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a b s t r a c t
Freeze–thaw cycling is a weathering process which occurs in cold climates during winter and spring. At temperatures just below 0 °C, ice lenses which tend to form in free spaces between soil aggregates, force them apart and
end up the alteration of characteristic structures in micro and macro scales. In most of the previous studies,
changes in physical and chemical properties of soils were investigated. This study was conducted to manifest
the effect of using polypropylene ﬁbers in a ﬁne grained soil during freeze–thaw cycles. A clayey soil, reinforced
with 0.5, 1 and 1.5 percentages of polypropylene ﬁbers, was compacted in the laboratory and exposed to a maximum of 9 closed-system freeze–thaw cycles. It has been found that for the investigated soil, unconsolidated undrained triaxial compressive strength of unreinforced soil decreases with increasing the number of freeze–thaw
cycles, whereas reinforced sample shows better performance and the strength reduction amount decreases from
43% to 32% by reinforcing the soil samples. This effect is caused by acting polypropylene ﬁbers as tensile elements
between the soil particles as it is demonstrated with scanning electron microscope (SEM). In addition reinforcing
can also reduces the effect of freeze–thaw cycles on the changes of cohesion of the soil.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
In cold climates, soils, especially on shallow depths, are exposed to
freeze–thaw cycles every year. These cycles considerably change the engineering properties of soils. During soil freezing, ice lenses which tend
to form in free spaces between soil aggregates, force them apart and end
up the alteration of characteristic structures in micro and macro scales.
The conditions of ice segregation in frozen soils mainly depend on
freezing factors such as temperature, soil types and available free water.
Soil behavior due to freeze–thaw cycles was investigated in numerous studies as in the permafrost regions these cycles reduced the sufﬁciency of soil structures. In Canada it has been found that the
embankment constructed on soil which has never experienced freeze–
thaw cycles, was damaged in just one year due to the loss of bearing capacity (Leroueil et al., 1991). Therefore, newly constructed highway embankments that are left unpaved for a few years may be subjected to
possible damages by freeze–thaw cycles (Eigenbrod, 1996).
Qi et al. (2006) reviewed the latest efforts which were done to investigate the inﬂuence of freeze–thaw cycles on soil properties. They summarized these inﬂuences in two parts: physical properties such as
density and hydraulic permeability and mechanical properties such as
ultimate strength, strain–stress behavior and resilient modulus. As
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mentioned in this research, loose soils tend to be densiﬁed and dense
soils become looser after freeze–thaw cycles and both loose and dense
soils may attain the same void ratio after a number of cycles (Konrad,
1989). By increasing the large pores that are left after the thaw of ice
crystals, permeability will increase (Chamberlain et al., 1990). These cycles reduce the ultimate strength of soils. All over-consolidated soils exhibit a peak on the triaxial stress–strain curve that is reduced or may
even disappear (Graham and Au, 1985). Resilient modulus is one of
the most important factors in pavement designs that will be reduced
signiﬁcantly by even a small number of freeze–thaw cycles (Simonsen
and Isacsson, 2001). In addition, these cycles decrease the undrained
shear strength considerably which is an important factor in engineering
properties of ﬁne-grained soils (Graham and Au, 1985).
It is worth mentioning that the changes of soil microscopic properties during freeze–thaw cycles result in the changes of engineering
characteristics of soils. These microstructural changes have been investigated through SEM (scanning electron microscope) and it was found
that a very signiﬁcant increase of the permeability of clayey soil was observed after freezing and thawing (Hohmann-Porebska, 2002) and also
the soil becomes looser as the equivalent diameter decreases (Cui et al.,
2014).
In addition to static mechanical parameters of soil, the dynamic
characteristic changes of soil have been recently considered during
freeze–thaw cycles. Wang et al. (2015) found that the dynamic modulus
of a silty soil greatly decreases, whereas the damping ratio increases

