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Abstract: The utilization of geomembrane reinforcement technology is pervasive in marine sand 

foundation reinforcement projects. However, the elevated temperatures and intricate stress condi-

tions prevalent in marine environments exert a notable influence on the mechanical characteristics 

of geomembrane interfaces comprising marine sand, which impedes the efficacy of geomembrane 

reinforcement in marine sand foundations. Nevertheless, there is a lack of research investigating the 

temperature-dependent interfacial mechanical performance of geomembranes and marine sand un-

der diverse stress states. In this study, a series of monotonic shear tests were carried out on the 

interface between geomembranes and marine sand within a temperature range of 5 °C to 80 °C. 

These experiments were carried out using a self-developed large-scale temperature-controlled in-

terfacial dynamic and static shear device. The experimental results demonstrate that temperature 

has a pronounced effect on the monotonic mechanical characteristics of the geomembrane–marine 

sand interface, which displays clear temperature dependence. The findings of this study may help 

in the design and optimization of offshore projects where a marine sand–polymer layer interface 

exists. 
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1. Introduction 

Marine sand, a type common in subtropical and tropical coastal areas, has recently 

been employed with increasing frequency as a construction material for engineering fa-

cilities. These include foundations for islands and coral reefs in the South China Sea and 

tropical coastal facilities [1–4]. However, the presence of weak cementation, porosity, frag-

ile particles, and other characteristics inherent to marine sand may result in uneven foun-

dation settlement or local collapse when facilities are subjected to hydraulic infiltration 

and wave action in engineering applications, thereby posing a significant risk to the safety 

of marine engineering facilities [5,6]. Geomembrane reinforcement technology is a widely 

employed method in marine sand engineering, serving as an effective reinforcement tech-

nique to prevent the uneven settlement of foundations [7–11]. The efficacy of geomem-

brane reinforcement is contingent upon the mechanical characteristics of the coral sand–
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geomembrane interface. It is therefore essential to conduct a detailed study of the mechan-

ical characteristics of the coral sand–geomembrane interface [12–18]. 

In engineering practice, subtropical and tropical coastal areas, characterized by high 

temperatures and the use of exothermic equipment, give rise to a temperature-changing 

environment. This, in turn, affects the marine sand–geomembrane interface [19–21]. To 

illustrate, the oil and gas that emanate from submarine pipelines can reach temperatures 

of up to 80 °C, with the heat being continuously transferred to the surrounding coral sand. 

Additionally, due to the intense solar radiation and elevated temperatures characteristic 

of tropical coastal areas, the surface temperature of coral sand engineering equipment 

may reach 70 °C to 80 °C. 

The raw materials employed in the manufacture of geomembranes are predomi-

nantly synthetic polymers, including polystyrene, polyethylene, and polypropylene. 

These are thermoplastic materials, the properties of which undergo alteration in response 

to temperature. The temperature modulus of HDPE can be expressed by the following 

Equation (1) [22–24]. 

0.0181.300  10−= （ ） TE T  (1) 

where T is the temperature in degrees Celsius, and the temperature modulus, E, is in MPa. 

It can be seen that the temperature modulus of HDPE continuously decreases with in-

creasing temperature. At elevated temperatures, geomembranes undergo a softening pro-

cess, which subsequently results in a weakening of their mechanical characteristics [25–

29]. The extant literature indicates that an increase in temperature will result in a change 

in the shear failure mode of the geomembrane. This will decrease the tensile strength of 

the non-woven fibers, and the damage to the geomembrane’s needled fibers will undergo 

a shift from pull-out damage to tensile damage [30]. For instance, it has been demon-

strated that geomembranes’ tensile strength and modulus of elasticity undergo a decrease 

of approximately 30% when temperature rises from 20 °C to 60 °C [31–33]. With regard to 

the mechanical performance of coral sands in response to temperature, it has been demon-

strated that temperature influences the mobility of pore water in the soil, which in turn 

alters the pore water pressure and thus induces a change in the effective soil stress [34–

37]. Furthermore, temperature has been demonstrated to influence the cementation be-

tween soil particles, thereby modifying the soil structure [38–44]. These two factors result 

in a considerable impact of temperature on the mechanical characteristics of coral sand. 

