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Abstract: Jacking-pipe construction has the advantages of high mechanization, small environmental 

impact, fast construction speed, etc. It is widely used in the project of underground pipeline under 

the river. However, jacking-pipe grouting under shallow burial conditions is prone to surface slurry 

problems. Based on the jacking-pipe project of Meichong Lake in Changfeng County, Hefei, this 

paper discussed the mechanism of grouting surface leakage, and defined the relationship between 

the critical pressure of jacking-pipe grouting and the ultimate pressure of shear damage of mud 

jacket. Mechanical model of surface leakage from shallow buried jacking-pipe grouting was 

established. A general mathematical expression for the grouting critical pressure was derived and a 

sensitivity analysis was performed. A numerical model was established based on the background 

engineering, and multiple sets of grouting pressure conditions for simulation and analysis were set 

up. The results show that the cohesive force 𝑐, the angle of internal friction 𝜑, and the overburden 

thickness ℎ𝑠  are all approximately linearly and positively correlated with the critical pressure of 

grouting. When the grouting pressure is less than 197.54 kPa the surface settlement increases. When 

this value is exceeded the surface displacement changes from settlement to uplift and the risk of 

slurry bubbling increases significantly. The theoretical calculation matches the value of grouting 

critical pressure from numerical simulation. The actual grouting pressure in the project is lower than 

the theoretical grouting critical pressure value and no slurry bubbling occurs during construction, 

which has verified the reliability of the theoretical model. This study can provide theoretical basis 

and investigation ideas for the setting of reasonable grouting pressure in similar projects. 
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1. Introduction 

Crossing of underground pipelines from underneath the river is a common construction during 

the construction of water supply, drainage, heat and power infrastructures [1-6]. Because this 

construction requires a high degree of mechanization, low environmental impact, fast construction 

speed, small footprint, etc., the construction of underground pipelines crossing from the river 

underground often adopts the jacking-pipe scheme [7-9]. Pipe-soil friction is an important factor in 

the constraints of jacking-pipe construction (especially for large jacking-pipe cross sections or long 

jacking-pipe distances [10]). Resistance-reducing mud is a common way to reduce the frictional 

resistance between pipe and soil [11-13] (forming a mud film around the pipe, changing the pipe-soil 

contact friction from dry friction to wet friction, which in turn reduces the frictional resistance 

between pipe and soil of the pipe). When a jacked pipe crosses a river under shallow and ultra-

shallow burial conditions, the leakage of slurry from the ground surface is highly likely to be caused 

if the grouting pressure is not properly controlled [14-16]. This can pose a serious threat to the water 
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environment, which not only wastes materials but can also cause serious construction safety 

accidents [17]. Therefore, it is of great theoretical significance and engineering application value to 

study the surface leakage of jacking-pipe grouting. 

When a jacking-pipe crosses from underneath a river, the stratum being traversed mainly 

consists of clay, silt, sandy soil, silt and silty soil. Sometimes rock stratum is also encountered by 

drilling. According to the surface leakage mechanism of jacking-pipe grouting, the traversed stratum 

can be categorized into four types: viscous confined stratum, permeable stratum, fissure leakage 

stratum and rocky stratum [18]. In this case, the permeable stratum consists mainly of sandy, chalky 

type soils or gravelly soils with large particles. Permeable stratum has high porosity ratios due to 

weak inter-particle connections and large pores (especially in slightly dense or less dense soils). The 

diffusion stages of slurry are mainly categorized into filling diffusion, penetration diffusion, 

compression diffusion [19] and splitting diffusion. These four diffusion modes can occur 

simultaneously or sequentially during the actual construction process [20]. Slurries for jacking-pipe 

grouting in permeable stratum usually gradually fill the pore space and percolate along it [21-23]. At 

this point Darcy's law can be adapted. When the grouting pressure reaches a certain value, the slurry 

may penetrate to the surface along the pores, which is manifested as infiltration damage. 

Li Chunlin [24] introduced a safety factor to derive the optimal grouting pressure. However, this 

study did not discuss the maximum grouting pressure value. In this paper, the critical pressure in 

case of leakage from the jacking-pipe grouting surface was defined, and the prediction model of 

surface leakage from jacking-pipe grouting in permeable stratum was established. A method for 

calculating the critical pressure for surface leakage from jacking-pipe grouting in permeable stratum 

was proposed, and a general mathematical expression for the calculation method was derived. 

Combined with the actual grouting parameters of the project, the correlation law between each 

parameter was analyzed. This paper then addressed practical engineering problems. 

