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The artificial ground freezing method has the dual effect of ground reinforcement and 

waterproof sealing, and the frozen curtain can be designed flexibly. It is widely used 

in the construction of cross passages for shield tunnels in soft ground with high 

groundwater levels. However, due to the lack of in�situ monitoring data, it remains 

difficult to determine the frost heave pressure acting upon a tunnel. In this study, 

based on the use of an anti�freezing pad�type earth pressure gauge, in�situ monitoring 

was carried out to measure the frost heave pressure acting upon tunnel segments 

during the construction of cross passages for the Shanghai Yangtze River Tunnel. The 

monitoring results show that the earth pressure acting upon the tunnel could decrease 

dramatically during freezing, and this kind of decrease can take place suddenly and 

unpredictably, which can be illustrated using the finite element method. The 

maximum measured frost heave pressure during freezing and cross passage 

excavation was approximately 0.2MPa, which was much smaller than the predicted 

value. Combining the distribution of temperature in the ground and construction 

countermeasures, the observed phenomena are mainly related to three factors: water 

migration during the freezing process, the tunnel�ground interaction and the 

countermeasure of pressure release holes. The tunnel showed a horizontal extension 

deformation, which was consistent with the releasing frost heave pressure acting upon 

it. 

 

���������� in�situ monitoring, frost heave pressure, shield tunnel, ground freezing 

method, water migration 
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The artificial ground freezing method is widely used in geotechnical engineering. It 

can be adapted to engineering in complex geological and hydrological conditions with 

almost no pollution (Whittaker and Frith 1990; Konrad 2002; Brown, 2004; Yang et al. 

2006; Casini et al., 2014), especially in soft ground with high water content. This 

method has the dual effect of ground reinforcement and waterproof sealing, as it can 

form a coherent and closed waterproof curtain, which has high strength, high stiffness 

and practically zero permeability (Andersland and Ladanyi 2004; Ou et al. 2009). It 

has been successfully used in many cross passage construction projects (Biggart and 

Sternath 1996; Haß and Schäfers 2005; Crippa and Manassero 2006; Zhang et al. 

2011; Ye et al. 2013). Statistics show that the artificial ground freezing method has 

been used in almost all cross passages in metro tunnels and cross�river road tunnels in 

Shanghai (Xiao 2007), making it an invaluable technique in the construction of cross 

passages. 

The mechanism of frost heave is complicated and many researchers have developed 

models to analyse the heat and mass transfer, and the phase change mechanics of frost 

heave (Harlan 1973; Taylor and Luthin 1978; Gilpin 1980; Guymon et al. 1980; 

Konrad and Morgenstern 1980, 1984; O'Neill and Miller 1985; Shen and Ladanyi 

1987; Fremond and Mikkola 1991; Nixon 1991; Konrad and Duquennoi 1993; 

Selvadurai et al. 1999; Coussy 2005; Sheng et al. 2013, etc.). Early in the 17th century 

people had noticed the frost heave phenomenon. Not until the 20th century did 

researchers have a correct understanding of the mechanism of frost heave, in which 
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water migration is the main reason for soil frost heave (Miller 1972; Harlan 1973; 

Gilpin 1980; Gray and Granger 1986; Nakano and Tice 1990; Konrad 2002; 

Talamucci 2003, etc.). Frost heave includes in�situ heave and segregation heave. 

In�situ heave is caused by in�situ water freezing, resulting in a volume increase of 9%. 

Segregation heave is caused by the water migrating to the freezing front causing a 

1.09 times increase in volume (Konrad and Morgenstern 1980; Yang et al. 2006). 

Segregation heave is the main component of soil frost heave. A soft soil layer rich in 

water content will produce a large volume expansion, resulting in a large frost heave 

pressure. Frost heave pressure has frequently caused deformation or destruction to 

neighboring structures in cold regions (Lai et al., 1998; Palmer and Williams, 2003). 

Therefore, attention should be paid to the frost heave pressure acting upon the tunnel 

segments during the construction of cross passages using the artificial ground freezing 

method. 

