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Abstract

To address the frost heave damage issue of the trapezoidal lined canals in seasonally frozen
regions and further ensure the stable operation of canals while reducing operation and
maintenance costs, this study conducted a gradient sand-gravel cushion replacement ex-
periment on the main canal of the Jingdian Irrigation District, China. For the experiment,
east—-west and north—south-oriented canal sections were selected, with frost heave meters
and soil temperature-humidity meters installed. Dynamic changes in canal ground temper-
ature, moisture content, and frost heave were monitored over two full freeze-thaw cycles.
The results indicate the following: (1) The variation of ground temperature lags behind
air temperature by 2-3 days; the ground temperature change on the canal slope is more
pronounced than that at the canal bottom; and for the east-west-oriented canal, the ground
temperature on the sunny slope is higher than that on the shady slope, while the ground
temperatures on the two slopes of the north—-south-oriented canal are similar. (2) The
moisture content of the east-west-oriented canal changes drastically during the freezing
period, showing a decreasing trend in the early freezing stage and a significant increasing
trend in the thawing stage, whereas the moisture content of the north-south-oriented canal
fluctuates slightly. (3) Canals with different orientations exhibit spatial differences in frost
heave due to variations in solar radiation distribution. (4) The frost heave is negatively
correlated with ground temperature, and its variation lags behind ground temperature by
1-2 days. (5) Increasing the replacement thickness of sand-gravel can significantly reduce
the frost heave, with a reduction rate exceeding 50%. Under the action of freeze—-thaw cycles,
canals with gradient sand-gravel exhibit remarkable anti-frost effects. Thus, for trapezoidal
lined canals in seasonally frozen regions, a gradient replacement scheme is recommended:
For east-west canals, the replacement thickness is 40-100 cm for shady slopes and 30-70 cm
for sunny slopes; for north—south canals, the replacement thickness is 30-70 cm for both
slopes. In conclusion, gradient sand-gravel replacement is an effective anti-frost heave
measure, providing a theoretical basis for the design of sand-gravel replacement for lined
canals in seasonally frozen regions.

Keywords: seasonally frozen regions; trapezoidal lined canal; sand-gravel replacement;
frost heave characteristics; anti-frost effect; field test; freeze—thaw cycle; hydrothermal
migration

1. Introduction

In seasonally frozen regions, frost heave is the main cause of structural degradation in
engineering projects such as canals, highways, and railways [1-4]. However, in such re-
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gions with extremely scarce water resources, agricultural irrigation faces severe challenges.
Canal irrigation has become a key factor in supporting the sustainable development of
agriculture [5-7]. Concrete-lined canals serve as crucial infrastructure for water distribution
and agricultural irrigation [8], a role exemplified by large-scale projects such as China’s
South-to-North Water Transfer Project and California’s State Water Project [9,10]. However,
in winter, uneven frost heave occurs in the foundation soil due to multiple factors, including
soil properties, groundwater level, and extreme temperatures [11], which often damage
the canal structure and compromise its anti-seepage function, thus increasing the risk of
agricultural drought and threatening both food security and the sustainable management
of limited water resources [12,13]. According to statistics, 50-60% of the concrete-lined
canals in the alpine irrigation areas of Qinghai Province have suffered structural damage
due to frost heaving [14], and a large irrigation district in Heilongjiang Province has seen
over 90 of its canals impaired by frost heaving, a proportion that accounts for 83% of the
district’s total number of canals [15]. Such damage is mainly manifested as lining plate
dislocation, longitudinal cracks, and joint cracks, resulting in an average annual leakage
loss of 15-20% of the total water volume. Addressing this issue is critical for advancing
regional sustainable development. To address frost heave damage, reduce secondary water
loss, and ensure regional sustainable development, systematic research has been conducted
on frost heave prevention technologies for water conveyance canals in cold regions. These
efforts not only hold practical significance for the sustainable operation of agricultural
irrigation systems but also contribute to the advancement of theories related to hydraulic
infrastructure in cold regions.

