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1. Introduction

Building tunnels in weak rock masses such as fractured rock, 

weathered rock and soft rock has traditionally been a difficult 

task in tunneling. Advances in design methods for weak rock 

tunneling are an important prerequisite for ensuring the stability 

of weak rock tunnels. With the development of rock mechanics 

and the application of anchor spraying support, a modern support 

theory based on rock mechanics theory and considering the joint 

action of the rock mass and the tunnel support has been gradually 

formed. The basic idea of this theory is considering the rock 

mass and the tunnel support as a whole, interacting and carrying 

together, thereby maximizing the rock mass's self-supporting 

capability and obtaining the maximum economic effect. Calculation 

models and design approaches based on current support theory 

have been devised one after the other to analyze rock mass 

interactions with support, of which the CCM (Fenner, 1938) is 

one of the most representative design methods. This design 

method focuses on the rock behavior under constraint pressure, 

which considers the spatial effect on the tunnel face, the self-

supporting properties of the rock mass, and the point of the tunnel 

support installed as tunnels are excavated, and it is composed of 

three main parts, namely the LDP which reflects the relationship 

between the tunnel wall displacement and the position of the 

tunnel face, the GRC which reflects the relationship between the 

internal pressure and the displacement (convergence) of the rock 

mass and the SCC which reflects the relationship between the 

deformation and the tunnel support pressure (Oke et al., 2018).

Research has been conducted on the GRC by several researchers

(Alejano et al., 2009; Wang and Nie, 2010; Zhang et al., 2012; 

Cui et al., 2019; Kabwe et al., 2019; Zhang et al., 2019; Zhou et 

al., 2020). And the SCC was firstly proposed by Hoek and Brown 

(Hoek, 1980) of support structures for various types, and then 

other researchers explored this further (Carranza-Torres and 
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Fairhurst, 2000; Oreste, 2003; Oreste, 2008). Since the LDP 

determines the point of the support installed, it has a crucial 

influence on the support design. Therefore, the main focus of this 

paper is LDP. 

Panet (1995) (Panet, 1995) presented the formal LDP to describe 

the position of tunnel support installation without the necessity 

tunnel support thorough numerical method. And tunnel designers 

can rapidly see both the appropriate for installing support for the 

tunnel face and the support reaction thanks to Panet's expertise. 

And more LDP calculation models have been proposed in the 

later period. Researchers have come up with a variety of solutions to 

the LDP. The current research methods on LDP can be categorized 

into two types, specifically, the empirical method and the numerical

method. There are relatively few LDP calculation equations 

using empirical methods, and the representative ones are mainly 

proposed by Lee (1994) and E. Hoek. But the models for LDP 

using the numerical methods have been proposed by many 

researchers, most of which rely on elastics (Unlu and Gercek, 

2003), elastic-perfectly plastic (Alejano et al., 2009; Vlachopoulos 

and Diederichs, 2009; Basarir et al., 2010), elastic-brittle plasticity 

(Carranza-Torres and Fairhurst, 2000) and strain-softening behavior 

of rock mass (Song et al., 2020). It is evident that more and more 

research has been conducted on LDP. Among them, one model 

proposed by Vlachopoulos and Diederichs (Vlachopoulos and 

Diederichs, 2009) (denoted in this paper as V-D (09)) is the most 

typical and widely used. V-D (09) assumed perfectly plastic 

conditions with no dilation. The inputs for the V-D (09) depend 

on the GRC's solution. 

However, none of the existing methods for the LDP considers 

the reinforcement effect of the tunnel face. In the case of improving 

the tunnel's overall stability, more tunnel faces are reinforced in 

weak rocks, especially in the poor quality ground, squeezed, or 

unstable ground (Cantieni et al., 2011; Barla, 2016). Deformation 

of a tunnel's core is what caused the entire process of deformation, 

as the experience shows (Lunardi, 2008). And it is also possible to 

reduce tunnel deformation by artificially controlling the strength 

and stiffness of the tunnel face, i.e., by considering the advanced 

core as a new tool for long-term and short-term tunnel 

stabilization (Lunardi, 2008). The LDP is necessarily changed 

after the tunnel face is reinforced. Then, the point of the support 

installed is affected. And it has a large impact on the support 

design. 

