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Temperature influence on matric
suction in unsaturated soils:
experimental insights

Feifei Liul, Cheng Xu'*?, Mingming Ba' & Xuesong Mao?**

Temperature is a critical factor affecting the matric suction of unsaturated soils. This study employed

a simple and time-saving method to investigate the influences of temperature and moisture content
on the temperature dependence of matric suction in loess and sand soils. Based on experimental data,
the fitting performance of three data-fitting models-Brooks-Corey, van Genuchten, and Fredlund-
Xing -was evaluated at temperatures above 0 °C. The results indicated that matric suction decreased
as temperature increased. The variation of matric suction with temperature was categorized into the
maximum value range (R,,. ), the highly temperature sensitive range (R) and the weak temperature
sensitive range (R, ). Additionally, R,,.  and R;,, were observed to decrease and increase, respectively,
as moisture content increased. Above 0 °C, the sensitivity of matric suction to temperature decreased
with increasing moisture content, while below 0 °C, temperature sensitivity increased as moisture
content increased. Furthermore, the matric suction of loess showed greater sensitivity to temperature
changes than that of sand. The van Genuchten model outperformed the other models at temperatures
above 0 °C. This study provides experimental evidence for a deeper understanding of the impact of
temperature changes on matric suction.
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Matric suction is a key property of unsaturated soils, representing their ability to retain water. Its significance
extends across various applications, such as soil water retention, water transport, slope stability analysis, and
foundation bearing capacity evaluation'*. Studies have shown that temperature is a critical environmental factor
affecting the matric suction of unsaturated soils™®. Variations in soil temperature change its matric suction and
potentially impacting its mechanical properties”$. Uchaipichat® emphasized that temperature effect should be
considered when solving engineering problems related to matric suction. Therefore, it is necessary to investigate
the effect of temperature on the matric suction.

Scholars have conducted a series of research to examine the effect of temperature on the soil matric suction,
and indicated that the impact of temperature on matric suction of unsaturated soils was not uniform and could
vary significantly across different temperature ranges!®~!>. However, most studies on this topic focused on narrow
temperature bands, limiting the generalizability of their findings. Notably, there is a lack of research within the
temperature range of 0 °C to 20 °C, which is commonly encountered in soils for civil engineering and agricultural
engineering worldwide. To address this gap, this paper intends to explore how temperature affects the matric
suction of unsaturated soils over a wide range of temperatures. Furthermore, the influence of temperature on
the matric suction of unsaturated soils may depend on the initial moisture content of the soil. There is ongoing
debate and variability in research findings regarding whether temperature has a more pronounced effect on
the matric suction of unsaturated soils at low moisture content or at high moisture content!-23, Given these
complexities, it is crucial to conduct further research to clarify the temperature-moisture interactions on matric
suction of unsaturated soils across different moisture content conditions.

The indoor measurement, like filter paper method, steam equilibrium method and so on, is typically used
for obtaining the matric suction of unsaturated soils. However, most of these methods require testing at room
temperature (approximately 20 °C), which restricts their applicability under varying temperature conditions.
Besides, these methods are cumbersome to measure and require a long time to reach equilibrium. To address
this issue, this study proposes the water potential method for measuring matric suction at different temperatures.
This method primarily uses the water potential sensor (EROS21), which has a wide measurement range, a
relatively short equilibrium time, and operates within the temperature range of -40 °C to 60 °C. As a result, it is
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Soil type | G, Wopt (%) | Pamax (g/cm?) wy (%) | W, (%) | PI(%) | Dominant minerals
Loess 271 | 14.1 1.8 30.5 17.69 12.81 | Quartz (44.7%), Anorthite (30%), Calcite (17.4%), Illite (7%)
Sand 2,66 |9 1.9 - - - Quartz (36.9%), Albite (58.4%)

Table 1. Physical and chemical properties of the soil.
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Fig. 1. The gradation curves of the test soils.

easy to operate and time-efficient, suitable for various temperature conditions. The validity of this method will
be verified through comparison with the pressure plate method. In view of these facts, this study investigates
the effects of temperature and moisture content on the temperature dependence of matric suction in loess and
sand soils, especially within the temperature range of 0 °C to 20 °C. Experiments are conducted over a broader
temperature range of -20 °C to 45 °C using the water potential method, which is both easy to operate and time-
efficient. The study further explores the mechanism of the influence of temperature, soil type, and moisture
content on the temperature dependence of matric suction. Additionally, it evaluates the fitting performance of
mathematical models for soil-water characteristic curves (SWCCs) at varying temperatures.

