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 Water and sand inrush is a typical high-risk engineering disaster during the construction 

and restoration of metro tunnels, which seriously affects construction safety and project 

progress. Taking the artificial ground freezing construction of the connecting passage in 

water-rich sandy pebble stratum and the water inrush restoration project of the shield 

receiving section as the research objects, this paper systematically analyzes the evolution 

law of temperature field, the formation mechanism of frozen wall and its key influencing 

factors of artificial ground freezing method in water inrush prevention from the 

thermodynamic perspective. The research results show that the thermal physical 

parameters of the stratum have a significant impact on the freezing effect, among which 

the thermal conductivity coefficient is the most sensitive (sensitivity 0.68), followed by the 

specific heat capacity (0.45) and moisture content (0.32). The spacing of freezing pipes has 

a significant impact on the closure time of the frozen wall; an increase of 14 cm in spacing 

can lead to a prolongation of 4.3 days in closure time. In terms of engineering application, 

an innovative double-line separate hole arrangement and simultaneous freezing scheme is 

proposed, and optimization measures such as the setting of pressure relief holes and 

pipeline reinforcement are put forward for the problem of freezing pipe fracture. Through 

the real-time monitoring and dynamic feedback control system, the precise control of the 

freezing process is realized. This study provides a theoretical basis and practical guidance 

for the engineering application of artificial ground freezing method in water inrush 

prevention of complex strata. 
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1. INTRODUCTION 

 

The starting and receiving sections are high-risk areas for 

water and sand inrush accidents during shield tunnel 

construction. After the shield receiving of a section of Hunan 

Metro Line 3, water inrush and collapse occurred in the 

double-line tunnel, which is the first such double-line damaged 

project in China. Due to its advantages of strong flexibility, 

good sealing performance and high strength, the artificial 

ground freezing method has become the preferred construction 

method for repairing such projects. However, problems such 

as uneven development of temperature field during freezing, 

prolonged closure time of frozen wall and freezing pipe 

fracture directly affect the freezing effect and construction 

safety [1-6]. From the thermodynamic perspective, combined 

with engineering field measurement and numerical simulation, 

this paper systematically studies the key issues of freezing 

method in water inrush prevention [7-11]. 

 

 

2. THERMODYNAMIC MECHANISM AND 

TEMPERATURE FIELD EVOLUTION 
 

2.1 Thermodynamic principle of artificial ground freezing 

method 

 

The essence of the artificial ground freezing method is a 

transient heat conduction process accompanied by phase 

change. It removes heat from the surrounding soil by 

circulating low-temperature brine (usually calcium chloride 

solution, with a temperature between -28℃ and -30℃) 

flowing in the freezing pipes buried in the stratum, so that the 

pore water in the soil freezes into ice, and the loose soil is 

cemented into a frozen soil curtain (i.e., "frozen wall") with 

good strength and sealing performance. 

This process involves three basic heat transfer methods: 

(1) Conduction: Heat is transferred from the high-

temperature area to the low-temperature area (freezing pipe) 

through the soil skeleton and ice. 

(2) Convection: Forced convective heat transfer occurs 

between the circulating low-temperature brine and the wall of 

the freezing pipe. 

(3) Phase change: A large amount of latent heat (about 334 

kJ/kg) is released when the pore water in the soil freezes into 

ice, which is the main part of the energy consumption of the 

freezing method and the key to controlling the freezing rate. 

This process can be described by the transient heat 

conduction equation considering phase change [12-16]: 
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𝜌𝐶𝑒𝑓𝑓
𝜕𝑇

𝜕𝑡
= 𝛻 ⋅ (𝜆𝛻𝑇) + 𝐿𝜌𝑖

𝜕𝜃𝑖
𝜕𝑡

 (1) 

 
where: T is temperature (℃); t is time (s);  is the thermal 

conductivity coefficient of the soil (W/(m℃)); 𝜌 is the soil 

density (kg/m³); Ceff is the effective specific heat capacity of 

the soil (J/(kg℃)); L is the latent heat of phase change of 

water (J/kg); i is the density of ice (kg/m³); i is the 

volumetric ice content of the soil. 

