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Abstract: Organosilane (OS) is a silicon-based coupling agent capable of producing hydrophobicity in soils. This study evaluated the
applicability of OS in reducing the freeze—thaw impacts on subgrade soils. A frost-susceptible soil was treated with two different dosages
(50% and 100% by weight) of 10% OS solution. The OS-treated soils were dried and incorporated into natural soil as layers of 2.5 and
5 cm thickness. The freeze—thaw performances of natural and OS-incorporated soils were then evaluated in terms of maximum frost
heave, heave rate, soil moisture distribution, and temperature profile. The OS-treated soil layers decreased frost heaving by 48%—74%.
The heave rate of untreated soil was 13.8 cm/day, which was decreased to 4 mm/day with an incorporation of 5 cm-thick layer of 50%
OS-treated soil. A 5 cm—50% OS-treated layer was found to be more efficient compared to a 5 cm—100% OS-treated layer in improving
the freeze—thaw performance of the soils. DOI: 10.1061/(ASCE)CR.1943-5495.0000223. © 2020 American Society of Civil Engineers.
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Introduction

Frost heaving and thaw weakening cause substantial damage to pave-
ment subgrade soils in cold regions throughout the world, including
large swaths of the United States, Canada, northern Europe, Russia,
and China. These cold regions could be classified as permafrost,
where the ground remains frozen throughout the year, or as seasonally
frozen areas (Zeinali et al. 2016). In particular, pavements in season-
ally frozen areas undergo considerable amounts of deteriorations due
to frost heaving and thaw weakening (Cetin et al. 2019). During cold
weather, when the subsurface temperature drops below 0°C, a fraction
of the soil water is crystallized into ice, causing the initial stages of
heave (Rosa et al. 2017). Heaving becomes significant as water mi-
grates toward the frozen fringe from the underlying unfrozen zones,
freezes, and expands lenses of ice (Johnson 2012). In spring, temper-
ature increases from the surface and the ice crystals in the uppermost
layers melts. This melted water becomes trapped by the underlying
still-frozen layers, causing substantial loss in bearing capacity of
the pavement foundation soils (Simonsen and Isacsson 1999). If the
pavement is subjected to traffic during this period, saturated subgrade
soils may pump up through the points of least resistance, causing
frost-boil issues on the pavement surface (Isotalo 1993). To preclude

"Postdoctoral Research Associate, Dept. of Civil, Construction and
Environmental Engineering, lowa State Univ., 813 Bissell Rd., Ames, IA
50011. Email: mmahedi@jiastate.edu

Graduate Research Assistant, Dept. of Civil, Construction and
Environmental Engineering, lowa State Univ., 813 Bissell Rd., Ames, IA
50011. Email: ssatvati@iastate.edu

3Assistant Professor, Dept. of Civil and Environmental Engineering,
Michigan State Univ., 428 S. Shaw Ln., East Lansing, MI 48824
(corresponding author). Email: cetinbor@msu.edu

“*Professor and Chair, Dept. of Civil and Environmental Engineering,
Univ. of North Carolina at Charlotte, Charlotte, NC 28223. Email:
jodaniel@uncc.edu

Note. This manuscript was submitted on November 5, 2019; approved
on March 6, 2020; published online on June 8, 2020. Discussion period
open until November 8, 2020; separate discussions must be submitted for
individual papers. This paper is part of the Journal of Cold Regions Engi-
neering, © ASCE, ISSN 0887-381X.

© ASCE

04020017-1

the pavement damage during the spring thaw, spring load restrictions
(SLRs) are often implemented by defining the permissible gross ve-
hicle weight for a given road. However, SLRs are proven to be det-
rimental to the economy, due to an increase in vehicle number and/or
rerouting (Kestler et al. 2007; Levinson et al. 2005; Satvati et al.
2019). In the United States, more than 70% of the road networks
are low-volume roads and nearly half of these roads are located in
seasonal frozen areas (Kestler et al. 2011). Low-volume roads are
known to be susceptible to frost heaving and thaw weakening,
since these roads are often made of low-quality materials and are fre-
quently subject to heavy agricultural traffic loads (Coghlan 2000).