To ensure the stable operation of water conveyance canals in seasonally frozen regions
and to reduce water resource loss, numerous scholars have conducted monitoring and
analysis of canal temperature changes and frost heave deformation, revealed the frost
heave mechanism [16-18], and proposed targeted anti-frost heave measures, as well as
developed new canal structures based on frost heave characteristics. Li et al. [18,19]
combined experiments with numerical simulations and found that the cause of repeated
freeze-thaw heave and thaw settlement, as well as tensile and compressive stress in the
canal, was severe water migration and redistribution in the seasonal freeze-thaw change
layer. They also pointed out that the lower part of the canal slope is a key monitoring area.
Ji et al. [20] established an ice crystal frost heave model and proposed that intermittent
freezing can significantly alleviate soil frost heave. Shi et al. [21] analyzed the frost heave
failure mechanism of channels using a thermo-hydro—mechanical coupling model and
found that the temperature gradient of the canal embankment is greater than that of
other parts. Gong et al. [22] introduced the generalized Winkler elastic foundation beam
theory and constructed an accurate and practical canal frost heave mechanical model.
Ge et al. [23] proposed the two-layer composite geomembranes for canal frost damage
in arid—cold regions, via field tests and a coupling model, finding that the two-layer
geomembrane lining structure mitigates deformation by 38% and prevents frost damage.
Teng et al. [24] revealed the characteristics of unidirectional freezing and bidirectional
thawing of foundation soil. Field test studies by Guo et al. [25,26] showed that the laying
of polystyrene boards can significantly delay the freezing of foundation soil and achieve
effective thermal insulation. Mo et al. [27] found through research that the maximum
normal displacement of slope and canal top linings is significantly reduced after the use of
composite geomembranes. Through in-situ observation and analysis, Tian and Jiang [17]
found that the overall heaving of the lining during the freezing period is caused by the
combined effect of the vertical deformation of the canal bottom lining and the radial
deformation of the slope slab. Li et al. [28,29] confirmed that geotextile bags achieve
anti-frost heave effects by reinforcing soil and inhibiting water rise. Zhang et al. [30]
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proposed modifying channel sediment with low-toxicity and environmentally friendly
octadecyltrichlorosilane (OTS) to enhance frost resistance and reduce maintenance costs.
Xu et al. [31] studied the heat-water coupled migration of U-shaped canals, the normal
deformation caused by frost heave, and the normal force distribution law of the lining
structure. Guo et al. [16] found through research that increasing the groundwater level
can effectively inhibit water transfer during frost heave by changing the soil water—heat
migration path. Zhan et al. [32] found that the higher the groundwater level, the higher the
slope moisture content, and the greater the frost heave deformation at the slope top. Studies
by Wu and Jiang et al. [33,34] revealed that the fundamental mechanism of the asymmetric
distribution of water-heat-deformation originates from the temperature gradient and
freezing rate difference caused by solar radiation.

As previously mentioned, numerous anti-frost heave measures have been applied
in canal engineering. For instance, the laying of polystyrene boards can effectively delay
the freezing of foundation soil, achieving thermal insulation [25,26]; composite geomem-
branes can reduce lining deformation by mitigating water migration and releasing frost
heave forces [27]; while geotextile bags contribute to frost heave resistance through soil
reinforcement and suppression of water rise [29]. Each of these measures has its own
advantages, but they also present certain limitations. Existing anti-frost heave measures
(e.g., polystyrene boards, composite geomembranes) rarely consider both technical effec-
tiveness and long-term sustainability, such as durability, cost-effectiveness, and resource
conservation, leaving a gap in sustainable solutions for canal maintenance in seasonally
frozen regions. In contrast, the sand-gravel replacement measure, particularly the gradient
replacement method studied in this paper, leverages the inherent properties of sand-gravel
materials—excellent drainage and negligible frost heave susceptibility—to fundamentally
undermine the material (moisture) and spatial (frost-susceptible soil) basis for frost heave by
altering the physical composition of the foundation soil. This method offers wide material
availability, simple construction, and good durability. From a sustainability perspective, its
wide material availability reduces reliance on non-renewable or geographically restricted
materials (avoiding long-distance transportation and associated carbon emissions), sim-
ple construction minimizes energy consumption and environmental disturbance during
project implementation, and good durability extends the service life of canal infrastructure,
reducing the frequency of reconstruction, material waste, and lifecycle environmental
impact, which aligns with the principles of resource efficiency and long-term sustainability
in civil engineering for water conservancy. Although significant progress has been made in
understanding the mechanisms of frost heave damage in canals and the development of
preventive measures, systematic field experimental studies on the hydro-thermal migration
patterns, frost heave characteristics, and anti-frost heave effectiveness of canal foundation
soil after gradient sand-gravel cushion replacement remain insufficient.

In this study, field tests on gradient sand-gravel replacement with different thicknesses
were conducted on the main canal of the Jingdian Irrigation District. By monitoring the
dynamic changes in ground temperature, moisture content, and frost heave amount of the
canal during freeze—thaw cycles, the influence laws of gradient sand-gravel replacement
on the hydrothermal migration and frost heave characteristics of foundation soil were
analyzed. Additionally, the correlation between the thickness of the sand-gravel cushion
and the anti-frost heave effect was explored. Finally, a thickness recommendation for the
gradient sand-gravel replacement suitable for trapezoidal concrete-lined canals in season-
ally frozen regions was proposed, providing theoretical basis and engineering reference
for the foundation replacement design of canal projects in seasonally frozen regions and
similar studies.
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2. Field Test Method
2.1. Test Site