Some in�situ monitoring has been carried out during the construction of cross 

passages. This involved disk type earth pressure transducers being mounted onto a 

steel pipe and inserted into a borehole in the prescribed frozen zone, as shown in Fig. 

1. With this method, the maximum measured frost heave pressure was about 1.5 MPa 

during the construction of a cross passage for the Shanghai Dalian Road Tunnel (Yue 

et al., 2006); the maximum pressure was 1.8 MPa in a cross passage construction for 

the Nanjing Metro tunnel (Qiao et al., 2003). Such a large pressure may have imposed 

a safety threat to the tunnels. However, the frost heave pressure measured by the 

aforementioned method (Fig.1) is the pressure within the frozen soil, not the 
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interaction pressure between the frozen soil and the tunnel structure. Until now, little 

literature has been available on monitoring the frost heave pressure acting upon tunnel 

segments. 

In this study, a new type of anti�freezing earth pressure gauge was applied to 

measure the frost heave pressure acting upon the tunnel segments during the cross 

passage construction for the Shanghai Yangtze River Tunnel. The deformation of the 

tunnels and the temperature changes in the frozen curtain were monitored at the same 

time. The monitoring data is analysed carefully with reference to the construction 

information of the cross passages. 

 

$ �������%����&����!���"��#�!��#�'����#(#�#�)�&��"!��(���*#!&�+��'��� �

The cross passages of shield tunnels are usually built in combination with a 

drainage sump, and they play an important part in the catchment, drainage and 

connection of the two tunnels, and provide emergency escape routes for passenger 

evacuation, and access routes for rescue services (e.g., Murray, 1997). Before cross 

passage excavation, the surrounding soil must be reinforced. There are two 

construction stages in cross passage construction using the artificial ground freezing 

method. In the first stage, the soil surrounding the cross passage is frozen to form a 

reinforced and waterproof curtain. In this stage, freezing pipes are installed into the 

horizontal and inclined bored holes from the main tunnel, as shown in Fig. 2. Then the 

surrounding soil is frozen by circulating the cryogenic refrigerant through the freezing 

pipes. In the second stage, the cross passage and drainage sump are constructed using 
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the mining method, as shown in Photo 1. 

 

, ����-����%��(#)��

The Shanghai Yangtze River Tunnel is one of the largest shield tunnels in the world. 

It is a twin�tube shield tunnel with a total length of 8.95km. The outer and inner 

diameters are 15m and 13.7m, respectively. Each ring of the tunnel is composed of 10 

reinforced concrete segments with a thickness of 0.65m and a width of 2m. Steel 

segments are used at the positions of the cross passages, with the same thickness and 

width as the concrete ones. The clear distance between the two tubes is approximately 

15m. A total of eight cross passages were constructed, each with a length of 

approximately 15m. Sectional and plan views of a cross passage are shown in Fig.3. 

The outer and inner diameters of the ring of frozen soil are 9.34m and 3.94m, 

respectively, and its thickness is 2.7m. The design value for the average frozen 

temperature of the frozen ring was �15°C.  

The ground profile is shown in Fig.3. The cross passage is located in the 5�3 silty 

clay layer. The geotechnical and thermal properties of the 5�3 silty clay are shown in 

Table 1, and its mechanical properties at different temperatures (�8°C, �15°C, �20°C 

and �25°C) are shown in Table 2. Unidirectional freezing tests were conducted on the 

5�3 silty clay to obtain the frost heave pressure and the frost heave ratio under the 

closed system. It was found that the average frost heave pressure and frost heave ratio 

(defined as the ratio of volume increment to initial volume of a specimen) of 5�3 silty 

clay were 0.71MPa and 6.35%, respectively. The overall ground profile in the 
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Shanghai area can be referred to in Wu et al. (2014). 