Materials and methods

Materials

The soils investigated in the present study were loess and sand sourced from Northwest China. Table 1
summarizes the fundamental physical and minerals components of the soils, including specific gravity (G),
optimum moisture content (w_ ), maximum dry density (p, ), liquid limit (w; ), plastic limit (w}), plasticity
index (PI), and primary mineralogical compositions. The gradation curves are illustrated in Fig. 1.

Water potential method
Experimental apparatus
Due to the limitations of traditional methods for measuring soil matric suction, which are unsuitable under
varying temperature conditions, this paper proposed a novel experimental approach-the water potential
method-for assessing soil matric suction across different temperatures.

The experimental setup employed in this study comprises four components: a water potential sensor,
a data acquisition system, and a high and low temperature test box. The water potential sensor used in this
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Fig. 2. The experimental apparatus for the soil matric suction.

Group | Soil type | Moisture content (%) Temperature (°C)
A Loess 2,4,5,7,9, 10, 15, 18, 20, 25, 26, 30 | -20, -15, -10, -5, -1, 0, 5, 10, 15, 20, 25, 30, 40, 45
B Sand 1,2,3,4,5,6,7,8,9,10,15,18 -20, -15, -10, -5, -1, 0, 5, 10, 15, 20, 25, 30, 40, 45

Table 2. Experimental scheme.

study is TEROS21, depicted in Fig. 2. This sensor first measures soil moisture content via its built-in sensor,
subsequently converts the data into soil matric suction values using a porous ceramic disc. It operates within
a temperature range of -40 to 60 °C, offering an extensive measuring range (9-100006 kPa) with high accuracy
(1 kPa). Additionally, the water potential sensor includes an integrated thermistor to simultaneously measure
soil temperature, with a range of -40 °C to 60 °C and an accuracy of + 1 °C. Importantly, it reaches equilibrium in
just 60 min, significantly faster than traditional methods. The data acquisition system employed in this study is
the Em50, manufactured by METER, USA (Fig. 2). This system is highly adaptable to environmental conditions,
operating effectively within a temperature range of -40 °C to 60 °C and a relative humidity range from 0 to 100%
RH. It is important to note that when the temperature drops below 0 °C, soil water freezes, altering the dielectric
constant of water and introducing significant errors in the measurement of matric suction during freezing.
Despite this, trends in matric suction can still be analyzed using the data collected. Therefore, in this study, we
focused solely on analyzing matric suction trends at temperatures below 0 °C to provide valuable insights.

Experimental scheme

The experimental temperature range selected for this study was — 20 °C to 45 °C. This temperature range included
the temperatures experienced by the soil in northwest China (as shown in Table 2). The study investigated the
influences of temperature and moisture content on the matric suction of unsaturated soil by examining groups
A and B separately. Additionally, the effect of soil type on the temperature dependence of matric suction was
explored through a comparative analysis of groups A and B. To ensure the reliability of the test results, six parallel
specimens were prepared for each moisture content (mass moisture content) listed in Table 2: three specimens
for testing at temperatures above 20 °C and three for testing at temperatures below 20 °C.

Test procedure
The experimental methods were as follows:

Soil sample preparation Loess samples with moisture contents of 2%, 4%, 5%, 7%, 9%, 10%, 15%, 18%, 20%,
25%, 26%, and 30% were prepared, along with sand samples having moisture contents of 1%, 2%, 3%, 4%, 5%,
6%, 7%, 8%, 9%, 10%, 15%, and 18%. The soil samples were then placed in sealed containers for 24 h to ensure
uniform moisture distribution®*. Subsequently, the actual moisture contents of the prepared samples were meas-
ured using the microwave oven heating method?.

Specimen preparation The prepared soil samples were filled layer by layer into the containers (diameter of
100 mm, height 0f190 mm) and compacted with a compaction degree of 93%. During the filling process, quality
control methods were employed to ensure that the desired compaction degree is achieved. The quality of each
soil layer was calculated according to Eq. (1). Additionally, to ensure uniform compaction, the thickness of each
soil layer should not exceed 5 cm.

M = 7r® pamaxyh(1 + w) 1)
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Fig. 4. Pressure plate method.

where, M represents the mass of soil required for each layer (g/cm?); r is the radius of the container (cm); p dma
is the maximum dry density (g/cm®) of the filled soil; y denotes the compaction degree, with a value of 93% used
in this experiment; A is the thickness of each soil layer (cm); and w is the moisture content (%) of the filled soil.