During the freezing process, the effective specific heat 

capacity the tai increases sharply in the phase change zone 

(usually 0℃ to -2℃) to equivalently consider the influence of 

latent heat release. 

 

2.2 Development law of temperature field and formation of 

frozen wall 

 

The development of the temperature field directly 

determines the formation rate, thickness and strength of the 

frozen wall. The typical temperature-time curve of a single 

point can be divided into three stages: 

(1) Rapid cooling stage: In the initial stage of freezing, the 

temperature difference between the soil and the brine is the 

largest, the heat exchange is intense, and the temperature drops 

rapidly to the freezing temperature of the soil (about -

0.5~0℃). 

(2) Phase change plateau stage: The temperature hovers 

around the freezing temperature, and the heat input at this time 

is mainly used to offset the latent heat released by the phase 

change of pore water. The duration of this stage directly 

determines whether the frozen wall can successfully "close" 

(i.e., the frozen soil columns formed by adjacent freezing pipes 

are connected into a whole). 

(3) Slow cooling stage: After the completion of phase 

change, the soil has been frozen, the temperature continues to 

drop, and the strength and stiffness of the frozen soil increase 

accordingly. 

According to the measured data of the restoration project of 

Hunan Metro Line 3 as shown in Figure 1, the figure shows 

the temperature-time curves of typical temperature measuring 

holes (such as T3, T7) in the restoration project of Hunan 

Metro Line 3, which clearly shows the above three 

development stages. Among them, the phase change plateau 

stage of the measuring points located in the seepage path or 

water-rich layer (such as T3-8) is significantly longer than that 

of other measuring points. 

 

 
 

Figure 1. Temperature-time curve of temperature measuring 

hole 

 

The expansion rate of the frozen wall is a key indicator to 

evaluate the freezing effect. In the Hunan Metro Line 3 

project, by analyzing the data of temperature measuring holes, 

it is found that the average development rate of the frozen wall 

thickness at the leakage points is only 26.6 mm/d, which is 

about 78% of that in other normal areas (average 34.1 mm/d). 

This fully indicates that the seepage of groundwater 

continuously brings heat through convective heat transfer, 

which seriously delays the development of the local frozen 

wall and is the main reason for the formation of weak freezing 

areas and the induction of water inrush. 

 

 

3. ANALYSIS OF KEY THERMODYNAMIC FACTORS 

AFFECTING FREEZING EFFECT 

 

3.1 Influence of thermal physical parameters of stratum 

 

Thermal conductivity coefficient (λ): It has the most 

significant impact on the freezing effect [17]. As shown in 

Figure 2, when the thermal conductivity coefficient decreases 

from 1.9 W/(m·K) under the standard working condition to 

0.85 W/(m·K), the effective thickness of the frozen wall 

decreases sharply from 0.95 m to 0.584 m, a decrease of 39%, 

and the closure time extends from 17.2 days to 21.5 days. This 

means that in strata with poor thermal conductivity, it is easier 

to form a weak frozen wall with insufficient thickness. 

 

 
 

Figure 2. Influence of stratum thermal conductivity 

coefficient on freezing effect 

 

 
 

Figure 3. Influence of stratum specific heat capacity on 

freezing effect 

 

Specific heat capacity (c): The specific heat capacity 

determines the heat required for the unit temperature change 

of the soil [18]. As shown in Figure 3, when the specific heat 

capacity increases from 0.5 kJ/(kg·K) to 2.0 kJ/(kg·K), the 

thickness of the frozen wall decreases from 1.28 m to 0.65 m, 

a decrease of 49.2%, and the closure time also extends from 
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14.5 days to 21.5 days. 

 

  
 

Figure 4. Influence of stratum moisture content on freezing 

effect 

 

Moisture content (ω): The moisture content is directly 

related to the total amount of water to be frozen [19]. As shown 

in Figure 4, when the moisture content increases from 18% to 

30%, the thickness of the frozen wall decreases from 0.95 m 

to 0.77 m, and the closure time extends from 17.2 days to 20.25 

days. The higher the water content, the greater the cooling 

capacity required for freezing, the slower the freezing rate, and 

the higher the average temperature of the frozen soil, resulting 

in low strength of the frozen wall. 