128

M. Roustaei et al. / Cold Regions Science and Technology 120 (2015) 127–137

with additional freeze–thaw cycles; and changes level off after the sixth
cycle. The dynamic properties after 6–7 freeze–thaw cycles are suggested for use in designing and calculating indexes. These results are
in agreement with the ﬁndings of Cui et al. (2014) who performed dynamic tests on a silty clay.
All above-mentioned research works deal with unreinforced soil.
Along with many applications for soil improvement, there come several
widely varied methods. Taking the inﬂuence of freeze–thaw cycles on
soils into consideration, just a few researchers have contemporarily focused on using additives which can control the effects of these cycles.
Yarbesi et al. (2007) stabilized two granular soils by silica fume–
lime, ﬂy ash–lime, and red mud–cement. Their experimental results
showed that stabilized samples with the mentioned additive mixtures
have high freezing–thawing durability as compared to unstabilized
samples. These additive mixtures which have also improved the dynamic behavior of the soil samples can be successfully used as an additive material to enhance the freeze–thaw durability of granular soils for
road constructions and earthwork applications.
Kalkan (2009) used a ﬁne grained soil stabilized by adding silica
fume which was generated during silicon metal production. The test results showed that the stabilized ﬁne-grained soil exhibits high resistance to the freezing and thawing effects as compared to natural ﬁnegrained soil samples. The silica fume decreases the effects of freeze–
thaw cycles on unconﬁned compressive strength and permeability.
Hazirbaba and Gullu (2010) performed CBR tests to investigate the
inﬂuence of freeze–thaw conditions and also no freeze–thaw conditions
on ﬁne-grained soil samples which were treated with the inclusion of
geoﬁber and synthetic ﬂuid in soaked and unsoaked conditions. The results indicated that the addition of geoﬁber together with synthetic ﬂuid
is generally successful in providing resistance against freeze–thaw
weakening. However, the addition of synthetic ﬂuid alone is not very effective against the detrimental impact of freeze–thaw cycles. The results
from soaked samples subjected to a freeze–thaw cycle show poor CBR
performance for treatments involving synthetic ﬂuid, while samples improved with geoﬁbers alone generally offer better performance. Liu et
al. (2010) conducted dynamic triaxial tests on cement and lime-modiﬁed soils with different blend ratios in freeze–thaw cycles. The results
showed that after repeated freeze–thaw cycles, the modiﬁed soils exhibit better performance than before modiﬁcation, the cement-modiﬁed clay is superior to the lime modiﬁed clay, and all soil mechanical
properties are visibly improved.
Zaimoglu (2010) investigated the effect of randomly distributed
polypropylene ﬁbers on strength and durability behavior of a ﬁnegrained soil subjected to freezing–thawing cycles. The content of polypropylene ﬁber varied between 0.25% and 2% by dry weight of soil in
the tests. It was observed that the mass loss in reinforced soils is almost
50% lower than that in unreinforced soil. It was also found that the unconﬁned compressive strength of specimens subjected to freezing–
thawing cycles generally increases with increasing ﬁber content. In addition, the results indicated that the initial stiffness of the stress–strain
curves is not affected signiﬁcantly by the ﬁber reinforcement in the unconﬁned compression tests.
Ghazavi and Roustaie (2010) reinforced a caolinite clay with steel
and polypropylene ﬁbers and exposed the soil samples to a maximum
of 10 closed-system freeze–thaw cycles. They found that increasing
the number of freeze–thaw cycles results in the decrease of unconﬁned
compressive strength of clay samples by 20%–25%. Moreover, the inclusion of ﬁber in clay samples increases the unconﬁned compressive
strength of soil and decreases the frost heave. Furthermore, the results
of the study indicated that the addition of 3% polypropylene ﬁbers results in the increase of unconﬁned compressive strength of the soil before and after applying freeze–thaw cycles by 60% to 160% and
decrease of frost heave by 70%.
The unconﬁned compression tests have been conducted on clay–
polypropylene mixtures after freeze–thaw cycles in previously mentioned researches. As the conﬁning pressure is a factor which causes