2. Critical Pressure Prediction Model 

2.1. Critical Pressure Definition and Leakage Mechanisms in Grouting Surface 

During the synchronized grouting jacking process (shown in Figure 1), thixotropic mud flows 

out of the grouting holes. Due to the effect of self-weight, the over-excavated voids of the jacking-

pipe were filled with thixotropic mud. At this point the disturbed mud takes on a gelatinous 

consistency, which indicates that this can reduce stratum losses [20]. At the same time, the mud under 

grouting pressure penetrates into the soil stratum around the pipe. A stratigraphic geotechnical body 

is an aggregate of solid particles with porous interconnecting features. This interconnected pore 

feature provides a channel for mud to seep through the stratum. Due to the complexity of the physical 

properties of the stratigraphic geotechnical body itself, the pore morphology in the geotechnical body 

is also complex and variable, which causes the infiltration channels to vary greatly from location to 

location. Slurries are mainly mixtures (dense permeable blocks) composed of solid-phase particles 

and liquid-phase bodies. When the slurry begins to come into contact with the stratum, the pressure 

of the slurry acting on the contact surface is greater than the pressure of the water in the stratum. The 

solid-phase fines and liquid-phase components of the slurry enter the stratum through the infiltration 

channel, which in turn causes the infiltration channel to silt up. As time goes by, the permeable 

stratum channels are gradually filled with fine-grained components and many permeable blocks are 

cemented together. When a certain level of infiltration is reached, the mud no longer spreads and is 

eventually completely enclosed, forming a mud skin. At this point the static mud takes on a 

gelatinous consistency, forming a dense, impermeable mud jacket. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 June 2025 doi:10.20944/preprints202506.1410.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.1410.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 16 

 

 

Figure 1. The synchronized grouting jacking process. 

The mud jacket blocks the exchange of material between the soil and the mud, which stops the 

mud from flowing out and fills the over-excavated void around the perimeter of the pipe. Effective 

stresses and excess pore water pressure induced by jacking-pipe construction could not be dissipated 

quickly under the closed conditions of the mud jacket. The surrounding soil stratum remains stable 

under the compacting action of the effective stresses, which prevents excessive surface stratum. 

Under the protection of the mud jacket, the pipe becomes floating due to mud buoyancy and its 

effective weight is reduced. At this time, the thixotropic mud converts the dry friction between the 

pipe and the soil layer into liquid friction, which can reduce the jacking-pipe jacking friction 

resistance and soil stratum disturbing stratum. In the process of pipe jacking, as the jacking distance 

increases, the contact area between the pipe and the soil increases, and the friction is greater, which 

in turn increases the difficulty of construction. Thixotropic mud converts dry friction into liquid 

friction while filling over-digging voids caused by differences in pipe and pipe-jacking machine 

dimensions. The grouting pressure generated by the thixotropic slurry supports the soil stratum 

caused by the soil stress release. Therefore, the thixotropic mud is widely used. 

When the leakage channels of the mud in the stratum are closed, the slurry develops an 

excesshydrostatic pressure, which can cause additional stresses in the stratum. When the additional 

stress in the stratum reaches a certain level, the stratum will be deformed and damaged. When the 

stratum breaks down, leakage channels for the mud are formed again. Subsequently, the stratum 

leakage channels are gradually filled with fine-grained components. Many permeable blocks are 

bonded together to form a mud jacket, and leakage channels are closed again. 

The above process will cycle back and forth in turn. When the leakage channel extends to the 

surface, it will cause bubbling to occur. It can be seen that the initiating condition for the occurrence 

of bubbling is the deformation of the stratum and the forming of a new leakage channel. Therefore, 

whether or not surface bubbling occurs depends primarily on the maximum pressure that the stratum 

can withstand without damage and the relative magnitude of the mud pressure. Slurry bubbling 

occurs when the slurry pressure is greater than the critical pressure for stratum damage. Grouting 

pressure control is the key to preventing surface bubbling under conditions of specific stratigraphic 

characteristics and well-matched slurry with them. 

2.2. Predictive Modeling 

The following assumptions were made for the construction of the critical pressure model for 

surface leakage of shallow buried river crossing jacking-pipe grouting. 
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1) The slurry pressure is stabilized [25], which means that the pressure loss due to diffusion of 

the grouting pressure is not considered; 

2) The slurry wall is formed over a short period of time, or the slurry wall is stabilized. The 

strength of the mud film is sufficient, which means that the mud film is a complete seal for the leakage 

channel until shear damage occurs in the soil; 

3) The mud film caused by the slurry is horizontal. The additional stresses attached to the sealing 

surface by the liquid column are not affected by changes in the depth of the seal. 