The alterations in the mechanical characteristics of the geomembrane and coral sand result 

in a coupling effect that has a considerable impact on the mechanical characteristics of the 

coral sand–geomembrane interface. Nevertheless, the absence of temperature-controlled 

interfacial shear instrumentation has resulted in a shortage of studies examining temper-

ature-dependent alterations in the mechanical performance of coral sand–geosynthetic in-

terfaces. A limited number of studies have investigated the mechanical response of the 

indigenous sand (silica sand)–geomembrane interface over temperature ranges of 3 °C to 

42 °C and 21 °C to 50 °C [45]. However, in contrast to terrestrial sand, marine sand is 

characterized by irregular particle shape, a porous structure, and friable particles, which 

give rise to notable differences between the mechanical response of the terrestrial sand–

geomembrane interface and that of the coral sand–geomembrane interface [46–50]. It is 

therefore essential to investigate the mechanical characteristics of the marine sand–ge-

omembrane interface in the context of temperature changes. The stability of marine facil-

ities is dependent on a stable foundation; due to its joint action with shear load tempera-

ture, the shear dilation angle of the sand–geosynthetic interface will change in actual use, 

which in turn affects the risks associated with the foundation’s stress distribution, and the 

stability of marine facilities. Therefore, it is necessary to study the shear dilation angle of 

the sand–geotechnical mold interface at different temperatures. 

Marine engineering installations are typically exposed to a wide range of stress loads, 

including monotonic shear and normal-phase loads induced by waves, earthquakes, and 
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vehicles [51,52]. Moreover, the viscoelastic nature of the soil–geomembrane interface re-

sults in notable alterations in the mechanical performance of the interface between marine 

sands and geomembranes in response to changes in stress [53,54]. It was established that 

the interfacial mechanical response to monotonic shear experiments at varying loads ex-

hibited distinct characteristics for soil and geosynthetics. Additionally, the damage thresh-

old of the interface exhibited discrepancies under varying normal loads, with the interface 

subjected to greater normal loads demonstrating a heightened susceptibility to damage 

[55–57]. Furthermore, existing studies have shown notable discrepancies in the mechani-

cal characteristics of soil–geosynthetic interfaces subjected to disparate monotonic shear 

loading conditions [58–61]. Nevertheless, there is a lack of research examining the tem-

perature-dependent mechanical response of marine sand and geosynthetic interfaces un-

der varying loads. Additionally, there is a lack of studies that have considered the me-

chanical characteristics of monotonic interfaces in the context of temperature effects. 

This paper carried out a series of monotonic shear tests on marine sand and geomem-

branes using a self-developed temperature-controlled apparatus capable of dynamic and 

static shear testing. To simulate the actual state of the upper layer of sandy soil on a foun-

dation, which is sensitive to temperature, everyday stress levels of 20 kPa, 35 kPa, and 50 

kPa were chosen. The tests were conducted over a temperature range of 5 °C to 80 °C. The 

test results permit an analysis and comparison of the mechanical properties of marine 

sand–geomembrane interfaces subjected to monotonic shear loading. The findings of this 

study can inform the design of coral sand–geomembrane interfaces in marine engineering 

facilities and serve as a point of reference for the construction of future marine projects. 

2. Experiments 

2.1. Experimental Apparatus 

In this study, temperature-controlled monotonic shear tests were conducted on ma-

rine sand–geomembrane interfaces using a self-developed apparatus for interfacial dy-

namic and static shear testing. The apparatus was designed to accommodate large sam-

ples and to maintain precise temperature control. The apparatus consists of an external 

ambient temperature cabinet with an interfacial shear system mounted inside. The system 

is designed for use in a wide range of applications. The temperature can be maintained at 

a constant level within a range of −50 °C to 200 °C over an extended period (7 days) during 

the course of experiments [62]. 

2.2. Materials 

2.2.1. Marine Sand 

This paper used marine sand with a particle size of 1 mm~2 mm as the experimental 

material. Scanning electron microscope (SEM) observation was carried out on the marine 

sand, and the scanning results are shown in Figure 1. The maximum dry density of the 

marine sand used in the experiments as obtained from Proctor tests was 1.75 g/cm3, and 

the optimum water content was 9.65%. The pertinent parameters of the sand samples em-

ployed in the experiment are illustrated in Figure 1 and Table 1. SP sand is defined in 

ASTM D2487 [63] as pure sand with a coefficient of uniformity (Cu) of less than 6 or a 

coefficient of curvature (Cc) of less than 1. The rationale behind the use of SP sand in the 

experiments was to mitigate the impact of grading effects. The marine sand used in this 

experiment is poorly graded sea sand, SP sand, according to ASTM D2487. 

