmental effect, especially the 
frost-thaw event. To utilize this soil in the embankment, 
therefore, the durability of native soil under the F-T effect 
is improved by blending with cement additive.

4.2 � Freeze–thaw durability of the CSG mixtures

The weight loss graph of the CSG mixtures under the F-T 
cycles is plotted in Fig. 12a. The weight of all mixtures 
decreases as they undergo the F-T cycles. However, the 
rate of weight loss with proceeding with the F-T cycles 
completely depends on the cement content of mixtures. 
The weight-loss trend of the mixtures with 5 and 7.5% 
cement is similar, and the deterioration of mixtures occurs 
at a similar intensity in all F-T cycles. However, when the 
cement content increases in the mixture, the form of the 
weight loss graph fairly differs. The weight loss graph for 
the mixtures with a cement content greater than 10% has 
a bilinear form, and the rate of the weight loss varies after 
the 4th cycle. In earlier F-T cycles, samples deteriorate at 
a comparatively fast rate and the weight loss graph has a 
greater slope. However, the rate of weight loss decreases 
after the 4th cycle, and the graph tends to the near hori-
zontal slope. The reason for the change in the weight loss 
rate may be the completion of the hydration process in 
the mixtures with greater cement content. As thought in 
the interpretation of the results of the uniaxial compres-
sion test, the strength of the mixture with a high cement 
content significantly increases with the curing time as 

the hydration process, and the cementation bonding 
between grains is mostly completed. This phenomenon 
is responsible for reducing weight loss after advancing a 
specific cycle of F-T. A similar consequence was observed 
in the F-T durability test of the clay soil stabilized with the 
cement, where the degradation rate of the cemented clay 
soil decreased after the 5th cycle of F-T [8]. Moreover, de 
Jesús Arrieta Baldovino et al. [45] reported that character-
istic loss of mass of cemented silty sand in F-T test con-
siderably decreased after 5th cycle of F-T. This trend was 
observed in mixtures with different cement contents and 
compaction degree. However, the reduction rate of mass 
loss after 5th cycle of F-T is more distinctive in mixture with 
low cement content.

The volume change of samples after each cycle of F-T 
is shown in Fig. 12b. The irregular shape of the volume 
change graph in all mixtures may be referred to as the 
irregular shape of mixtures after each step of brushing 
which imposes a discrepancy in the volume measurement 
of samples. The cement content in the mixture has a 
significant influence on the volume change graph. All 
samples exhibit expansion at earlier stages of F-T. Then, the 
volume of samples declines the degradation of the samples 
after the last cycles, and the dimensions of samples 
decrease under the brushing action. The main cause of 
the initial expansion of the CSG mixture at early cycles of 
F-T may be referred to as the absorption and movement 
of moisture within the cemented mixture at the thawing 
part of the cycle. The investigations of Ishikawa et  al. 
[46] indicated the movement of moisture from the grain 
inside to the grain surface of cemented sands during the 
thawing phase in early F-T cycles. The moisture migration 
in soil grains in the thawing phase increases the free water 
content on the particle surface caused by freeze–thaw. In 
the next F-T cycles, the soil structure is deteriorated by the 
frost expansion of pore water in the surface leading to a 
decrease in the sample volume due to the separation of 
the grains from the cemented mixture surface. The initial 

Fig. 12   The weight loss (a) and volume loss (b) of CSG mixtures after freezing–thawing cycles
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expansion behavior is more considerable in the mixtures 
with a high cement content and, in turn, the volume 
reduction during the latest cycles is found with greater 
intensity in the mixtures with less cement content. The 
mixture with a cement content of 5% showed very slight 
expansion in earlier F-T cycles, and in turn, the greatest 
volume reduction occurred in this mixture due to the 
deterioration in the last F-T.

The final results of the F-T test for all mixtures which 
is thought as the weight loss percentage after the 12th 
cycle are presented in Table  5. As with the uniaxial 
compression test result, the F-T resistance of mixtures with 
cement contents of 5 and 7.5% becomes close and similar. 
However, the mixture with 12.5% cement has the greatest 
resistance against the F-T effect.