Based on the above assumed conditions, a microcell of the stratum soil contact surface was taken 

as shown in Figure 2. 

 

Figure 2. Force analysis model: (a) forces of unit; (b) plane state of stress. 

3. Critical Pressure Theory Analysis 

3.1. Derivation of Critical Pressure Equation 

According to the engineering application, a simplified model was constructed and the following 

assumptions were made. The hydrostatic pressure of the river was constant and pressure changes 

due to river flow were ignored. An elastic theoretical formulation was applied to the soil, which was 

considered as a homogeneous, isotropic, semi-infinite spatial elastic body. When considering the 

shear stresses of the soil, the effective stresses were involved in the calculation according to the 

principle of effective stresses, since the upper soil was saturated. The pore water pressure and 

effective stress are independent of time. The mud wall in the leakage channel is formed in a short 

period of time and the mud film is strong. The mud film is a complete seal to the leakage channel 

until shear damage occurs in the soil. Therefore, infiltration consolidation of saturated soils was 

neglected. The grouting pressure was considered to be a certain stable value, which implied that 

pressure loss due to instability of the grouting pump pressure or pressure spreading of the slurry in 

the soil was not taken into account. 

A unit was intercepted at a point in the soil for force analysis. The unit was a cube with sides of 

length 𝑑𝑙 and its own gravity was ignored. The unit has a tendency to move upwards under slurry 

pressure. Thus, there is a downward shear force generated there, as shown in Figure 2(a). 

The unit body is balanced by forces in the vertical direction: 

∑ 𝐹𝑧 = 𝐹𝑝 − 𝐺𝑠 − 4𝐹𝑠 = 0 (1) 

Here, 𝐹𝑝 is the grouting pressure, kN; 𝐺𝑠 is the gravity of the upper soil stratum, kN; 𝐹𝑠 is the shear 

force, kN. 

It can be further seen that: 
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{

𝐹𝑝 = 𝑝𝑚𝑑𝑙𝑑𝑙

𝐺𝑠 = 𝜎𝐺
′ 𝑑𝑙𝑑𝑙

𝐹𝑠 = 𝜏𝑑𝑙𝑑𝑙

(2) 

Here, 𝑝𝑚 is the grouting pressure per unit area, kPa; 𝜎𝐺
′  is the effective stress of saturated soil, kPa; 

𝜏 is the lateral shear stress, kPa. 

Since the shear stresses within the soil can be carried only by the soil skeleton, the shear strength 

of saturated soil is related to the effective stress. Equation (3) can be obtained. 

{
𝜎𝐺 = 𝛾𝑤ℎ𝑤 + 𝛾𝑠𝑎𝑡ℎ0

𝑢 = 𝛾𝑤(ℎ𝑤 + ℎ0)
(3) 

Here, 𝜎𝐺 is the total stress, kPa; 𝑢 is the pore water pressure, kPa; 𝛾𝑤 is the river water gravity, 

which is approximated to take the gravity of the water, kN/m3; 𝛾𝑠𝑎𝑡 is the saturated gravity of the 

overburden of the header pipe, kN/m3; ℎ𝑤 is the depth of the river, m; ℎ0 is the distance of the unit 

from the riverbed, m. 

According to the effective stress principle for saturated soils proposed by Terzaghi: 

𝜎𝐺
′ = 𝜎𝐺 − 𝑢 = (𝛾𝑠𝑎𝑡 − 𝛾𝑤)ℎ0 = 𝛾′ℎ0 (4) 

Substituting Equation (4) into Equation (2) will yield: 

𝐺𝑠 = 𝛾′ℎ0𝑑𝑙𝑑𝑙 (5) 

Substituting Equation (2) and Equation (5) into Equation (1) and simplifying: 

𝜏 =
𝑃𝑚 − 𝛾′ℎ0

4
(6) 

Taking the plane stress state as an example, the model was simplified and the stress analysis 

was performed as shown in Figure 2(b). Lateral friction resistance is the static earth pressure. Positive 

stresses in the horizontal direction resisting the upward movement of the unit: 

𝜎𝑥 = 𝐾𝛾′ℎ0 (7) 

Here, 𝐾 is the coefficient of static earth pressure, the value of which can be determined by the 

empirical formula, 𝐾 = 1 − 𝑠𝑖𝑛 𝜑′, (𝜑′ is the effective angle of internal friction of the soil). 