soil particles to move, rearrange, consolidate, and recover soil strength
in a sense, it can be an important factor in determination of soil strength
after freeze–thaw cycles (Wang et al, 2007).
In 2014, the stabilization method of soil, affected by freeze–thaw cycles, attracted increasing attention. Unconﬁned compressive strength
(UCS) of gypsum soil samples (gypsum content of 5%, 10% and 25%) decreases greatly, and samples loose substantially all of their strength
from the 5th cycle but the lime treated samples without gypsum reveal
better durability to freeze–thaw cycles (Aldaood et al, 2014).
The UCS increases with increased bassanite and coal ash contents in
the soil. With respect to freezing and thawing durability, the ﬁrst or second cycle of freeze–thaw, markedly decreases the unconﬁned compressive strength of both treated and untreated cement stabilized soils, but
further cycles have little additional inﬂuence (Shibi and Kamei, 2014).
Finally Güllü and Khudir (2014) showed that although the potential effective rates of the stabilizers are found to be 0.75% jute ﬁber, 0.25% steel
ﬁber and 4% lime for soil stabilization but as the freeze–thaw cycles increase, the UCS values decrease at the treatments, except for the additions of jute ﬁber alone. The jute ﬁber inclusions relatively decrease
the brittleness index toward zero at all freeze–thaw cycles.
Having these results in mind, the present study investigates the effect of conﬁning pressure on the behavior of a ﬁne grained reinforced
soil during freeze–thaw cycles. To this end, the strength of the soil reinforced with 0.5%, 1% and 1.5% of polypropylene ﬁbers was evaluated
through triaxial test with three different conﬁning pressures (30, 60,
and 90 kPa) before and after 0, 1, 3, 6, and 9 freeze–thaw cycles.
2. Materials
In this study, a ﬁne grained soil, classiﬁed as CL in the Uniﬁed Soil
Classiﬁcation System, underwent laboratory tests. Noticeably, the effects of freeze–thaw cycles are more considerable in ﬁne-grain soils in
comparison with sand or gravel (Qi et al., 2006).
The soil properties are presented in Table 1 and its grain size distribution is shown in Fig. 1. Standard Proctor Compaction tests were performed on the soil, and a maximum dry mass density of
approximately 1.78 g/cm3 at optimum moisture content (OMC) of approximately 17.4% was obtained. The specimens are reinforced using
0.5%, 1% and 1.5% of polypropylene ﬁber contents of weight of dry soil.
The properties of the ﬁbers are presented in Table 2.
3. Experimental procedure
This investigation aims at studying the effects of application of polypropylene ﬁbers on the strength changes of highly compressible ﬁne
grained soil compacted at maximum dry density with the optimum
moisture content and subjected to 0–9 freeze–thaw cycles.
In order to ﬁnd out the amount of changes of the soil in these cycles,
four main following steps should be taken for each sample. Some veriﬁcation tests are also carried out in order to examine the repeatability of
the experiment results.
3.1. Sample preparation
All cylindrical samples with 50 mm diameter and 100 mm height
were prepared with the maximum dry unit weight and optimum
water content. To prepare samples, ﬁrstly, the necessary OMC was
determined and mixed with the soil. The soil and the ﬁber amounts

Table 1
Properties of the soil.
Gs (speciﬁc gravity)
Plastic limit
Liquid limit
Plastic index

2.657
36%
20%
16%
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Fig. 1. Grain size distribution of the ﬁne grained soil.

were divided into 4 parts and compacted in the mold. After the removal
of each sample from the mold, the sample is immediately covered with
a plastic layer which helps it against water evaporation.
3.2. Freeze–thaw cycles
To prepare the samples for the closed system freezing and thawing
cycles, specimens were placed in a digital refrigerator at − 20 °C for
6 h and then at +20 °C for thawing phase for 6 h. These temperatures
had been previously used in some researches (Qi et al., 2006). Six
hours is a proportional period after which the alteration of specimens'
height would become constant. This means that the height increase in
freeze phase and the height decrease in thaw phase stop. The cycles
were continued up to 9 cycles. This number of cycles was chosen since
most soil strength reduction would occur in primary cycles and after
5–10 cycles a new equilibrium condition would become predominant
on samples (Ghazavi and Roustaie, 2010).
3.3. Strength testing
After freeze–thaw cycles, strength parameters of the soil were measured in unconsolidated undrained (UU) triaxial compression tests. In
accordance with ASTM D2850-03a, throughout the testing program
the strain rate kept constant at 1 mm per minute.
As the freeze–thaw cycles often occur in surface parts of ground
which is specially connected with road pavement and is subjected
with rapid loading from vehicles, the ﬁne-grained soil with low permeability cannot be drained and consolidated consequently. Therefore, the
UU test is suitable for investigating the behavior of thawing soil subjected to rapid and repeated trafﬁc load at shallow surface.
To simulate these conditions at shallow depths of soil, three different
conﬁning pressures of 30, 60, and 90 kPa have been selected for triaxial
tests.
3.4. SEM images
A scanning electron microscope (SEM) is a type of electron microscope that produces images of a sample by scanning it with a focused
beam of electrons. One of the most surprising aspects of SEM is the
Table 2
Properties of polypropylene ﬁbers.
Fiber

Polypropylene

Length (mm)
Diameter (mm)
Unit weight (kg/m3)