Table 1. The parameters of the soil. 

Soil Parameters Value 

coral sand 

Particle size range (mm) 1~2 

Maximum dry density (g/cm3) 1.75 

D10 1.03 
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D30 1.09 

D50 1.17 

Optimum water content (%) 9.65 

Coefficient of uniformity (Cu) 1.46 

Coefficient of curvature (Cc) 0.94 

The extant literature indicates that sand grain size exerts a discernible influence on 

the mechanical characteristics of a sand–structure interface [64,65]. Most existing studies 

on marine sand grain size concentrate on a range from 1 mm to 2 mm [66–69]. Accord-

ingly, the particle sizes of marine sand selected in this paper are between 1 mm and 2 mm 

to reduce the particle size effect [70–72]. 

 
(a) 

0.1 1 10
0

20

40

60

80

100

F
in

e
r
 p

e
r
c
e
n

ta
g

e
 (

%
)

Particle size (mm)  
(b) 

Figure 1. Marine sand SEM images. (a) The SEM images. (b) Particle size distribution. 

2.2.2. Geomembrane 

In this study, a rough geomembrane manufactured from high-density polyethylene 

(HDPE) was used, as shown in Figure 2. The specific parameters of the geomembrane are 

shown in Table 2. The tensile strength and resilience of the HDPE geomembrane is supe-

rior to that of other polymers. Moreover, the HDPE geomembrane exhibits excellent cor-

rosion resistance and anti-aging properties, which have led to its widespread utilization 

in a variety of marine facilities [73–75]. 
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Table 2. The parameters of the geomembrane. 

Parameters Value 

Thickness (mm) 1.5 

Density (g/cm3) 0.942 

Fracture strength (N/mm) 16.3 

Yield strength (N/mm) 22.4 

Yield elongation rate (%) 12.3 

Fracture elongation rate (%) 120 

Melting temperature (°C) 134 

Melt flow index (g/min) 0.4 

Melt flow ratio (—) 123 ± 3 

Puncture strength (N) 402 

 

  

(a) (b) 
Figure 2. HDPE geomembrane. (a) pre-experimental (b) post-experimental 

2.3. Experimental Procedure 

In this research study, we used a large temperature-controlled shear apparatus to 

conduct a direct shear experiment on the marine sand–geomembrane interfaces, and the 

adopted test procedure is based on the requirements of ASTM D5321M-21 [76]. Addition-

ally, in existing research on interface shear tests, similar experimental methods to those 

used in our research were applied, which indicates the applicability of our adopted exper-

imental procedure [77–81]. It also demonstrates the reliability of our experimental results. 

The dimensions of the geomembrane sample were 460 mm in length and 280 mm in 

width. These dimensions were derived in accordance with the specifications outlined in 

ASTM D 6072[82]. In the experiment, the geomembrane specimen was fixed, textured-side 

up, to the front of the lower shear box. Shearing was then applied along the length of the 

sample. The marine sand sample was placed into the upper shear box at a thickness of 100 

mm, with the optimum moisture content. Shearing between the marine sand and the ge-

omembrane was achieved by fixing the upper shear box and moving the lower shear box. 

Upon the installation of the coral sand and geomembrane samples, the external am-

bient temperature cabinets were sealed, and the internal temperature of the cabinets was 

adjusted to a specified value. In this study, temperatures of 5 °C, 20 °C, 40 °C, 60 °C, and 

80 °C were employed. Subsequently, everyday stress was applied to the marine sand–

geomembrane interfaces by the upper loading plate on the soil sample, with normal stress 

levels of 20 kPa, 35 kPa, and 50 kPa being utilized. Following the consolidation of the soil 

sample under normal stress for three hours, shearing was initiated on the marine sand–



J. Mar. Sci. Eng. 2024, 12, 2193 6 of 18 
 

 

geomembrane interfaces. Monotonic displacement-controlled rapid shear experiments 

were conducted at 1 mm per minute. In the case of monotonic shear, the interface under-

went a unidirectional shear displacement of 100 mm. The shear stress changes and dis-

placements at the marine sand–geomembrane interface were observed and recorded by 

normal and horizontal sensors throughout the shear experiments. The specific experi-

mental scheme is outlined in Table 3. 