For this study, east-west and north—south-oriented canal sections were selected as the
on-site test objects. The test area of the test site is located in the Jingdian Irrigation District
of Gansu Province, China (37.509° N, 103.927° E), as illustrated in Figure la. Figure 1b
presents the satellite image of the canals. This region belongs to a seasonally frozen soil
area, with an average annual temperature of only 10 °C, a historical minimum temperature
of —27.3 °C, and a maximum freezing depth of 99 cm. The actual total irrigated area of the
irrigation district reaches about 93,333 hectares, and the total length of water conveyance
canals is approximately 2422 km. These canals serve as critical water conveyance canals for
the Jingtai and Minqin areas, and they are of great significance for ensuring the domestic
water supply of residents and achieving irrigation goals. The canal’s foundation soil in this
region is highly frost-susceptible. Under the seasonal freeze-thaw cycles, the canals often
experience significant frost heave deformation and thaw settlement. Problems resulting
from this, such as lining collapse, bulging [35,36], and sliding [32,37,38], constitute a
typical frost damage pattern, as shown in Figure 2. These issues pose a huge threat to the
structural safety of the canals and affect the engineering benefits, making the prevention
of canal frost heave an urgent and major engineering problem to be solved. Furthermore,
the groundwater level in the experimental area remained relatively stable throughout
the monitoring period, with no severe fluctuations caused by large-scale precipitation
or irrigation events. Consequently, the impact of groundwater on the foundation soil’s
moisture content and frost heave process was relatively minor, which helps to isolate and
clarify the anti-frost heave effectiveness of the sand-gravel replacement measure itself.

103° 104°
>\Jf \ Inner Mongolia Autonomous Region }N\ E‘g
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Figure 1. Location of the research area. (a) Test site location; (b) canal satellite image. Maps were
drawn by the authors using ArcGIS 10.8 (Environmental Systems Research Institute, Inc., Eedlands
City, CA, USA. https:/ /www.esri.com/ (accessed on 1 March 2024)).
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Figure 2. Typical frost-heave damage of concrete-lined canals. (a) Frost-heave damage; (b) collapse,

overhead, and staggered joints.
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The map in Figure 1a is based on the standard map, which was downloaded from the
standard map service website of the Ministry of Natural Resources, and the review number
is GS (2016) No. 1600. No changes were made to the base image.

2.2. Test Method

For this field test, typical trapezoidal canals with east-west and north-south orien-
tations were selected as the research objects. Each test canal section was 10 m in length.
After excavating the foundation to the designed elevation, the canal bottom foundation and
canal slopes were compacted. Subsequently, sand-gravel (with a fine content not exceeding
5%, a particle size of 2540 mm accounting for more than 50%, and a relative density of
>0.65) was used for compaction and backfilling. The canal bottom and slopes were lined
with 10-cm-thick C20 precast concrete slabs, a 3-cm-thick M10 cement mortar layer, and
a flexible composite geomembrane. The sand-gravel replacement schemes are shown in
Table 1.

Table 1. Test scheme for sand-gravel replacement.

Ori(éilltl:tlion Test Section Replacement Location Tll{lffliiiz?fcﬁ)
shady slope of canal 40 (top) to 100 (bottom)
I sunny slope of canal 30 (top) to 70 (bottom)
East-west bottom of canal 70
direction shady slope of canal 20 (top) to 50 (bottom)
I sunny slope of canal 15 (top) to 35 (bottom)
bottom of canal 35
slope of canal 30 (top) to 70 (bottom)
North—south & bottom of canal 70
direction slope of canal 15 (top) to 35 (bottom)
v bottom of canal 35

The monitoring instruments were installed at the same positions in the east-west-
oriented canal (with the left slope as the shady slope and the right slope as the sunny slope)
and in the north—south-oriented canal. The distribution of monitoring instruments and
monitoring points is shown in Figure 3, and the on-site layout of monitoring instruments in
trapezoidal concrete-lined canals is shown in Figure 4. Five measuring points (A-E) were
set on each canal cross-section, and one DG0100-series frost-heave meter was installed at
each measuring point. Specifically, the frost heave meters were placed in the middle of the
canal bottom and at every one-third position of the canal slopes, totaling 20 units, with an
embedding depth of 2 m. The frost-heave meters on each cross-section were numbered
D1-D5. Fifteen DY0100-series soil temperature and humidity meters were arranged on
each test cross-section. These meters were embedded at different depths along the direction
of the frost-heave meters (the top of the cushion, the bottom of the cushion, and 1.5 m deep
from the lining surface), totaling 60 units, and were numbered T1-T15. All instruments
were calibrated before monitoring. Data collection and uploading began on November 1st
of the year when the instruments were embedded, with the cloud system collecting data
every two hours. The data monitoring lasted for two complete freeze-thaw cycles (from
November 1st of the first year to March 31st of the third year).
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Figure 4. On-site installation of monitoring instruments. (a) Installation of monitoring instruments

on canal slopes; (b) remote, automated data collection system.

3. Results

The frost heave issue of concrete-lined canals is influenced by multiple factors, and
its mechanism is complex, involving factors such as ground temperature, foundation
soil moisture content, soil type, and canal orientation. In this study, field test methods
were adopted to conduct in-depth research and analysis on three key factors: ground
temperature, foundation soil moisture content, and canal orientation.