The water potential sensor was then inserted into the soil column at a distance of 50 mm from the top.
It was recommended in the sensor manual that before burying the sensor, it was best to wet the sensor with
undisturbed soil and wrap it in a spherical shape to ensure that the test soil was in contact with the ceramic disk,
and then placed it at the intended measurement location. Subsequently, the specimen should be promptly and
securely sealed to prevent any water and vapor exchange between the specimen and the external environment.
For reference, a visual representation of the prepared specimen can be observed in Fig. 3.

Temperature control of prepared specimens The prepared specimens were placed in a high and low tempera-
ture test box to regulate the soil temperature, as illustrated in Fig. 3. To measure the matric suction of the speci-
mens under various temperature conditions, the high and low temperature test box was set to the experimental
temperatures listed in Table 2. For temperatures above 20 °C, a stepwise heating method was employed to reach
the desired experimental temperature. For temperatures below 20 °C, a stepwise cooling method was used to
achieve the corresponding test temperature.

Data acquisition Upon reaching the predetermined temperature, the soil was allowed to stabilize for a mini-
mum of 2 h to ensure consistent temperature distribution throughout. Subsequently, the data acquisition system
collected the matric suction data at the specific temperature. This process was repeated to gather data at various
temperatures.

Pressure plate method
This paper compared experimental results obtained using Pressure plate method (see Fig. 4) at room temperature
with those obtained using the water potential method, aiming to validate the reliability of the employed method.
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( a) Cutting ring specimens ( b) Vacuum saturated specimens

Fig. 5. Test specimens.
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Table 3. Comparison between the actual measured soil moisture content and the preset one.
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Fig. 6. Comparison of two test methods at 20 °C.

Initially, sand and loess specimens measuring 1 cm in height and 2 cm in inner diameter were prepared,
as depicted in Fig. 5. For experimental accuracy, four parallel specimens of each soil type were prepared and
installed on a vacuum saturator (Fig. 5). The testing procedures followed ASTM C1699-09%.

Results and analysis
Comparison of water potential method and pressure plate methods
It should be pointed out that the actual measured soil moisture content was slightly different from the preset one,
as shown in Table 3.

Figure 6 illustrates that the matric suction data measured by both the pressure plate method and the water
potential method are closely aligned. The discrepancy between the two results may be attributed to the occurrence
of hysteresis. The pressure plate method involved a drying (desorption or desaturation) process, where the
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specimens were first fully saturated under vacuum, then subjected to a predetermined pressure. Water was then
expelled from the specimens until equilibrium was reached, and the moisture content was calculated at this
pressure. In contrast, the water potential method directly measured the matric suction of a sample at a specific
moisture content, resembling the wetting process. This difference likely caused the hysteresis phenomenon?’,
leading to slight variations in the matric suction data obtained by the two methods. In addition, the limitation
of the minimum range of the water potential meter is also the reason for the difference in the results of the two
tests. Compared to the pressure plate method, the TEROS 21 water potential sensor demonstrated superior
effectiveness in measuring matric suction in the high suction range of the experimental soils, providing a
broader measurement capability. Thus, the method proposed in this paper for testing soil matric suction proved
to be reliable.

The variation in soil matric suction with changing temperatures
Soil matric suction at different temperatures for loess with 10% moisture content is presented in Fig. 7. It is
important to note that the water potential sensor has a maximum measurement range of 100,006 kPa. Hence,
the maximum measured matric suction in this experiment was 100,006 kPa.

Figure 7 illustrates that matric suction varies at different temperatures with the same initial moisture
content. At -20 °C, soil matric suction was 100,006 kPa, whereas at 45 °C, it decreased to 557 kPa, representing
a nearly 180-fold difference between the two temperatures. Soil temperature significantly influenced soil matric
suction, with matric suction decreasing as temperature increased. These findings aligned well with previous
studies!®!2%29 Hence, using soil matric suction values obtained at room temperature to make generalizations
across all conditions is not advisable.