Through systematic sensitivity analysis, the influence of 

stratum thermal physical parameters on the freezing effect 

(taking the frozen wall thickness at 45 days as the evaluation 

index) is quantitatively studied. 

 

3.2 Sensitivity influence of thermal physical parameters of 

stratum 

 

The sensitivity analysis of stratum thermal physical 

parameters is shown in Figure 5. The figure shows that among 

the three parameters of thermal conductivity coefficient, 

specific heat capacity and moisture content, the thermal 

conductivity coefficient has the most significant sensitivity to 

the frozen wall thickness. The sensitivity of the freezing effect 

to the thermal conductivity coefficient is as high as 0.68. This 

means that in strata with high mud content and fine particles, 

the thermal conductivity is poor, and the closure time and 

thickness of the frozen wall will be greatly affected. The 

sensitivities of the freezing effect to specific heat capacity and 

moisture content are 0.45 and 0.32, respectively. This 

indicates that during construction in water-rich strata, full 

consideration must be given to the problem of reduced 

freezing efficiency caused by high moisture content. 

 

 
 

Figure 5. Sensitivity of freezing effect to stratum thermal 

parameters 

3.3 Thermodynamic influence of freezing design and 

construction parameters 

 

(1) Spacing of freezing pipes 

The spacing of freezing pipes is one of the most critical 

parameters in the design [20-23]. As shown in Figure 6, when 

the spacing increases from 0.66 m to 1.00 m, the closure time 

increases sharply from 17.2 days to 29.5 days, and the 

thickness of the frozen wall also decreases from 0.95 m to 0.61 

m. The sensitivity of the frozen wall thickness to the pipe 

spacing is as high as 0.59. In actual construction, due to the 

deviation of drilling, the actual spacing at the bottom of the 

hole may be much larger than the design value, which is very 

easy to form an unclosed "window" between the pipes, 

becoming a water inrush channel. The positioning defect of the 

freezing pipe (such as the far end being 20 cm away from the 

auxiliary freezing surface) is the embodiment of this problem. 

 

 
 

Figure 6. Influence of freezing pipe arrangement on freezing 

effect 

 

(2) Freezing pipe diameter and convective heat transfer 

In theory, increasing the diameter of the freezing pipe can 

increase the heat exchange area, which is beneficial to freezing 

[24]. However, the increase of pipe diameter will lead to 

changes in the velocity distribution of brine in the pipe, 

reducing the convective heat transfer coefficient between the 

brine and the pipe wall, thereby offsetting the positive effect 

of increasing the pipe diameter. Therefore, simply increasing 

the pipe diameter is not recommended to improve the freezing 

effect in sandy pebble strata. 

(3) Improper setting of insulation layer 

Laying an insulation layer inside the tunnel segment is to 

prevent the loss of cold energy into the tunnel. Simulation 

analysis shows that if there is no insulation layer, a large 

amount of cold energy will be lost in the intersection area of 

the connecting passage and the shield tunnel, resulting in 

seriously insufficient thickness of the frozen wall in this area, 

and the average temperature cannot reach the design 

requirement of below -10℃, forming structural defects. 

Behind the tunnel segment without the insulation layer, the 

isotherm retracts significantly, forming a weak freezing "gap", 

where water inrush is very easy to occur during excavation, as 

shown in Figure 7. 

(4) Positioning defect at the far end of the freezing pipe 

For the main freezing surface drilled from a single side 

tunnel, the design requires that the end (far end) of the freezing 

pipe must penetrate into the soil behind the segment of the 

other side tunnel for a certain distance [25, 26]. If the drilling 

depth is insufficient, resulting in the far end of the freezing 

pipe staying near the auxiliary tunnel, a "freezing blind zone" 

1922



 

will be formed in the arch area of the auxiliary tunnel. The 

frozen soil in this area cannot develop effectively, and water 

inrush is very easy to occur during excavation, as shown in 

Figure 8. 
 

