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Abstract: The technique of using clay-sand mixtures as liners has been widely used in several
geotechnical projects where hydraulic barriers or waste-buffer layers are required. During weather
fluctuations and below-zero temperature conditions, these layers can be subjected to successive freeze-
thaw cycles. The serviceability of such liners needs to be examined during their lifetime for efficiency
and function under such suspected weather conditions. The hydraulic conductivity over the long
run needs to remain within the acceptable design ranges. In this study, the efficiency of two different
clay-sand liners were examined under the effect of freeze-thaw cycles for extended serviceability.
The hydraulic conductivity under a continuous discharge rate of these layers was measured before
and after applying 15 successive freeze-thaw cycles for more than half a year. The results indicate
dramatic changes in the hydraulic conductivity parameter for the specimens subjected to freeze-thaw
cycles depending on their mineralogical composition and applied stress. These changes were found
to be related to the sealed material composition and placement conditions. The data obtained were
found of interest and can be utilized for evaluating the efficiency of the liners in areas subjected to
extreme environmental exposures including freeze conditions over extended periods.

Keywords: freeze-thaw cycles; liners; hydraulic conductivity; long-term performance

1. Introduction

Sand-clay liner systems are introduced as barriers to control the flow of leachates and
liquids in order to protect the subsurface groundwater, soils, and the environment in general
against hazardous contaminants. Usually, the liner system is near subsurface compacted
layers and mostly these layers are exposed to different climatic fluctuations of drying-
wetting, freeze-thaw, and stress state history. Numerous research studies have investigated
the hydraulic conductivity as the main parameter to assess the efficiency of different sand-
clay and sand-bentonite liners [1–8]. The design criteria required by most of the official
environmental control agencies is a hydraulic conductivity of not more than 10−7 cm/s.
In order to maintain this level of flow during the lifetime of the landfill facilities, field
evaluation changes in hydraulic conductivity need to be traced and monitored. Variations
in the hydraulic conductivity can occur due to different exposure conditions. The authors
carried out detailed studies on the common sand-clay mixtures and clays in a semi-arid
area to assess the possible changes to the hydraulic conductivity as related to selected
exposure conditions [8,9]. The literature regarding long-term performance of liner layers
under susceptible exposed conditions is very rare [10], as well as in the laboratory [9,10].
Abdolahzadeh et al. [10] conducted fieldwork on a cover seepage-control layer and reached
a conclusion that the hydraulic conductivity decreases with time, based on 4 years of
observation data. This is attributed to consolidation and settlements caused by repeated
wetting and drying. The fines content also claimed to have a role in reducing the hydraulic
conductivity to four times lower [11]. The fines content affects the large-pores size and
quantity and thus influences the ease of fluid flow [12]. Al-Mahbashi and Dafalla [9]
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presented a study indicating the rate at which the mass loss takes place when a hydraulic
gradient is applied to a sand-clay mixture for a long period.

Studies on freeze-thaw effects on the behavior of clay-sand mixtures are few. This
type of investigation can assess the strength, durability, and function when unfavorable
weather conditions are likely to take place (i.e., [13,14]). The freeze-thaw cycles and
stress state have been proven to have a significant effect on the hydraulic conductivity of
clays [15–17]. Mostly, the reported increase in hydraulic conductivity due to exposure to
freeze-thaw cycles varies depending on the type of soil and initial hydraulic conductivity;
the clays with high initial hydraulic conductivity show marginal changes due to freeze-
thaw action [15]. Korshunov et al. [18] stated that for low plasticity clay (20.7% clay)
and fine sand (1.02% clay) the hydraulic conductivity measured in two days showed an
increase by 3 and 1.5 orders of magnitude more than the unfrozen state, respectively. The
increase in hydraulic conductivity is due to the generation of layered cryogenic texture
during repeated freezing and movement of water between micro and macro pores and the
formation of ice lenses which destroys soil pores. Large orders of increase in hydraulic
conductivity due to freeze-thaw actions have been reported and summarized for different
clays by other researchers [19,20].