5 � Some considerations on the durability 
of the CSG mixtures

The F-T test result of native soil indicates that the indi-
vidual aggregate grains are effortlessly broken under F-T 
cycles. However, the durability of stabilized coarse-grained 
soil under the frost-thaw effect is improved after blending 
with the cementing agent. According to the total weight 
loss of CSG mixtures after 12 cycles of F-T (Table 5), the 
weight loss due to F-T becomes below 5% for all mix-
tures. This value is the threshold limit for the soil–cement 
mixture to be used as an upstream protection layer in 
the embankment [47]. The upstream protection layer is 
employed to withstand the high waves of the dam res-
ervoir and should be robust against the severe environ-
mental effect. When the CSG material satisfies the require-
ments for the protection layer of earthfill dams, this type 
of stabilized soil can be employed as the filling material of 
hardfill embankments. However, the sequence cycles of 
F-T can impose a noticeable weakness in the mechanical 
performance and microstructure of the cemented material 
inside the dam body. To this end, the uniaxial compres-
sive test is conducted on three samples of the CSG mix-
ture with 10% cement that undergoes the 6th, 8th, and 
12th cycles of F-T. The UCS values of these samples under 
6, 8, and 12 cycles of F-T are measured as 2.32, 2.12, and 
1.73 MPa, respectively. The intact mixture, which does not 
experience any F-T cycle, has a UCS of 2.702 MPa. Compar-
ing the result indicates that the sequence cycles of the F-T 

event reduce the strength of the CSG mixture in order of 
14%, 21.5%, and 36% after the 6th, 8th, and 12th cycles 
of F-T, respectively. A descending trend is observed for 
the deformation modulus, and after the same number of 
F-T cycles, the deformation modulus decreases about 24, 
30, and 41%, respectively. A similar decreasing trend was 
reported for the strength of other cemented soils after F-T 
cycles.

To investigate the effect of the F-T cycles on the perfor-
mance of the CSG mixtures, the microstructure of the CSG 
mixture with 10% cement is analyzed after encountering 
6, 8, and 12 cycles of F-T, and the scanning electron micro-
scope (SEM) images of the mixtures are shown in Figs. 14, 
15 and 16, respectively. Besides, the microstructure of the 
intact CSG mixture (with no F-T cycle) is shown in Fig. 13. 
By completing the hydration process in the CSG mixtures 
at an earlier time, some new products such as Portland-
ite (calcium hydroxide (CH) with a chemical formula of 
Ca(OH)2), initial ettringite, CSH (calcium-silicate-hydration), 
and other complexes are emerged within the hardened 
Portland cement pastes [48]. The initial ettringite emerges 
in the intact mixture after the initial hydration phase in the 
mixture and appears as a form of the long and narrow nee-
dle shape (Fig. 13b) [49]. Portlandite is another hydration 
product that is exhibited as a hexagonal thin sheet in the 
SEM images of the CSG mixture (Fig. 13b) [49]. CSH is one 
of the key products of the cement hydration process that 
is responsible for bonding and strength evolution in con-
crete or soil stabilized by cement [50]. The CSH is exhibited 
in the form of sheet and honeycomb, which are detected 
with high brightness in the SEM image (Fig. 13a). As the 
CSH compound fills the internal voids of hydrated cement 
paste, the brightness of the CSH compounds in the SEM 
image increases [48]. Any change in these formations of 
the cement hydration product may lead to changes in the 
strength and structure of the CSG mixture.

It was concluded from previous research [21, 25] that 
the main reason for damage in the cemented soils and 
concrete during the F-T cycles is referred to as a physical 
action of icing expansion within air voids. However, the 
current investigation demonstrates the severe damage 
in the hydrated cement paste after the F-T cycle. When 
the CSG mixture undergoes the F-T cycles, the formation 
and intensity of hydration products vary, and these forma-
tions are decomposed into other elements. After the CSG 
mixture experiences six cycles of F-T, the initial ettringites 

Table 5   The freeze–thaw test 
result for CSG mixtures

Mixture designation Mixture #1 Mixture #2 Mixture #3 Mixture #4

Cement content 5% 7.50% 10% 12.50%
Weight loss percent after 12 

freeze–thaw cycles
3.89 3.31 1.86 0.95
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are disintegrated and their size and intensity are reduced 
(Fig.  14b and c). The stability of initial ettringites and 
monosulfate in the cemented soils and concrete depends 
on the internal temperature and pH of the mixture [51]. 
When the cemented soil is subjected to a very low temper-
ature during the freezing phase, the initial ettringites and 
monosulfate phases are decomposed in the CSG mixture 
(Fig. 14b, c), and the SO4

2− ion is released from the ettrin-
gites. This issue was firstly observed in concrete by Stark 
et al. [52] and Stark [53]. The breakdown of initial ettringite 
is observed in the mixtures subjected to the 8th and 12th 
cycles (Figs. 15b, 16b).