Techniques such as crushed-rock interlayer (CRI), two-phase
closed thermosyphon (TPCT), and chemical stabilization have
been widely used to reduce the freeze—thaw impacts on pavement
subgrade soils. However, none of these techniques has proven to
be a long-term solution in mitigating the freeze—thaw impacts.
CRI performances are known to be adversely effected by clogging,
soil deposition, snow covering, and changes in temperature-
boundary conditions (Chen et al. 2018; Lepage et al. 2012).
TPCT performances fluctuate and are reported to be discontinuous
in a single operation phase (Wang et al. 2005). Soil treatment with
cement, lime, asphalt, and fly ashes could provide insulation to
freeze—thaw, but the chemical stabilizations may lose their efficacy
over time due to recurrent moisture intrusion, frost heaves, and
thaw settlements phases (Rosa et al. 2017; Shibi and Kamei
2014). Moisture damage or stripping, and subsequent reduction
in strength and stiffness properties are the major concerns for as-
phalt treatments (Hossain et al. 2015; Khan et al. 2018). In addition,
higher amounts of chemical stabilizers are required to treat frost-
susceptible soils, which increases the overall construction costs
(Sargam et al. 2020). Mahedi et al. (2019a) evaluated the prospec-
tive use of phase-change materials (PCM) in reducing the sessional
temperature variations by harnessing the latent heat of fusion
(Mahedi et al. 2019a). However, loss in compressive strength
and leakage are constraining the use of PCM in amending the
freeze—thaw performance of soils. Hence, an effective and novel
alternative is required to mitigate the freeze—thaw impacts on
pavement foundation soils.
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Three conditions are required to form ice lenses in soils: sub-
freezing temperature, frost-susceptible soils with capillary action,
and water supply to the frost fringe from a high groundwater
table or other source of water (Johnson 2012). It was theorized
that excluding the supply of water to the frost fringe could be the
most effective solution in reducing the freeze—thaw impacts on sub-
grade soils. To investigate this, in the current study, soil was treated
with organosilane (OS), a silica-based organic coupling agent to
induce hydrophobicity. OS could permanently modify the soil sur-
face by grafting organic molecules without rendering any interpar-
ticle bonding (Daniels et al. 2009). Thus, the soil particles
demonstrate water-repellency properties with a coated layer of or-
ganic molecules through covalent bonding mechanisms (Feyyisa
et al. 2017). An increase in soil hydrophobicity could decrease
the migration of water toward the frost front, which would poten-
tially negate the freeze—thaw impacts. Previous studies indicated
substantial decreases in water infiltration capacity and an increase
in water-entry pressure in soils due to OS treatment (Daniels
et al. 2009; Daniels and Hourani 2009). Therefore, an experimental
program was formulated to evaluate the implication of OS in reduc-
ing the freeze—thaw impacts on pavement subgrade soils. A frost-
susceptible soil was modified by creating 2.5 and 5 cm-thick
OS-treated soil layers within a given specimen. The freeze—thaw
performance of OS-treated and untreated soils specimens was eval-
uated by applying frost-heave and thaw-weakening susceptibility
tests. Continuous measurements on frost heave and thaw settlement
of the prepared specimens were performed by laser-displacement
transducers. In addition, each specimen was equipped with six ther-
mocouples to monitor the temperature profile throughout the test
period.