Othman and Benson [15] traced the changes in morphology during hydraulic con-
ductivity of clay specimens exposed to FT cycles by photographing thin sections less than
0.5 mm. Extensive numbers of ice lenses have formed and developed during FT cycles up
to a certain level, then cracks start propagating elsewhere causing a notable increase in
the hydraulic conductivity. Expansion of formed ice lenses during the freezing phase and
vice versa during thawing are mechanisms that affect the internal structure and develop
these internal cracks. These cracks vary in size and intensity following the mineralogical
composition of the clay. The hydraulic conductivity increases when cracks start to develop
within the soil. The studies showed that even a single freeze-thaw induced significant
network cracks on specimen structure as detected from photographs [21]. Analysis of soil
structure and their pores for loamy sand and silty clay loam revealed that pores larger than
0.3 mm tend to shift towards smaller macropores and well-connected pore systems [22,23].

Earlier research conducted by Kraus et al., 1997 [24] showed that the hydraulic con-
ductivity of different types of geosynthetic clay-sand liners and sand-bentonite mixture
(12% by dry weight) liners are not affected by FT cycles. This is likely due to tests being
carried out in the laboratory and field immediately after applying several FT cycles. Fouli
et al. [17] studied the effect of freeze-thaw cycles (0, 1, 5, 10) on the infiltration rate of
different soils including clay, loam, and loamy sand.

It is worth noting that, besides the lack of literature regarding the influence of freeze-
thaw cycles on the hydraulic conductivity of liner layers, there are no data available exam-
ining the long-term performance of liner layers under the effect of successive freeze-thaw
cycles. All previous studies focus on the instantaneous measurements of hydraulic conduc-
tivity. This study is aimed at investigating the effect of freeze-thaw cycles on the hydraulic
conductivity of sand-clay mixtures during the long period of their lifetime. The profile
of changes in hydraulic conductivity for a material subjected to freezing temperatures is
compared to other mixtures not subjected to freezing conditions.

2. Materials and Methods

The first mixture considered in this study is a mixture of Al-Qatif clay and fine to
medium poorly graded sand. Al-Qatif clay is a local expansive clay known for its high
plasticity. Normally two parameters are used to describe the sand with respect to gradation.
These are the coefficient of concavity and the uniformity coefficient. The two parameters
were computed as 0.945 and 1.745, respectively. The sand is classified as SP (poorly graded
sand) according to ASTM D2487 [25]. The montmorillonite content is in the range of
3% to 23% and the palygorskite is in the range of 5% to 33%, according to the study
conducted by Rafi [26]. This clay is classified as highly plastic, indicating a high expansion
potential [27–29]. The pH and cation exchange capacity for this expansive clay were
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measured at 7.6 and 55.80 meq/100 gm, respectively [28,30]. The particle size distribution
for this clay as obtained from hydrometer analysis [31] is presented in Figure 1. Chittoori
et al. [32] examined similar clay for the macro and micro pores using the volumetric particle
size analysis. The second mixture consists of commercial bentonite mixed with the same
sand as the first mixture.
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The clay content recommended for the design of liners depends on the type of clay
and its index properties. Dafalla [7] stated that 15% clay content from Al-Qatif clay when
added to sand can achieve the normally required hydraulic conductivity, k, of (10−7 cm/s)
generally specified for sand-clay liners. Hydraulic conductivity lower than this value can
be adopted based on the intended type of barrier. The porosity of the sand used plays a
significant role in achieving specific values. The use of 20% Al-Qatif clay is suggested for
this study. The 15% commercial bentonite was tested for comparison purposes.

Two clay-sand mixtures were tested in this research: 20% Al-Qatif clay and 15% ben-
tonite clay. Al-Qatif clay is highly plastic natural clay abundant in the eastern province of
Saudi Arabia. The geotechnical characteristics of Al-Qatif clay are presented in Table 1. The
main geotechnical properties of commercial bentonite include specific gravity, liquid limit,
and plastic limit of 2.65, 480%, and 50%, respectively.

Table 1. Soil Characterization for Al-Qatif Soil.