Taking tunnel face reinforcement into account, this study 

presents a solution to overcome these limitations. Firstly, the 

transformation of tunnel face extrusion deformation and pre-

convergence deformation is realized based on the principle of 

equivalent volume. Then, a model for calculating LDP considering 

the tunnel face extrusion deformation was established based on 

the basic form of the V-D (09) formula. And the rationality of 

the computational model in this paper is verified through case 

studies.

2. Problem Description

A study is conducted on the deformation law of rock mass during

tunnel excavation by Lunardi (2008) using laboratory tests, 

theoretical analysis, and numerical calculation. These results 

suggested that deformations of the tunnel's advanced core were 

ultimately responsible for all of its deformations (extrusion, pre-

convergence, convergence), as shown in Fig. 1, and due to its 

rigidity, the core was a key factor in ensuring stability of tunnels 

both in the short and long run. 

Tunnel excavation is a three-dimensional mechanical problem 

(Luo et al., 2018), and the tunnel support design must consider 

both the interaction between the tunnel support and the rock 

mass and the spacing effect of the rock mass at the tunnel face. 

The CCM is one of the most design method that the ground 

response of the tunnel excavation and the effect of tunnel support 

installations can be assessed. The LDP's goal is to pinpoint the 

exact spot where the support will be deployed. The method's 

major practical effect is the establishment of a point of support.

The schematic diagram of the rock-support interaction under 

different LDPs is shown in Fig. 2 la and lb are the LDP with and 

without tunnel face reinforcement, respectively. Assuming that 

the tunnel support is installed at the tunnel face, the pre-convergence 

deformation of the reinforced and unreinforced tunnel face are sa

and sb respectively. If the rock mass deformation is to be controlled 

as um, the support structure with different stiffness is required. 

When the tunnel face does not have any reinforcement, the required 

tunnel support stiffness is kb. When the tunnel face is reinforced, 

the required support stiffness is ka. When there is no reinforcement 

on the tunnel face, the required tunnel support stiffness exceeds 

Fig. 1. Extrusion and Convergence Deformation of the Tunnel: (a) No Reinforcement, (b) Reinforcement of Core
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Fig. 2. Analysis of Rock-Support Interaction Under Different LDP

Table 1. Computational Models of LDP

Equation Author Research method

(1) Panet and Guenot (1983) 

(Panet and Guenot, 1983)

Numerical methods

(Elastic)

(2) Panet (1995) (Panet, 1995) Numerical methods

(Elastic)

(3) Corbetta et al. (1991)

(Corbetta et al., 1991) 

Numerical methods

(Elastic)

(4) Unlu and Gercek (2003) 

(Unlu and Gercek, 2003)

Numerical methods

(Elastic)

(5) Lee (1994) 

(Lee, 1994)

Empirical methods

(Mathematical Statistics)

(6) Hoek (1980) 

(Chern et al., 1998)

Empirical methods

(Mathematical Statistics)

(7) Vlachopoulos and Diederichs (2009) 

(Vlachopoulos and Diederichs, 2009)

Numerical methods

(Elastic-perfectly plastic, 

elastic-brittle plasticity, strain-softening)

(8) Basarir et al. (2010) 

(Basarir et al., 2010)

Numerical methods

(Elastic-perfectly plastic)

(9) Wu et al. (2015) 

(Wu et al., 2015)

Numerical methods

(Elastic-perfectly plastic)
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the tunnel support stiffness with the tunnel face reinforcement, 

i.e., kb > ka. In the tunnel support design, if the tunnel face 

reinforcement is neglected, the design value of the tunnel support 

stiffness will be large. When the tunnel face reinforcement is not 

considered, the support stiffness is larger, but its deformation is 

smaller. When considering the tunnel face reinforcement, the 

support stiffness is small, but its deformation is relatively large. 

In this case, the design of the bearing capacity of the tunnel 

support should be decided according to the support deformation 

and the corresponding stiffness together. If the ultimate bearing 

capacity is the same (Pfa = Pfb), the parameters of the tunnel 

support considering the tunnel face reinforcement than the tunnel 

face without the reinforcement. For the design of the tunnel support 

structure, the engineering economy is better when considering 

the tunnel face reinforcement.

It can be seen that the accurate determination of the point of 

the tunnel support installation is of greatly significance for the 

structure design. For this reason, there have been many studies 

on the LDP conducted by researchers. Table 1 shows some 

typical research results about the LDP.

Table 1 shows that many computational models of LDP have 

been proposed by researchers. But there are great differences in 

the number of variables, application objects, the scope of application, 

and research methods of different computational models of LDP. 