Positive vertical stress: 

𝜎𝑦 = 𝑃𝑚 (8) 

According to Equation (6), the tangential stress in the 𝑥 plane: 

𝜏𝑥 =
𝑃𝑚 − 𝛾′ℎ0

4
(9) 

Tangential stress in the 𝑦 plane: 

τy = 0 (10) 

Based on the stress analysis, the maximum principal stress 𝜎1 and the minimum principal stress 

𝜎3 can be determined from the Mohr stress circle: 

𝜎1 =
1

2
(𝜎𝑥 + 𝜎𝑦) +

1

2
√(𝜎𝑥 − 𝜎𝑦)

2
+ 4𝜏𝑥

2 (11) 
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𝜎3 =
1

2
(𝜎𝑥 + 𝜎𝑦) −

1

2
√(𝜎𝑥 − 𝜎𝑦)

2
+ 4𝜏𝑥

2 (12) 

The monolith was assumed to be in limiting equilibrium. Calculated using the effective stress 

intensity index according to the Mohr-Coulomb strength theory: 

𝑠𝑖𝑛 𝜑′ =
𝜎1 − 𝜎3

𝜎1 + 𝜎3 + 2𝑐′ 𝑐𝑜𝑡 𝜑′
(13) 

Here, 𝑐′ is the effective cohesive force of the soil, kN/m2. It was obtained by substituting Equation 

(12) and (13) into Equation (14) and simplifying: 

𝑠𝑖𝑛 𝜑′ =
√(𝜎𝑥 − 𝜎𝑦)

2
+ 4𝜏𝑥

2

𝜎𝑥 + 𝜎𝑦 + 2𝑐′ 𝑐𝑜𝑡 𝜑′
(14)

 

Substituting Equation (6) into Equation (14): 

{
𝐿 = 𝜎𝑥 = 𝛾′ℎ0

𝑀 = 2𝑐′ 𝑐𝑜𝑠 𝜑′ (15) 

Further: 

𝑃𝑚
2 (𝑠𝑖𝑛2 𝜑′ −

5

4
) + 𝑃𝑚 (2𝐾𝐿 𝑠𝑖𝑛2 𝜑′ + 2𝐿 + 2𝑀 𝑠𝑖𝑛 𝜑′ + 2𝐾𝐿 +

𝐿

2
) + (𝐾2 𝐿2𝑠𝑖𝑛2 𝜑′ − 𝐾2𝐿2 + 8𝐾𝐿𝑀𝑠𝑖𝑛 𝜑′ + 4𝑀2 −

𝐿2

4
) = 0 (16) 

Obtained from the formula for finding the roots of a quadratic equation: 

𝛥 = −24𝐾𝐿𝑀 𝑠𝑖𝑛3 𝜑′ + (17𝐾2𝐿2 + 2𝐾𝐿2 + 𝐿2 − 12𝑀2) 𝑠𝑖𝑛2 𝜑′

+(48𝐾𝐿𝑀 + 2𝐿𝑀) 𝑠𝑖𝑛 𝜑′ − 𝐾2𝐿2 + 2𝐾𝐿2 + 20𝑀2 − 𝐿2 (17)
 

As a result: 

𝑃𝑚 =
(2𝐾𝐿 𝑠𝑖𝑛2 𝜑′ + 2𝑀 𝑠𝑖𝑛 𝜑′ + 2𝐾𝐿 +

𝐿
2

) ± √𝛥

(
5
2

− 2 𝑠𝑖𝑛2 𝜑′)
(18) 

The larger value calculated by Equation (18) is the maximum grouting pressure at any point in 

the soil layer. At this moment the soil stratum is in a critical state of imminent shear damage. The 

situation considered here is that the jacking-pipe grouting direction is vertically upward. Then when 

the soil in contact with the jacking-pipe undergoes shear damage, slurry bubbling occurs in the soil 

stratum. It can be seen that the critical pressure for surface leakage of shallow buried jacking-pipe 

grouting is mainly related to the nature of the soil (𝑐′, 𝜑′, 𝛾′, 𝐾) and the depth of the jacking-pipe 

burial. For rocky stratum, Xu Bin et al. [26] thoroughly investigated the relationship between side 

pressure coefficient, crack inclination and overburden pressure and grouting pressure. 