Test Value

Specific Gravity, Gs 2.70
Liquid Limit, wL (%) 160%
Plastic Limit, wP (%) 60%

Shrinkage Limit, wsh (%) 12%
% passing Sieve No. 200 65–95%
Unified soil classification CH

Maximum dry unit weight (kN/m3) 12 kN/m3

Optimum water content (%) 38%
Swelling potential (ASTM D4546) 16–18%
Swelling pressure (ASTM D4546) 550–600 kN/m2

The standard compaction proctor tests were conducted according to ASTM D698 [33].
The compaction curve for the bentonite mixture is presented in Figure 2, and the optimum
moisture content and maximum dry density for the Qatif mixture were found to be about
16% and 7.40 kN/m3 respectively.
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3. Experimental Program
3.1. Samples Preparation

The clay content used in this study was 20% highly plastic natural clay obtained from
the Al-Qatif region in Saudi Arabia. This is referred to as Qatif clay. Another mixture was
prepared using a 15% commercial bentonite dry weight of sand. The mixture was mellowed
by a predetermined amount of water corresponding to optimum moisture content as per
standard compaction curves ASTM D698 [33]. The identical specimens were compacted to
the corresponding maximum dry density (as per compaction curve) in 80 mm diameter
and 40 mm height using a hand-operated jack.

Part of these specimens was subjected to successive freeze-thaw cycles before com-
mencing the hydraulic conductivity tests.

3.2. Freeze-Thaw Cycles

The first groups of the compacted specimens were tightly sealed using plastic wrap
and then exposed to freeze-thaw cycles under closed system conditions. The specimens
were firstly transferred to the freezing cabinet and put under a freeze for about 24 h. The
controlled cabinet maintained the temperature at −25 ◦C ± 2 ◦C. This level of temperature
has been advised by ASTM D560 [34] and had been used in previous studies (i.e., [35,36]).
After the first freezing process, the specimens were placed in a humidity room for thawing
at a temperature of +23 ◦C ± 1 ◦C. The humidity box was tightly sealed and provided
with a hundred percent humidity. The whole process of freeze and thaw represents one
freeze-thaw cycle; this procedure of freeze-thaw was repeated for successive cycles up to
15 freeze-thaw cycles.

At the end of the freeze-thaw cycles, the weight and water content for each sample
were recorded. The variation in sample volume changes was determined by measuring
their heights and diameters using a digital caliper. The reported changes in water content
and volume were 1.89%, −1.16% and −0.31%, 2.52% for expansive clay and bentonite
mixtures, respectively.

3.3. Hydraulic Conductivity Test

The routine classification tests were conducted on the clay-sand mixtures composed
of Al-Qatif clay and bentonite. Applicable ASTM testing methods were used ASTM D
2487 [25] and ASTM D7928 [31]. The fine material (finer than 75 µm) in the mixtures was
measured before conducting the hydraulic conductivity test and found to be 15.71% and
12.31% for mixtures with 20% expansive clay and 15% bentonite content. The values



Water 2022, 14, 3218 5 of 12

reported here represent the weight of fine material after wet sieving through sieve # 200 and
oven drying.

The falling head permeability tests were conducted at two stages for the compacted
specimens; the first stage was for specimens before freeze-thaw cycles (No F-T) and the
second stage of testing was for specimens subjected to freeze-thaw cycles (F-T cycles). The
specimens are identical as mentioned before; all are of 80 mm diameter and 30 mm height
(according to molding condition from compaction tests). Porous stones fitted with wire
mesh were attached to the top and bottom of the specimens. The setup of the hydraulic
conductivity test unit used is presented in Figure 3. The specimen inside the cell was
attached to the setup of the hydraulic conductivity and flow paths. The load cap on the top
of the soil specimen was connected to the LVDT transducer via the load arm. Inundation
was carried out for a period of 5 to 7 days under a selected surcharge. For the natural clay, a
7 kPa and 30 kPa surcharge were considered while for the bentonite, a 7 kPa surcharge was
applied. This is assumed to reduce the effect of the primary expansion. Distilled water was
used in the inundation. The vertical displacement is measured using an LVDT transducer
attached to a data logger. The stability of the reading in the transducer recording vertical
displacement over a full day (24 h) is observed before the test is started. The falling-head
test procedure was performed in accordance with the ASTM D5856 [37] standard. The
cell was provided with a flushing outlet to ensure no air bubbles existed in the path of the
permeation or flow. For this study when four (4) successive measurements are found within
a small variation, the flow is considered steady. On establishing a steady flow, a continuous
flow is then allowed to pass through the sample through the elevated tank. The time and
the quantity of the outflow water were monitored during the entire test period, then, the
cumulative flow was computed and presented. The hydraulic conductivity measurements
were conducted daily or three times per day during the discharge or flow. This is enabled
by observing the level of the graduated burette attached to the outflow level of the tank.
This process is repeated daily for an extended period of time. The testing period varied
from 150 to 200 days.
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The content of fines (material finer than 75-µm) was investigated and reported prior
to the test and after the completion of the test. This will indicate if a considerable amount
of fines is lost during the test. Fine content was determined following ASTM D 1140 [38].
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The temperature variations during the testing period were continually traced using
self-recording sensors. The influence of temperature is not investigated as all tests were
conducted at room temperature.