Here, the concept of critical temperature (T_) was defined. At T_, soil matric suction reached the water
potential sensor’s maximum range of 100,006 kPa and remained constant as temperature decreased. For instance,
for soil with 10% moisture content, T_ was 3.9 °C (Fig. 7). Figure 7 shows the curve divided into three segments:
a flat section parallel to the X-axis, a steep curve, and a gentle curve, highlighting distinct variations in soil water
retention behavior with temperature. Thus, variations in soil matric suction with temperature were categorized
into the maximum value range (R, ), the highly temperature-sensitive range (R,), and the weak temperature-
sensitive range (Ry,,). At R,, , the soil matric suction reached the maximum measuring range (100006 kPa) of
the water potential sensor and maintained this value. At R, temperature significantly influenced soil matric
suction, whereas at R, temperature showed negligible impact on matric suction.

For soil with 10% moisture content, Ry occurred between 3.9 °C and 20 °C, with soil matric suction
decreasing rapidly at a rate of 6063 kPa/°C. Between 20 °C and 45 °C (R ), matric suction decreased at a slower
rate of 73 kPa/°C. Specifically, temperatures above 35 °C had a negligible impact on soil matric suction. Thus, low

120000
-_ RMax -l I{TS =|= 1{'I‘W
100000 dessesesesssssssesesess '
~ ®
§ 80000 |-
g - °®
g
2 60000 | o
3 ®
}g i ®
> 40000 |
- L
®
20000 |
L J
0 & " 1 2 1 2 1 2
20 -10 0 10 20 30 40
Temperature (°C)

Fig. 7. Soil matric suction at different temperatures for loess with 10% moisture content.
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temperatures appeared to exert a more pronounced influence on soil matric suction. This finding was consistent
with the observation by Tan et al.’® that above-room temperatures reduced the disparity in unsaturated soil
suction across temperature variations.

Variations in the relationship between matric suction and temperature across varying
moisture contents for loess

Variation of matric suction with temperature across different moisture contents

Figure 8 illustrates the variation of matric suction with temperature across different moisture contents. The
curves shown in Fig. 8 can be categorized into three regions: R, , R;s and Ry, Additionally, temperatures
exceeding T . caused an exponential decrease in matric suction across all moisture contents. Nevertheless,
significant differences in the matric suction-temperature relationship were observed under different moisture
content conditions. The range of variation in soil matric suction with temperature for different moisture contents
was plotted in Fig. 9.

Figure 9 illustrates that at 3% soil moisture content, T_ is 19 °C, with Ry, ranging from —20 °C to 19 °C.
As moisture content increased, T., gradually decreased, leading to a reduction in R, . At 20.3% soil moisture
content (see Fig. 8), soil matric suction reached a peak of 1204 kPa at the lowest test temperature of -20 °C, which
was significantly below the sensor’s maximum measurement capacity. Consequently, no discernible Ry,  was
observed for soils with 20.3% and 25.1% moisture content. These findings indicated that R,, in unsaturated
soils decreased progressively with increasing moisture content. This trend was consistent with the established
relationship that increasing moisture content lowered matric suction®!.

Conversely, soils with 28.6% moisture content exhibited a T_ at -12 °C, with R, ranging between —12 °C
and — 20 °C (Fig. 8). This suggested that at temperatures below 0 °C, matric suction in soils with 28.6% moisture
content exceeded that of soils with 25.1% and 20.3% moisture content. This finding appeared contrary to the
conventional expectation that matric suction decreased as moisture content increased”*?°. This phenomenon
can be explained by the freezing of liquid water in the soil at temperatures below 0 °C (Nagare et al.’2). As the
initial moisture content increased, a greater proportion of liquid water in the soil froze, leading to a reduction
in unfrozen moisture content and consequently, an increase in matric suction. In particular, at 28.6% moisture
content, the soil became saturated, with a significant amount of free water. Upon reaching freezing temperatures,
the free water in the soil froze, resulting in a significant increase in soil matric suction.

Figure 9 further demonstrates the significant influence of moisture content on both R, and Ry, For instance,
at 3% moisture content, R, ranged from 35 °C to 45 °C, while at 6% and 10%, it spanned 25 °C to 45 °C. At
moisture content greater than 15.6%, R, extended from 1 °C to 45 °C. Consequently, R, was observed to
increase with increasing moisture content.

Variation in the relative decrease rate of matric suction across varying moisture contents

In this study, the rate of change in matric suction for every 1 °C increase in temperature was defined as the
relative decrease rate of matric suction (AMS), as calculated in Eq. (2). As illustrated in Fig. 10, although matric
suction decreased with increasing temperature, the relative decrease rate varied significantly.

