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Artificially ground freezing method is increasingly applied in formations with high permeability. The groundwater seepage flow
should be considered because an excessive groundwater seepage flow would make the merging of the frozen wall challenging.
Therefore, in this study, we investigate the temperature field and frozen wall merging characteristics at varying groundwater
seepage flow rates in gravel formation. Results show that the heat exchange between the seepage flow and freezing pipes delays the
merging of the frozen wall and reduces its total thickness. The groundwater seepage flow restricts the freezing of the upstream zone
and accelerates the freezing of the downstream zone. The upstream and downstream temperature fields are symmetrical in
nonseepage flow conditions but are asymmetrical in the presence of seepage flow. The merged frozen wall presents an arched
shape and shifts to the downstream zone. The “scouring effect” and “water barrier effect” simultaneously act on the merging
process of the frozen wall. The total thickness of the frozen wall decreases by more than 30% when the flow rate increases from 0 to
5.0 m/d. Optimising the layout of the freezing pipes in gravel formations is a reasonable solution for a safe and economical design.

1. Introduction

The artificially ground freezing (AGF) method originates
from mining construction and has many advantages, in-
cluding an adequate water blocking, high-soil strength, easy
construction, and high-formation adaptability [1, 2]. Further
development of this method has led to its extensive em-
ployment both as a structural support system and as a water
barrier in large-scale open excavations such as subway tun-
nels, foundation pits, and shaft constructions [3-5].

Engineering practices have also contributed to the im-
provement of the AGF theory, level of application, con-
struction method, and other aspects of the AGF technique [6].

The AGF method applied in subway tunnels is initially
used to enhance the strength of the soil, such as the excavation
in saturated silty clay, mucky, and mucky clay with high-water
content and compressibility [5, 7]. Currently, increasingly
diverse ground formations are being prepared using the AGF
method. It has been applied to sand, gravel, and pebble soil
formation with high permeability and groundwater seepage
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flow. In contrast to the problem of frost heave and subsequent
thaw-induced settlement in fine grained soil, the coupling
problem of groundwater seepage flow and heat flow is more
concerned in coarse-grained soil [8]. Engineering practices
have shown that the groundwater seepage flow must be
considered in the formations with high permeability because
neglecting the groundwater seepage flow when planning the
AGF process often leads to serious challenges in frozen wall
merging and even disrupts the working schedule [4, 9-11].

The problem of AGF method applied in coarse-grained soils
has attracted increased attention. Scholars have studied the effect
of groundwater seepage flow on frozen walls by conducting
physical modelling tests, numerical simulations, and theoretical
analyses [8, 10, 12, 13]. With the assistance of a large-scale
physical model, Pimentel et al. [8] investigated the effect of
seepage flow velocity on the frozen wall merging and thickness
in a medium-coarse sand formation and provided an analytical
solution to the frozen wall merging. Based on a hydrothermal
modelling, Vitel et al. [12] presented the use of the thermo-
hydraulic model and the freeze-pipe ground model to the Cigar
Lake underground mine. Moreover, Marwan et al. [13] provided
an optimal method to shorten the closure time of frozen wall in a
sand formation subject to the effect of groundwater seepage
flow. However, previous studies have paid more attention to fine
sand and medium-coarse sand formations, which represent a
relatively uniform formation. Research studies on gravel for-
mations subject to the effect of seepage flow, including the
characteristics of nonuniformity, large particles, and complex
pore distribution of gravel soil, are currently lacking [14, 15].

Thus, to identify/quantify the specific temperature re-
sponse of the gravel formation during the AGF process,
several physical modelling experiments were conducted to
visualize, discuss, and derive the coupling mechanism of the
groundwater seepage flow and temperature field. In addi-
tion, the effects of the groundwater seepage flow rate on the
merge of the frozen wall are analysed. Finally, issues re-
garding the frozen wall merging and layout optimisation of
the freezing pipes are discussed.

