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Increased urbanization has led to undesirable increases in the discharge of refuse waste and pollutants in urban and rural rivers.
Blockages and river pollution adversely affect navigation and aquatic ecosystems and cause flooding during the flood season.
Regular riverbed dredging is essential to protect local ecosystems and maintain waterways’ health. However, the current
dredging methods cause secondary pollution during dredging. This study examined a new river dredging method with a
parametric analysis of its reliability for different construction environments. ADINA software solved the temperature field
model using the finite element method to build a three-dimensional transient heat conduction model. The analysis determined
the distribution and development of the temperature field during the freezing process and the effective dredging range of the
frozen device. We compared thermal conductivities, specific heat capacities, freezing device sizes, initial ground temperatures,
and brine cooling plans to examine the effect of the soil’s thermophysical properties and construction environment on the
dredging area of the freezing device.

1. Introduction

The unreasonable development pace of construction pro-
jects accelerates the urbanization process, affecting river
operation and development, requiring the clearing of the
rivers of debris, garbage, and silt, which negatively impact
the river ecosystem, endangering the safety and health of
urban residents. The accumulation of more muck in the
river channel raises the riverbed level, thus affecting the
river channel’s flood control and drainage functions. As
the river channel reaches the downstream, silt progres-
sively precipitates and jeopardizes the river channel flow,
causing flood disasters during the flood season due to
blockage.

Furthermore, high sediment concentrations are flushed
downstream and partially deposited in inundated areas [1]
or other slow-flowing regions, such as inland harbors and
harbor entrances. Therefore, inland ports become partly
inaccessible for navigation, which are essential for economic
growth. For example, harbor entrances are completely

impassible, and goods cannot be shipped. However, water-
ways must be navigable all year. Therefore, regular mainte-
nance such as dredging is needed [2].

Typically, dredging involves three stages (extraction,
transportation, and disposal), and each step requires the
use of different technologies. Various dredgers used in the
extraction and transportation stages include cut-suction
dredgers and trailer-mounted dredgers [3]. Contaminated
dredged materials are generally discarded at sea or recycled
for beneficial use. Contaminated materials, on the other
hand, require specialized treatment. Dredging has a signifi-
cant environmental impact, including increased turbidity,
organic compounds, and metal compounds in the dredged
sediments and water [4–6]. According to [7], dredging is a
commercial activity that causes considerable environmental
damage. The stirring of sediments releases pollutants, and
the aquatic environment’s physical, chemical, and biological
properties will change accordingly [8–10]. However, the
dredging process helped ships navigate and allowed them
to enter ports more efficiently and develop. As a result, the
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environmental harm caused needs urgent study. Many stud-
ies have investigated the environmental impact of dredging
activities [11–16] and their implications [17, 18]. However,
only a few studies consider how to mitigate the environmen-
tal impacts of dredging (e.g., [12]). Hu outlined an idea con-
cerning a device design based on artificial ground freezing
(AGF) for salvaging or sampling underwater sediments that
were both economical and environmentally sustainable [19].
By combining the impenetrable characteristics of ice with
the strength of the frozen ground, AGF was often used to
create a hydraulic barrier that strengthens and stabilizes
the ground structure while controlling groundwater move-
ment, a typical civil engineering practice in shaft sinking,
underground uranium mining, hazardous waste contain-
ment, and other environmental projects [20]. In AGF, the
ground temperature dropped to a level below the freezing
point of groundwater. A possible way to circulate a coolant
with a subzero temperature over the targeted area was
extracting heat from deep within the ground layers and
eventually turning the groundwater into ice. It showed that
most dredging processes previously studied had significant
secondary environmental impacts. Thus, this paper is aimed
at developing a numerical model to qualitatively explore the
dredging effect of a new environmentally friendly dredging
equipment based on Hu’s new concept. And on this basis,
various thermodynamic parameters are examined for their
impact on the dredging effect to use the article results as a
reference for applying this new technology to engineering
problems.

This paper introduces the AGF application into the
dredging process with a parametric analysis of a series of
influencing factors, including thermal parameters, the con-
struction conditions, and the geometry size of the freezing
device. In addition, by analyzing the evolution of the tem-
perature field change pattern, this paper attempts to deter-
mine the frozen device’s frozen range and its dredging
efficiency. Finally, the study provides some insights into
the introduction of AGF as a construction technique for
river dredging.