3.1. Air Temperature and Ground Temperature Variation Patterns

After prototype monitoring over two complete freeze-thaw cycles (300 days), the
process curves of extreme air temperatures in the test area during the two freeze-thaw
cycles are shown in Figure 5. It can be seen from the figure that a low air temperature
trough occurred on 7 January during the first freeze-thaw cycle, which was the minimum air
temperature at —21 °C. During the second freeze-thaw cycle, two air temperature troughs
appeared on 26 December and 7 February, with air temperatures of —17 °C and —16 °C,
respectively. The air temperature fluctuated significantly in the first freeze-thaw cycle,
while the air temperature fluctuation was relatively gentle in the second freeze-thaw cycle.

Frost heave, resulting from water freezing in the foundation soil, is influenced by
ground temperature and other factors, such as groundwater level and soil type. Therefore,
the magnitude of canal frost heave is closely related to ground temperature. Figures 6 and 7
illustrate the variation processes of ground temperature at different depths and measuring
points in Section II (east-west-oriented) and Section IV (north-south-oriented) during the
first and second freeze—thaw cycles, respectively.
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Figure 5. Daily maximum and minimum air temperature changes during two freeze—thaw cycles in
the test area: (a) the first freeze-thaw cycle; (b) the second freeze—-thaw cycle.
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Figure 6. Ground temperature changes at different measuring points and depths in Section II and
Section IV during the first freeze-thaw cycle: (a) top of cushion layer, (b) bottom of cushion layer, and
(c) at a depth of 1.5 m; (d) top of cushion layer, (e) bottom of cushion layer, and (f) at a depth of 1.5 m.

As shown in subgraphs (a), (b), and (c) of Figures 6 and 7, the ground temperature
at all depths of measuring points D and E (sunny slope) in the east-west-oriented canal
is higher than that at the same depths of the other measuring points. As illustrated in
subgraphs (d), (e), and (f) of Figures 6 and 7, the ground temperature at all depths of
measuring point C (canal bottom) in the north-south-oriented canal is higher than that at
the same depths of the other measuring points; the ground temperatures of the two slopes
are roughly equal, showing an overall trend in which the left slope is slightly higher than
the right slope. This is due to the different orientations of the canals: the sunny slope of
the east-west-oriented canal receives more solar radiation, resulting in a large temperature
difference between the two slopes, while the two slopes of the north—south-oriented canal
receive roughly the same amount of solar radiation.



Sustainability 2025, 17, 9432

8 of 18

18 18 18
161 ——II-T1 ——II-T7 16 —— -T2 ——1I-T8 16k ——II-T3 ——II-T9
14r ——1I-T4 ——1I-T10 141 ——1II-TS ——II-T11 14 ——1I-T6 ——II-T12
12k I-T13 12 12F I-T15
£ 10f £ 10f £ 10f
£ 8f 5 8 s 8
g of 5 °f g o
o 4t a 4t 2 4F
E 2f E 2f E 2f
0 OF of
-2f -2f -2f
-4t -4} -4t
-6 T -6 T -6 T
11/111/16 12/1 12/1612/31 1/15 1/30 2/14 3/1 11/1 11/16 12/1 12/1612/31 1/15 1/30 2/14 3/1 11/111/16 12/1 12/1612/31 1/15 1/30 2/14 3/1
Date/d Date/d Date/d
(a) (b) (0
16 16 16
14F ——1IV-TI ——IV-T7 14 ——1IV-T2 ——IV-T8 14 \/ ——1IV-T3 ——1IV-T9
12k —  IV-T4 ——IV-T10 12 B ——1IV-T5 ——IV-TI1 12k Y ——1V-T6 ——1IV-TI2
L 10F\ L 10} g 10}
s 6f e S 6F
2 4l 2 2 4l
5 E £
= 27 = = 2
OF ofF
11/1 11/16 12/1 12/1612/31 1/15 1/30 2/14 3/1 11/1 11/16 12/1 12/1612/31 1/15 1/30 2/14 3/1 11/1 11/16 12/1 12/1612/31 1/15 1/30 2/14 3/1
Date/d Date/d Date/d
(d) (e) €3]

Figure 7. Ground temperature changes at different measuring points and depths in Section II and
Section IV during the second freeze—-thaw cycle: (a) top of cushion layer, (b) bottom of cushion layer,

and (c) at a depth of 1.5 m; (d) top of cushion layer, (e) bottom of cushion layer, and (f) at a depth of
1.5m.

The ground temperature variation trends of canals with the two orientations are
generally consistent: The temperature change on the canal slopes is more pronounced than
that in other parts, with a larger temperature gradient. This difference arises because the
central part of the canal bottom has a relatively smaller area for heat exchange with the air
and the surrounding environment, resulting in slower heat dissipation. In contrast, the two
side slopes of the canal have a larger contact area with the external cold air, and heat is
more likely to dissipate through conduction, convection, and other means—thus causing
the ground temperature on the slopes to decrease faster than that at the canal bottom.
The ground temperature in the deeper layers of the canal foundation soil is generally
higher than that in the shallow layers. This is because, as the depth of the foundation soil
increases, its response to changes in external air temperature becomes relatively delayed.
This delay leads to more pronounced temperature fluctuations in the shallow soil layers,
while the deep soil layers exhibit milder temperature fluctuations and maintain a relatively
higher temperature.