Materials

For the experimental program of this study, a frost-susceptible soil
was collected in 20-gallon bins from the loess hills in western lowa.
The particle size distribution of the soil was performed in accor-
dance with ASTM C136/C136M (ASTM 2014a). About 98% of
the soil passed through U.S. No. 200 (<0.075 mm) sieve (Fig. 1).
The liquid limit (LL) and plasticity index (PI) of the soil were
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Fig. 1. Particle size distribution of the soil used in this study.
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determined to be 24 and 4, respectively (ASTM D4318, ASTM
2017b). According to the Unified Soil Classification System
(USCS), the soil was classified as low-plasticity silt (ML) (ASTM
D2487, ASTM 2017a). The AASHTO classification of the soil
was A-4 (AASHTO M145-91, AASHTO 2009). The compaction
characteristics of the soil were determined in accordance with
ASTM D698 (ASTM 2012). The optimum moisture content and
maximum dry density of the soil were 16.2% and 16.67 kN/m?, re-
spectively. In addition, the specific gravity (Gs) of the soil particles
was 2.64 (ASTM D854, ASTM 2014b). Table 1 provides all the
measured physical properties of the soil. The chemical composition
of the soil was determined by X-ray fluorescence spectrometry
(XRF) and is reported in Table 1. The soil was primary composed
of silica and alumina, with the presence of basic oxides (CaO,
MgO, SrO, Na,O, and K;,0). A small amount of lime (CaO) and
magnesium oxide (MgO) was identified, which made the soil slightly
alkaline. The pH of the soil was 8.6, as determined by ASTM D4972
(ASTM 2013b). The loss on ignition (LOI) of the soil was 6.91, in-
dicating the presence of organic materials. In a separate study, the
dissolved organic carbon concentration from the soil was determined
to be 0.78 mg/L at soil pH of 8.6 (Mahedi et al. 2019b).

The OS used in this study was heat stable, transparent, and ini-
tially water soluble. The commercial name of the OS was TerraSil,
and was purchased from Zydex Industries, India. The physical ap-
pearance of the OS was pale-yellow and had a density of 1.01 g/mL
at room temperature. The freezing temperature and the flashpoint of
the OS were reported to be 5°C and 80°C, respectively. Chemi-
cally, the used OS was a mixture of ethylene glycol, benzyl alcohol,
and hydroxyalkyl-alkoxy-alkyl (Pandagre and Rawat 2016). The
OS was reactive and modified the soil surface by converting
the soil hydroxyl groups to water-resistant alkylsiloxane. Thus, a
permanent 4—6 nm-thick hydrophobic layer was formed which
induced the water repellency properties in soil particles.

Methods

To evaluate the frost-heave and thaw-weakening susceptibility of
OS-treated and untreated soils, freeze—thaw assessment was per-
formed in accordance with ASTM D5918 (ASTM 2013a). The
collected soil was divided into small batches, as per ASTM
C702/C702M (ASTM 2018). Soil batches were further reduced
to 5kg small subbatches, following an alternative quartering
method to ensure homogeneity between the batches. The collected
soil was first placed on a polyethylene sheet and mixed thoroughly
by turning the entire sample three times. Following mixing, the
whole soil sample was shoveled into a conical pile. Next, the pile

Table 1. Physical and chemical properties of the soil used in this study

Soil chemical

Soil physical properties properties®

Silt content (%) 87 CaO 5.2
Clay content (%) 11 Si0, 67.7
Liquid limit (LL) (%) 24 Fe,04 33
Plasticity index (PI) (%) 4 Al,O4 9.6
Specific gravity (Gs) 2.64 MgO 2.1
Optimum moisture (%) 16.2 K,0 2.06
Maximum dry density (kN/m?) 16.67 SO; 0.03
USCS classification ML pH 8.6
AASHTO classification A-4 LOI (%) 6.91

Note: Clay content <0.002 mm; Silt content =0.075-0.002 mm; LOI = loss
on ignition; and pH = following ASTM D4972 (ASTM 2013b).
#X-ray fluorescence analysis.
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was flattened to uniform thickness and diameter by pressing down
the apex with a shovel. The flattened mass was then divided into
four equal quarters and the soil from two diagonally opposite quar-
ters were removed. The remaining soil was successively mixed and
divided until the sample size was reduced to 5 kg. Afterward, the
reduced subbatches were oven dried, wetted with the optimum
amount of water (16.2%), and mixed thoroughly. Next, the soil
was compacted in six layers by using a laboratory-customized
mold and a Proctor compaction hammer. Six acrylic disks and a
latex membrane were provided for each specimen to facilitate the
test setup and saturation. The size of the prepared specimens was
14.6 cm in diameter and 15.2 cm in height.