Among them, the LDP based on the maximum plastic zone 

radius proposed by Vlachopoulos and Diederichs (V-D (09)) is 

widely used. But the elastic-perfectly plastic material used in V-

D (09) computational model. Subsequently, Rodriguez-Dono et 

al. (Rodriguez-Dono et al., 2010; Alejano et al., 2012; Vlachopoulos 

et al., 2013) extended the application range of V-D (09) and 

verified the correctness and applicability of V-D (09) for elastic-

brittle plastic and strain-softening material. However, the V-D (09) 

disregards the tunnel face reinforcement effect. When the tunnel 

face is reinforced with reinforcement measures, the V-D (09) has 

a large calculation error, especially when the distance is close to 

the tunnel face. Therefore, the computational model of LDP 

considering the reinforcement of the tunnel face is studied in this 

paper.

3. Computational Model of LDP Considers the 

Effect of Tunnel Face Reinforced

3.1 Establishment of the Computational Model

In can be seen in the Fig. 3 that the tunnel face extrusion deformation 

and convergence deformation of rock mass is caused when the 

tunnel is excavated. Among them, the convergence deformation 

of rock mass composed of three parts, i.e. the deformation in the 

forward part of the tunnel face (pre-convergence, x < 0), at the 

tunnel face (x = 0), and behind the tunnel face (convergence, x > 0). 

According to the law of conservation of mass, there is a geometric 

transformation relationship between the tunnel face extrusion 

deformation and pre-convergence deformation at the tunnel face.

In this paper, there is an assumption that the volume expansion of 

the rock mass is not considered after the tunnel excavation 

disturbance. According to the principle of volume equivalent, as 

shown in Eq. (10), the conversion calculation expression (Eq. 

(11)) between the tunnel face extrusion deformation and pre-

convergence deformation is established: 

(10)

(11)

The normalization of pre-convergence deformation can be 

obtained from the Eq. (11), as shown in Eq. (12):

(12)

Combined with Eq. (9), the calculation expression of the LDP 

is:

(13)

where V1, V2, and V3 are the volume of the cylinder, the truncated 

cone and the cone, respectively, and their geometric relationships 

are shown in Fig. 4; R is the tunnel radius; L is the excavation 

disturbance range; ue is the extrusion deformation; x is the distance 

from the tunnel face; uro is the pre-convergence deformation; u∞, Rp

are the maximum convergence deformation and the maximum

plastic zone radius without supporting force, respectively. Among 

them, R* = Rp/R, x*= x/R.

The maximum deformation and the maximum plastic zone 

radius without supporting force can be obtained using the Eqs. 

(14) and (15) (Fenner, 1938):
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Fig. 3. Extrusion and Convergence Deformation of Tunnel
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The tunnel face extrusion deformation can be obtained using 

Eq. (16). It is proposed by Pierpaolo Oreste (Oreste, 2013) based 

on the spherical symmetry hypothesis. The calculation model is 

shown in Fig. 5.

 

(16)

where cpeak is the peak cohesion; φpeak is the friction angle; cres is 

the residual cohesion; φres is the residual friction angle; v is 

Poisson’s ratio; v is dilatancy angle; E is Young’s modulus; P0 is 

the in-situ stress; Rfp is the tunnel face plastic zone radius; pfi is 

the supporting force of tunnel face.

3.2 Parameter Determination
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Fig. 4. Volume Equivalent Geometric Model

Fig. 5. A Computational Model of Tunnel Face Extrusion Deformation

Fig. 6. Reinforcement Mechanism of Tunnel Face
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2003; Prisco et al., 2017). When the tunnel face is reinforced 

with face bolts, the interaction between the rock mass and the 

face bolts can increase the third principal stress, that is, the shear 

strength and stiffness of the rock mass at the tunnel face is 

increased, as shown in Fig. 6. Thereby, the tunnel face extrusion 

deformation can be reduced and the stability of the tunnel face 

can be enhanced.

The literature (Zhang et al., 2020a; Zhang et al., 2020b, 2020c) 

pointed out that the face bolt can fail in three different ways, 

which are the shear failure at the interface between the grouting 

body and the rock mass ( ① ), the shear failure at the interface             

between the grouting body and the bolt body ( ② ) and the tensile             

failure ( ③ ) of the bolt body, as shown in Fig. 7. 