By comparing Figures 5 and 6, it can be seen that the ground temperature at different
depths of each measuring point experienced a single trough on 10 January during the
first freeze—thaw cycle. From Figures 5 and 7, it is evident that the ground temperature
at different depths of various measuring points experienced two troughs, occurring on
28 December and 9 February during the second freeze-thaw cycle, respectively. This
indicates that the ground temperature variations at each measuring point closely followed
the trends of the daily minimum air temperature, demonstrating the significant influence
of external air temperature on ground temperature. Notably, ground temperature changes
lag behind air temperature changes by 2-3 days, primarily due to the time required for
heat to conduct through the lining plate into the foundation soil.
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3.2. Variation Law of Foundation Soil Moisture Content

During the soil-freezing process, the degree of frost heave is affected by the initial
moisture content of the soil layer and the extent of water vapor migration. Figure 8 shows
the foundation soil moisture content changes at the cushion bottom for each measuring
point in Section I (east-west-oriented) and Section III (north-south-oriented) over the
two freeze-thaw cycles, respectively. As illustrated in Figure 8, the foundation soil moisture
content at the bottom of the cushion for each measuring point in Section III remained
between 35% and 45% during the freeze-thaw cycle, with a small fluctuation range and no
obvious peaks or troughs. In contrast, the foundation soil moisture content at the bottom
of the cushion for each measuring point in Section I changed more drastically, with a larger
fluctuation range. Specifically, it gradually decreased in the early freezing stage, reached
the lowest point when fully frozen, and then began to increase, showing a significant
upward trend, especially during the soil-thawing stage. It can thus be concluded that the
foundation soil moisture content of canals with different orientations exhibits distinctly
different variation trends.

. L ——— ——— . 70— —=—TTs
?\E 60 - o—I-T5 —o—I-T11 SO0 —o—qI-T5S ——II-T11
g50F I-T14 850
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Figure 8. Changes in foundation soil moisture content at the cushion bottom of Sections I and III during
two freeze—-thaw cycles: (a,b) the first freeze—thaw cycle, (c,d) the second freeze-thaw cycle.

A comparative analysis of foundation soil moisture content in the two sections reveals
a significant difference between the sunny and shady slopes of the east-west-oriented canal
before and after freezing. Before freezing, the soil moisture content on the sunny slope was
higher than that on the shady slope; the moisture content in the lower part of the canal
slope was higher than that in the upper part, and the moisture content at the canal bottom
was the highest. As the ground temperature decreased, the soil moisture at the bottom of
the cushion at each measuring point gradually decreased, with a sharp drop in the moisture
content on the shady slope.

In the initial freezing stage of east-west canals, the temperature of the shady slope
decreases faster than that of the sunny slope, creating a larger temperature gradient on
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the shady slope. The gradient drives capillary water to migrate toward the shady slope’s
frozen area, leading to a rapid drop in the shady slope’s moisture content. This is consistent
with the mechanism of ‘temperature gradient and freezing rate difference caused by solar
radiation’ revealed by Wu and Jiang et al. [33,34]. This qualitative observation provides
strong on-site evidence for the above theory and quantifies the specific amplitude and
spatiotemporal dynamics of water redistribution under the condition of the sand-gravel
replacement layer. In the early thawing stage, the sunny slope experiences a greater
temperature rise and faster ice melting, so its moisture content increases quickly, while the
shady slope has a slower temperature rise and a delayed increase in moisture content—
forming the pattern of “low moisture content on the shady slope during freezing and
high moisture content on the sunny slope during thawing.” For north—south canals, the
temperature difference between the two slopes is small, resulting in a weak temperature
gradient and unobvious water migration. Thus, the moisture content remains stable at
35-45% without significant fluctuations.

There was a significant difference in soil moisture content at the end of the freeze-thaw
period compared with the early freezing stage. This is because during the freezing period,
the temperature gradient and the capillary action of ice-crystal growth drove the migration
of soil moisture to the low-temperature frozen area, and the foundation soil moisture
content was redistributed during the thawing period. For the north-south-oriented canal,
changes in ground temperature in the upper part of the canal slope had a greater impact on
moisture content, while changes in ground temperature in the lower part of the canal slope
and at the canal bottom had a smaller impact on moisture content.