The same preparation procedure was followed both for OS-
treated and untreated specimens. For treated specimens, the OS-
modified soil layers were incorporated at two depths: 5.1-7.6 cm
and 5.1-10.1 cm. For treating the soil with OS, a water—OS solu-
tion was prepared by mixing 10 parts of distilled water for every
part of OS (10% OS solution). Next, the 10% OS solution was
added to oven-dried soil at the rates of 50% and 100% by weight
(1:2 and 1:1 ratios), and air dried, following the procedure de-
scribed in Daniels et al. (2009). The 50% OS-treated soil was incor-
porated in freeze—thaw specimens as 2.5 and 5 cm-thick layers at
the aforementioned depths. The 100% OS-treated soil was fused
only as a layer of 5 cm at a depth of 5.1-10.1 cm. To fuse OS-
treated soil layers in the specimens, first natural soil was compacted
in two layers up to a height of 5.1 cm. Next, a layer of OS-treated
soil was placed and compacted to a height of 7.6 cm. In the case of
2.5 cm 50% OS-sandwiched soil specimen, the remaining three
layers were compacted by using natural soil. For 5 cm 50% and
100% OS-sandwiched specimens, an additional OS-treated soil
layer was compacted at a height of 7.6—10.1 cm, and the remaining
two layers were packed with natural soil. All the layers were com-
pacted by implementing 33 blows using a Proctor hammer. All the
prepared specimens were then saturated for 24 h following the
pressure-head schedule outlined in ASTM D5918 (ASTM 2013a).

Tests were performed in a cooling chamber at a constant temper-
ature of 3°C. Two heat-exchangers were placed at the top and
bottom of each of the specimens to apply freezing and thawing
cycles. Freezing was initiated by lowering the top heat-exchanger
temperature to —3°C and —12°C simultaneously, and fixing the
bottom heat-exchanger temperature to +3°C and 0°C, sequentially.
During the thawing period, the top and bottom heat-exchanger
temperatures were elevated to +12°C and +3°C, respectively.
The temperature of the heat-exchangers was controlled by two
separate programmable temperature-control baths manufactured
by PolyScience. The operating range of the control baths was
—30°C to +200°C, with a stability of +£0.01°C. Following ASTM
D5918 (ASTM 2013a), two freezing and thawing cycles were

Table 2. Test schedule for frost-heave and thaw-weakening test

Elapsed Top plate Bottom plate

Days time (h) temperature (°C) temperature (°C) Comments

applied sequentially for a duration of 120 h. ASTM D5918
(ASTM 2013a) adopted the test method developed by Chamberlain
(1986). Chamberlain (1986) implemented two freeze—thaw cycles,
concluding that, except for clay soils, most of the structural changes
of soils affecting heave rate occurs during the first cycle. Therefore,
two freeze—thaw cycles were implemented to make the test more
readily available, which was also accepted by ASTM D5918
(ASTM 2013a). Table 2 provides a summary of the test schedule.
In addition, to simulate the groundwater table, water was supplied
to the specimens through the bottom plates at a constant pressure
head of 1.27 cm.

Laser-displacement transducers were used to measure the frost
heaving and thaw settlement during the test progress. The laser
had a resolution of 0.75 um at a measurement range of 50 mm.
To measure the temperature variations across the length of the spec-
imens, each specimen was equipped with six thermocouples at a
depth of 1.3, 3.8, 6.4, 8.9, 11.4, and 14 cm from the top. A type
T thermocouple with a data acquisition system was use. The type
T thermocouple had a measurement range of —200°C to +500°C,
with an accuracy of +1.8°C. The data acquisition system recorded
the temperatures at six different depths and the displacement at the
top of the specimens at one-minute intervals. Fig. 2 shows the ide-
alized test setup arranged in this study. As shown in Fig. 2(a), four
samples were assembled in the cooling chamber at a temperature of
3°C. A surcharge load of 5.5 kg was placed on top of each speci-
men. The laser-displacement transducers were placed 5 cm above
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the top of the surcharge load. Separate Marriott bottles were used to
supply water to the specimens. The bottoms of the Marriott bottles
were connected to the inlet port of the specimen baseplates with
flexible tubes [Fig. 2(b)]. Water was supplied to the specimens at
a constant pressure head of 1.27 cm by using bubble tubes.
Fig. 2(b) shows the approximate locations of the thermocouples.