After decomposition of the initial ettringites and 
monosulfate in the mixture, the F-T cycles primarily 
influence the CSH compound and most CSH compounds 
are disintegrated. As seen in the SEM image of the mixture 
under the 6th cycle (Fig.  14a), the intensity and the 
extension of bright honeycomb sheets of CSH decreased. 
The degradation of the CSH compound is progressively 
intensified in the next cycles of F-T, and a low quantity of 
the CSH compounds with high brightness is detected in 
the mixture under the 8th F-T cycle (Fig. 15a) and the 12th 
F-T cycle (Fig. 16a). When the sulfate ion is released after 
decomposing the initial ettringites within the mixture due 
to the F-T cycle, this free sulfate ion attacks on the CSH 
compounds and the Ca2+ ions of the CSH compound are 
released. Collepardi [54] showed a similar sulfate attack on 
the CH and CSH compounds in the conventional concrete, 
which leads to producing gypsum and delayed ettringite. 

Thus, the CSH complex is weakened in the mixture after F-T 
cycles. This issue can be found in the EDX analysis of SEM 
images (Table 6). After degradation of CSH, the amount 
of Ca2+ ion gradually increases in the next F-T cycles, and 
all mixtures subjected to F-T cycles have higher Ca2+ ions 
than the intact mixture. The free sulfate ion combined 
with the accessible moisture and some amount of Ca+2 
ions in the mixture produced the gypsum and delayed 
ettringites. The delayed ettringite plays a destructive role 
in the cemented mixture and can accelerate the sulfate 
attack in the cemented soil and concrete [54, 55]. The 
gypsum is mainly observed in the form of a dark sheet 
[56] around the initial ettringites. This phenomenon is 
shown in Figs. 14c, 15c, and 16c for the mixtures under the 
6th,8th, and 12th cycles of the F-T, respectively. A similar 
emergence of delayed ettringite was previously observed 
in the other cemented soil subjected to the F-T cycles [25].

At the same time with diminishing the CSH and ini-
tial ettringite in the mixture subjected to F-T cycles, 
some new micro-cracks have emerged within the C3A 
compound of the hydrated paste. Besides, considerable 
new pore spaces are developed within the cement paste. 
The C3A compound is another product of decomposi-
tion of initial ettringite that is detected in the form of 
a dark cube that mainly occupies the cemented paste 
[54, 56]. Furthermore, the disintegration of initial ettrin-
gite and monosulfate compounds leads to the release 
of the interlayered water retained inside the hydration 
paste [52–54]. This moisture is kindly transformed into 

Fig. 13   The scanning electron microscope (SEM) images of intact mixture with 10% cement and no F-T cycle: a 500× magnification, b 5000× 
magnification
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free water and migrates from the hydrated paste to the 
void space of the mixture. When the free water and other 
prevailing moistures (which are mainly migrated from 
the soil grains at thaw phase [46]) are frozen during the 
freezing stage of the F-T cycle, the extra volume of ices 
inside the pore space imposes new micro-cracks inside 
the C3A compound of cement paste. The size of these 
new void spaces is very limited in the earlier 6th cycle 
of F-T (Fig. 14b). As the mixture suffers further cycles of 
F-T, the extension and number of micro-cracks increase 

(Fig. 15b). At the 12th F-T cycle, a long crack with consid-
erable width is observed (Fig. 16b). These cracks intro-
duce a weakness in the structure of cemented mixture 
and reduce the strength of the mixture. Developing 
micro-cracks were observed in other cemented soils 
encountering F-T cycles [22]. Besides, de Jesús Arrieta 
Baldovino et al. [45] postulated that F-T cycles weakened 
the cement hydrated paste in the cemented soil which 
have a negative impact on the filling in soil pores and 
bonding between grains.