3.2. Calculation Reasonableness Validation 

In order to verify the reasonableness of the above critical pressure derivation results, a 

comprehensive project in Changfeng County, Hefei City, China, for drainage and flood control as 

well as rainwater and sewage diversion, was used as a case study to initiate the verification. When 

the project crosses the Chu River section, the jacking-pipe program adopted mud-water balance 

construction. The total length of the project site line is 7015m, as shown in Figure 3. The stratigraphic 

distribution of the project site is, from top to bottom, fill, silty chalky clay, clay, silty clay, strongly 

weathered mudstone, and weathered mudstone. 
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Figure 3. Project site: (a) top view of the project; (b) plan of the project. 

According to the actual jacking-pipe engineering of the background project, the thickness of the 

overlying soil layer of the jacking-pipe, ℎ𝑠, was taken as 3.0m, and the depth of the river water, ℎ𝑤, 

was taken as 3.0m. The jacking-pipe crossed the stratum of silty clay. Its density, 𝜌𝑠, was taken as 

1.922kg/m3, cohesion, 𝑐, was taken as 40kPa, friction angle, 𝜑, was taken as 15.5°, and gravitational 

acceleration, 𝑔, was taken as 10m/s2. Bringing the above parameters into Equation (15) ~ (18), the 

results of the calculations are shown in Table 1. 

Table 1. Calculated parameters and results. 

Calculated 

parameters 
value Calculated results value 

𝑐 40 kPa 𝐾 0.733 

𝜑 15.5° 𝐿 27.66 

ℎ𝑠 3 m 𝑀 77.09 

𝜌𝑠 1.922 kg/m3 𝛥 134811.105 

𝛾𝑠𝑎𝑡 19.22 kg/m3 𝑃𝑚 197.538 

The values used for grouting pressures in the background project were 150kPa-180kPa when 

crossing the river. According to the results calculated in Table 1, it can be seen that the theoretical 

maximum grouting pressure (critical pressure) under the condition of this background project is 

197.538 kPa. The grouting pressure (150kPa-180kPa) during actual project construction is less than 

the theoretical critical pressure (197.538 kPa). Engineering data was normal during construction of 

the river crossing. The jacking-pipe project was completed smoothly and successfully, with good 

construction quality, and successfully passed acceptance and was put into operation. This can verify 

the rationality and feasibility of calculating the critical pressure. 

4. Numerical Simulation Calculation and Analysis of Jacking-Pipe Grouting 

Construction 

4.1. Numerical Simulation Model Generalization 

Based on the background engineering in Section 3.2, the mud-water-balance jacking pipe project 

was simplified in order to more easily simulate the grouting pressure situation during jacking. The 

size of the numerical simulation model is 3-5 times the size of the soil surrounding the jacking-pipe 

project. The length, width and height of the numerical model are 80m × 80m × 60m, as shown in 

Figure 4(a). The stratum was divided into four layers, namely fill (1m), silty chalky clay (1.95m), clay 

(6.7m) and silty clay (5.4m). The material property parameters for each stratum simulation are shown 

in Table 2. The material property parameters were sourced from the survey data of the background 

engineering. The river valley model has a maximum width of 55m, a minimum width of 25m and a 

height of 9.46m. The depth of water in the river valleys varies between 1-10m during dry and 
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abundant periods. The inner diameter of the mud-water-balanced jacking pipe is 3m and the outer 

diameter is 3.6m. The thickness of the thin overburden on top of the jacking-pipe is 3m. The material 

model used for the stratum was the Mohr-Coulomb model with a grid size of 5m. The grid size of the 

jacking-pipe tunnel is 1m. The contact mode of Boolean calculation was used between the stratum 

and the excavated tunnel entities and between the various soil strata. Only the upper surface of the 

model is unconstrained (free surface). Horizontal displacement constraints are applied to the left and 

right boundaries of the model, and vertical displacement constraints are applied to the lower 

boundary. 

 

Figure 4. Numerical simulation model for jacking-pipe with mud-water balance: (a) simulation model; (b) 

equivalent layer. 

The process of numerical simulation mainly includes initial stress field equilibrium, pipe 

excavation, grouting pressure application, pipe jacking and pipe sheet application. Firstly, the 

numerical simulation model was imposed boundary conditions and self-weight. The initial 

displacement was cleared to zero. The model started the initial stress analysis. Next, the jacking force 

was applied at the pipe jacking palm surface, and the excavated soil was blunted. Then, the jacking-

machine's shell was activated. The jacking-pipe grouting pressure was activated at the same time as 

the friction force was applied. Subsequently, the shell of the jacking machine was blunted. The jacking 

pipe was jacked in and the pipe sheet was applied. Finally, the soil of the next pipe section was 

excavated. The shell of the jacking machine was added. The jacking force, grouting pressure and 

friction force exerted by the previous pipe section were blunted. 