2. Design of Physical Modelling Experiment

2.1. Similarity Law and Selection of Similarity Constant.
During the AGF process of gravel formations, the heat
dissipated from the freezing pipes diffuses and affects the
temperature field, thereby reducing the permeability of the
surrounding gravel soil and affecting the groundwater
seepage. The groundwater seepage flow would take away the
heat of the freezing pipes and affect the merging of the frozen
wall. Thus, the merging of the frozen wall is the result of the
coupling effect between the groundwater seepage flow and
gravel formation temperature field.

According to similarity theory, the physical quantities in
coupling equations can be analysed using the similarity law,
and the main parameters are determined as follows.

2.1.1. Geometric Similarity Constant. In the physical mod-
elling experiment, a 25 mm x 2.5 mm seamless steel pipe has
been selected to simulate a 127 mm x 8 mm freezing pipe
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extensively used in practical engineering, and the geometric
similarity constant is set to 5 in consideration of the proc-
essability of the steel pipe and the size of the model. According
to the similarity criterion m;, the similarity constant of the
freezing pipe spacing is 5, and the freezing pipe spacing in the
physical modelling experiment is set as 20 cm to simulate a
prototype with a freezing pipe spacing of 100 cm.

2.1.2. Material Similarity Constant. The tested soil investi-
gated in this study is sampled from the Jinan Metro con-
nected aisle. In the soil, the grain size of 80% of the particles
is larger than 2 mm, and the content of fines with a particle
size smaller than 0.075 mm is approximately zero, as shown
in Figure 1. In addition, the physical and thermal properties
are tested and listed in Table 1. Therefore, the CGS is
classified as poorly graded gravel soil, according to the
Standard for the Engineering Classification of Soil (GB/T
50145-2007; Ministry of Construction of the People’s [16].
As its basic physical properties remain unchanged, the
material similarity constant is equal to one.

2.1.3. Temperature Similarity Constant. According to the
Kosovich criterion, the temperature parameters in the physical
modelling are in good agreement with that in the prototype,
that is, 1.

2.1.4. Freezing Duration Similarity Constant. Based on the
similarity criterion, the freezing duration for one day in the
physical modelling is equivalent to 25 days in the prototype.

2.1.5. Seepage Flow Rate Similarity Constant. Based on the
similarity criterion, a groundwater seepage flow rate of 5 m/d in
the physical modelling is equivalent to 1 m/d in the prototype.

2.2. Physical Modelling Experimental Apparatus. As shown
in Figure 2, the physical modelling experiment apparatus,
that is, self-developed, is composed of four systems: a
physical modelling box, groundwater seepage system,
freezing and temperature controlling system, and temper-
ature monitoring system.

2.2.1. Physical Modelling Box. Given the influence range and
boundary effects of the temperature and groundwater
seepage flow, the length, width, and height of the physical
modelling box are set to 1.2, 0.8, and 1.0 m, respectively. In
addition, the physical modelling box is composed of a water
feeding zone, gravel soil filling zone, and water draining
zone. Pebbles with a size of 10 mm are filled in the water
feeding and water draining zones, and a perforated alu-
minium plate is placed between the gravel soil and water
feeding zone to buffer the scour of the inlet groundwater
flow and obtain more uniform seepage conditions. In ad-
dition, the groundwater flows from the bottom to the top.
During the entire AGF process, thermal insulation cotton is
wrapped around the box to isolate the influence of ambient
temperature.
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FIGURE 1: Particle size distribution of gravel soil.

TaBLE 1: Physical and thermal properties of gravel soil.

Dry density Porosit Specific Permeability coefficient Freezing Thermal conductivity Specific volume heat
(g/em®) Y gravity (m/d) temperature (°C) (W/(m>°C)) (m?/(s°C))
1.883 0.3 2.69 60 -0.04 1.07 1.30
e e e 6
f=3
n
J M C { ;
Filling zone for |
gravel soils * y
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L

FIGURE 2: Schematic of the physical modelling experiment apparatus (unit: mm): (A) water feeding zone filled with pebbles, (B) perforated
aluminium plate, (C) water draining zone filled with pebbles, (D) wall of physical modelling box, (E) freezing pipes, (F) brine outlet, (G)
brine inlet, (H) thermostatic water tank, (I) power water pump, (J) water flow gauge, (K) water feeding tube, (L) water flow valve, and (M)

water draining tube.