MSr — MST+1

AMS =
o MSt

2)

where, AMS the relative decrease rate of matric suction; T(°C) is the temperature; MS, is the matric suction
(kPa) at T °C; MS, | is the matric suction (kPa) at (T +1) °C.

Figure 10 indicates that at low moisture content, temperature significantly influences matric suction.
Conversely, for soils with high moisture content (15.6% or higher), AMS remained minimal above 0 °C. For
instance, at 25 °C, AMS decreased from 26.1 to 7.9% as moisture content increased from 3 to 15.6%. Furthermore,
for moisture content exceeding 20.3%, AMS approaches zero, suggesting temperature had negligible impact on
matric suction in high moisture content conditions. Al-Mahbashi et al.3* similarly observed that at high moisture
levels, the temperature’s influence remained consistent with findings at room temperature when studying the
clay liner retention capacity. Hence, when temperatures exceeded 0 °C, AMS decreased progressively with
increasing moisture content, indicating that temperature’s impact on matric suction weakened as moisture
content increased. Conversely, below 0 °C, AMS increased with moisture content due to the freezing of soil water.

Variations in the relationship between matric suction and temperature across varying
moisture contents for sand

As illustrated in Fig. 11, similar to loess, the matric suction of sand decreases with increasing temperature. It
should be noted that due to the 1 kPa accuracy of the sensor used in this study, it may not be able to clearly
capture the state of sand matric suction from the saturation zone to the transition zone. However, as this paper
focuses only on the variation of sand matric suction with temperatures, the accuracy of the sensor is sufficient
for analyzing the trend in the variation of sand matric suction.

As shown in Fig. 11, for sand with a moisture content of 0.5%, T_ was 11 °C. Within the temperature range
of 11 °C to 25 °C, the matric suction decreased sharply with rising temperatures, exhibiting a decrease rate of up
to 7036 kPa/°C. Beyond 25 °C, the trend of soil matric suction stabilized, with the rate of decrease significantly
slowing to 60.7 kPa/°C as temperature increased. These observations indicated that for sand with a moisture
content of 0.5%, matric suction was highly sensitive to temperature variations below 25 °C.

For moisture contents ranging from 4.5 to 18.8%, the matric suction of sand decreased with increasing
temperature. However, the change was minimal at temperatures above 0 °C, causing the matric suction to
approximate a horizontal line as temperature varied. As a result, above 0 °C, temperature had a negligible
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Fig. 8. Variations of matric suction with temperature under different moisture content (Loess).

effect on the matric suction of sand with moisture contents between 4.5% and 18.8%. Zhang et al.!? reached a
similar conclusion in their study of the temperature effects on sand mixtures over a range from 20 °C to 60 °C,
finding that water holding capacity remained largely unchanged with increasing temperature. However, below
0 °C, the matric suction of sand with moisture contents between 4.5% and 18.8% was significantly affected by
temperature. According to Fig. 11b, under negative temperature conditions, the matric suction of sand with
a moisture content of 18.8% was higher than that of sand with 4.5% moisture content. This difference was
likely due to the fact that at 18.8% moisture content, the sand reached saturation, causing water in the soil to
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Fig. 9. Soil matric suction variation interval for different moisture content.

interconnect. As the soil temperature approached freezing, the liquid water within the soil froze, promoting the
ice crystal formation. This process significantly reduced the unfrozen water content in the soil. Consequently,
this process led to a sharp increase in matric suction. Within the temperature range of -15 °C to 0 °C, the
matric suction of sand with moisture contents between 4.5% and 18.8% decreased with increasing temperature,
showing decrease rates of 35 kPa/°C, 32 kPa/°C, 31 kPa/°C, and 52 kPa/°C, respectively. This decrease rate was
significantly smaller than that of the matric suction of the loess under similar conditions (Fig. 8). Additionally,
sand with moisture contents between 4.5% and 18.8% did not reach the maximum matric suction within the
testing range, suggesting that, compared to loess, the matric suction of sand was less sensitive to temperature.