 
 

Figure 7. Schematic diagram of freezing defects caused by 

missing insulation layer 
 

 
 

Figure 8. Schematic diagram of positioning defect at the far 

end of freezing pipe 
 

 

4. ENGINEERING CASE STUDY OF 

THERMODYNAMIC FREEZING APPLICATION 

 

Taking the water inrush restoration project of the shield 

receiving section of Hunan Metro Line 3 as a typical case, this 

chapter deeply analyzes how to apply thermodynamic 

principles to practical engineering, and verifies the specific 

influences and coping strategies of the key factors mentioned 

in Chapter 3 in actual construction. 

 

4.1 Engineering background and thermodynamic 

challenges 

 

After the receiving of the left-line shield in this project, 

sudden water and sand inrush occurred, leading to large-scale 

collapse of the double-line tunnel, which is the first such 

serious accident in China. The restoration faces the following 

main thermodynamic challenges: 

(1) High confined water and strong seepage: The 

groundwater has a close hydraulic connection with the 

Yangtze River and Qinhuai River, with a high confined water 

head of 6.6 m. Continuous seepage will cause strong thermal 

convection interference to the freezing process. 

(2) Severe stratum disturbance: The accident and 

subsequent backfill grouting lead to loose soil and cavities, 

and its thermal physical properties (such as thermal 

conductivity coefficient and moisture content) become 

extremely uneven, bringing great difficulties to the prediction 

and control of the freezing temperature field. 

(3) Complex thermal boundary conditions: Obstacles such 

as shield frame and plunger in the tunnel, as well as adjacent 

buildings to be protected, constitute complex multi-

dimensional thermal boundary conditions. 

 

4.2 Thermodynamic design of "separate hole arrangement 

and simultaneous freezing" scheme 

 

To avoid the problems of long construction period and 

excessive freezing body caused by "integrated freezing" in the 

restoration of Shanghai Metro Line 4, this project innovatively 

adopts the double-line separate hole arrangement and 

simultaneous freezing scheme, as shown in Figure 9. The 

figure shows the arrangement of independent vertical freezing 

pipe rings and horizontal freezing pipe rings for the left and 

right line tunnels, highlighting the concept of "separation" and 

comparing with the traditional integrated hole arrangement. 

The thermodynamic advantages of this design are: 

More targeted: Tailor-made freezing schemes for each 

tunnel to avoid the waste of cold energy in the middle area 

caused by the large spacing between tunnels. 

Controllable thermal interference: By independently 

controlling the brine circulation systems of the left and right 

lines, the problem of uneven freezing rate caused by 

geological differences can be better adjusted. 
 

 
 

Figure 9. Schematic diagram of double-line separate freezing 

hole arrangement scheme 

 

4.3 Thermodynamic response and problem diagnosis 

during construction 

 

(1) Verification of temperature field development and 

influence of seepage 
 

 
 

Figure 10. Comparison of temperature change curves of 

temperature measuring holes at different positions 

 

The measured data fully confirm the analysis in Chapter 3. 

As shown in Figure 10, the figure compares the temperature 

drop processes of T3 (greatly affected by seepage) and T7 

(located inside the frozen soil curtain) temperature measuring 

holes. The phase change plateau stage of T3-8 measuring point 

is significantly longer, and the temperature is always higher. 

The temperature drop rate of T3-8 measuring point located in 

the high-pressure water-rich sand layer at the bottom of the 

tunnel is significantly slower than that of other measuring 

points. Although the surrounding freezing pipes (A1, A2) are 

deflected upward (maximum 117 mm), the calculation shows 
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that the influence of heat exchange on the freezing effect of 

the measuring point is greater than that of the deflection of the 

freezing hole. The development rate of the frozen wall in this 

area is the slowest (26.6 mm/d), which is the top priority of 

freezing waterproofing. 

(2) Thermo-mechanical coupling mechanism of freezing 

pipe fracture 

During the second phase of horizontal freezing, an 

abnormal phenomenon of 10 freezing pipe fractures occurred, 

as shown in Figure 11. This schematic diagram marks the 

specific positions of the fracture points on the freezing pipe 

layout diagram, and it can be seen that the fracture points are 

mostly concentrated in the area adjacent to the left and right 

lines where the frost heave force overlaps. This is not only a 

mechanical problem, but also the result of thermo-mechanical 

coupling: 

Thermal factor (cause): Double-line simultaneous freezing, 

the frozen wall in the adjacent area of the left and right lines 

(small spacing) closes rapidly, forming a huge and continuous 

frozen soil mass. 