2.2.2. Groundwater Seepage System. The groundwater
seepage system is composed of a thermostatic water tank
connected with a NESLAB cold bath, power water pump,
water flow gauge, water flow valve, water feeding tube, and
water draining tube. The power water pump transports
thermostatic water through the water feeding tube to the
water feeding zone. The groundwater seepage flow rate is

controlled by adjusting the water flow gauge and valve, and is
defined as the flow at the water-crossing section in unit time.

2.2.3. Freezing and Temperature Controlling System. The
freezing and temperature controlling system is composed of
a NESLAB cold bath, a brine circulation tube, and freezing



pipes, as shown in Figures 2 and 3. The freezing pipes are
equipped with inner and outer casings to obtain a uniform
temperature along the pipe wall. In addition, thermally
insulation cotton is wrapped around the brine circulation
tube to reduce the heat loss.

2.2.4. Temperature Monitoring System. Platinum resistance
temperature sensors with an accuracy of +0.1°C and a data
logging instrument are used for the real-time monitoring of
the formation temperature. As shown in Figure 4, the
physical modelling experiment is centred on the freezing
pipes. Considering the location of the freezing pipes and the
direction of the groundwater seepage flow, four temperature
monitoring lines are arranged accordingly. Taking the L1
survey line (the x-axis) as the dividing line and considering
the seepage flow direction of the groundwater, we can divide
the entire crossing section into two zones: an upstream and a
downstream zone.

2.3. Physical Modelling Experimental Scheme. Five ground-
water seepage flow rates were investigated to study the
merging process of the frozen wall in gravel formation.
According to Section 2.1, Table 2 lists the experimental
parameters in prototype and physical modelling.

Given these preliminary testing results, three freezing
pipes are horizontally installed in the physical modelling
box, and gravel soil is mixed and compacted layer-by-layer
based on the dry density, as listed in Table 1. The temper-
ature sensors are installed during the process, as shown in
Figure 4. Once the gravel formation is prepared, the ex-
perimental apparatus is accurately assembled and the out-
side of the physical modelling box is wrapped with insulation
cotton, as shown in Figure 2. In addition, the entire physical
modelling experiment apparatus is placed in a high-low
temperature chamber (length: 5.50 m; width: 5.00 m; height:
3.50m) to provide the constant ambient temperature of
20°C.

Before the AGF process begins, the groundwater seepage
flow and the formation temperature in the gravel formation
are initialised to a constant state by adjusting the ground-
water seepage system for 4 h, as listed in Table 2. After the
constant state of groundwater seepage and temperature field
is reached in the gravel formation, the AGF process is started
by adjusting the freezing and temperature controlling system
for 48 h. Meanwhile, the formation temperature was auto-
matically recorded by the data logger at intervals of 10 min.

3. Experimental Results and Analysis

3.1. Temperature Evolution of the Brine and Freezing Pipes.
When the groundwater seepage flows vertically through the
freezing pipes, it will take away the heat of the brine and
freezing pipes, and will lead to a heat loss, as shown in
Figure 5. The entire process occurs in three stages: (1) the
temperature decreases rapidly from 0 to 8h, (2) a super-
cooling stage is induced because of the latent heat of phase
change (as illustrated in Wang et al. [17]), and (3) the
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temperature gradually decreases owing to the heat exchange
and then levels off.

Subject to the premise of a constant working tempera-
ture of —20°C and a cooling power of 850 W, the final
temperature of the brine increases with an increase in the
groundwater seepage flow rate, and so does that of the
freezing pipe. This indicates that the flowing water takes
away the heat of the brine and freezing pipe, thus causing the
temperature to rise. Moreover, the temperature difference
between the brine and freezing pipe increases gradually. This
indicates that the brine exchanges heat with the gravel soil
and the water flowing through the freezing pipe. Therefore,
the brine cannot reach the set temperature.