Table 3. Experimental scheme. 

Experiment 

Type 

Cement Mortar Thickness 

(mm) 

Normal Stress 

(kPa) 

Shear Rate 

(mm/min) 

Shear Amplitude 

(mm) 

Temperature 

(°C) 

Monotonic direct 

shear test 
10.0 

20 

35 

50 

1.0 50.0 

5 

20 

40 

60 

80 

3. Results and Analysis 

3.1. The Temperature-Dependent Interfacial Mechanical Response Under Monotonic Shear Loading 

The curves of shear stress and vertical displacement versus shear displacement under 

monotonic shear loading at different temperatures are shown in Figure 3, while the rela-

tionship curve of peak interfacial shear strength with temperature under monotonic shear 

loading is shown in Figure 4. 
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Figure 3. Curves of shear stress and vertical displacement versus shear displacement under mono-

tonic shear loading. (a) Normal stress—25 kPa; (b) normal stress—35 kPa; (c) normal—stress 50 kPa. 
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Figure 4. Relationship curves of peak interfacial shear strength with temperature. 

Figures 3 and 4 show that the shear stress versus displacement curves at the marine 

sand–geomembrane interface exhibit temperature-dependent behavior at different nor-

mal stress. Additionally, the variation rules governing the mechanical response of the in-

terface are analogous and dependent on the temperature extent, with the specific values 

dependent on the normal stress levels applied. In particular, an increase in peak shear 

strength is observed within the temperature ranges of 5 °C to 20 °C and 40 °C to 80 °C, 

while a decrease in peak shear strength is observed within the temperature range of 20 °C 

to 40 °C. To illustrate, under 20 kPa of normal stress, the peak interfacial shear strength 

demonstrates an increase from 13.2 kPa to 17.6 kPa and from 14.8 kPa to 16.2 kPa across 

the temperature ranges of 5 °C to 20 °C and 40 °C to 80 °C, respectively. Inversely, within 

the temperature range of 20 °C to 40 °C, there is a decline in the interface’s peak shear 

strength from 17.6 kPa to 14.8 kPa. 
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Moreover, the interface’s peak shear strength demonstrates heightened susceptibility 

to temperature fluctuations within the 20 °C to 40 °C range compared to other temperature 

ranges. To illustrate, under 50 kPa of normal stress, the interface’s peak shear strength 

exhibits a 23.12% reduction from 33.3 kPa to 25.6 kPa as the temperature increases from 

20 °C to 40 °C. Inversely, the interface’s peak shear strength demonstrates a 3.74% increase 

from 32.1 kPa to 33.3 kPa and a 19.92% increase from 25.6 kPa to 30.7 kPa as the tempera-

ture rises from 5 °C to 20 °C and from 40 °C to 60 °C, respectively. In addition, the sensi-

tivity of the peak interfacial shear strength to temperature change is shown to be higher 

under high positive stress conditions than under low positive stress conditions. This study 

considers the pattern of change in the peak shear strength of the interface in the tempera-

ture range of 40 °C to 60 °C. It is observed that there is a increase in the peak shear strength, 

at normal stress of 50 kPa, 35 kPa and 20 kPa, respectively, the peak interfacial shear 

strength varied as follows: from 25.6 kPa to 30.7 kPa, an increase of 19.92% from 19.6 kPa 

to 22.6 kPa an increase of 15.3% and from 14.8 kPa to 15.1 kPa an increase of 2.02%. The 

peak interfacial shear strength is generally observed to reach a maximum at 20 °C and a 

minimum at 40 °C at different normal stress levels. Additionally, the sensitivity of the 

peak shear strength to temperature fluctuations initially declines with rising tempera-

tures, subsequently attains a nadir at 40 °C, and then resumes an upward trajectory. 