Table 2. The material property parameters. 

Parameter type 

Elastic  

modulus 

E/(MPa) 

Poisson's  

ratio 
𝝁 

Volumetric 

weight 

γ/(kN/m3) 

Cohesive force 

c/(kPa) 

Angle of 

internal 

friction 

φ/(°) 

Fill 8.0 0.27 18.00 10 10.0 

Silty chalky clay 3.2 0.27 17.52 6.2 5.8 

Clay 11.9 0.25 19.22 69.1 16.9 

Silty clay 11.3 0.25 19.22 39.3 15.5 

pipe sheet 28000 0.2 23．0 - - 

jacking-machine's 

shell 
206000 0.3 78.5 - - 
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The pipe sheet is reinforced concrete material and the shell of jacking-machine is steel material. 

Both material models were chosen as elastic models. The material property parameters of sheet and 

shell are shown in Table 2. The following simplifications and assumptions were made to the model 

for the focus of the study on grouting pressure: 

1) The frontal support pressure during jacking-pipe construction was taken from the lateral static 

earth pressure at the center point of the excavation surface and applied in the form of a circular 

uniform load over the entire area of the excavation surface. The frontal digging force of the jacking 

pipe was taken as 88.5kpa, as shown in Figure 5(a). 

2) The pipe section material was isotropic linear elastomer and the effect of the joints between 

the sections was neglected. Pipe-soil friction force exerted on the outer surface of the pipe shell and 

the inner surface of the soil around the pipe. The friction between the pipe and soil was a certain 

value and uniformly distributed along the pipe jacking direction. It was realized by setting a 

coefficient of friction on the contact surfaces. The friction force was taken as 3.5 kPa, as shown in 

Figure 5(b). 

3) The mud jacket between the shell and the pipe sheet was simulated using an equivalent layer 

as shown in Figure 4(b). The modulus of elasticity of the equivalent layer was taken as 1/50 of the 

pulverized silty clay unit and its thickness was taken as 2 cm. By varying the properties of the 

equivalent layer and the setting of the boundary conditions, the change of soil properties during the 

grouting process can be simulated. This can enable the simulation of simultaneous grouting during 

jacking [27]. Grouting pressure is the force acting on the pipe sheet and the soil surrounding the pipe 

sheet. In the simultaneous grouting process, the slurry, under a certain pressure and with a certain 

grouting speed, infiltrates through the gap of the soil body. The grouting pressure was distributed 

equally on the upper and lower surfaces of the equivalent layer and its value was taken as 197.538 

kPa as shown in Figure 5(c). 

4) The initial stresses were considered only the self-weight stresses of the strata. Consolidation 

settlements of the strata over time were not considered. Groundwater effect was also not considered. 

Only soil settlement due to the jacking of pipe was considered. 

 

Figure 5. Numerical simulation assumptions: (a) frontal support pressure; (b) pipe-soil friction force; (c) grouting 

pressure. 

4.2. Calculation of Working Conditions 

The jacking-pipe grouting pressure study is closely related to the background project. Surface 

displacement and deformation monitoring points were arranged on the ground in front of and above 

the face of the jacking-pipe tunnel along the central axis of the tunnel, perpendicular to the central 

vertical line of the tunnel and the central vertical line of the face of the jacking-pipe tunnel. In order 

to get the change regulation of the deformation characteristics of jacking-pipe grouting construction 

with the volume of the grouting pressure, the coefficient of grouting pressure ratio was introduced, 

as shown in the following Equation (19). 

𝑝 =
𝑃

𝑃0

(19) 
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Here, 𝑝  is the grouting pressure ratio, kPa; 𝑃  is the grouting pressure, kPa; 𝑃0  is the initial 

grouting pressure, kPa. 

The initial grouting pressure, 𝑃0 , was taken as 197.538kPa. The grouting pressures, 𝑃, were 

taken as 0kPa, 79.015kPa, 158.031kPa, 197.538kPa, 296.307kPa, 395.076kPa, 493.845kPa, and 

592.614kPa for the simulation analysis as shown in Table 3. 