Discussions

Mechanisms of temperature effects on the matric suction of unsaturated soils

As shown in Figs. 7, 8 and 11, matric suction generally decreased as temperature increased. Matric suction
was commonly described by the balance between the stresses in the fluid phase, capillary forces acting at the
interfaces of each phase, and the attraction between water and soil particles®’. The temperature dependency of
matric suction was primarily due to the temperature dependence of these factors. Research indicated that as
temperature increased, surface tension decreased linearly, leading to a decrease in matric suction, a phenomenon
that was widely accepted in the literature®®. However, Pham et al.,’* pointed out that the main reason for the
temperature dependence of matric suction was not the temperature dependence of surface tension, but rather
the temperature dependence of the contact angle. When the temperature increased from 20 °C to 200 °C, matric
suction decreased by 48.3% considering only the temperature dependence of surface tension. While matric
suction decreased by 82.1% when only the temperature dependence of the contact angle was considered. This
suggested that the contact angle played a more dominant role than surface tension in explaining the temperature
effects on matric suction. It was evident that as the temperature increased, the reduction in matric suction of
unsaturated soil was not solely due to the temperature dependence of surface tension.

Furthermore, this study classified the variation of matric suction with temperature into three categories:
Ry Rep and Ry (Fig. 7). In general, when the temperature exceeded 0 °C, the temperature dependence of
matric suction decreased as temperature increased (Figs. 8, 10 and 11). Andry et al.*® also demonstrated that
the effect of temperature on matric suction was more pronounced when the temperature was below 25 °C. This
may be attributed to the influence of water viscosity on soil matric suction (Haridasan & Jensen®), with water
viscosity varying more significantly at lower temperatures, thereby amplifying the temperature effect on matric
suction at lower temperatures.
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Effect of moisture content on the temperature dependence of matric suction

The research presented in this study indicated that when the temperature exceeded 0 °C, the temperature
dependence of matric suction decreased as moisture content increased (Figs. 9, 10 and 11). This research result
was consistent with the findings of Schneider and Goss®. Salager et al.* categorized the effect of temperature on
matric suction into two components. The first component concerned the temperature dependence of soil matric
suction due to the thermal expansion of liquid phase, with this effect being dominant at high moisture content.
Especially, when the moisture content approached saturation, the soil system functioned as an air-closed system
(Fig. 12). The diameter of water-saturated pores was positively correlated with surface tension and contact
angle. As temperature increased, both surface tension and contact angle decreased, leading to a reduction in
water-saturated pore size and ultimately lower moisture content!’. Furthermore, elevated temperatures cause
expansion of closed air bubbles, their volume and expelling pore water, which ultimately reduced pore water
content (namely, matric suction)*42,

The second component concerned the temperature dependence of surface tension on matric suction, which
became more pronounced as moisture content decreased. However, compared to the contact angle and surface
tension, the thermal expansion of water had a lesser effect on matric suction. Consequently, as moisture content
decreased, the effect of temperature on matric suction became more significant. Additionally, as moisture
content decreased, the adsorbed water film thinned, leading to stronger interactions between water molecules
and mineral surfaces. These interactions were more pronounced than those between pure water molecules,
explaining why the temperature dependence of unsaturated soil matric suction became increasingly significant as
moisture content decreased>®. Especially, when the moisture content approached the residual moisture content.
the soil system behaved as a closed water system (Fig. 12). Soil matric suction primarily derived from electrostatic
attraction between water molecules and soil particle surfaces, which diminished as the distance between them
increased®. As soil temperature increased, thermal agitation intensified, causing weakly bound water to detach
from soil particles and transition into free water. This led to the expulsion of free water. Moreover, elevated
temperatures promote the conversion of adsorbed bound water into free water, further increasing overall water
discharge. Liu et al.*! similarly found that at high suction levels, rising temperatures hindered water adsorption
and enhanced water desorption processes, thereby reducing water retention capacity.

It is noteworthy that at temperatures below 0 °C, the impact of temperature on soil matric suction became
more pronounced with higher moisture content. Below 0 °C, liquid water in soil froze, transitioning from liquid to
solid phase, which reduced the unfrozen moisture content and significantly decreased soil particle connectivity.
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Fig. 11. Variations of matric suction with temperature under different moisture content (Sand).