This phenomenon could be attributed to the interlocking and sliding effects between 

marine sands and rough geomembranes, which are the primary factors contributing to 

the monotonic peak shear strength at the interface. The impact of temperature elevation 

on interlocking and sliding effects was observed to vary. Due to the geomembrane soften-

ing with an increase in temperature, the marine sand particles could be inserted deeper 

into it, which enhanced the interlocking effect and increased the monotonic peak shear 

strength of the interface. Inversely, as the surface protrusions of the geomembrane sof-

tened at elevated temperatures, the sliding effect between the marine coral sand and the 

textured geomembrane was diminished, resulting in a reduction in the peak shear 

strength of the interface. As the temperature rose from 5 °C to 20 °C, the geomembrane 

experienced softening due to normal-phase pressure and temperature. This led to the ma-

rine sand being embedded in the geomembrane, thereby enhancing the interlocking effect 

and increasing shear strength. As the temperature increased from 20 °C to 40 °C, the ge-

omembrane experienced a further softening effect. The bumps on the surface of the ge-

omembrane underwent significant wear, weakening the sliding effect at the interface be-

tween the marine sand and the geomembrane. At this point, the sliding effect was stronger 

than the interlocking effect, and the shear strength demonstrated a declining trend. As the 

temperature rose from 40 °C to 80 °C, the interlocking effect at the marine sand–geomem-

brane interface exhibited a continuous increase in strength, reaching a point where the 

enhancement of the interlocking effect surpassed the weakening of the sliding effect. This 

resulted in the observed tendency of the shear strength to increase. 

An analysis of variance (ANOVA) was performed on the data presented in Figure 5 

to verify whether temperature had a significant effect on the shear strength of the sand–

geomembrane interface. The ANOVA equation used is as follows: 

n
2 2

i
i 1

1
( )

n 1
S X X

=

= −
−


—

 (2) 

where X  is the sample average, and n  is the sample size. 

As evidenced in Table 4, temperature exerts a pronounced influence on shear 

strength at varying normal pressure levels. Furthermore, the impact of temperature on 

shear strength intensifies in tandem with the rise in normal pressure. 
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Table 4. Sample variance . 

Normal stress 25 kPa 35 kPa 50 kPa 

Sample variance 2.242 2.512 7.866 

The angle of internal friction and the cohesion of marine sand obtained by fitting the 

experimental shear strength data to the Coulomb strength theory are shown in Figures 5 

and 6. 

c tan  = −  (3) 

where c  represents the cohesion of marine sand, and   represents the angle of friction 

of marine sand. 
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Figure 5. The peak internal friction angle versus temperature curve. 

As illustrated in Figure 5, the variation in the friction angle at the marine sand–poly-

mer layer interface is dependent on temperature. The friction angle demonstrates a con-

tinuous decrease from 5 °C to 40 °C, reaching a minimum value of 19.8°. As the tempera-

ture rises from 40 °C to 80°C, the friction angle increases from 19.8° to 31.7°, representing 

a 60% increase. Moreover, the sensitivity of the marine sand–polymer layer interface fric-

tion angle to temperature changes is observed to diminish as the temperature increases 

within a range of 40 °C to 80 °C. 

As illustrated in Figure 6, the interfacial cohesion of marine sand–polymer layer in-

terfaces exhibits temperature-dependent behavior. When the temperature rises from 5 °C 

to 40 °C, the cohesive force demonstrates a continuous increase from 1.33 kPa to 8.26 kPa. 

Conversely, as the temperature rises from 40 °C to 80 °C, the cohesion is observed to de-

crease to 4.55 kPa. The marine sand exhibits a diminished cohesive force in response to 

extreme temperature fluctuations. 
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Figure 6. The relationship curve between cohesion and temperature. 

3.2. The Temperature-Dependent Interface Dilation Angle Under Monotonic Shear Loading 

The shear dilation angle reflects the change in the volume of the sandy soil in shear 

due to shear dilation, which is closely related to the change in normal displacement in 

shear. By adopting Equation (4) [83], we obtained relationship curves between tempera-

ture and shear dilation angle for the different normal pressure levels. 

1 v
tan

u
 − 
=


（ ） (4) 

where v   represents the incremental vertical displacement of the interface, and u  

represents the incremental horizontal displacement of the interface. 