3.4. Soil Water Retention Curve (SWRC)

Soil water retention curves (SWRC) for the mixtures were performed using the axis
translation technique [39] and filter paper method [40]. The details and procedures regard-
ing the determination of SWRC were available on Al-Mahbashi 2014, [28] and Al-Mahbashi
et al. [29]. These curves are essential in understanding the holding capacity and reflecting
the distribution of particles on both micro and macro scale.

4. Results and Discussion

The hydraulic conductivity of the mixtures (before subjecting to F-T cycles) was
tested in the first stage, for a period that continued to more than 200 days. This stage
covered mixtures of 20% Al-Qatif clay, and 15% bentonite clay. The Al-Qatif clay was tested
under two surcharge stress levels: 7 kPa and 30 kPa, while the commercial bentonite was
tested under 7 kPa. In the second stage of the testing program, samples identical to those
tested in stage one were subjected to freeze-thaw cycles as described in the section of the
experimental program. For each stage, the cumulative flow during the entire testing period
has been presented in association with measured hydraulic conductivity.

Al-Mahbashi and Dafalla, [9] presented the variations in the hydraulic conductivity
during the first stage. Rise and fall of the hydraulic conductivity were observed repeatedly
for all mixtures for the first period and continued in less frequency beyond that. The stage
2 testing period was conducted over a period of 160 days for samples initially subjected to
freeze and thaw. The main parameters examined included the hydraulic conductivity, the
mass of fines, and the applied stresses.

The specimens of 15% bentonite mix subjected to freeze-thaw cycles (stage 2) showed
a similar continuous drop in the hydraulic conductivity (as for stage 1, no F-T) and reached
the peak beyond 100 days (Figure 4), while the 20% Al-Qatif clay content under low applied
vertical stress showed a continuous drop within the first 20 days (Figure 5). The drop
in the hydraulic conductivity can be explained by the collapse of the skeleton holding
particles together and the changes in the fabric structure. This is likely due to the loss
of fine clay particles caused by continuous flow. When the clay paste within the voids
swells, cotton-like soft flakes are formed. These light flakes are easily washed out with the
flowing water. Due to the low hydraulic conductivity of the clay, moisture introduction into
soil takes time and further swelling will initiate when inner clay particles are inundated.
When light flakes are washed a new cycle of swelling occurs. This phenomenon causes an
increase and decrease in hydraulic conductivity. The overall trend is a continuous drop
in hydraulic conductivity. For the specimens subjected to cycles of freeze-thaw, it can be
noted that lower values of hydraulic conductivity are achieved. The trend and profile of
time versus k is similar with a minor shift of the maximum k value.