12
0.1
900

apparent ease with which images of three-dimensional objects can be
interpreted by any observer with no prior knowledge of the instrument.
This is somewhat amazing in view of the unusual way in which image is
formed, which seems to differ greatly from normal human experience
with images formed by light and viewed by eyes. In this study the alterations of reinforced and unreinforced ﬁne grained soil samples were directly investigated before and after the cycles by analyzing the SEM
images which were taken from the soil samples.
For the purpose of investigating the interfacial interactions between
the ﬁber surface and soil matrix, several related SEM images are given
from the pure and reinforced soil specimen before and after the
freeze–thaw cycles. Discussing the details of these pictures in the following sections results in ﬁnding the micro-structural changes of the
soil and interactions between the soil particles and ﬁbers during the
cycles.
4. Results
In order to ﬁnd out the detailed changes of mechanical behavior of
pure and reinforced soil inﬂuenced by freeze–thaw cycles, triaxial compression tests have been conducted on unfrozen and thawed soil under
three different conﬁning pressures after the soil was subjected to 1, 3, 6,
and 9 cycles of freeze–thaw.
The variations of stress–strain response of samples are named NCUnRe for unreinforced samples under N freeze–thaw cycles and NCXPRe for reinforced samples with X% of polypropylene ﬁbers subjected
to N freeze–thaw cycles.
4.1. Effect of using polypropylene ﬁbers on mechanical behavior of the soil
before freeze–thaw cycles
Strength of the soil is measured using the UU triaxial test according
to the methodology described in ASTM D2850-03a and the changes of
soil mechanical features after freeze–thaw cycles were investigated. Before any cycles, it is recommended to measure the changes in the ﬁne
grained soil properties due to reinforcing with ﬁbers. Adding polypropylene ﬁbers to soil samples increases the strength considerably as it
is shown in Fig. 2. This ﬁgure indicates the stress–strain curves of reinforced specimen with 0, 0.5, 1 and 1.5% of ﬁbers in the conﬁning pressures of 30, 60 and 90 kPa.
By applying three conﬁning pressures in UU triaxial test and considering the peak of stress–strain curves or the maximum stress till 20%
axial strain as failure strength, the effect of using polypropylene ﬁbers
in increasing the strength of the ﬁne grained soil is clariﬁed in Fig. 3.
It is obvious that the peak stress was generally gone up by increasing
ﬁber content. In comparison with the unreinforced sample, the compression strength of the reinforced sample at 1.5% polypropylene ﬁber
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content increased from 0.73 to 1.18 MPa. It can be concluded that inclusion of 0.5%–1.5% polypropylene ﬁbers results in increasing the failure
strength to about 28%–65%.
It can also be seen that the ﬁber-reinforced soil exhibits more ductile
behavior than the unreinforced soil. Furthermore, in very small strains,
the initial stiffness of the soil appears not to be affected by the addition
of ﬁber. Similar results were also obtained for high plasticity silt
(Zaimoglu, 2010).
Cohesion is one of the most important characteristics of clayey soils
which considerably effects the strength of cohesive soils as clay. The inﬂuence of adding ﬁbers on the cohesion of CL samples is illustrated in
Fig. 4. As seen, the soil cohesion increases about 67%–100% by adding ﬁbers, but by increasing the ﬁber content this increment is reduced. The
cohesion growth is a result of strength increase in soil samples due to
ﬁber addition and plasticity. However, polypropylene ﬁbers, because
of their polymeric material, do not have signiﬁcant cohesion with soil
particles. So the cohesion reduction can be visible by increasing the
ﬁber content in the soil.
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Fig. 2. Stress–strain variation of unreinforced and reinforced samples before freeze–thaw
cycles under three different conﬁning pressures: a) 30 kPa, b) 60 kPa, and c) 90 kPa.

Ultimate strength (MPa)

1.6

Strength features of reinforced and unreinforced soil were measured
in UU triaxial compression tests after 0, 1, 3, 6, and 9 cycles. The results
are described in the following sections.
4.2.1. Stress–strain curves
Separation of soil aggregates, which is caused by ice lenses made up
of soil pure water at temperatures just below 0 °C, disrupts the
interlocking of soil grains and changes the mechanical properties of
soil. Figs. 5–8 show the test results for reinforced and unreinforced samples subjected to 0, 1, 3, 6, and 9 freeze–thaw cycles in three different
conﬁning pressures. As seen, in all reinforced and unreinforced samples,
by increasing the number of freeze–thaw cycles, the soil strength decreases. However, the strength decrease is more visible in unreinforced
samples than in reinforced ones. The stress–strain variation of thawed
soil tends to vary from strain-hardening type to strain-softening type.
The strength reduction for reinforced and unreinforced soil subjected
to freeze–thaw cycles was also observed in previous studies (Ghazavi
and Roustaie, 2010, 2013; Graham and Au, 1985).
4.2.2. Failure strength
By considering the peak of stress–strain curves as failure strength,
Fig. 9 shows the triaxial strength ratio of reinforced and unreinforced
samples versus the number of freeze–thaw cycles for various conﬁning
pressures. The ratio is deﬁned as the strength of a reinforced or unreinforced sample at a given cycle divided by that of the same sample which
is not subjected to freeze–thaw cycles. The strength values are denoted
by SN and S0, respectively. (See Figs. 5– 8.)
It is obvious from this ﬁgure that by increasing the number of
freeze–thaw cycles, the strength of both reinforced and unreinforced
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Fig. 6. Stress–strain variation of reinforced samples with 0.5% ﬁbers after freeze–thaw cycles under three different conﬁning pressures: a) 30 kPa, b) 60 kPa, and c) 90 kPa.