Figure 7 demonstrates that the alteration rules governing the interface dilation angle 

in response to temperature elevation for marine sand–polymer layer interfaces exhibit a 

comparable pattern and are contingent upon the extent of normal stress. Additionally, the 

change in the dilation angle at elevated temperatures at different normal stress levels is 

analogous to that of the interface’s peak shear strength. In particular, the trend curve for 

the shear expansion angle with increasing shear displacement can be divided into two 

distinct segments. The first segment, which spans a shear displacement range of 0 mm to 

10 mm, exhibits a positive correlation between shear displacement and shear dilation an-

gle, reaching a peak value at a displacement of 10 mm. The second segment is defined by 

shear displacement values between 10 mm and 60 mm. During this period, the shear di-

lation angle decreases with increasing shear displacement. 
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Figure 7. Relationship curves between the interface dilation angle and shear displacement. (a) Nor-

mal stress—20 kPa; (b) normal stress—35 kPa; (c) normal stress—50 kPa. 

Figure 8 illustrates that the variation patterns of the maximum interface dilation an-

gle with temperature fluctuations at the marine sand–polymer layer interface under dif-

ferent normal stress conditions are comparable, jointly determined by temperature and 

normal stress. In particular, the maximum shear expansion angle of the marine sand–pol-

ymer layer interface demonstrates temperature dependence, with an increase in temper-

ature resulting in a corresponding increase in the angle. To illustrate, at 50 kPa, the maxi-

mum shear dilation angle decreased from 5.89° to 4° as the temperature increased from 5 

°C to 20 °C. A reduction of 23% was noted in the maximum shear dilation angle, from 55° 

to 4.55°, with an increase in temperature from 20 °C to 40 °C. Subsequently, an 86% in-

crease was observed in the aforementioned angle, reaching a peak of 8.46°. Upon further 

elevation of the temperature from 40 °C to 80 °C, a continuous decrease in the maximum 

shear dilation angle was observed, from 8.46° to 3.91°, representing a 54% reduction. 
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Figure 8. Relationship curves between the maximum interface dilation angle and temperature. 

4. Discussion 

This paper presents findings that indicate that an increase in the monotonic peak 

shear strength of the marine sand–textured geomembrane interface occurs within the tem-

perature ranges of 5 °C to 20 °C and 40 °C to 80 °C. Conversely, the interface’s peak shear 

strength is observed to decrease within the temperature range of 20 °C to 40 °C. This can 

be attributed to the interlocking and sliding effects between marine sand and the textured 

geomembrane, which are the primary factors responsible for generating the interface’s 

monotonic peak shear strength [35]. The influence of temperature on interlocking and 

sliding effects varies. As a consequence of the geomembrane’s softening at elevated tem-

peratures, marine sand particles can be inserted more deeply into the geomembrane un-

der the influence of normal stress, thereby enhancing interlocking effects and contributing 

to an increase in the interface’s monotonic peak shear strength [84]. In contrast, the sliding 

effects between marine sand and the textured geomembrane are diminished due to the 

softening of protruding points on the geomembrane surface at elevated temperatures, 

which exerts a reducing influence on the interface’s peak shear strength [85]. Moreover, 

the primary factors affecting the peak interfacial shear strength demonstrate notable var-

iation across different temperature ranges [86,87]. In instances where the sliding effect is 

the principal factor influencing peak shear strength, an increase in temperature results in 

an enhancement of the peak interfacial shear strength. Inversely, when the interlocking 

effect is the primary determinant of peak shear strength, an increase in temperature results 

in a reduction in the peak shear strength of the interface [88,89]. As illustrated in Figure 9, 

the images of the geomembrane surface after monotonic shearing at various temperatures 

(5 °C, 20 °C, 40 °C, 60 °C, and 80 °C) reveal that the protruding points remain intact at 

temperatures of 5 °C and 20 °C. However, at temperatures of 40 °C, 60 °C, and 80 °C, the 

protruding point appears to be abraded, with a maximum vertical height of 0.03 mm, 0.08 

mm, and 0.11 mm, respectively, and the depth of the scratches on the surface of the ge-

omembrane becomes progressively deeper as the temperature increases, reaching a max-

imum depth of 0.23 mm at 80 °C. It can be reasonably deduced that the wear of the pro-

truding points can significantly reduce sliding effects, given that sliding effects between 
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marine sand and textured geomembrane are mainly produced by the interaction between 

marine sand and the protruding points, as the wear of the protruding points occurs mainly 

in the temperature range of 20 °C to 40 °C. Therefore, an increase in temperature within 

the range of 20 °C to 40 °C results in a reduction in the monotonic peak interfacial shear 

strength due to the weakening of sliding effects. In contrast, within the temperature ranges 

of 5 °C to 20 °C and 40 °C to 80 °C, the marginal change in the dimensions and morphology 

of the protruding points results in interlocking effects becoming the primary factor influ-

encing interaction at the interface. Accordingly, when temperatures rise within the speci-

fied temperature range, the intensification of interlocking effects leads to an augmentation 

in the interface’s monotonic peak shear strength. 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 9. Photos of the textured surface geomembrane after testing at a normal pressure of 20 kPa. 