The drop in the hydraulic conductivity value (k) for samples not subjected to the
freeze-thaw process was observed from 5.8 × 10−8 to 3.0 × 10−8 over the period from
100 days to 160 days for the mixture with 15% bentonite clay. In the case of freeze-thaw
condition, the drop is reported from 2.8 × 10−8 to 1.2 × 10−8 (Figure 4). This can be
estimated as half the k value. The drop in the hydraulic conductivity value (k) for the
mixture including 20% natural Al-Qatif clay under a low surcharge of 7 kPa (Figure 5), was
found within a small range of 2.5 × 10−6 to 1.5 × 10−6 in a period of 25 to 150 days. When
comparing this result to the samples subjected to freeze-thaw cycles we can observe that
the freeze-thaw indicates a variant effect and shows a minor (Figure 5) to major (Figure 4)
change in the hydraulic conductivity trend. The freeze-thaw cycles can cause structural
disturbance or disperse the clay, sealing the pores and voids within the clay. Expansive
clays with significant amounts of montmorillonite and smectite minerals were found the
most affected by freeze-thaw cycles. It seems that the effect of the freeze-thaw cycle is
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linked to the level of plasticity and rate of expansiveness. The natural clay is less expensive
than the bentonite and the changes in expansion and contraction are less than that of the
bentonite. This in turn could be deduced from the higher retention capacity of bentonite,
soil water retention curves of used mixtures, and the base material of sand (Figure 6).
These curves illustrate the retention capacity of the materials and reflect their pore size
distribution and porosity, depending on texture and structure [41,42]. The higher water
content values at the state of saturation (saturated water content) indicate higher total
porosities and show further effects of the cracks induced due to the freeze-thaw cycles [17].
The freeze and thaw cycles can change the micro and macro pore structure and fabric, and
this may affect the SWCC. The scope of study of this work did not include this work and
can be presented in future studies.
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The drop in the hydraulic conductivity value (k) from 7.5 × 10−7 to 2.8 × 10−7 is
reported for the time from 100 days to 200 days for the mixture with 20% Al-Qatif clay
subjected to a vertical stress of 30 kPa (Figure 7). The effect of freeze-thaw cycles under
this surcharge load is notable; the hydraulic conductivity has been increased several times
indicating a fluctuation behavior. The applied load squeezes soil pores and fines may
become easier to wash throughout large pores.
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to the settlement and compression in the sand-clay mixture. The increase and decrease in
the initial period depend on the mineralogy of the clay.

The migration of the fine material during the process of permeation is of significance
in the determination of hydraulic conductivity. Figure 8 shows the fine percent before and
after extended time hydraulic conductivity tests; three mixtures were investigated: 15%
bentonite under surcharge stress of 7 kPa, 20% Al-Qatif clay under vertical stress of 7 kPa,
and 20% Al-Qatif clay under a surcharge of 30 kPa. The results indicated a reduction in the
fine percent at the end of the test. The mixture of 20% Al-Qatif clay under low surcharge
(7 kPa) showed a high reduction in fines percent while the mixtures of 15% bentonite and
20% Al-Qatif clay under a surcharge of 30 kPa showed a small reduction. It can be stated
that for specimens tested without a freeze-thaw effect, the loss of fines will be lower for
clays of higher plasticity or when subjected to higher surcharge stress.
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Figure 8. Fine percent before and after extended time hydraulic conductivity tests for different mixtures.

When the vertical applied stress is increased the hydraulic conductivity is decreased
as voids will compress. The tunnels or water passways will constrict, thus retarding water
flow. The higher stresses can consolidate and cause the clay fabric to change. Comparing
Figures 5 and 7 for the 150 days’ measurements, the hydraulic conductivity is increased by
more than two orders of magnitude (5 × 10−7 to 0.2 × 10−5). The application of vertical
stress of 30 kPa was found to stabilize the constituents of the mixtures and reduce the loss
of fines in cases of no F-T action, while the notable drop and repeated waves have been
noticed for specimens subjected to multiple F-T cycles.

5. Conclusions

This study investigated the effect of successive freeze-thaw cycles on the long-run
performance of liner layers and the following points can be concluded.

• The performance of a liner could be measured by assessing the variations of hydraulic
conductivity of clay-sand liners under continuous water flow. Freeze and thaw cycles
were found to increase the hydraulic conductivity. The reduction in the hydraulic
conductivity was found due to settlement and compression in the sand-clay mixture.

• The history of freeze and thaw, the fine content, and the vertical stress applied were
found to be the main parameters that influence the hydraulic conductivity.
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• The loss of fines is found to be lower for clays with higher plasticity. It is found that
the mineralogy and type of clay do have a great influence on hydraulic conductivity
in general.

• The liners subjected to freeze-thaw cycles indicated better performance for highly
plastic clays. This can be explained due to stabilization caused by successive cycles
of freezing and thawing. The natural clay soil used did not show a reduction in the
hydraulic conductivity as a result of the freeze-thaw process.

• The hydraulic conductivity can be reduced by more than two orders of magnitude
(5 × 10−7 to 0.2 × 10−5) when applied stresses on Al-Qatif clay-sand mixture are
increased from 7 kPa to 30 kPa.
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