3.2. Temperature Distribution along the Seepage Flow
Direction. Figure 6 shows the upstream and downstream
temperature distributions of the gravel formation parallel to
the seepage flow direction. As shown in Figure 4, the L3
survey line is located at the centre of the freezing pipes 1# and
2#, and the L4 survey line is located at the freezing pipe 2#.
As illustrated, the gravel formation temperature is distrib-
uted symmetrically on both sides of the upstream and
downstream in the case of nonseepage flow, and the heat
provided by the freezing pipe is uniformly transmitted
around the freezing pipe as the centre. However, the up-
stream temperature is evidently higher than the downstream
temperature under the effect of the groundwater seepage
flow. This is because the groundwater with temperature 20°C
flows first through the upstream zone and then through the
freezing pipes, carrying heat from the freezing pipe to the
downstream zone. This type of asymmetry characteristic
becomes more pronounced with an increase in the
groundwater seepage flow rate. In addition, the closer we
move to the freezing pipe, the lower the temperature will be.

In the upstream zone, the temperature at the same
position increases with an incremental increase in the
groundwater seepage flow rate, a particularly significant
increase over the nonseepage case. This indicates that the
groundwater seepage flow weakens the heat transfer of the
freezing pipe to gravel formation in the upstream zone.

By contrast, the temperature at the same position de-
creases with an increase in the groundwater seepage flow
rate and is approximately lower than the temperature of the
nonseepage flow. This shows that the groundwater seepage
flow carries more heat from the freezing pipe to the
downstream zone that accelerates the freezing of the
downstream zone around the freezing pipe.

3.3. Closure Time of Frozen Wall. To obtain the closure time
of the frozen wall, the time history of the temperature at the
survey points T1-6 is investigated, as shown in Figure 7. This
survey point is located at the centre of the freezing pipes 1#
and 2# on the L1 survey line. As shown, the entire process is
similar to that of the freezing pipe, as shown in Figure 5(b).
The temperature increases as the groundwater seepage flow
rate increases for the same freezing duration.

When the temperature at the survey points T1-6 reaches
—0.04°C, it is taken as the approximate time for the merging of
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FIGURE 3: Freezing pipes (a) and physical modelling box (b).

TaBLE 2: Experimental parameters in prototype and physical modelling.

Temperature of the brine in  Groundwater seepage Freezing
freezing pipes (°C) flow rate (m/d) duration (h)

Initial formation

temperature (°C) Arrangement of freezing pipes

0 (saturated)
1.25/(0.25)
—20/(-20) 2.50/(0.50) 48/(1200)
3.75/(0.75)
5.00/(1.00)

Three freezing pipes are arranged

20/(20) horizontally at intervals of 20 cm/(100 cm)

Note. The parameters listed in the bracket () are the prototype parameters in this study.
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FIGURE 4: Arrangement of temperature sensors and freezing pipes.
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FIGURE 6: Upstream and downstream temperature distributions parallel to the seepage direction. (a) Temperature distribution of L3 survey
line with a freezing duration of 8h. (b) Temperature distribution of L4 survey line with a freezing duration of 8 h.

the frozen wall, as shown in Figure 8. As illustrated, the
groundwater seepage flow rate significantly affects the time
required for the frozen wall merging. The closure time of the
frozen wall increases approximately linearly with an increase
in the seepage flow rate. In particular, it consumes a lot of time
when the groundwater seepage flow rate reaches 5.0 m/d.

3.4. Temperature Field of Gravel Formation. Four tempera-
ture survey lines were arranged to monitor the temperature
evolution process of gravel formation, as shown in Figure 4.
Based on a large number of measured temperatures, the
temperature field of the gravel formation was obtained with

the use of the linear interpolation method. Wang et al. [15]
also adopted this method to obtain the temperature field.