Higher moisture content increased the proportion of liquid water that transitions to ice. At a moisture content
of 28.6%, the soil became saturated, forming a closed-air system between soil particles. Upon reaching freezing
temperatures, soil experienced a dramatic decrease in unfrozen water content, leading to a notable increase
soil matric suction. Wang et al.** similarly concluded that saturated soil had lower unfrozen moisture content

compared to unsaturated soil at the same freezing temperature. Furthermore, lower temperatures corresponded
to reduced unfrozen moisture content, which in turn increased matric suction.
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Effect of soil type on the temperature dependence of matric suction

By comparing the effects of temperature on the matric suction of loess and sand soils (Figs. 8 and 11), it can be
concluded that the temperature dependence of matric suction for loess was greater than that of sand soil. Within
the temperature range of -15 °C to 0 °C, the matric suction of sand with 10.4% moisture content decreased
with increasing temperature, matric suction decrease rate was 32 kPa/°C (Fig. 11). For loess with 10% moisture
content, the matric suction remained at its maximum value (Fig. 7). When the temperature ranged from 20 to
30 °C, the effect of temperature on the matric suction of sandy soil was very small, while the matric suction of
loess still decreased at a rate of 123.6 kPa/° C. Similarly, Andry et al.*® studied the effect of various modifiers
on the temperature dependence of matric suction for sand, and found that the matric suction of unmodified
sand was almost unaffected by temperature changes within the range of 15-25 °C, whereas the addition of
modifiers significantly altered the temperature dependence of sand’s matric suction. Similarly, a study by Yang
et al.*> suggested that the influence of temperature on the water retention capacity of soil was linked to soil type.
This effect was likely due to differences in particle composition and structure. Research indicated that increases
in temperature can cause soil particles to expand, leading to a reduction in matric suction. The greater the
coefficient of thermal expansion, the more pronounced the effect of temperature on matric suction®. Compared
to sand, loess particles were more prone to expansion with rising temperatures, which explained the stronger
temperature dependence of matric suction for loess. Additionally, soil particle size and pore structure also affect
the temperature dependence of matric suction. This phenomenon may be attributed to the fine granularity of
loess particles, which possessed numerous small pores and microporous structures. Loess had numerous small
pores and microporous structures. In contrast, sand particles had relatively larger pores and better connectivity.
The pore water in loess was more sensitive to volume changes and redistribution due to temperature fluctuations,
leading to significant alterations in matric suction. Furthermore, the fine particles in loess had a large surface
area, allowing them to adsorb more water and form a thicker adsorption layer. An increase in temperature
significantly altered the thickness of this adsorbed water layer, thus influencing the matric suction. Loess
also contained higher concentrations of clay minerals, such as illite, which exhibited strong water adsorption
capability and high temperature sensitivity. Temperature fluctuations may impact the water adsorption and
desorption behaviors of these minerals, subsequently influencing the matric suction. In contrast, sand was
primarily composed of quartz, a mineral with weak water adsorption capacity and low sensitivity to temperature
fluctuations. In summary, the large coefficient of thermal expansion, fine-grained structure, extensive adsorption
layer, intricate pore characteristics, and diverse mineral composition of loess made its matric suction highly
sensitive to temperature variations. Conversely, owing to its coarse particle size, simplistic pore structure, thin
adsorption layer, and stable mineral composition, the matric suction of sand exhibited far less sensitivity to
temperature fluctuations compared to loess.

The fitting performance of mathematical models for soil water characteristic curves
at varying temperatures
Given that when the temperature exceeded 0 °C, only the matric suction of sand with a moisture content of 0.5%
was significantly influenced by temperature, whereas the matric suction of sand with a higher moisture content
was minimally affected, the SWCC model for sand was not discussed further here. Additionally, when the
temperature dropped below 0 °C, the measured data exhibited certain errors. Consequently, this study focused
on discussing the SWCC models of loess for temperatures above 0 °C.

This article utilized three classic SWCC models, namely Brooks-Corey (BC) (Eq. (3))*, van Genuchten (VG)
(Eq. (4))¥, and Fredlund-Xing (FX) (Eq. (5))*, to fit the experimental data, and discussed the suitability of each
model in fitting matric suction data at different temperatures.
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where, 0 is moisture content, 6, is the saturated moisture content, 0, is the residual moisture content, v is the soil
suction, v, is the air-entry matric suction, and A is the pore size distribution index.
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where, «, n, m (m=1-1/n) are model fitting parameters, and other parameters have the same meaning as the
parameters in Eq. (3).
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where, C(y), n, m are model fitting parameters, e is the natural logarithm constant, and other parameters have
the same meaning as the parameters in Eq. (3).