(a) Temperature—5 °C; (b) temperature—20 °C; (c) temperature—40 °C; (d) temperature—60 °C; (e) 

temperature—80°C. 

Marine sand is a common sand type frequently employed in marine engineering ap-

plications. Therefore, the aim of this study was to investigate the effect of temperature on 

the mechanical properties of the interface between the polymer layer and the sand layer 

in offshore engineering, the temperature sensitivity of the shallow foundation structure 
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in offshore engineering, and the changes in the mechanical properties of the polymer layer 

and the sand layer when they are affected by high temperatures, so as to provide support 

for construction in offshore engineering in the future. To this end, marine sand was se-

lected as the experimental material. It should be noted, however, that the shape of the 

sand grains and the geological conditions of marine sand affect the mechanical properties 

of marine sand. It should also be noted that the scope of this paper does not extend to an 

investigation of the effect of sand type and its geological conditions on the mechanical 

properties of the interface. Subsequently, further research will be conducted to investigate 

the influence of sand particle type and geological conditions on the mechanical properties 

of marine sand. 

5. Conclusions 

This paper presents the results of a series of temperature-controlled monotonic shear 

experiments on the marine sand–textured geomembrane interface, conducted at temper-

atures ranging from 5 °C to 80 °C. The experiments were conducted using a self-devel-

oped, large-scale, temperature-controlled interfacial monotonic shear device. The results 

of the temperature-controlled shear experiments were analyzed to determine the mono-

tonic shear mechanical characteristics of marine sand–geomembrane interfaces at differ-

ent stress levels. A series of analyses were conducted to evaluate the shear strength of the 

marine sand–geomembrane interface under a range of stress conditions. Additionally, in-

troducing the shear expansion angle facilitated an investigation into the relationship be-

tween vertical and horizontal shear displacement. However, this paper does not expand 

the study of the shape of sand particles and geological conditions and their effects on the 

mechanical properties of the interface. This study therefore has certain limitations; in the 

future, we will carry out research on the shape of the sand and other aspects of the study 

to further explore the impact of temperature on the mechanical properties of the sand–

geosynthetic interface. 

The findings of our research demonstrate that the interfacial monotonic peak shear 

strength increases within the temperature ranges of 5 °C to 20 °C and 40 °C to 80 °C. Con-

versely, a decline in the interfacial peak shear strength is observed within the 20 °C to 

40 °C temperature range. Furthermore, the interfacial peak shear strength demonstrates a 

heightened sensitivity to temperature fluctuations within the 20 °C to 40 °C temperature 

range compared to the other temperature ranges. Furthermore, the interfacial peak shear 

stress demonstrates a heightened sensitivity to temperature fluctuations at elevated posi-

tive stress levels compared to at lower positive stress levels. The friction angle of the ma-

rine sand–polymer layer exhibits a discernible temperature-dependent response, with a 

notable decrease observed as the temperature increases from 5 °C to 40 °C. This results in 

a reduction in the friction angle, which decreases from 33.3° to 19.8°. As the temperature 

increases from 40 °C to 80 °C, the friction angle exhibits an increase, reaching 31.7° from 

its initial value of 19.8°. 

The shear dilation angle of the marine sand–geomembrane interface displays a dis-

cernible pattern in response to changes in temperature. As the temperature increases from 

5 °C to 40 °C, the maximum shear dilation angle of the interface demonstrates a corre-

sponding increase in accordance with the elevated temperature. As the temperature rises 

from 40 °C to 80 °C, the maximum interfacial shear dilation angle shows a decline in mag-

nitude. The maximum interfacial shear dilatation angle is observed to peak at 40 °C under 

three distinct normal pressure levels. There is a notable coupling effect between the peak 

friction angle and the maximum interfacial shear dilatation angle, with the peak shear 

dilatation angle and the peak friction angle of the marine sand–polymer layer interfaces 

displaying inverse change relationships under varying experimental conditions. 
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