 

. ��!/�#�"�+�!#���#!&�+��'���

��������	�
������������

A pad�type earth pressure gauge (Hashimoto et al. 1993, 2002a, 2002b) with a large 

diaphragm of 750mm×450mm was used to measure the frost heave pressure acting 

upon the tunnel segments, as shown in Photo 2. The inside of the stainless cell is filled 

with incompressible liquid. The liquid pressure is measured by a vibrating wire type 

pressure sensor. Compared with the conventional 120mm diameter disc�type earth 

pressure gauge, the pad�type earth pressure gauge has the following advantages: (1) 

The pressure diaphragm is flexible, so that it can be mounted on the outer surface of 

the circular shield tunnel segments smoothly. (2) The maximum thickness of the 

pressure plate is less than 6mm, so it will not damage the tail brush, and can avoid any 

soil arching effect during measurement. (3) The large pressure diaphragm can obtain a 

more accurate average earth pressure than a conventional 120mm diameter disc�type 

pressure gauge. (4) The gauge is made of stainless steel, which has excellent 

long�term durability. With these advantages, the pad�type earth pressure gauge is 

suitable for measuring the earth pressure on the tunnel segments. In this study, in 

order to measure the earth pressure under cold conditions, an anti�freezing liquid was 

used to fill the pressure cell. It was confirmed through calibration that both the 

linearity error and the hysteresis error were less than 1% of the full measurement 

range.  
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The installation method for the pad�type earth pressure gauge is given in Fig.4. The 

pressure diaphragm is fixed to the outer surface of the segment and the pressure 

sensor and cable are placed in the existing holes in the segment. Each pressure sensor 

is fixed with a temperature sensor to measure the temperature at the pad�type earth 

pressure gauge location. Then the holes are sealed with cured epoxy resin. This kind 

of sealing has been proven to be effective under water pressure of 1MPa. The earth 

pressure gauges before and after the installation are shown in Photo 2. The data was 

collected by a universal automatic data logging instrument. 

 

�����������������������������

The layout of the frost heave pressure measuring points on the steel segments was 

determined based on the following considerations: (1) the frost heave pressure should 

be measured around the cross passage at different locations, in order to obtain the 

loading distribution. (2) One earth pressure gauge was installed on one segment, 

reducing the risk of it being damaged. Accordingly, five earth pressure gauges were 

installed on 5 segments at Ring No. 2057�2060 of the up line tunnel, as shown in 

Fig.5. 

In order to obtain the temperature distribution and the development of the freezing 

curtain, thermocouple sensors were also installed in 6 measuring holes (T1�T6), as 

shown in Fig.5 (b). 

 

0 �������%����&����!���"��#�!��!��#!/�#�"�+�!#���#!&�
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The ground freezing began on May 26th, 2008 (Photo 3) and excavation began on 

August 10th by the mining method. The concrete spraying began on August 20, the 

waterproof sheet was laid on August 22nd, and the inner lining was constructed on 

August 26th. Freezing stopped on September 1st. 

The segments of rings No. 2057�2060 were assembled on January 7th, 2008. The 

measuring data was recorded immediately after the assembly. The data before the 

segments passed the tail brush were taken as the initial reference values. After 

measuring continuously for two days, the final monitoring values were compared with 

the theoretical earth pressure to confirm the validity (Ye et al. 2010). The monitoring 

was then paused.  

Measurement was restarted on May 23rd, 3 days before the freezing works. Manual 

measurement was carried out from June 2nd to June 12th, once per hour in the 

daytime. Automatic measurement was conducted from June 13th to September 19th 

2008, with a time interval of 2 hours. In�situ monitoring covered the entire cross 

passage construction process, and a complete data record was obtained. 

 

1 �!�)��#���(�+�!#���#!&������

��������������������
�����
������	�
���������������������������������

In order to verify the applicability of the pressure gauge at low temperatures, a 

loading test was carried out in a frozen chamber at �35°C with two different loads of 

0.98kN and 1.47kN. Fig. 6 shows the relationship between measured pressures and 

applied loads at the temperature of �35°C. The pressure was obtained by subtracting 
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the initial value (0kN load at 20°C) from the measured values at �35°C. It can be seen 

that the anti�freezing pad�type earth pressure gauge can output stable pressure values 

separately with two different applied loads at a low temperature. By applying a linear 

curve�fitting between applied loads and measured pressures, a shift of 1.697kPa that 

caused by the change of temperature from 20°C to �35°C can be obtained. This shift is 

relatively small by comparing with the overburden loads, therefore it can be ignored. 