Figures 9-11 show the temperature fields, which cor-
respond to the freezing duration of 8 h and closure time of
the frozen wall. The closure time of frozen wall is presented
in Figure 8. Half of the gravel formation is attributed to the
symmetry of the seepage flow and temperature. The iso-
therm line at 0°C is defined as the boundary of the frozen
wall. As illustrated, the frozen wall develops in all directions
with the freezing pipes as the centre, and they then merge
after a certain freezing duration. The reason is that the heat
provided by the freezing pipe is uniformly transmitted
around the freezing pipe as the centre.
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FiGure 10: Temperature fields of gravel formation at a seepage flow rate of 2.5 m/d. (a) Freezing duration of 8 h. (b) Closure time of frozen

wall 16.8 h.

Subject to the nonseepage flow condition, the frozen wall
edges are neat and expand rapidly. When the frozen wall is
merged, the frozen wall edges uniformly develop to the
central position of the freezing pipes 1# and 2#, and the
merged frozen wall has a uniform thickness with no evident
weak zones, as shown in Figure 9. The contours for the
temperature field are evenly spaced, which indicates that the
gravel formation temperature distribution presents a cen-
trosymmetric characteristic, namely, upstream and down-
stream and left and right symmetries.

Because of the effect of groundwater seepage flow, the
temperature distributions of the gravel formation in the
upstream and downstream present asymmetric charac-
teristics consistent with the conclusion drawn by Liu et al.
(2017). In the upstream zone, the temperature under a
flow rate of 2.5 m/d is lower than that under a flow rate of
5.0m/d at the same height. On the contrary, the tem-
perature under a flow rate of 2.5m/d is higher than that
under a flow rate of 5.0 m/d in the downstream zone. This
is because the groundwater seepage flow carries more
heat from the freezing pipes to the downstream zone.
Moreover, the frozen wall edges present an irregular
shape, as illustrated in Figures 10(a) and 11(a). In
Figures 10(b) and 11(b), the merging position of the
frozen wall shifts to the direction of the downstream
zone. The frozen wall at the centre of the freezing pipes 1#
and 2# is the thinnest, and it presents an evident arched
shape. Therefore, this position is the weakest zone in the
entire frozen wall, whereas the deviation in the frozen
wall towards the downstream zone increases.

3.5. Thickness of Merged Frozen Wall. As shown in Figure 12,
the thicknesses of the frozen wall are obtained in accordance
with the closure time. Setting the L1 survey line as the

demarcation line, the total thickness is divided into the
upstream and downstream thicknesses to better understand
the influence of the groundwater seepage flow.

As shown, the upstream and downstream thicknesses
are largely identical under the nonseepage flow. However,
the groundwater seepage flow significantly influences the
upstream and downstream thicknesses. The thickness
difference between the downstream and upstream in-
creases as a function of the seepage flow rate. Two types of
effect are defined to explain the merging process of frozen
wall: (1) the “scouring effect” refers to the process by which
upstream groundwater carries away the heat of the
freezing pipes to the downstream zone, and (2) the “water
barrier effect” refers to the upstream frozen wall blocking
the flowing of groundwater and results in the retention of
heat.

The development of the upstream frozen wall is re-
stricted because of the scouring effect of the groundwater
seepage flow, particularly when the flow rate reaches
5.0 m/d. Hence, the upstream frozen wall thickness de-
creases linearly with the groundwater seepage flow rate, as
shown in Figure 12. However, the downstream frozen
wall thickness increases linearly with the groundwater
seepage flow rate even beyond the nonseepage flow case.
This is because the water barrier effect provided by the
upstream frozen wall weakens the influence of the seepage
flow on the development of the downstream frozen wall.
Moreover, the water barrier effect leads to a decrease in
the seepage flow rate around the downstream frozen wall,
and the heat carried by the flowing water is more
favourable to the development of the downstream frozen
wall. The total thickness is the sum of the upstream and
downstream frozen wall thicknesses. The total thickness
decreases by more than 30% when the flow rate increases
from 0 to 5.0 m/d.
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4. Discussion

The presented gravel soil consists of solid particles, liquid
water, and ice lens [18]. In an AGF process, the effect of
groundwater seepage flow on the frozen wall is important for
application of AGF in such formations. For better com-
prehension of the mechanism, the entire AGF process un-
dergone by the gravel formation is discussed.