Results

Heaving Trends and Comparisons

Fig. 3 shows the frost-heave time plots of 2.5 cm—50% OS-, 5 cm—
50% OS-, and 5 cm—100% OS-treated and untreated soils. All spec-
imens followed the same trend, where with a decrease in top plate
temperature the specimens heaved due to frost penetration, water
ingression, and ice lens formation (Johnson 2012). None of the
specimens heaved during the first 8 h of freezing period, due to a
low freezing temperature (—3°C). The freezing point depression
of the soil could be the possible reason for the observed behavior.
Previous studies indicated that, depending on moisture content, soil
freezes at temperatures lower than 0°C (Kozlowski 2004, 2016).
However, the specimens started to swell significantly after 32 h
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Fig. 3. Frost-heave time plot of OS-treated and untreated soils.

of test progression, when the specimens were frozen to the bottom
with a top plate temperature of —12°C. Maximum heaving was ob-
served at the end of the freezing period, with slight association of
time lags. Subsequently, thawing was applied by rising the top
plate temperature to 12°C, which melted the ice lenses formed dur-
ing the freezing cycle. As a result, specimens started to consolidate
due to phase change and dissipation of absorbed water. However,
this process was not completely reversible, resulting in residual
or permanent heave.

As indicated in Fig. 3, untreated soil started to heave at 32 h of
the test progress, whereas OS-treated specimens showed a 2-5h
delayed response to such behavior. A similar observation was
also made for the second freezing cycles, where untreated soil
heaved after 80 h, but the treated specimens exhibited heaving at
around 84 h of test progression. This indicated that OS treatment
and the attendant hydrophobicity acted as a barrier to water flow
toward the freezing front. As the temperature dropped and the
freezing front passed the middle OS-treated layers, water accumu-
lation to the frost fringe was possible and the specimens demon-
strated heaving behavior. Nonetheless, the OS-treated specimens
showed significantly lower heaving compared to the untreated
soil in both freezing cycles.

Fig. 4(a) provides quantitative comparisons of ultimate heaving
manifested by each of the treatments along with the untreated soil.
The untreated soil heaved to 6.3 mm at the end of first freezing cy-
cles, whereas the maximum heaving for 2.5 cm—50% OS, 5 cm—
50% OS, and 5 cm—100% OS treatments were 3.27 mm, 1.9 mm,
and 2.4 mm, respectively. The 5 cm—100% OS treatment resulted
in higher heaving compared to the 5cm—50% OS treatment.
While not entirely proven, the higher heaving with 100% OS
may have occurred because of the test setup and boundary condi-
tions. In particular, more OS translates to less moisture available
to freeze. Freezing of water slows down the progression of frost
fringe, since water releases heat in the form of latent heat during
the phase change (Mahedi et al. 2019a). In the case of the 100%
0S8, the freezing front may have reached the bottom of the speci-
men more quickly, resulting in water accumulation beyond the OS-
treated zone of this specimen. Water may have then accumulated as
an ice layer at the bottom of the specimen, which would explain the
increase in overall heaving of the 5 cm—100% OS-incorporated
specimen. The lower residual heave of 5 cm—100% OS compared
to 5 cm—50% OS treatment (Fig. 3) provides evidence of the expla-
nation. Greater residual heave is observed when the soil water con-
tributes more toward the overall heaving, whereas smaller values
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Fig. 4. Frost-heave test result: (a) maximum heave; and (b) heave rate.
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are expected when heaving is ensued by ice-layer formation
(Mahedi et al. 2019a). This has been further verified by the
moisture profile of the specimens, where the 5cm-100%
OS-incorporated soil specimen showed the highest moisture con-
tent at a depth of 14 cm. In addition, as indicated in Fig. 4(a), max-
imum heaving is always higher in the second freezing cycle. This
was attributed to an increase in hydraulic conductivity due to the
change in soil structure during the first freezing cycle (Chamberlain
1986). The variation in maximum heave in two freezing cycles was
less for 5 cm—100% OS-treated soil (<10.5%), since less alteration
of soil structure was expected due to small water ingression and
minor ice lens formation in 5 cm—100% OS-fused soil.