3.3. Law of Canal Frost Heave Deformation

During freeze—thaw cycles, canal structures experience varying degrees of damage,
including not only strength failure but also instability and collapse. Figure 9 illustrates
the dynamic changes in frost heave at each measuring point of Section II and Section IV
during the two freeze—thaw cycles. From the variation trends of the frost heave amount
at each measuring point of the two sections in the figures, it can be observed that as the
external air temperature decreases, the foundation soil temperature decreases accordingly,
and the frost heave amount gradually increases, reaching its maximum value during the
freezing period. However, the timing of the maximum frost heave amount differs among
the measuring points, and the maximum frost heave amount at each measuring point
of Section II persists for a longer duration. As the external air temperature rises and the
foundation soil thaws, the frost heave amount at each measuring point of the two sections
begins to decrease gradually. By the end of the freeze-thaw cycle, the frost heave amount
at the central part of the canal bottom in Section II and the upper part of the right slope
in Section IV is lower than that at the early stage of the freeze-thaw cycle, indicating that
the canal has experienced thaw settlement. In contrast, the frost heave amount in other
parts at the end of the freeze-thaw cycle is higher than that at the early stage, which further
confirms that frost heave has occurred in these parts.

The law governing the maximum frost heave amount at each measuring point of
Section I is as follows: The frost heave amount at the lower part of the left slope is the
largest, followed by that at the canal bottom, and the smallest is at the upper part of the
right slope. There are significant differences in the variation of frost heave amount among
the measuring points of Section II, which are caused by the uneven duration of solar
irradiation on the two slopes of the east-west-oriented canal. Compared with Section II,
the frost heave amount among the measuring points of Section IV shows slight differences,
and the variation trends of frost heave amount at each measuring point are relatively
consistent. This phenomenon is attributed to a slight deviation between the orientation
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of the canal in the prototype test and the true north-south orientation. In addition, as
shown in Figure 9, the maximum frost heave amount of the canal in the second freeze—thaw
cycle is significantly lower than that in the first freeze—thaw cycle. This indicates that after
one complete freeze—thaw cycle, the frost heave of the canal has been continuously and
effectively inhibited. This result fully proves that the sand-gravel replacement method is
effective as a prevention and control measure.
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Figure 9. Changes in frost heave at each measuring point of sections Il and IV during two freeze-thaw
cycles: (a,b) the first freeze—thaw cycle, (c,d) the second freeze-thaw cycle.

3.3.1. Influence of Ground Temperature on Frost Heave

To reveal the law governing the influence of ground temperature on frost heave
amount, Section IV (north-south-oriented) was selected as the research object to analyze
the relationship between frost heave amount and ground temperature. Figure 10 illustrates
the correlation curve of frost heave amount with ground temperature in Section IV during
the second freeze-thaw cycle. As shown in Figure 10, there is a negative correlation between
frost heave amount and temperature: as the ground temperature gradually decreases, the
frost heave amount increases gradually; conversely, when the ground temperature rises,
the frost heave amount decreases. This indicates that ground temperature is a key factor
governing frost heave deformation. In addition, the variation of frost heave amount does
not occur synchronously with the variation of ground temperature. The response of frost
heave amount lags behind the change of ground temperature by 1 to 2 days, which reflects
the complexity and hysteresis of the soil freeze-thaw process. This is highly consistent with
the heat-water-mechanics interaction mechanism proposed by Li et al. [18]. The hysteresis
of frost heave changes reflects the time required for water migration and ice lens growth and
is an inherent manifestation of the coupling effect of thermal-hydro-mechanical processes.
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Figure 10. Correlation curve between frost heave and ground temperature at each measuring point
of Section IV during the second freeze-thaw cycle.

3.3.2. Influence of Replacement Thickness on Frost Heave

To investigate the influence of sand-gravel replacement thickness on frost heave
amount, a comparative analysis was conducted on the maximum frost heave amount
and frost heave reduction rate at each measuring point across four test sections. Table 2
presents the maximum frost heave amounts of Section I and Section II (east-west-oriented
canals) as well as Section III and Section IV (north-south-oriented canals) during the first
freeze-thaw cycle, along with the frost heave reduction rates of Section I and Section III
after increasing the replacement thickness. It can be observed from the table that as the
sand-gravel replacement thickness increases, the frost heave amount of the canals shows
a decreasing trend. The frost heave reduction rates at all measuring points of Section I
(east-west-oriented) and Section III (north—south-oriented) both exceed 50%.

Table 2. Test section frost heave reduction rate.

(a) East—West Orientation

Maximum Frost Heave (cm) Frost Heave

Measuring Points

Section I Section II Reduction Rate
A 0.87 2.35 0.63
0.74 2.58 0.71
C 0.98 2.17 0.55
D 0.72 2.37 0.70
E 0.55 1.93 0.72