Fig. 5. Stress–strain variation of unreinforced samples after freeze–thaw cycles under
three different conﬁning pressures: a) 30 kPa, b) 60 kPa, and c) 90 kPa.

samples decreases. In addition, it is clear that by increasing the conﬁning pressure, the strength reduction decreases. Therefore, freeze–thaw
cycles are more destructive on surface of the ground which is in contact
with structure foundations or road pavement.
Moreover, the soil particle rearrangement which is caused by higher
conﬁning pressure will close the cracks and ﬁssures produced by
freeze–thaw process and enhance the soil strength (Wang et al.,
2007). So the effect of freeze–thaw cycles is more considerable in low
conﬁning pressures than high ones.
In addition, although the effect of freeze–thaw cycles was investigated in previous studies on reinforced soil with polypropylene ﬁbers by
the authors, no effect was found in the absence of conﬁning pressure
and unconﬁned compression strength of reinforced soil reduced during
the cycles. This phenomenon is a result of scanty cohesion between

ﬁbers and soil particles which can be reduced by using conﬁning pressure (Ghazavi and Roustaie, 2010).
According to these curves, using propylene ﬁbers in the clayey soil
affects the strength reduction caused by freeze–thaw cycles. The compression strength of unreinforced samples decreases by 14%–43% due
to the application of 9 freeze–thaw cycles while this reduction is
about 1%–32% for propylene-reinforced samples.

4.2.3. Resilient modulus
Resilient modulus is a fundamental material property used to characterize unbound pavement materials. It is a measure of material stiffness and provides a mean to analyze stiffness of materials under
different circumstances, such as moisture content, density, and stress
level. It is also a required input parameter for mechanistic–empirical
pavement design method.
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Fig. 7. Stress–strain variation of reinforced samples with 1% ﬁbers after freeze–thaw cycles
under three different conﬁning pressures: a) 30 kPa, b) 60 kPa, and c) 90 kPa.

Fig. 8. stress–strain variation of reinforced samples with 1.5% ﬁbers after freeze–thaw cycles under three different conﬁning pressures: a) 30 kPa, b) 60 kPa, and c) 90 kPa.

The resilient modulus is deﬁned as a ratio of the deviator stress increment at 1% axial strain to the axial strain increment, which can be
expressed as:

Wang et al. (2007) also reported that the magnitude of the resilient
modulus decreases by 18%–27% of unfrozen soil depending on the conﬁning pressure in triaxial compression tests.
The resilient modulus ratio of unreinforced and reinforced samples
subjected to each freeze–thaw cycle can be calculated by Eq. (1), as it
is shown in Fig. 10. The ratio is deﬁned as the resilient modulus of a reinforced or unreinforced sample at a given cycle divided by that of the
same sample which is not subjected to freeze–thaw cycles. The resilient
modulus values are denoted by EN and E0, respectively.
The ﬁgure shows that by increasing the number of cycles, the resilient modulus of both reinforced and unreinforced samples decreases
and using the polypropylene ﬁbers in the soil does not have signiﬁcant
effect in controlling the reduction of this parameter. Fig. 10 also indicates that the decreased magnitude of resilient modulus is more obvious in ﬁrst cycles but when the number of freeze–thaw cycles exceeds
seven, the resilient modulus will reach a certain value and remains