Mechanical consequence (effect): The expansion of frozen 

soil (frost heave) generates a huge expansion force. In the 

disturbed and uneven stratum, this frost heave force cannot be 

released uniformly, generating a non-negligible lateral 

bending stress on the freezing pipe. When this stress exceeds 

the yield limit of the steel pipe, fracture occurs. 

Data support: The fracture phenomenon began to appear on 

the 15th day of freezing and concentratedly broke out after the 

24th day, which is highly consistent with the expected time 

point when the frozen wall closes and significant frost heave 

force is generated. 

 

 
 

Figure 11. Schematic diagram of fracture positions of 

freezing pipes in the second phase 

 

(3) Thermodynamic explanation for the extension of active 

freezing period 

As shown in Table 1, the active freezing period of horizontal 

freezing in this project is as long as 45 days, which is much 

longer than the 35 days of conventional portal freezing. This 

is a direct result of the "stratum disturbance" and "uneven 

initial temperature field" mentioned in Chapter 3. The uneven 

soil structure and thermal physical properties lead to uneven 

cold energy distribution and large local heat load. To achieve 

the designed frozen wall thickness and average temperature (-

13℃), the freezing time must be extended. 

 

Table 1. Summary of freezing effects in the restoration project of Hunan metro line 3 

 

Engineering Stage Tunnel Line 
Active Freezing 

Days (d) 
Minimum Frozen Wall 

Thickness (m) 
Average Temperature of 

Frozen Wall (℃) 
First-phase vertical freezing Left line 32 3.2 -16.00 

First-phase vertical freezing Right line 35 3.1 -16.55 

Second-phase horizontal freezing Left line 45 2.7 -13.02 

Second-phase horizontal freezing Right line 45 3.2 -13.06 

 

 

5. THERMODYNAMIC OPTIMIZATION 

STRATEGIES FOR GROUND FREEZING 

 

Based on the aforementioned theoretical and case analysis, 

this chapter systematically proposes a set of thermodynamic 

optimization measures for artificial ground freezing method in 

water inrush prevention, aiming to improve freezing efficiency 

and ensure construction safety. 

 

5.1 Design optimization based on thermal physical 

exploration 

 

(1) Refined exploration: Before freezing design, it is 

necessary to increase the number of exploration points, 

focusing on obtaining data such as moisture content, particle 

gradation, permeability coefficient and in-situ temperature in 

the construction area, which are used to accurately calculate 

the heat load and predict the freezing time. 

(2) Parameter sensitivity design: Introduce sensitivity 

analysis in the design stage. Referring to the conclusions in 

Chapter 3, prioritize controlling factors with great influence on 

thermal conductivity coefficient (such as mud content), and 

formulate stronger freezing schemes (such as reducing hole 

spacing) for water-rich areas and seepage paths. 

5.2 Construction control for thermo-mechanical coupling 

problems 

 

(1) Freezing pipe reinforcement and pressure relief 

technology: 

Structural reinforcement: Aiming at the pipe breakage 

problem caused by frost heave force, it is recommended to 

adopt the joint reinforcement measure of "inner sleeve + 

welding" in the area of adjacent pipelines with complex stress, 

and select freezing pipes with a thickness increased to 10 mm. 

Active pressure relief: Pre-drill special pressure relief holes 

in the area with concentrated frost heave force between the left 

and right lines. As shown in Figure 12, on the basis of separate 

hole arrangement, several rows of pressure relief holes are 

added between the left and right line tunnels, and the positions 

of joint reinforcement for adjacent freezing pipes are marked 

to intuitively show the optimization scheme. Provide a release 

channel for frost heave, fundamentally reducing the risk of 

pipe breakage. 