(b) North—-South Orientation

Maximum Frost Heave (cm) Frost Heave

Measuring Points

Section III Section IV Reduction Rate
A 0.76 2.06 0.63
B 0.96 2.33 0.59
C 0.9 2.19 0.59
D 0.92 2.21 0.58
E 0.88 1.97 0.55
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To further verify the anti-frost heave effectiveness of the sand-gravel replacement
thickness in the canals, a paired-samples t-test was conducted to compare the maximum
frost heave between Section III and Section IV of the north—south-oriented canal. Notably,
these two sections were confirmed to have identical canal alignment, soil type, and ground-
water level—with the only distinction being the sand-gravel replacement thickness. This
controlled setup inherently eliminates interfering factors, ensuring that any significant
difference in frost heave can be solely attributed to the variation in replacement thick-
ness. The statistical results showed that the average maximum frost heave in Section III
(0.88 = 0.03 cm) was significantly lower than that in Section IV (2.15 & 0.06 cm), with
t (4) = 26.42 and p < 0.0001. The mean difference in maximum frost heave reached 1.27 cm,
and the 95% confidence interval ranged from 1.13 to 1.41 cm. These findings demonstrate
that increasing the sand-gravel replacement thickness can effectively reduce the frost heave
of the canal, exhibiting a remarkable anti-frost heave effect.

3.3.3. Influence of Canal Orientation on Frost Heave

To investigate the influence of canal orientation on frost heave, this study compared the
maximum frost heave values at identical monitoring points in Section II (east-west-oriented
canal) and Section IV (north—south-oriented canal). Figure 11 illustrates a comparison of
the maximum frost heave at the same measuring points in both sections during two freeze—
thaw cycles. As illustrated in Figure 11, the frost heave on the shady slope is greater than
that on the sunny slope, with the shady slope also exhibiting more pronounced variation in
frost heave magnitude. This phenomenon is mainly due to the obvious difference in solar
radiation received by the shady and sunny slopes of the east-west-oriented canal under
sunlight conditions: The shady slope receives less solar radiation, resulting in a relatively
lower ground temperature, which makes it more prone to freezing and generates a larger
frost heave amount.

35
The first freeze-thaw period
3.0F - M- SectionlI((east-west oriented))
—@&— SectionIV(north-south oriented)
25F P
=) = .
R3] =y
[ L i
% 2.0
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0.0 L 1 1 L 1
A B C D E

Point

Figure 11. Comparison of maximum frost heave at the same measuring points between Section II
and Section IV during two freeze-thaw cycles.

In addition, limited by the test conditions, there is a certain angle between the north—
south-oriented canal and the true north-south direction, leading to a slight asymmetric
distribution of its frost heave amount. Specifically, the frost heave amount on the right
bank is slightly smaller than that on the left bank. Overall, the north-south-oriented canal
is relatively less affected by solar radiation, and the impact of this asymmetric distribution
on the overall frost heave amount is negligible. In contrast, the east-west-oriented canal
is significantly affected by solar radiation, resulting in a significantly larger frost heave
amount on the shady slope compared to the sunny slope.
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4. Discussion
4.1. Validation with Existing Thermo-Hydro-Mechanical Models

The field observations from this study align well with established thermo-hydro—
mechanical coupling theories. The recorded time lags, where ground temperature changes
followed air temperature by 2-3 days and frost heave lagged a further 1-2 days behind
ground temperature, are characteristic of soil freezing dynamics. These delays represent
the time needed for heat to transfer through the structure and for unfrozen water to migrate
and form ice lenses, a key process in thermo-hydro—-mechanical models [18,24].

The different behaviors of east-west and north—south canals further validate these
models. The sharp moisture decrease on the shady slope of the east-west canal during early
freezing and its subsequent increase on the sunny slope during thawing clearly demonstrate
temperature-gradient-driven moisture migration [33,34]. Our data quantifies this process
under realistic field conditions with a sand-gravel layer. In contrast, the stable moisture in
north-south canals confirms that minimal temperature gradients result in negligible water
movement. The over-50% frost heave reduction can be mechanistically explained within
the thermo-hydro-mechanical framework. The sand-gravel replacement simultaneously
disrupts key couplings in the frost heave process: Its high permeability decouples the
thermal and hydraulic processes by impeding water migration towards the freezing front,
while its non-frost-susceptible nature decouples the hydraulic and mechanical processes by
preventing ice lens growth and soil deformation.

4.2. Engineering Design Implications

The findings of this study provide guidance for the anti-frost heave design of trape-
zoidal lined canals in seasonally frozen regions. A paramount consideration in practice
is the canal orientation. For east-west-oriented canals, the significant differential in solar
radiation between the sunny and shady slopes leads to asymmetric thermal-moisture con-
ditions, resulting in notably greater frost heave on the shady slope. Therefore, designers
must allocate a greater thickness of sand-gravel to the shady slope (40-100 cm) than to the
sunny slope (30-70 cm) to counterbalance this inherent imbalance. In contrast, for north—
south-oriented canals, where both slopes receive comparable solar radiation and exhibit
similar frost heave behavior, a symmetric and uniform replacement thickness (30-70 cm for
both slopes) is sufficient and more efficient. This orientation-specific approach, validated
to reduce frost heave by over 50% and control deformation within 2 cm, ensures optimal
anti-frost heave performance while maximizing material economy, saving approximately
20-30% of materials compared to a uniform-thickness scheme.