2. Model Developed

Figure 1 shows an artificial freezing plate comprising a steel
plate shell, a frozen pipe, and thermal insulation materials.
The frozen pipe was close to the device’s bottom. Thermal
insulation material restrained heat transfer between the fro-
zen pipe and the top side of the freezing apparatus. As a
result, the recirculation of outflowing brine occurred in the
thermostatic bath machine, where it cooled, maintaining
the freezer plate at a low temperature enabling the frozen
material and the freezer plate to be brought out of the water
together.

Figure 2 gives the flowchart of the entire AGF construc-
tion process. The freezing dredging process began by mark-
ing the target location of the operation, outlining the
installation environment for measurements, followed by
the installation of freezing equipment, the freezing and tem-
perature regulation systems, and the active freezing process
of installing the frozen pipe. Next, we removed the lifting

points on the dredging and salvage device’s freezing plat at
the end of the freezing process to complete the dredging
and salvage operation. Then, the removed underwater
dredging and fishing device was reusable.

3. Materials and Methods

Numerical modeling techniques simulated the dynamic tem-
perature evolution around the freezing dredge device to eval-
uate the efficiency of the proposed device.

3.1. Numerical Simulation. Compared with heat conduction
in the heat transfer process, convection and radiation in the
freezing process are less. Hence, we applied the Fourier
equation to describe the freezing process following the prin-
ciple of energy conservation. As a result, the parabolic partial
differential equation written below was followed [21]:
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where K is the thermal conductivity, T is the temperature,
c is the specific heat capacity of the solid per unit volume, and
t is the time.

3.1.1. Assumptions. We formulated the process as a two-
dimensional transient with simultaneous heat flows in the
freezing process. In developing the analysis, we made the fol-
lowing assumptions:

(i) The soil layer was uniformly heated, taking 18°C as
its initial temperature. As a result, the constant tem-
peratures in the soil layer ranged from 15°C to 20°C
within 10 meters underground (i.e., within 10
meters underground at 15°C to 20°C); the soil was
a homogeneous, continuous, and isotropic entity

(ii) The temperature load was applied directly to the
bottom of the artificial freezing plate or the wall of
the frozen pipe

(iii) Considering that the upper part of the artificial
freezing device had insulating materials, convection
caused by temperature and heat radiation caused by
soil resistance were minimal and therefore neglected
in the simulation; additionally, thermal resistance
on heat conduction was also small and overlooked
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Figure 1: Schematic of the freezing device.
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(iv) The freezing temperature of the soil layer was -1°C;
i.e., the range of the -1°C isotherm envelope was the
maximum freezing area obtained after considering
some undesirable factors, i.e., the full dredging
range. On the other hand, the temperature at which
the soil layer formed a stable frozen soil curtain was
-10°C, that is, the scope of the -10°C isotherm enve-
lope being the minimum freezing area obtained
after considering various unfavorable factors, such
as the minimum dredging range

(v) We assumed that the soil layer’s density, specific heat
capacity, and thermal conductivity were constants.
Next, separately consider the soil layer’s frozen and
nonfrozen states. Each state was independent of
the other

3.1.2. Geometric Model, Meshes, and Layout of Observation
Paths. Figure 3(a) depicts the grid division of the artificial
freezing device and the soil model. The numerical simula-
tion considered phase change based on a transient three-
dimensional heat conduction model. The commercial
ADINA software assisted in solving the numerical model.
The dimensions of the model were 30m ðlengthÞ × 14m
ðwidthÞ × 15m ðheightÞ. The freezing device and the soil
model had a 4-node meshing method. The mesh density
setting for the soil boundary part was 1m, while the
mesh density of the artificial freezing device was 0.5m.

Figure 3(b) illustrates the observation path and the
observation point in this study. Set up observation paths:

path 1 (vertical downward observation path starting from
the center of the freezing plate, one observation point for each
0.5m, six observation points in total) and paths 2 to 4 (hori-
zontal observation paths, located 0.5m, 1.5m, and 2m below
the center of the freezing plate, respectively, one observation
point every 0.5m, six observation points on each path).

3.1.3. Soil Properties and Boundary Conditions. Sandy clay
widely occurred in the riverbeds and was used as an example
for testing the freezing device’s efficiency. The thermody-
namic parameters of the soils used in this study are pre-
sented in Table 1.