Fig. 4(b) shows the heave rates of OS-treated and untreated spec-
imens for both the freezing cycles. The heave rates were determined
as the tangent of the heave-line, as describe in Zhang et al. (2016).
Higher heave rates were associated with untreated soil, whereas
heave rates decreased significantly due to OS treatment. Generally
speaking, heave rates for the second freezing cycle were higher com-
pared to those found in the first freezing cycle. However, specimens
with 5 cm of OS-treated layers showed trivial differences in heave
rates, depending on whether it was the first or second freeze cycle.
The minimum heave rates were associated with 5 cm—50% OS treat-
ment. ASTM D5918 (ASTM 2013a) provides the frost susceptibility
classification based on the second heave rate. As per ASTM D5918
(ASTM 2013a), the frost susceptibility of soils is “high” when the
second heave rates are between 8 and 16 mm/day, “medium” if in
the range of 4 to 8 mm/day, and “low” for 2 to 4 mm/day of
heave rates. As shown in Fig. 4(b), untreated soil showed higher
frost susceptibility, with a heave rate of 13.8 mm/day. The frost sus-
ceptibility of the soil decreased to medium with an incorporation of a
2.5 em—50% OS-treated layer (6.96 mm/day). The 5 cm—50% OS
and 5 cm—100% OS treatments reduced the frost susceptibility of
the soil to low and medium low (4 and 4.4 mm/day for 5 cm—50%
OS and 5 cm—100% OS, respectively).

Moisture Profile

At the end of the freeze—thaw tests, each specimen was divided into
six 2.54 cm-thick soil layers to assess the soil moisture distribution.
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Fig. 5. Moisture profile of the specimens after the end of freeze—thaw
cycles.
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A moisture sample was taken from the middle of the layers. As seen
in Fig. 5, untreated soil showed a gradual increase in moisture con-
tent toward the top. Except for the bottom-most layer, untreated soil
had the highest moisture contents at every depth. This indicated an
upward movement of water toward the freezing front during the
freezing cycle. Up to a depth of 6.4 cm, the moisture contents of
50% OS treatments were significantly lower than those of untreated
ones. The lowest moisture contents for 50% OS-contained speci-
mens were also found at the depths of 6.4 cm. The 5 cm—50%
OS showed lower moisture at this depth compared to the 2.5 cm—
50% OS treatment. At depths of 8.9—14 cm, the moisture contents
of 50% OS treatments were comparable to the untreated soil. It is
significant to note that the OS-treated layers were placed at depths
of 5.1-10.1 cm, which acted as a barrier against the upward move-
ment of water. Therefore, moisture contents were lower above the
OS treated layers, whereas comparable moisture contents between
the treated and untreated specimens were found at depths higher
than 8.9 cm. In the case of the 5 cm—100% OS treatment, the lowest
moisture contents were associated at depths of 6.4—8.9 cm, in prox-
imity to the OS-treated layer. The drier zone in 5 cm—100%
OS-treated soils was extended to 8.9 cm due to the higher water re-
pellency properties of the 100% OS-modified layer. Up to a depth
of 8.9 cm, 5 cm—100% OS treatment resulted in the lowest mois-
ture contents compared to the other treated and untreated soils.
Yet, 5 cm—100% OS resulted in slightly higher heaves than those
from 5 cm—50% OS treatment. This is justified by relatively higher
moisture contents of 5 cm—100% OS incorporation at depths higher
than 8.9 cm. Apparently, because of less moisture at the top portion
of the 5 cm—100% OS-incorporated soil specimen, the freezing
front quickly passed the OS layer and accumulated moisture at
depths of 10.1-15.2 cm. Among all the prepared specimens, the
maximum moisture content was found for the 5 cm—100% OS
treatment at a depth of 14 cm, indicating the possible formation
of an ice layer.