Table 3. Grouting pressure calculation condition. 

grouting  

pressure ratio 𝒑 

grouting pressure  

𝑷(kPa) 

grouting  

pressure ratio 𝒑 

grouting pressure  

𝑷(kPa) 

0 0 1.5 296.307 

0.4 79.015 2.0 395.076 

0.8 158.031 2.5 493.845 

1.0 197.538 3.0 592.614 

4.3. Analysis of Calculation Results 

As shown in Figure 6, the vertical displacement of the soil above the jacking-pipe grouting 

increases with the increasing of grouting pressure. When the grouting pressure increases to 197.538 

kPa, the soil begins to bulge upward. When the grouting pressure continues to increase to 592.614 

kPa, the soil bulge deformation continues to grow and large displacement deformation occurs below 

the river channel. Under grouting conditions, the grouting pressure can support the soil above the 

jacking-pipe. The slurry fills the void between the jacking-pipe and the soil. As the grouting pressure 

increases, the slurry exerts greater pressure on the soil around the jacking-pipe wall. When the 

pressure reaches a certain value, the soil around the jacking-pipe will split. When the grouting 

pressure is higher and the grouting volume is more, the cracks will also become bigger and even 

develop to the surface, so that the slurry will flow out of the surface by extending the cracks and 

produce the phenomenon of slurry bubbling. 
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Figure 6. Clouds of soil vertical displacement under different grouting pressures: (a) 0kPa; (b) 79.015kPa; (c) 

158.031kPa; (d) 197.538kPa; (e) 296.307kPa; (f) 395.076kPa; (g) 493.845kPa; (h) 592.614kPa. 

The calculation results of the surface deformation of the river bottom at the center of the river 

perpendicular to the jacking-pipe axis cross-section are shown in Figure 7. The vertical displacement 

of the ground surface gradually decreases with the rising displacement of the grouting pressure. At 

the jacking-pipe grouting pressure less than 197.538kPa, the maximum vertical displacement of the 

ground surface above the jacking pipe is manifested as settlement. At the same time, the amount of 

deformation shows a linear increasing trend, but the amplitude of the increase is small. When the 

grouting pressure is greater than 197.538 kPa, with the change of the applied grouting pressure, the 

soil displacement deformation gradually changes from settlement to bulging, and the displacement 

value is getting bigger and bigger. When the grouting pressure is less than the critical pressure, the 

vertical displacement of the ground surface shows the phenomenon of settlement, and the settlement 

value appears to peak and then begins to become smaller. This result is basically consistent with the 

numerical regularity of surface displacement detection of jacking-pipe in Line 1 and Line 3 by Ren 

Dongjie et al. [28]. However, the results of Ren Dongjie's study show that the peak occurs at 3/5 of 

the total jacking distance, not at 1/2 of the total jacking distance. This is because Ren Dongjie's 

background project crosses two rivers. This background project crossed a shallow river and then a 

deep river. At the same time, the background project had a jacking distance of up to 150m. 

 

Figure 7. Vertical displacement plot of the ground surface under different grouting pressures. 

The vertical displacement of the ground surface above the axial direction of the jacking-pipe 

under different grouting pressures is shown in Figure 8. It can be seen that the vertical displacement 

of the soil above the axial direction of the jacking-pipe is settlement when the grouting pressure is 

less than 197.538kPa. When the grouting pressure is greater than 197.538kPa, the displacement of the 

soil body gradually changes from settlement to bulge, and the value of bulge rises sharply with the 

increase of the grouting pressure. When the grouting pressure is small, the grouting pressure disturbs 

the soil less. Higher grouting pressures result in a gradual change from settlement to uplift of the 

surface soil. 
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Figure 8. Vertical displacement of the ground surface in the axial direction of the jacking-pipe at different 

grouting pressures. 

The maximum values in the surface vertical displacement under different grouting pressures in 

Figure 8 were selected to plot the maximum vertical displacement of the surface versus the grouting 

pressure, as shown in Figure 9. As shown in Figure 9, the maximum vertical displacement of the 

ground surface above the jacking-pipe axial direction keeps getting larger as the grouting pressure 

increases. The maximum displacement value is significantly maximized when the grouting pressure 

is greater than 250 kPa. The reason for this is that the action of the grouting pressure causes the 

grouting layer between the pipe and the soil to be squeezed and deformed. Increasing the grouting 

pressure can play a role in compacting the stratum around the pipe section and reducing the 

settlement of the soil stratum. However, as the jacking-pipe grouting pressure is increasing, the soil 

displacement and deformation above the jacking-pipe will increase. Therefore, in the construction of 

thin-covered, large-diameter, mud-water-balanced and river-crossing pipe jacking, attention should 

be paid to controlling the size of the jacking pipe grouting pressure to make the best grouting control 

effect. 