The formation’s initial temperature before freezing was
18°C. Next, the thermal load (brine temperature) was set at
the surface of the dredging device. Finally, the planned brine
temperature was loaded directly onto the dredging device as
the temperature load [22]. An adiabatic boundary surrounded
the soil used to bury the dredging device. Figure 4 gives the
temperature curves used in this case. All the other sides were
adiabatic. The temperature-time curve was discretized to
individual load steps. Each step had several substeps, and we
applied an iterative algorithm in each substep. In this study,
the time step was one day (24 hours), and the total period
for active freezing and maintenance freezing was 40 days.

4. Effective Dredge Area Susceptibility to
Different Conditions

Considering the complexity of this underwater freezing prob-
lem, different construction environments and construction
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operation

Normal operation

Dredging, sampling or salvage completed
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Cooling brine supply

Freezer
installation Frozen hole acceptance

Equipment pressure
test

Dismantle
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Figure 2: Flowchart for the AGF process.
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conditions can significantly affect the freezing process. Conse-
quently, we studied the thermal range and dredging of the fro-
zen slab range under various factors, examining throughout
this section how the geometry size of the freezing devices, ther-
mal conductivities, specific heat capacities, soil types, initial
ground temperatures, and brine cooling plans affect the effec-
tive dredging range.

4.1. Effect of Geometry Size. The size of the freezing device
directly impacted the frozen contact area during the freezing
process. Consequently, examining the development of the
temperature field of the soil during the freezing process for
different geometries of freezing devices was critical, provid-
ing a better understanding of the influence of this factor
on the dredges’ range. There were four different sizes of
freezing devices used in this study, as shown in Table 2.

Figure 5 shows a cross section of the temperature distri-
bution cloud plot at the end of freezing for freezing devices
of different geometrical sizes. Again, we noted that the tem-
perature distribution patterns were similar for the different
sizes of the freezing plates and that the larger sizes did not
freeze deeper for the same cooling plan.

At the end of freezing, isotherms were at -1°C and -10°C
for each of the four different geometries of freezing devices
to directly observe and compare the temperature distribu-
tion and effective frozen range, as shown in Figure 6.

Figure 6 shows that the change in the side length of the
freezing plate had little impact on the final frozen depth.
The -1°C isotherm developed to approximately 1 meter
underwater after 40 days of active freezing, and the -10°C
isotherm developed to about 0.6 meters underwater. The
dredging device had a single row of freezing tubes. Nota-
bly, a previous study [23–25] gave a comparably similar
answer for the freezing depth range for single tubes.
Therefore, it verified the reliability of the calculation of
this temperature field. Thus, the geometric size of the arti-
ficial freezing plate appeared to have no significant rela-
tionship with the freezing depth. The different lengths

14 m
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30 m

(a) Mesh computational domain and boundary

Path 2

Path 3

Path 4
Path 1

(b) Observation path

Figure 3: Schematic of the freezing device.

Table 1: Soil parameters.

Porosity (kg ×m−3)
Thermal conductivity
(kJ × m−1 × °C−1)

Heat capacity (kJ × m−1 × °C−1) Latent heat (×108 J/m3)
Unfrozen soil Frozen soil Unfrozen soil Frozen soil

1.880 118 179 1.53 1.61 1.20
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Figure 4: The applied boundary temperature curve.

Table 2: The geometry of the freezing device.

Number Height (m) Width (m) Length (m)

a 0.6 6.0 6

b 0.6 6.0 4

c 0.6 8.0 4

d 0.6 12.0 4
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Figure 5: Continued.
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used with the same brine cooling plan, the development,
and the change of the temperature field of the frozen plate
were very similar. As a result of the limited freezing range
of the freezing tube, changing the geometric size of the
freezing devices may only change the frozen area but not
the depth of the frozen area. However, the geometric size
of the freezing device cannot change the depth of dredg-
ing, only its location.

4.2. Effect of Latent Heat. Observation point 2 on path 1,
located one meter below the freezing device, was selected
to monitor temperature development with time. Observe
the temperature development at observation point 2 for the
latent heat effects by increasing and decreasing by 10%,
20%, and 30%, respectively. The temperature development
curves for other latent heat versus temperatures are in
Figure 7, and it shows that different latent heats do not
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Figure 5: Schematic diagrams of the freezing devices.
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Figure 6: Schematic of the freezing device.
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Figure 7: Schematic of the freezing device.
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significantly affect temperature development. After freezing,
the temperatures at observation point 2 reach close to the
same value for the different latent heats.