At the same time, the measured pressure increment was 1.455kPa (=6.056� 4.601) at 

�35°C, with a load increment of 0.49kN (=1.47�0.98). Compared with the increment 

of 1.452kPa (=4.356�2.904) at 20°C, the pressure gauges maintained the same 

precision under low temperatures as at room temperatures. Therefore, the pressure 

gauge can output stable pressure values at low temperatures and the monitoring values 

are reliable. 

 

�����	��������������������	�
��������������
�������

Fig. 7 shows the change in five measured values of earth pressure and temperatures 

during the construction of the cross passages. The changes in measured earth pressure 

can be divided into the following 6 phases: 

(1) Early stage of positive freezing (from the beginning of the freezing process to 

the 14th day): the earth pressure of gauges 20121�20123, which were located on the 

top and bottom of the frozen ring, showed an increasing trend, while the earth 

pressure of gauges 20124 and 20125, which were located near the horizontal spring 

line, decreased at first and then increased. The maximum increment in gauge 20123 
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was 186kPa. The temperatures at 5 pressure gauges dropped quickly, and those at 

20124 and 20125 were lower than zero degrees Celsius. 

(2) Middle stage of positive freezing (14th�30th day): the earth pressure of gauges 

20123�20125 decreased to almost 0kPa, while the earth pressure of 20121 and 20122 

remained stable. All 5 temperatures dropped gently to below zero degrees Celsius. 

(3) Late stage of positive freezing (30th�75th day): the earth pressure of gauge 

20121 suddenly reduced, and the other four gauges remained stable. Before the 

excavation, with the exception of 20122, the earth pressures of the gauges reduced to 

almost 0kPa. The temperatures kept constant except for a small jump around the 55th 

day. 

(4) Cross passage excavation (duration about 10 days): all measured values of earth 

pressure and temperature changed slightly. 

(5) Structural construction of cross passage (duration about 10 days): the earth 

pressures of gauges 20121 and 20124 increased, while that of the other three gauges 

remained unchanged. The temperatures increased to positive values. 

(6) From the end of the freezing process to September 19th (duration about 20 

days): all measured points changed considerably. Except for gauge 20122, the 

remaining four points first rose to the load level before freezing and then decreased 

gradually, while 20122 only showed a gradually decreasing trend. 

 

�� �!��
�������������"�����������!�����������	����

The temperature distribution along the T2 measuring hole (Fig. 5) at different times 

Page 11 of 44

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



D
raft

during the freezing process is shown in Fig.8. The temperature dropped quickly in the 

early stage of freezing, especially at the position near the middle part of the cross 

passage. The minimum temperature in the middle section of the cross passage reached 

about �25°C. The temperatures of the soil adjacent to the tunnels dropped at a slower 

rate than those in the central part of the cross passage. The lowest temperature was 

about �11°C at the outer surface of the segment, while those in the middle of the cross 

passage reached �25°C. This was due to the heat dissipation from the tunnel segments 

(Lai et al., 2005; Ye et al., 2013). 

 

�������	������ ��� ������ 	��#�� 
������� ������� 
��� ��������� ������ ������ 
�������

������������

Combining the changes from the earth pressure gauges (Fig.7(a)) and the 

temperature changes (Fig.7(b)), as well as the temperature distribution along the T2 

measuring hole (Fig.8), the mechanism of the frost heave pressure acting upon the 

segments during the cross passage construction is as follows: (1) The temperature of 

the soil drops quickly in the early stage of freezing. The ground water in the soil 

begins to freeze and expand, resulting in a heaving pressure acting on the tunnel. (2) 

When a continuous freezing zone is formed, the frozen soil has a high strength and 

almost stops expanding. The contact between the frozen soil and the segments was 

practically the same as if they formed a rigid body together. It is well known that this 

type of contact is very sensitive, to even small temperature changes, or to an 

unevenness of the frozen soil surface. Several factors may lead to a steep drop or rise 
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in the pressure on the tunnel, such as a slight deformation of the tunnel or of the 

pressure cell of the pad�type earth pressure gauge, which will lead to an instantaneous 

separation or contact between stiff frozen soil and the tunnel; or non�uniform 

deformation of frozen soil and unfrozen soil along the contact surface, which is 

illustrated using FEM in the next section. (3) Due to construction disturbance and 

temperature changes during the cross passage construction, the frost heave pressure 

becomes complex. After the freezing process is stopped, the frozen soil thaws 

gradually, the soil becomes soft and the contact between soil and tunnel resumes.  