The scatter points shown in Fig. 13 represent moisture values calculated using the BC, VG, and FX models.
The line, represented by the function y=x serves as a reference. The closer the scatter points are to this line, the
closer the calculated values are to the experimental observations. The reason why there was an error between the
observation data and calculation data using the SWCC models may be due to the fact that the SWCC models
used for the calculation data were based on the capillary pressure model, ignoring the influence of temperature
on the surface hydration of particles®. As shown in Fig. 13, the scatter points tended to be farther from the line
when the moisture content was low. This may be attributed to the fact that, at near residual moisture content,
temperature influenced the hydration of particle surfaces, primarily affecting the temperature dependence of
matric suction. Additionally, the distance between the scatter points and the line was larger when the soil was
near saturation, indicating a significant difference between the calculated and observed values. This could be
attributed to the fact that the minimum range of the instrument used in this experiment was 9 kPa, which
introduced a certain degree of error in the observed data when the soil was near saturation.

Figure 13 illustrates that for soil temperatures exceeding 30 °C, the coefficient of determination for the
VG model exceeded 0.91, whereas for the BC model, it was approximately 0.88, and for the FX model, it was
even lower. In the temperature range of 15 °C to 25 °C, all three models performed well, with coefficients of
determination approaching or exceeding 0.9. For temperatures between 1 °C and 10 °C, both the VG and BC
models demonstrated superior fitting compared to the FX model.

The superior performance of the VG model was consistently evident across the SWCCs, while the BC model
exhibited strong performance within the 1 -25 °C range, and the FX model excelled between 15 °C and 25 °C.
This suggested that the moisture content estimated by the VG model closely matched the measured data across
different temperatures, while the BC and FX models were primarily suitable for fitting experimental data around
room temperature.

Therefore, utilizing the VG model, values for 65, Gr, a, and n at each temperature were determined and
subsequently fitted (see Fig. 14) to elucidate the relationship between these parameters and temperature
(Table 3). As shown in Table 4, high R? values were observed for 0, 0, a, and n, indicating strong correlations.
By substituting these parameters from Table 4 into Eq. (2), a VG model accounting for temperature effects can
be developed. Table 4 reveals that as temperature increases, the value of n also increases. A higher value of n
indicates a narrower pore size distribution within the soil, suggesting that increasing temperatures may lead to
soil compaction, thereby reducing the pore spaces between soil particles. In future research, the authors aim to
integrate alterations in soil microstructure to explore the impact of temperature on soil matric suction more
comprehensively.

Conclusions

To further reveal the temperature dependence of matric suction, this study explored the fluctuations in the
correlation between matric suction and temperature across various moisture contents for loess and sand, using
a user-friendly, time-efficient, comprehensive, and high-precision testing approach. The following conclusions
were drawn:

(1) Ata given initial moisture content, soil matric suction decreased with increasing temperature. The changes
in matric suction with temperature were categorized into three groups: R, , R, and R, R, - showed a
progressive decline, while Ry, demonstrated an upward trend with increasing moisture content.

(2) As temperatures exceeded 0 °C, the influence of temperature on matric suction decreased as moisture con-
tent increased. Conversely, below 0 °C, the impact of temperature on matric suction increased with mois-
ture content.

(3) Compared to loess, sand’s matric suction was less sensitive to temperature fluctuations. For sand with mois-
ture content ranging from 4.5 to 18.8%, matric suction exhibited minimal sensitivity to temperatures above
0°C.

(4) The estimated moisture content obtained from the VG model closely matched the measured data across
varying temperatures. BC and FX models were predominantly effective in fitting experimental data near
room temperature.
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Fig. 13. Observed and estimated moisture content at (a) 45 °C, (b) 40 °C, (c) 35 °C, (d) 30 °C, (e) 25 °C, (f)
20°C, (g) 15°C, (h) 10 °C, (i) 5°Cand (j) 1 °C.

This study used a sensor with an accuracy of 1 kPa to investigate the matric suction of unsaturated soil at different
temperatures. Using higher-precision instruments may be more conducive to investigating the matric suction
of sand soil. Future research on the matric suction of sand soil at varying temperatures could benefit from the
use of more precise instruments. It is recommended to use higher-precision instruments for studying the matric
suction of sand soil at different temperatures in the future.
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Fig. 14. The parameters of the VG model at different temperatures (T >0 °C): (a) 6, (b) a’l, (c) n.

Parameter | Function Adjusted R?
0, 23.76+7.36/(1+(T/21.12)317 | 0.97892

6, 0.01 1

a —0.18+0.91/(1+(T/14.45)"4%) | 0.96501

n 2.25-1.11/(1+(T/35.59)*%) 0.99008

Table 4. Estimation of VG model parameters.
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