(i) In water-rich gravel formation, the pore volume is
assumed to be either fully saturated or partly oc-
cupied by ice lens and the rest by liquid water [13].
In comparison with fine grained soils, the liquid
water is all free water with no bound water in the
gravel soils [15, 19]. The frozen wall is easier to
merge without the groundwater seepage flow.

(ii) The groundwater seepage flow results in heat ex-
change between the flowing water and freezing
pipes, with some of the heat dissipated by the
flowing water. Therefore, the scouring effect is
dominant in the upstream zone, hinders the
merging of the frozen wall, and then leads to a weak
irregular zone and a longer closure time.

(iii) As the freezing duration increases, the pore volume
is initially partly occupied by ice lens and the rest by
the remaining water in the liquid form until it
crystallizes into ice lens because of the increasing
heat transmitted from the freezing pipes [13].

(iv) With the development of ice lens and upstream
frozen wall, the water barrier effect becomes in-
creasingly significant. The flowing water with a low
rate is blocked around the downstream frozen wall
and rapidly crystallizes into an ice lens until the
frozen wall is merged. Therefore, the frozen wall
presents an arched shape and shifts to the direction
of the downstream zone at the end.

As the seepage flow rate increases, the frozen wall requires
more time to freeze and heat (from the freezing pipes) to reach
the designed thickness. However, these measures will lead to a
significant increase in the project cost and do not address the
weak irregular zone limitation of the frozen wall. Hence, we
suggest that the layout parameters of the freezing pipes are
optimised to reduce the interference of the groundwater
seepage flow for a safe and economical design. As calculated by
Marwan et al. [13], an optimised arrangement of the freezing
pipes can help reduce the freezing time under different seepage
flow rates in fine sand formations. Hence, additional studies
should be conducted to integrate a more useful optimisation
algorithm [20, 21] to verify its adaptability in the case of gravel
formations, to extend the application scope of the AGF method
in water-rich formations.
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5. Conclusions and Outlook

The AGF method is a process that involves the coupling
action of groundwater and temperature. In particular, the
groundwater seepage flow cannot be ignored in water-rich
gravel formations. To understand the AGF process in depth,
we thoroughly investigated the coupling effect of ground-
water seepage flow and temperature in the gravel formation.
The following are the conclusions drawn from the results:

(1) The groundwater seepage flow intensifies the heat
exchange between the flowing water and freezing pipes,
thus reducing the work efficiency of the freezing pipes
and the closure time required for the frozen wall.

(2) The upstream and downstream temperature distri-
butions exhibit symmetric characteristics in the case
of nonseepage flow. However, the isotherm lines in
the upstream zone appear more intense, and those in
the downstream zone appear sparser subject to the
action of the groundwater seepage flow.

(3) The closure time of the frozen wall increases as a
function of the groundwater seepage flow rate. The
flowing water causes an uneven development of the
frozen wall, which presents an arched shape. This
type of uneven characteristic is significant at high-
groundwater seepage flow rates.

(4) The groundwater seepage flow exhibits a scouring
effect on the upstream frozen wall, whereas the water
barrier effect provided by the upstream frozen wall is
conducive to the development of the downstream
frozen wall. The total thickness of the frozen wall
decreases by more than 30% when the flow rate
increases from 0 to 5.0 m/d.

The following aspects can be investigated in future
studies:

(1) The effects of the spacing of the freezing pipes on the
coupling of the groundwater seepage and heat flow

(2) Algorithms for optimising the arrangement of the
freezing pipes in the presence of groundwater
seepage flow
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