Fig. 14   The scanning electron microscope (SEM) images of mixture with 10% cement subjected to the 6th F-T cycle: a 500× magnification, b 
5000× magnification, c 30,000× magnification
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The analyses of SEM images of the CSG mixture 
subjected to various F-T cycles imply that four factors 
including disintegration of the CSH complex, imposing 
new pore space and micro-cracks, releasing free water, 
and establishing the secondary ettringite and gypsum 

are the main reasons that reduce the strength and stiff-
ness of the CSG mixtures after encountering to the F-T 
cycles.

Fig. 15   The scanning electron microscope (SEM) images of mixture with 10% cement subjected to the 8th F-T cycle: a 500× magnification, b 
5000× magnification, c 30,000× magnification



Vol:.(1234567890)

Research Article	 SN Applied Sciences           (2022) 4:169  | https://doi.org/10.1007/s42452-022-05062-4

6 � Conclusion

The freeze –thaw durabil ity,  permeabil ity,  and 
compressive strength of cemented sand-gravel mixtures 
were investigated in this paper. The test results can be 
summarized as follows:

•	 The compaction test results are not significantly influ-
enced by the cement content of mixtures. However, 

the MDD and OWC slightly increase by increasing the 
cement content. These results can be expected in many 
cemented soils.

•	 The result of the UCS test is completely related to the 
cement content that is confirmed by previous stud-
ies. The mixture with a greater cement content shows 
higher strength and greater deformation modulus 
and exhibits brittle behavior with small ultimate 

Fig. 16   The scanning electron microscope (SEM) images of mixture with 10% cement subjected to the 12th F-T cycle: a 500× magnification, 
b 5000× magnification, c 30,000× magnification
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strain. Comparable compressive strength is found in 
mixtures with cement contents of 5 and 7.5%.

•	 The compressive strength and deformation modulus 
of the mixture with higher cement are considerably 
raised in the later curing aging. In turn, the strength 
and stiffness of the mixture with less cement 
comparatively increase with a lower rate after the 
28-day curing age. This issue can be expected for 
more general cases of CSG mixtures.

•	 The aggregates of the native soil in mixtures have 
high intra-void space. This causes the grains to own 
a high degree of water absorption and, thus, have a 
considerable weight loss after being subjected to 50 
cycles of the freeze–thaw.

•	 According to the results of the freeze–thaw test 
conducted for the specific case of the current 
research, the weight loss of all mixtures with 
different cement contents is less than 5%, which is 
the threshold limit for the soil–cement embankment.

•	 The freeze–thaw durability of mixtures considered 
for the case study of the current research directly 
increases with the cement content. Moreover, in 
a mixture with higher cement content, the rate 
of degradation in the freeze–thaw test decreases 
after the 4th cycle. However, the degradation of the 
mixture with less cement occurs at a similar rate in all 
cycles.

•	 Even though the low resistance of native soil grains 
during the freeze–thaw test, the resistance, and 
durability of the soil are improved after stabilization 
with cement. The compressive strength and durability 
are similar to mixtures containing cement contents 
of 5 and 7.5%. However, in the mixtures with cement 
contents greater than 10% in the current research, 
the strength and durability increase with increasing 
cement content.

•	 According to the microstructure analysis of the mixture, 
the F-T cycles influence the hydrated cement paste, and 
the key products of the hydrated cement are decom-
posed and disintegrated. This issue is a universal con-

clusion that can be generalized for the cemented soils 
subjected to the F-T cycles.

•	 In general state, it is recommended that the dam 
designers should concern about the reduction effect 
of the frost-thaw event on the mechanical response 
of hardfill dams. In the current research, the reduction 
factor of up to 40% is obtained for applying the meas-
ured strength of the CSG mixture in normal laboratory 
conditions to account for the effect of the freeze–thaw 
event in practical conditions.

•	 It is strongly suggested to study the F-T durability of the 
CSG mixtures prepared with different initial conditions 
in the future. For instance, the curing temperature and 
aging may affect the durability of the CSG mixtures and 
should be investigated.
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