 

Figure 9. Relationship between grouting pressure and maximum vertical displacement of the ground surface. 
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5. Discussion 

According to the analytical derivation of the critical pressure in Section 3.1, it can be seen that 

the critical pressure of surface leakage of synchronized grouting for river crossing and shallow buried 

pipe jacking construction is related to the cohesive force 𝑐 , the angle of internal friction 𝜑 , the 

thickness of the overburden ℎ𝑠  and other factors. The parameter sensitivity of the theoretical 

solution was analyzed with reference to the construction parameters of mud-water-balance jacking-

pipe across Chu River in Changfeng County, Hefei City. When studying the law of distribution of 

the critical pressure 𝑃𝑚 as a function of a factor, only the magnitude of this parameter was varied 

and all other parameters were assumed to remain constant. When the cohesive force 𝑐  is at 

20~600kPa (20, 40, 60, 80, 100, 150, 200, 250, 300, 400, 500, 600), the angle of internal friction 𝜑 is at 

5~30º (5, 10, 15, 20, 25, 30), and the thickness of overburden ℎ𝑠 is in the range of 1.0~10.0m (1, 2, 3, 4, 

5, 6, 7, 8, 9, 10), the surface leakage critical pressure variation characteristics are shown in Figure 10. 

 

Figure 10. Sensitivity analysis of surface leakage critical pressure 𝑃𝑚 for synchronized jacking-pipe grouting: (a) 

the cohesive force 𝑐; (b) the angle of internal friction 𝜑; (c) the thickness of overburden ℎ𝑠. 

As can be seen in Figure 10, with the increase of the cohesive force 𝑐, and the angle of internal 

friction 𝜑 and the thickness of overburden ℎ𝑠, surface leakage critical pressure 𝑃𝑚 are showing an 

increasing overall change rule. These three parameters have a clear linear relationship with the 

surface leakage critical pressure 𝑃𝑚. This paper has some limitations. Ma Minglei et al. [27] not only 

discussed the settlement changes of the ground surface under different grouting pressures, but also 

revealed the jacking deformation law of circular reinforced concrete pipe under different grouting. 

Their results showed that with the increase of grouting pressure, the deformation of the upper and 

lower part of the reinforced concrete circular pipe gradually increased. After the increase of grouting 

pressure to a certain degree, it did not change much. For the awful construction conditions, Yang 

Xian et al. [29] developed a special grouting slurry formulation to improve the slurry properties. 

These research results can be a good addition to the content of this paper. 

6. Conclusions 

Based on the Hefei Changfeng County Meichong Lake jacking-pipe project, we have reached 

some major conclusions about the critical pressure of surface leakage for shallow buried jacking-pipe 

grouting underwater. 

(1) The mechanism of action of jacking-pipe grouting pressure during construction was 

discussed. At the same time, the slurry bubbling mechanism of jacking-pipe construction was 

described. The occurrence of slurry bubbling depends primarily on the maximum pressure that the 

formation can withstand before a damage occurs, and the relative magnitude of the slurry pressure. 

The theoretical calculation model of jacking-pipe grouting pressure for large-diameter, mud-water-

balanced jacking-pipe with thin cover was constructed, and the general mathematical expression for 

the maximum grouting pressure 𝑃𝑚 was derived. 

(2) Numerical simulations were performed to calculate the working conditions of jacking-pipe 

grouting under different grouting pressures, and the surface displacement and deformation values 
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under different grouting pressures were analyzed. As the jacking-pipe grouting pressure increases, 

the vertical displacement and deformation of the soil above the jacking pipe increases. When the 

jacking-pipe grouting pressure increased to 197.538 kPa, the displacement of the soil above the 

jacking-pipe manifested itself as a bulge. The vertical displacement of the ground surface above the 

axial direction of the jacking-pipe gradually decreases with the rising of the grouting pressure. When 

the jacking-pipe grouting pressure increases to 197.538 kPa, the manifestation of the maximum 

vertical displacement of the ground surface above the axial direction of the jacking-pipe changes from 

settling to bulging. 

(3) This study revealed the influence law of grouting pressure on the stability of jacking-pipe 

grouting construction in thin overburden, mud-water-balance and river crossing pipes. The 

regularity of the critical grouting pressure 𝑃𝑚 with the property of the stratum was investigated, and 

the influence of the property of the stratum on the critical grouting pressure was plotted. This study 

provides a theoretical basis for the reasonable setting of jacking-pipe grouting pressure in the 

construction of river crossing jacking-pipe with mud-water balance in thin overburden. 
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