(2) Differentiated freezing strategy: 

For the identified high seepage areas, "intermittent 

freezing" (intermittent start-up freezing) can be implemented 

or the brine temperature can be appropriately increased to slow 

down the freezing rate, so that the frost heave force is released 
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gently and stress concentration is avoided. 

For areas with low initial temperature (such as grouting 

body), the flow rate of nearby freezing pipes can be 

appropriately adjusted to achieve balanced development of the 

temperature field. 

 

 
 

Figure 12. Schematic diagram of optimized freezing pipe 

arrangement and pressure relief system 

 

5.3 Whole-process dynamic thermodynamic monitoring 

and feedback 

 

(1) Construct an intelligent temperature control system: 

Establish a real-time monitoring system centered on the total 

supply/return temperature of brine, the flow rate and 

temperature of each branch, and the data of key temperature 

measuring holes. The system realizes a closed-loop control 

process of "data collection (temperature measuring hole/flow 

meter) → data processing and comparison with prediction 

model → deviation analysis → decision-making (adjusting 

brine temperature/flow rate) → execution". The system should 

dynamically adjust the brine temperature and flow distribution 

according to the deviation between the measured temperature 

field and the design predicted value. 

(2) Establish an early warning and intervention mechanism: 

Early warning: When the temperature drop rate of key weak 

points (such as the bottom seepage area) is lower than the set 

threshold, the system alarms. 

Intervention: Once an alarm is issued, the emergency plan 

can be activated immediately, such as adding auxiliary 

freezing pipes to the area, adjusting the operating parameters 

of nearby freezing pipes, etc., to achieve "precision freezing". 

Through the above full-chain thermodynamic optimization 

from design, construction to monitoring, the reliability, safety 

and economy of the artificial ground freezing method in water 

inrush prevention of complex strata can be significantly 

improved. 

 

 

6. CONCLUSIONS 

 

(1) The artificial ground freezing method has a significant 

effect in water inrush prevention of metro tunnels, but its 

successful implementation depends on the systematic control 

of stratum thermal physical properties, freezing design 

parameters and construction technology. Thermodynamic 

analysis shows that the evolution of the temperature field 

during freezing presents obvious three-stage characteristics: 

rapid cooling stage, phase change plateau stage and slow 

cooling stage. 

(2) The thermal physical parameters of the stratum have a 

significant impact on the freezing effect, among which the 

thermal conductivity coefficient has the most prominent 

influence (sensitivity 0.68). In water-rich sandy pebble strata, 

the thermal conductivity coefficient may change significantly 

due to differences in sand content, clay particle content, 

gradation, moisture content, etc., thereby affecting the closure 

time of the frozen wall and the distribution of freezing 

temperature. 

(3) Freezing design and construction parameters have a 

decisive impact on the freezing effect. For every 14 cm 

increase in the spacing of freezing pipes, the closure time is 

prolonged by about 4.3 days; the positive effect brought by the 

increase of freezing pipe diameter will be offset by the 

decrease of brine convective heat transfer coefficient; the lack 

of insulation layer will lead to the formation of weak freezing 

areas in the intersection area of the tunnel and the connecting 

passage. 

(4) The practice of the restoration project of Hunan Metro 

Line 3 shows that the double-line separate hole arrangement 

and simultaneous freezing scheme can effectively solve the 

problems of long construction period and excessive freezing 

body caused by traditional integrated freezing. At the same 

time, aiming at the problem of freezing pipe fracture, the 

proposed measures of pressure relief hole setting and pipeline 

reinforcement effectively solve the problem of pipeline 

damage caused by frost heave force. 

(5) Groundwater seepage has a significant impact on the 

freezing process. The development rate of the frozen wall in 

the seepage area (26.6 mm/d) is only 78% of that in the normal 

area. Therefore, when implementing artificial ground freezing 

in high seepage strata, special attention should be paid to the 

monitoring and strengthening measures of the freezing effect 

in the seepage path area. 

(6) Through the closed-loop control of data collection, 

model comparison, deviation analysis, decision-making and 

execution, the intelligent temperature control system can 

realize the precise control of the freezing process, providing 

technical guarantee for the safe application of the artificial 

ground freezing method under complex engineering 

conditions. 
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