E¼

Δσ σ 1:0% −σ 0
¼
ε1:0% −ε 0
Δε

ð1Þ

where Δσ is the increment of deviator stress, Δε is the increment of axial
strain; σ1.0% is the deviator stress corresponding to the axial strain of
1.0% (ε1.0%); and σ0 and ε0 are the initial stress and strain, respectively
(Wang et al., 2007).
Lee et al. (1995) investigated the resilient properties of cohesive
soils and found that cohesive soils with resilient modulus lower than
55 kPa would exhibit negligible freeze–thaw effects. In contrast, soils
with resilient modulus higher than 103 kPa would exhibit a decrease
of over 50% in this parameter due to freeze–thaw cycles.
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Fig. 9. Variation of strength ratio of unreinforced and reinforced samples versus freeze–
thaw cycles under conﬁning pressures of 30, 60, and 90 kPa.
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4.2.4. Cohesion
Cohesion is an important factor for evaluating the shear strength of
ﬁne-grained soils. This parameter reﬂects the synthesis action of all
kinds of physical–chemical forces between particles, such as Coulomb
force, Van der Waals forces and the ions of adjacent particles, bonding
action and so on. The magnitude of cohesion is frequently inﬂuenced
by the space between particles and bonding force caused by bonding
material (Wang et al., 2007).
In order to investigate the effect of freeze–thaw action on shear
strength of the CL soil which was chosen in this study, the impact of
these cycles on the cohesive force will be observed.
The inﬂuence made by the number of freeze–thaw cycles on the cohesion ratio of unreinforced and reinforced samples is illustrated in
Fig. 11. The ratio is deﬁned as the cohesion of a reinforced or unreinforced sample at a given cycle divided by that of the same sample
which is not subjected to freeze–thaw cycles. The cohesion values are
denoted by CN and C0, respectively.
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Fig. 10. Variation of resilient modulus of unreinforced and reinforced samples versus
freeze–thaw cycles under conﬁning pressures of 30, 60, and 90 kPa.
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constant upon applying further freeze–thaw cycles. This phenomenon
shows a new equilibrium condition which becomes predominant on
the ﬁne grained soil after 6–7 cycles as most of the changes occur at
1st to 7th cycles (Ghazavi and Roustaie, 2010; Qi et al., 2006).
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Fig. 11. Variation of soil cohesion of unreinforced and reinforced samples versus freeze–
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2.8

Fig. 12 shows the changes of internal friction angle ratio of samples
during freeze–thaw cycles. The ratio is deﬁned as the friction angle of
a reinforced or unreinforced sample at a given cycle divided by that of
the same sample which is not subjected to freeze–thaw cycles. The friction angle values are denoted by φN and φ0, respectively.
As observed, although unreinforced samples experience a negligible
increase in the friction angle during freeze–thaw cycles, the values of
friction angle of reinforced samples remain relatively constant. The reason of this trend will be explained further in the next section.
Although enough tests have been performed to examine the repeatability of test results, the variability in some results of reinforced samples is distinct. In order to ﬁnd the optimum percentage of ﬁbers, the
ﬁnal changes in parameters of the soil after the ninth cycle have been
presented in Table 3. These changes can be expressed by
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Fig. 12. Variation of friction angle of unreinforced and reinforced samples versus freeze–
thaw cycles.

A ¼ 1−S9
B ¼ 1−C 9

As seen, with increasing the number of freeze–thaw cycles the soil
cohesion decreases, although there are some points in which the soil cohesion increases. This suggests that voids between the soil particles may
increase due to forming ice lenses and thus the cohesion of soil reduces
as this parameter is directly related to the distance between soil particles. This phenomenon will be elaborated on the microfabric structure
section of the study.
These results are in agreement with the ﬁndings of Wang et al.
(2007) who performed tests on unreinforced soil.

4.2.5. Friction angle
The internal friction angle represents the slipping and interlocking
features of one soil particle in relation to another. Triaxial test is the fundamental test of obtaining the shear strength parameters of soil, cohesion and friction angle. According to ASTM D2850-03a, If the test
specimens are compacted when they are partially saturated, consolidation may occur when the conﬁning pressure and deviatoric stress are
applied even drainage is not permitted. Therefore, if several partially
saturated specimens of the same material are tested at different conﬁning stresses, they will not have the same undrained shear strength.
Thus, the Mohr–Coulomb failure envelope for unconsolidated undrained triaxial tests on partially saturated soils is usually curved and
a friction angle will be obtained from the curves (ASTM, American
Society for Testing Materials, 2003).

C ¼ 1−E9



ð2Þ

S0


C0

ð3Þ

E0

ð4Þ



where S9, C9, and E9 failure strength, cohesion and resilient modulus of
ninth are cycle, respectively and S0, C0, and E0 are the initial values of
these parameters before any cycle.
The highlighted numbers in the table are the least amount of changes in strength, cohesion and resilient modulus during the cycles.
It may be said that experimental errors and randomly distributed ﬁbers may cause variability in results. Therefore, although some tendencies are observed, a number of them may only be due to the inner
variability of results. This should be taken into account for interpretation
of the ﬁnal conclusion. The best reliable option for derivation of more accurate conclusion is to perform more tests for reproducibility in order to
assess uncertainties in measured parameters. However, according to results shown in Table 3, it seems that, by varying ﬁber percentage, sometimes there is not a remarkable effect on varying parameters A, B, and C.
However, in general, the amount of ﬁbers about 0.5% may be more effective than other percentages. Thus we cautiously introduce 0.5% ﬁber as
the optimum value for decreasing the effects of freeze–thaw cycles. This
is because after applying 9 freeze–thaw cycles, parameter A of these
samples is less than other values for two conﬁning pressures.
4.2.6. Microfabric structure
Freezing is a weathering process that occurs in thermodynamic conditions just below 0 °C in which the soil moisture starts to freeze, ice

Table 3
Final changes of the soil parameters after the ninth cycle.