Temperature Distribution

Fig. 6 shows the spatial and temporal distribution of soil tempera-
tures in OS-treated and untreated specimens. Higher variations in
temperature were observed at the top portion of the specimens,
whereas the differences in temperatures were less at greater depths.
At a certain depth, the OS-incorporated soil showed an immediate
decrease or increase in temperature in response to freeze—thaw cy-
cles [Fig. 6(b)]. After the instantaneous changes in temperature,
OS-treated specimens sustained a uniform temperature in the rest
of the freeze—thaw cycle [Fig. 6(c)]. By contrast, untreated soil
showed a delayed, gradual response to freeze—thaw throughout
the test period [Fig. 6(a)]. Unlike OS-treated specimens, the maxi-
mum and minimum temperatures for untreated soil were observed
at the end of a freezing or thawing cycle. The freezing process of
water releases a large amount of latent heat, whereas the same
amount of heat energy is absorbed in the ice-melting process
(Johnson 2012; Zhang et al. 2016). During the freezing cycles of
untreated soil, water constantly migrated toward the freezing
front, turned into ice, and released the heat of fusion. The process
decelerated the downward progression of frost fringe in untreated
soils, resulting in a gradual decrease in the temperature (Johnson
2012). In the thawing cycles, the temperature increases for un-
treated soil was gradual, since the ice lenses continuously absorbed
heat to melt into water. In the case of OS-treated soils, the migration
of water toward the frost fringe was limited by the enhanced hydro-
phobicity of soil particles. Therefore, less water was subject to
phase transformations, resulting a rapid change in temperature for
OS-incorporated soils. Once the phase change of available water
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Fig.

6. Temperature profile of the specimens at the depths of: (a) 1.3 cm; (b) 3.8 cm; (¢) 6.4 cm; (d) 8.9 cm; (e) 11.4 cm; and (f) 14 cm.

was complete, the temperature became uniform in OS-treated spec-
imens. As the frost fringe extended beyond the OS layers, the dif-
ferences between the treated and untreated soil specimens were
reduced, as indicated in Figs. 6(e and f). At greater depths
(14 cm), the 5 cm—100% OS-incorporated soil was found to be
warmer, which could be because of higher moisture content at
that zone (Fig. 5).

Conclusions

This study was conducted to evaluate the freeze—thaw perfor-
mances of OS-incorporated frost-susceptible soil. Silica-based
10:1 OS solution was used to treat the soil at the addition rates
of 50% and 100% by weight. Layers of 2.5 and 5 cm OS-treated
soils were sandwiched in between natural soil layers. The freeze—
thaw susceptibility of OS-treated and untreated soils were evalu-
ated. Based on the experimental study, the key findings of this
study are summarized as follows:
® The treatment of soils with OS and subsequent increase in soil
hydrophobicity significantly decreased the frost heaving of the
soil. The frost susceptibility classification of untreated soil
was “high,” which decreased to “medium” or “low” due to OS-
treated layers.
® The reduction in maximum heave and heave rates were the high-
est for the 5 cm—50% OS layer compared with the other treated
and untreated specimens.

© ASCE
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® The untreated soil showed a steady increase in moisture contents
toward the top surface of the specimen. In contrast, OS-treated
layers acted as a barrier against the flow of water and precluded
the ingression of water above the OS treatments.

® The temperature profile of the prepared specimens varied due to
the presence of OS-treated soil layers. Untreated soil showed
gradual changes in temperature, whereas the changes for
OS-incorporated soils were instantaneous.

® In brief, this study provides evidences supporting the prospec-
tive use of OS in negating the freeze—thaw impacts on subgrade
soils. Further research involving the field evaluation of OS-
treated soils is recommended for a comprehensive evaluation
of the freeze—thaw performances of OS-incorporated soils.

Data Availability Statement

All data, models, and code generated or used during the study ap-
pear in the submitted article.
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