 

��$�%���������&
���������������
���������������������	��#��
�����������������'����

(1) FEM model 

A finite element code with a thermo�mechanical coupled feature was applied to 

analyse the rapid reduction in frost heave pressure during freezing. Fig. 9 shows the 

two�dimensional FEM model. The displacement boundary is set up as follows: the left 

side is fixed horizontally, the lower boundary is fixed vertically, and the right side is a 

symmetry boundary. Contact elements are used to represent the contact and sliding 

between tunnel and soils. The FEM model includes 4863 elements and 4983 nodes. 

(2) Material properties and parameters 

A Mohr Coulomb type soil plasticity constitutive model was used during the 

analysis. The material properties and parameters of the soils are shown in Table 3. The 

elastic modulus and Poisson's ratio of concrete are 3×10
4
 MPa and 0.2, respectively. 

The expansion of frozen soil is assumed to be linear. Since the frost heave ratio of 5�3 

Page 13 of 44

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



D
raft

silty clays is 6.35% at �25°C degrees Celsius (described in Chapter 3), its coefficient 

of linear expansion is 3( 1+6.35%�1) / 25 =0.08%/°C. The expansion only takes place 

when the temperature is lower than 0°C. Because the freezing front mainly developed 

perpendicularly to the freezing pipe, without loss of generality, it was assumed that 

the vertical and horizontal linear expansion coefficients are 0.08%/°C and 0.008%/°C, 

respectively. In the analysis, the first step was the gravity stress calculation. The 

second step was the tunnel excavation. In the third step, the prescribed frozen ring in 

Fig. 9 was subjected to a decrease in temperature until it reached the final value in Fig. 

10. 

(3) Calculation results 

Fig. 11 shows the horizontal displacement increments of the tunnel and the soils in 

the frozen zone. The increments are obtained by subtracting the displacements before 

freezing from those after freezing. It can be seen that in the cross passage region, the 

horizontal displacements of the tunnel and the soil were almost the same. However, in 

the frozen region, the horizontal displacements of the tunnel were greater than those 

of the frozen soil. This suggests that the tunnel and the frozen soil were detached from 

each other in the frozen zone, leading to a drop of frost heave pressure acting upon 

tunnel. Fig. 12 shows the distribution of the values of σx (horizontal stress) which are 

obtained by subtracting the values of σx before freezing from those after freezing. The 

mechanism for the detachment can be explained as follows: when the frozen ring 

expanded along its radial direction, the enclosed unfrozen soils were squeezed then 

pushed against the tunnel. Fig. 12 shows that the values of σx for unfrozen soils 
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increased, while those of frozen soils decreased, which indicates that the pressures on 

the tunnel due to pressure from the unfrozen soil were greater than those from the 

frozen soil. As a result, the tunnel and frozen soils separated. It should be pointed out 

that this simulation needs to be verified by in�situ monitoring or laboratory model 

testing. 

 

����(���������������������	����&
������������	��#��
�������
������������ �

Fig. 13 shows the frost heave pressures during the cross passage construction. Fig. 

13(a) shows the values of five measuring points at different stages. Fig. 13(b) shows 

the maximum frost heave pressures, which are obtained by subtracting the initial earth 

pressure just before freezing from the earth pressure in the initial freezing stage 

(maximum pressure). It can be seen that the maximum frost heave pressure was 

186kPa, which is much lower than that inside the frozen soil measured by previous 

studies (Yue et al. 2006; Qiao et al. 2003). Three reasons can be given for this 

difference.  