In contrast, the temperature curve stagnates longer when
freezing reaches 0 degree for soils with higher latent heat
since larger latent heats consume more thermal energy to
achieve the ice-water phase change. However, the difference
in latent heat had little effect on the dredging efficiency of
freeze dredging. Those findings are relatively consistent with
those of [26, 27], which investigated the effects of different
thermal parameters, including thermal conductivity and
latent heat, on the freezing of a shield-driven tunnel and a
cup-shaped wall. However, we observed that the freezing
effect in these studies depended on the soil’s thermal con-
ductivity but not on its latent heat.

4.3. Effect of Thermal Conductivity. We further explore the
effects of thermal conductivity on temperature development.

Thermophysical parameters such as thermal conductivity
played an essential role in analyzing soil heat conduction
and heat retention [28]. Since engineering projects require
a detailed understanding of thermal conductivity values
and thermal responses under different environmental condi-
tions, it would be very beneficial to study the thermal con-
ductivity of soils and how they affect temperature
variations [29]. In this study, the thermal conductivity was
increased and reduced by 10%, 20%, and 30%, respectively.

As shown in Figure 8, there is a clear correlation between
thermal conductivity and temperature. A more excellent
thermal conductivity will enable the soil to reach the freezing
temperature required by the project in a shorter time, there-
fore improving the efficiency of the dredging process. We
noted that when the thermal conductivity is reduced by 30
during the freezing process, it takes about 240 hours for
observation point 2 to reach 0°C. It takes ten days for the
water to freeze to 1 meter below the freezing device. It takes
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Figure 9: Effect of heat capacity on temperature field development.

Table 3: Parameters of soil material.

Soil type Porosity (kg ×m−3)
Thermal conductivity
(kJ × m−1 × °C−1)

Heat capacity
(kJ × m−1 × °C−1) Latent heat (×108 J/m3)

Unfrozen soil Frozen soil Unfrozen soil Frozen soil

Cement-admixed sandy clay 2.04 200 225 1.58 1.6 0.81

Sandy clay (original) 1.880 118 179 1.53 1.61 1.20

Cement admixed soft clay 1.80 158 170 1.66 1.52 1.0

Soft clay 1.69 105 126 1.71 1.69 1.22
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approximately 180 hours to achieve the same frozen depth
when the thermal conductivity increases by 30%. By increas-
ing the thermal conductivity, the freezing time at the same
observation point can be shortened by 60 hours, improving

the freezing efficiency significantly. Therefore, during the
design process, the underwater soil layer should be appropri-
ately treated to increase its thermal conductivity and thus
enhance the efficiency of the dredging project.
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4.4. Effect of Heat Capacity. Another factor that played a
similar role in thermal conductivity was heat capacity. Heat
capacity is known to result in temperature development var-
iation. In this study, the specific heat capacity was increased
and decreased by 10%, 20%, and 30%, respectively, to exam-
ine the temperature field under different conditions.

Figure 9 shows the temperature profile at observation
point 2 for different heat capacities. As the heat capacity
decreases, the temperature at observation point 2 decreases.
It is because soils with a lower heat capacity tend to conduct
temperature more quickly, thus causing the temperature
under the freezing device to freeze more quickly. For exam-
ple, when the heat capacity is reduced by 30%, it takes about
150 h to reach 0°C at observation point 2 and about 340 h to
drop to -10°C. When the heat capacity increases by 30%, it
takes about 250 h to cool down to 0°C at observation point
2 and about 500 h to cool down to -10°C. Thus, soil with a
lower heat capacity can be more easily frozen and dredged
than soil with a higher specific heat capacity.

4.5. Effect of Soil Type. Table 3 gives the thermal and other
properties of the four soils studied. These soils were sandy

clay, cement-admixed sandy clay, soft clay, and cement
admixed soft clay. The laboratory-measured thermal proper-
ties were from studies [22, 24, 26, 30] that also discussed
different soils to determine thermal field development.