4.3. Sustainability Implications

This study contributes to sustainability in three interrelated dimensions: environ-
mental, economic, and social. For environmental sustainability, the gradient sand-gravel
replacement reduces water leakage by over 50% compared to unmodified canals, which
lowers the demand for freshwater extraction and mitigates the ecological impact of water
scarcity; additionally, the use of locally available sand-gravel (instead of synthetic materials
like polystyrene) reduces carbon emissions associated with material production and trans-
portation. In terms of economic sustainability, the scheme saves 20-30% of sand-gravel
usage and reduces long-term maintenance costs by 40-50% via less frequent repairs for
frost heave damage, which supports the economic viability of agricultural systems in
large irrigation districts like Jingdian District, China (with a total canal length of approx-
imately 2422 km). Regarding social sustainability, by ensuring stable water delivery for
93,333 hectares of farmland, the measure safeguards food production and rural livelihoods,
directly contributing to poverty alleviation and social stability in the region. This practice
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is consistent with the United Nations” 2030 Agenda for Sustainable Development. Specifi-
cally, it contributes to Goal 2 (Zero Hunger) and Goal 6 (Clean Water and Sanitation) by
guaranteeing the stability of agricultural irrigation systems.

4.4. Limitations and Future Work

The research results provide practical theoretical support and practical guidance for
the anti-frost design of trapezoidal concrete-lined canals with sand-gravel replacement in
seasonally frozen regions. However, this study has minor limitations: The test scope is re-
gional, lacking data from other seasonally frozen regions. Furthermore, while groundwater
was stable during monitoring, its potential fluctuation in other contexts could influence
results. Additionally, key material properties of the sand-gravel layer, such as its perme-
ability coefficient and unfrozen water content, were not systematically measured. This
omission limits a deeper mechanistic understanding of its performance.

Future research should expand to diverse seasonally frozen regions to test the general-
izability of the proposed design. Extending monitoring beyond two freeze-thaw cycles
is crucial to assess the long-term performance of the replacement measure. Future work
will also prioritize the laboratory determination of these key material parameters. Finally,
integrating this field data into a calibrated thermo-hydro—mechanical numerical model
would be a significant step forward. Such a model could predict frost heave under various
conditions and help develop optimized, practical design guidelines for engineers.

5. Conclusions

Based on the field test monitoring data of two complete freeze-thaw cycles, this study
analyzed the variation laws of ground temperature and foundation soil moisture content,
and explored the influences of sand-gravel replacement thickness and canal orientation on
frost heave. The main conclusions are as follows:

The variation of canal ground temperature lags behind that of air temperature by
2-3 days, and the ground temperature variation on canal slopes is more pronounced than
that at the canal bottom. Canal orientation significantly affects ground temperature distri-
bution: for east-west-oriented canals, the ground temperature of the sunny slope is higher
than that of the shady slope; for north-south-oriented canals, the ground temperature at
the canal bottom is slightly higher than that of the two slopes, and the ground temperatures
of the two slopes are basically similar.

The variation characteristics of foundation soil moisture content differ significantly
among canals with different orientations. For east-west-oriented canals, the moisture con-
tent changes drastically during the freezing period—it decreases in the early freezing stage
and increases significantly in the thawing stage, which is obviously affected by the freezing
process and hydrothermal migration. For north-south-oriented canals, the moisture content
fluctuates slightly and remains relatively stable during the freeze—thaw cycle.

Canals with different orientations exhibit uneven spatial distribution of frost heave
amount due to the influence of solar radiation. For east-west-oriented canals, the shady
slope receives less solar radiation than the sunny slope, resulting in lower ground tem-
perature and significantly larger frost heave amount (with a more pronounced variation
range) than the sunny slope. For north-south-oriented canals, the difference in frost heave
amount between the two slopes is relatively small.

There is a significant negative correlation between frost heave amount and ground
temperature. The frost heave amount increases as the ground temperature decreases and
decreases as the ground temperature rises. Meanwhile, the variation of frost heave amount
lags behind that of ground temperature by approximately 1-2 days.
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Increasing the sand-gravel replacement thickness can effectively inhibit canal frost
heave. After increasing the replacement thickness, the frost heave amount at each mea-
suring point decreases significantly, and the frost heave reduction rate generally exceeds
50%. Meanwhile, compared with the uniform-thickness replacement method, this gradient
replacement approach saves 20-30% of sand-gravel usage. This material-saving advantage
not only reduces the consumption of non-renewable construction resources but also lowers
project investment and subsequent material replenishment costs, addressing the dual needs
of technical effectiveness and long-term sustainability in canal engineering.

For seasonally frozen regions with a maximum freezing depth of 90-100 cm, it is
recommended to adopt a gradient sand-gravel replacement scheme for trapezoidal lined
canals in the area: The replacement thickness for the shady slope of east-west canals is
40-100 cm, and for the sunny slope is 30-70 cm; the replacement thickness for north—south
canals is 30-70 cm. This scheme can stabilize the canal frost heave within 2 cm, fully meeting
the control requirements of relevant engineering specifications for frost heave deformation.
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