(1) It is generally well known that frost heave is not only caused by freezing of 

local ground water but also by water flow to a freezing front where it forms ice lenses 

(Gray and Granger 1986; Konrad 1994, 2002, 2008). According to the temperature 

distribution along the T2 measuring hole at different time during the freezing process 

(Fig.8), due to heat dissipating from the tunnel segments, the temperature of the soil 

adjacent to the tunnels fell more slowly than the soil in the central part of the cross 

passage. Therefore the water in the middle froze earlier than that near the tunnels, and 
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the water near the segments appears to have migrated to the central part, as shown in 

Fig.14. The frost heave adjacent to the segments reduced, resulting in a smaller frost 

heave pressure than that in the central part� 

(2) The ground reaction pressure to the tunnel is relatively small in soft ground. 

Therefore the tunnel is prone to move laterally under the frost heave pressure, which 

may decrease the pressure acting on tunnel segments. 

(3) Countermeasures were taken to reduce the frost heave pressure during 

construction. Two pressure relief holes were installed in the steel segments to release 

the earth pressure. They were opened from time to time during the ground freezing 

process. Studies by Ooi et al. (2002) also confirmed the possibility of relief pressure 

to reduce the frost heave pressure. 

 

��)��������������������������������������

The cross�sectional deformation of the tunnel was measured, in order to observe the 

influence of cross passage construction on the tunnel structure. The timeline of inner 

deformation is shown in Fig.15. In the figure, "+" represents extension, and "�" 

represents shrinkage. It can be seen from Fig.15 that the deformation changed slowly 

in the early stage of freezing, and remained almost stable after that. Horizontal 

deformation showed extension, and vertical deformation showed shrinkage. This kind 

of deformation indicates that the horizontal earth pressure decreased during freezing. 

In other words, the trend of deformation coincided with that of the measured earth 

pressures. The range of deformation is within ±5mm.  
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In�situ monitoring of the frost heave pressure acting upon a shield tunnel during 

cross passage construction was carried out in the Shanghai Yangtze River Tunnel. 

Through a careful analysis of the monitoring data, the following conclusions can be 

drawn: 

(1) The pad�type earth pressure gauge, which can work at low temperatures, can be 

used to measure the frost heave pressure acting upon a shield tunnel during the 

construction of cross passages using the artificial ground freezing method. 

(2) In�situ monitoring showed that during positive freezing, the earth pressure 

acting upon the tunnels may decrease dramatically, and this kind of decrease takes 

place suddenly and unpredictably. After the freezing process stopped, the earth 

pressure showed an increasing trend toward the load level before freezing. Finite 

element analysis showed that due to the squeezing effect of the frozen ring on the 

enclosed soft soils, the tunnel and frozen soils detached from each other, leading to a 

drop in frost heave pressure upon the tunnel.  

(3) The maximum measured increment of earth pressure during the cross passage 

construction was about 0.2MPa, which was smaller than the expected value. In 

addition to the water migrating during the freezing process, it also migrated due to the 

tunnel�ground interactions and the countermeasure of the pressure relief holes that 

were set up to release the frost heave pressure. 

 (4) The measured cross�sectional deformation of the tunnel showed a trend of 
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horizontal extension, which was consistent with the change in measured earth 

pressure upon the tunnel.  
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Table 1 Geotechnical and thermal properties of 5�3 silty clay. 

Table 2 Mechanical properties of 5�3 silty clay under different temperatures (Tested 

with free water supply). 

Table 3 Material properties and parameters of soils. 
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��	
��� Geotechnical and thermal properties of 5�3 silty clay 

Moisture 

content 

(%) 

Density 

 (g/cm
3
) 

Permeability 

coefficient  

(cm/s) 

Void ratio 
Plastic limit 

(%) 

Liquid limit 

(%) 

35.1 1.78 1.99×10
�6

 1.01 21.17 36.73 

Salinity 

(‰) 

Chloride ion 

concentration  

(‰) 

Freezing 

temperature 

(°C) 

Specific 

heat 

J/(g·K) 

Thermal conductivity 

W/(m·K) 

Unfrozen 

soil 
Frozen soil 

8.039 4.450 �2.1 1.65 1.42 1.74 

 

 

��	
���Mechanical properties of 5�3 silty clay under different temperatures (Tested 

with free water supply) 