As shown in Figure 10, different soil types exhibit other
temperature change profiles at observation point 2. As a
result of the cement’s heat of hydration, the initial freezing
temperature of the cement-treated soil is relatively high,
and therefore, it takes longer for the ground to fall to 0 or
-10 degrees compared to the uncemented earth. As can be
seen from the comparison between clay and sand soils, the
sand freezes more rapidly as compared to clay, where a cool-
ing time to 0°C is 300 hours and a cooling time to -10°C is
600 hours and requires only 200 hours to reach 0°C and
450 hours to achieve -10°C. Thus, cement-treated soils were
not conducive to more efficient dredging, whereas freeze
dredging was more efficient in the sand than in clay.

4.6. Effect of Initial Ground Temperature. The construction
environment will significantly affect the temperature field
and the soil’s natural characteristics. Figure 11 illustrates
the effect of the initial temperature on the development of

Table 4: Different brine cooling schedules.

Time (day) 0 1 5 10 15 20 30 960

Plan 1 (°C) 18 0 -10 -10 -10 -10 -10 -10

Plan 2 (°C) 18 0 -10 -20 -20 -20 -20 -20

Plan 3 (°C) 18 0 -10 -30 -30 -30 -30 -30

Plan 4 (°C) 18 0 -10 -40 -40 -40 -40 -40
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the temperature field. At observation point 2, the tempera-
ture changes are discussed at initial ground temperatures
of 5, 10, 18, 25, 30, and 40 degrees.

As shown in Figure 11, the temperature trends at obser-
vation point 2 were similar for different initial ground tem-
peratures. The higher the initial temperature, the longer it
took to cool down to 0 degrees at 1m below the freezing
device. The effective freezing range of the frozen slab was
reached at a depth of 1m below the frozen slab at 970 h
for all different initial temperatures.

4.7. Effect of Brine Cooling Plan. The brine cooling schedule
will also affect temperature development. Therefore, four
different brine cooling schedules (presented in Table 4) were
such that the initial ground temperature and freezing time
were the same and the final freezing temperatures of -10,
-20, -30, and -40 degrees were used to study the effects of
the different brine cooling schedules on the development of
the temperature field. Figure 12 illustrates the temperature
development at observation point 2 under different brine
cooling schedules.

Figure 12 illustrates that different brine cooling sched-
ules significantly impact freezing efficiency. When the final
freezing temperature is -10 degrees, it took 500 h to freeze
to 0 degrees at observation point 2, while the lowest temper-
ature measured in this case was -2.5 degrees, indicating no
formation of an effective freezing zone 1m below the freez-
ing slab. At a freezing temperature of -20°C, it takes 300 h
and 970h to freeze to 0°C and -10°C, respectively, at obser-
vation point 2. At a freezing temperature of -30°C, it takes
270 h and 500h to reduce the temperature to 0°C and
-10°C, respectively, at observation point 2. At a freezing tem-
perature of -40°C, it takes only 240 h and 350h to reduce the
temperature to 0°C and -10°C, respectively, at observation
point 2. Therefore, we obtained the brine cooling schedule
affecting the freezing efficiency and the dredging range.
When the final freezing temperature was high, the dredging
range accordingly reduced due to the limited freezing thick-
ness of the soil. Conversely, the freezing efficiency increased
when the final freezing temperature was lower in the brine
cooling schedule, and the frozen depth increased, increasing
the dredging range.

5. Conclusions

We developed a three-dimensional model to simulate satu-
rated soil freezing on one side as a function of soil tempera-
ture. The influences of soil type, heat capacity, latent heat,
thermal conductivity, and brine cooling plan are all consid-
ered. The conclusion can be drawn from the previous study
as follows.

(1) The size of the freezing plate had almost no influence
on the frozen depth. Therefore, the frozen depth was
nearly the same for different geometry-shaped freez-
ing plate sizes under the same brine cooling plan

(2) Thermal conductivity significantly influenced soil
freezing, and as thermal conductivity increased, soil
cooling accelerated

(3) The effect of phase changes in latent heat on soil
freezing is quite limited

(4) The final freezing temperature is dependent on the
brine cooling plan: before 0°C, the impact of the
brine cooling plan was minimal. However, below
0°C, the final freezing temperature falls as the mini-
mum cooling temperature decreases

(5) The artificial freezing effect in various soils also dif-
fered noticeably. For example, a cement treatment
can result in a more significant freezing impact and
a faster cooling process for sandy soils and soft clays
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