Fiber
percentages

a

3

A

A

A

= 30 kPa

= 60 kPa

= 90 kPa

3

3

B

C
3

= 30 kPa

C

C
3

= 60 kPa

3

= 90 kPa

0

–0.43

–0.27

–0.16

–0.73

–0.49

–0.76

–0.62

0.5

–0.317

–0.26

–0.01

–0.74

–0.7

–0.679

–0.51

1

–0.43

–0.51

–0.41

–0.46

–0.78

–0.681

–0.84

1.5

–0.319

–0.4

–0.28

–0.53

–0.83

–0.76

–0.78

The minus sign is for showing the reduction of a parameter.
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Fig. 13. SEM pictures of unreinforced samples (a) before and (b) after the cycles in three different magniﬁcations.

crystals are formed and the soil is subjected to volumetric change. The
crystal's volume increases up to 9 times and applies a considerable
stress on soil aggregates, resulting in the change of soil characteristic
in micro and macro scales (Konrad, 1989).
High soil moisture suction, developed in the zone of freezing, causes
a very large increase in the effective stress in the unfrozen soil immediately adjacent to this zone. It is known that consolidation occurs in front
of the 0 °C isotherm and in the unfrozen or partly frozen regions between ice accumulations in freezing clay (Pusch, 1979).
Figs. 13–15 show the SEM pictures taken from unreinforced and reinforced samples before and after the cycles in three different magniﬁcations (200, 800 and 5000 times bigger than the real dimensions).
Fig. 13 (a-1 and b-1) depicts a very distinct increase in the amount of
big pores of the pure soil samples after the cycles. The mineral skeleton
adjacent to ice lenses and freezing front underwent appreciable compression. The compression itself caused by the movement of water during freezing develops a spatial network of channels which provides
water for the growing ice lenses. This network channel left after
thawing of ice crystals, increases the soil permeability. In unfrozen regions lying rather far from the freezing boundary, the porosity does
not change much (Hohmann-Porebska, 2002).
It is worth mentioning that by developing the channels within the
soil skeleton, the distance between soil particles increases. This phenomenon is manifested in cohesion decrease after the cycles.
In addition, in picture b-1 of Fig. 13 coagulation of the soil particles is
visible. This phenomenon is the result of dehydration which occurs due
to the migration of free water from the unfrozen part of soil to the freezing region during the freezing period.
In the second and third magniﬁcations of Fig. 13 (a-2, b-2, a-3, b-3)
the traces of ruptured primary particles and aggregates can be easily

distinguished by their broken contours and the abundance of ﬁnegrained material along the boundaries of the elements which made
their interaction increases. This phenomenon can be the reason of slight
friction angle increase during the cycles. Increase of friction angle can
also be related to the smoothness of the particles surface which is considerably distinct in SEM images.
In order to describe the microstructure changes after freeze–thaw
cycles accurately, the SEM images were transferred to AutoCAD software and some closed polygons were drawn around the distinct particles which are in the surface of the pictures. Then, the area of each
particle was calculated.
This procedure shows that after freeze–thaw cycles the size of particles has been reduced about 12 times. These changes in dimension of
the soil particles could be the result of compression caused by ice lenses
to the mineral skeleton of the soil adjacent to frozen front area.
Moreover, Hohmann-Porebska (2002) illustrated that as the ﬁlms of
bound water around the particles become thinner and more desiccated,
the particles draw closer and their interaction increases, i.e., their structural bonds become stronger. Therefore the friction angle augmentation
after the cycles which was stated in the experimental results of this
study can be explained by micro-structural changes of the soil particles.
Figs. 14 and 15 show the micro-structural changes of the soil particles in contact with polypropylene ﬁbers after the cycles in two different
moisture contents (optimum and saturated). After the cycles, the same
process of augmentation of big pores in pure samples is equally recognizable in reinforced ones, especially in the ﬁrst magniﬁcations of
these ﬁgures (c-1, d-1, e-1 and f-1). It is manifested in the cohesion decrease between the ﬁne grained soil particles and polypropylene ﬁbers.
The polypropylene ﬁbers act as a tensile element between the soil particles during the frost heave of freezing period. As the cohesion is the
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d-1

d-2
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Fig 14. SEM pictures of reinforced samples (c) before and (d) after the cycles in three different magniﬁcations.