Mechanics property 

Temperature 

�8°C �15°C �20°C �25°C 

Uniaxial compressive 

strength (MPa) 
3.07 3.95 5.16 6.60 

Elastic modulus (MPa) 57.1 93.2 161.1 306.1 

Poisson’s ratio 0.259 0.242 0.217 0.206 

Cohesion (MPa) 1.3 1.6 2.0 2.4 

Internal friction angle (°) 22.6 23.4 23.8 25.4 

 

��	
����Material properties and parameters of soils�

Soil layer γ (kN/m
3
) 

Elastic modulus 

(MPa) 

Poisson's 

ratio 
c' (kPa) φ' (

o
) 

1�3 Clayey silt 18.4 6 0.3 10 26 

4 Muddy caly 16.8 5 0.3 10 20 

5�3 Silty clay 18.1 8 0.3 14 27 
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Fig. 1. Monitoring method for frost heave pressure with disk type pressure gauges mounted on a steel 

pipe in the frozen soil 

Fig. 2. Schematic illustration of the arrangement of freezing pipes 

Fig. 3. Sectional and plan view of cross passage for Shanghai Yangtze River Tunnel 

Fig. 4. Installation method of pad$type earth pressure gauge 

Fig. 5. Installation positions of 5 pad$type earth pressure gauges and temperature measuring holes 

Fig. 6. Relationship between measured pressures and applied loads at the temperature of $35°C 

Fig. 7. Timeline of measured earth pressures and temperatures 

Fig. 8. Temperature distribution along T2 measuring hole at different times during the freezing 

process 

Fig. 9. FEM model for analysing the drop$down of frost heave pressure during freezing 

Fig. 10. Prescribed final temperatures in the frozen ring, used for thermal$mechanical coupled analysis 

Fig. 11. Horizontal displacement increment of tunnel and soil in frozen zone between before and after 

freezing 

Fig. 12. Distribution of σx, obtained by subtracting the values of σx before freezing from those after 

freezing 

Fig. 13. Distribution of measured frost heave pressures upon the tunnel 

Fig. 14. Illustration of water migration in the early stage of freezing 

Fig. 15. Timeline of cross$sectional deformation of up line tunnel 

Photo 1. Excavation of cross passage for Shanghai Yangtze River Tunnel by the mining method 

Photo 2. Photos of earth pressure gauge before and after installation. 

Photo 3. Photo taken in front of steel segments at the start of freezing 
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Fig. 1. Monitoring method for frost heave pressure with disk type pressure gauges mounted on a steel 

pipe in the frozen soil 
�
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Fig. 2. Schematic illustration of the arrangement of freezing pipes 
�
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Fig. 3. Sectional and plan view of cross passage for Shanghai Yangtze River Tunnel 
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Fig. 4. Installation method of pad$type earth pressure gauge 
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a) Sectional view 
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b) Plan view�

Fig. 5. Installation positions of 5 pad$type earth pressure gauges and temperature measuring holes 
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Fig. 6. Relationship between measured pressures and applied loads at the temperature of $35°C 
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Fig. 7. Timeline of measured earth pressures and temperatures 
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Fig. 8. Temperature distribution along T2 measuring hole at different times during the freezing process 
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Fig. 9. FEM model for analysing the drop$down of frost heave pressure during freezing 
�

Page 35 of 44

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



D
raft

�

�

�

�

��
�

�

�

Fig. 10. Prescribed final temperatures in the frozen ring, used for thermal$mechanical coupled analysis 
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Fig. 11. Horizontal displacement increment of tunnel and soil in frozen zone between before and after 

freezing 
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Fig. 12. Distribution of σx, obtained by subtracting the values of σx before freezing from those after 

freezing 
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(a) Distribution of frost heave pressures       (b) Maximum frost heave pressures of 5 measuring points 

 

Fig. 13. Distribution of measured frost heave pressures upon the tunnel 
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Fig. 14. Illustration of water migration in the early stage of freezing. 
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Fig. 15. Timeline of cross$sectional deformation of up line tunnel 
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Photo 1. Excavation of cross passage for Shanghai Yangtze River Tunnel by the mining method 
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a) Before installation                       b) After installation 

Photo 2. Photos of earth pressure gauge before and after installation 
�
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Photo 3. Photo taken in front of steel segments at the start of freezing 
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