sole connector between polypropylene ﬁbers and soil particles, by decreasing cohesion during the cycles, the tensile effect of the ﬁbers will
be reduced. That is why increasing the amount of ﬁbers in the soil samples does not reduce the freeze–thaw inﬂuences. As the pictures c-2, 3,
d-2, 3, e-2, 3 and f-2, 3 show, during freeze–thaw cycles the connection
of ﬁbers and the soil particles will decrease and so the tensile function of
ﬁbers will be disrupted.

-

-

5. Conclusion
Laboratory tests and experimental investigations were conducted to
manifest the effect of polypropylene ﬁber existence in a ﬁne grained soil
during freeze–thaw cycles. The results are as follows:
- Inclusion of 0.5%–1.5% polypropylene ﬁbers results in increasing the
failure strength of ﬁne grained soil to about 28%–65% and the ﬁberreinforced soil exhibits more ductile behavior than the unreinforced
soil.
- Soil cohesion increases about 67%–100% by adding ﬁbers, but by increasing the ﬁber content this increment is reduced. The cohesion
growth is a result of strength increase in the soil samples due to
ﬁber addition and growth of plasticity. However, polypropylene ﬁbers, because of their polymeric material, do not have signiﬁcant cohesion with the soil particles. So the cohesion reduction can be
visible by increasing the ﬁber content in the soil.
- By increasing the number of freeze–thaw cycles, the soil strength of
all reinforced and unreinforced samples decreases. However, the
strength decrease is more visible in unreinforced samples than in

-

-

-

reinforced ones. The stress–strain variation of thawed soil tends to
vary from strain-hardening type to strain-softening type.
The compression strength of unreinforced samples decreases by
14%–43% due to the application of 9 freeze–thaw cycles while this
reduction is about 1%–32% for propylene-reinforced samples.
By applying the freeze–thaw cycles, the resilient modulus of both reinforced and unreinforced samples decreases and using the polypropylene ﬁbers in the ﬁne grained soil does not have a signiﬁcant effect
in controlling the reduction of resilient modulus. The decreased
magnitude of resilient modulus is more obvious in the ﬁrst cycles
but when the number of freeze–thaw cycles exceeds seven, the resilient modulus will reach a certain value and remains constant upon
applying further freeze–thaw cycles. This phenomenon shows a
new equilibrium condition which becomes predominant on the
soil after 6–7 cycles as most of the changes occur at 1st to 7th cycles.
Soil cohesion decreases with increasing the number of freeze–thaw
cycles. This suggests that voids between clay particles increase due
to forming ice lenses and thus the volume increases. The reduction
in cohesion of soil is directly related to the distance increase between soil particles after the cycles.
Augment of big pores is recognizable after the cycles especially in the
ﬁrst magniﬁcations of SEM pictures. It is manifested in the cohesion
decrease between the clay particles and polypropylene ﬁbers.
The values of friction angle of reinforced samples remain relatively
constant after the cycles, although unreinforced samples experience
an increase in the friction angle. In SEM pictures the traces of ruptured primary particles and aggregates can be easily distinguished
by their broken contours and the abundance of ﬁne-grained material
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Fig. 15. SEM pictures of saturated reinforced samples (c) before and (d) after the cycles in three different magniﬁcations.

along the boundaries of the elements. This phenomenon can be the
reason of friction angle increase during the cycles.
- SEM pictures of the soil samples before and after the cycles show coagulation of the soil particles as a result of dehydration which occurs
due to the migration of free water from the unfrozen part of the soil
to the freezing region during the freezing period.
- The polypropylene ﬁbers act as a tensile element between soil particles during the frost heave of freezing period. As the cohesion is the
sole connector between polypropylene ﬁbers and soil particles, by
decreasing cohesion during the cycles, the tensile effect of the ﬁbers
will be reduced. That is why increasing the amount of ﬁbers in the
soil samples does not reduce the freeze–thaw inﬂuences as the
SEM pictures show that during freeze–thaw cycles the connection
of ﬁbers and the soil particles will decrease and so the tensile
function of ﬁbers will be disrupted.
- Finally, according to the experimental results, the amount of ﬁbers
about 0.5% may be more effective than other percentages and this
amount of ﬁbers can be introduced as the optimum value for decreasing the effects of freeze–thaw cycles.
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