However, the test shows (Paternesi et al., 2017) that the failure 

model ① is more likely to occur than the failure model ② and            

the failure model ③ . Therefore, it is assumed in this paper that            

only the failure model ① occurs in the face bolt. And it is assumed             

that the face bolts are evenly arranged and the interface shear 

strength remains the same under the given rock mass conditions.

The calculation expression of the face bolt support force pfi

can be expressed as (Paternesi et al., 2017):

(17)

where lb is the lap length of the face bolt; Sl is the spacing of the 

face bolt; τs is the shear strength of the grouting body-rock mass 

interface; rh is the radius of the grouting hole.

When the tunnel face is reinforced by the face bolt, the upe

under the reinforcement of the face bolt can be obtained through 

the relevant calculation model (see Section 3.1). By replacing ue

in Eq. (13), the calculation formula of the longitudinal deformation

curve considering the action effect of the face bolt can be obtained.

3.2.2 Excavation Disturbance Range of Tunnel Face

Numerous research results (Lee and Schubert, 2008; Anagnostou 

and Perazzelli, 2015; Pan and Dias, 2017) show that the fracture 

surface in front of the tunnel face is a logarithmic spiral, as 

shown in Fig. 8. The angle β between the bottom of the failure 

surface and the horizontal direction is equal to π/4 + φ/2, and the 

height of the face is 2R.

Basing on the Fig. 8, the calculation expression of the excavation

disturbance range L of the tunnel face is:

(18)

The equation of the failure logarithmic spiral curve in front of 

the tunnel face is:

(19)
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radius and the x-axis called θ (φ ≤ θ ≤ β).

3.3 Validation

3.3.1 Theoretical Verification

A comparison between the proposed model and the V-D (09) 
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paper simplifies the rock mass mechanical parameters. That is, if 

2

2
h b s

fi

l

r l
p

s

π τ

=

'

0 1
cosL R Lϕ= −

( ) tan' '

0
R R e

θ ϕ ϕ−

=

( )

'

0 - tan

2

sin sin

R
R

e
β ϕ ϕ

β ϕ
=

−

( )- tan'

1 0
cosL R e

β ϕ ϕ
β=
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Excavation



5378 Z. Wang et al.
there is no special explanation in the analysis, there is an assumed 

that the peak strength parameter equals the residual strength 

parameter, and the dilatancy of the rock mass is not considered. An 

overview of all calculation parameters can be found in Table 2.

The calculation results of the two calculation models under 

different parameters are shown in Fig. 9. 

In Fig. 9, along with increasing P0, the slope of the curve 

decreases, and the results of the two models agree well. In the 

proposed model and V-D (09), the average difference between 

the results is approximately 6.4%. And the ur0
* hardly changes 

with R. The difference under different R is the same as 2.6%. As 

can be seen from this paper, the proposed model is reasonable.

3.3.2 Numerical Verification

To ensure that the proposed model is rational, the FLAC3D

which is the finite difference software is used for 5 analyses. This 

section provides an overview of the simulations using the finite 

difference software, and the calculation parameters is provided in 

Table 2.

Extrusion deformations of a reinforced tunnel face with 

varying support forces of the tunnel face are studied. The numerical 

model used in this study calculates the maximum extrusion 

deformation value at the tunnel face as the calculated value. It 

can be seen from the Fig. 10 that the displacement at the center 

point (point A) of the tunnel face.

Mohr-Coulomb's failure criterion is supposed to apply to the 

ground as it is an elastic-plastic material. A mathematical model 
Table 2. Calculated Parameters

Symbol Variables

P0 (MPa) 1, 2, 3, 4, 5

cp (MPa) 0.5

cr (MPa) 0.5

φp (°) 30

φr (°) 30

E (GPa) 1

μ 0.25

R (m) 3, 5, 7, 9

Fig. 9. Analyzing the Result of the Proposed Model and V-D (09) Model: (a) In-Situ Stress P0, (b) Tunnel Radius R

Table 3. Calculating Parameters of the Numerical Model

Tunnel Ground Support force

Symbol Value Symbol Value Symbol Value

R (m) 3 P0 (MPa) 3 pfi (MPa) 1.13,0.28,0.13,0.07,0.045

c (MPa) 0.5

φ (°) 30

E (GPa) 1

v 0.25

Fig. 10. Schematic Diagram of Tunnel Excavation
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is shown in Fig. 11 along with its boundary conditions (case of 

tunnel radius R = 3 m). To directly focus on the extrusion 

deformation, the FLAC3D model considers the following simplified 

tunnel excavation process:

1. Setting up the in situ stress condition.

2. Removing excavation materials and excavating.

3. Installation of the tunnel face support force.

4. Calculation of the extrusion deformation.

Table 4 indicates that the pre-convergence increases with 

increasing the pfi. When the pfi are 1.13 MPa, 0.28 MPa, 0.13 MPa, 

0.07 MPa, 0.045 MPa, respectively, the relative difference of 

proposed model and numerical model about normalized pre-

convergence of tunnel face are 4.58%, 3.48%, 2.21%, 2.12%, 

5.37%, respectively. A difference of 3.55% exists between the 

numerical model and the proposed model. It appears that the 

model proposed in this paper is reasonable. 

This paper demonstrates that the proposed model is reasonable by 

comparing it to a theoretical calculation model and a numerical 

calculation model. For the tunnel face's stability, many existing soft 

rock tunnels have adopted advanced reinforcement measures. 

However, its effect on LDP is less considered, and even LDP without 

reinforcement is still used to design tunnel support. The design 

parameters for tunnel supports will undoubtedly be affected by this.

Although there are many types of advance support, but limited to 

the research conditions, only the extrusion deformation of tunnel 

faces under tunnel face bolt reinforcement is studied in this 

paper. For this reason, the generalization of the model proposed 

is limited. However, from the research direction, the research 

results proposed in this paper promote the further development 

of LDP. Further, it can expand the application field of CCM and 

has great research value.

4. Parameter Analyses and Discussion

4.1 Effect of Face Bolts on LDP

According to the above analysis, the LDP is greatly affected by 

the extrusion deformation of the tunnel face. The tunnel face with 

reinforcement affects the extrusion deformation of the tunnel face. 

Therefore, the variation law of LDP under the reinforcement by face 

bolts is analyzed in this section. A summary of the calculating 

parameters can be found in Table 5. 

Figure 12 indicates that the pre-convergence increases with 

increasing the spacing of face bolts. When the spacing of face 

bolts are 0.5 m, 1.0 m, 1.5 m, 2.0 m, 2.5 m, respectively, the 

normalized pre-convergence of tunnel face are 0.131, 0.201, 

0.226, 0.236, 0.242, respectively. When the face bolts spacing 

increases to 2.5 m, the control effect of tunnel face reinforcement 

on pre-convergence is poor. Compared with the pre-convergence 

without reinforcement, it is only reduced by 0.98%. As can be 

seen, in order to reduce the tunnel face extrusion deformation 

and the pre-convergence, the face bolt density must be increased.

4.2 Effect of Face Bolts on Convergence Deformation of 

the Rock Mass

When the CCM is used to design the tunnel support, the location 

Fig. 11. Computational Domain and Boundary Conditions

Table 4. The Relative Difference of Proposed Model and Numerical 
Model

Support force

(MPa)

Method
Relative 

differenceNumerical 

model

Proposed

model

1.13 0.125 0.131 4.58%

0.28 0.208 0.201 3.48%

0.13 0.231 0.226 2.21%

0.07 0.241 0.236 2.12%

0.045 0.255 0.242 5.37%

Table 5. Calculating Parameters

Tunnel Ground Face bolts

Symbol Value Symbol Value Symbol Value

R (m) 5 P0 (MPa) 3 lb (m) 6

c (MPa) 0.5 Sl (m) 0.5,1.0,1.5,2.0,2.5

φ (°) 30 τs (kPa) 60

E (GPa) 1 rh (m) 0.125

v 0.25
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of the tunnel support installed is depended on the LDP, and the 

different location of the tunnel support installed influences greatly

on the convergence deformation. Hence, the convergence 

deformation under the reinforcement of the tunnel face is analyzed 

by cases. Table 6 summarizes the reinforcement and geotechnical 

parameters. Assuring the tunnel's safety during construction requires 

the provision of primary support (Prazeres et al., 2012; Taromi et 

al., 2016; Niedbalski et al., 2018). Its main supporting components 

include rock bolts, steel rib, shotcrete, and reinforcement mesh. This 

calculation is a simplified analysis, without considering the single 

action of each support component, and assuming that the primary 

support stiffness is a certain value.

Figure 13 shows the normalized final tunnel displacement 

with different spacing (Sl) of face bolts. The normalized final 

tunnel displacement increases with the increased spacing (Sl). 

When the spacing of face bolts is 0.5 m, 1.0 m, and 1.5 m, 

respectively, the normalized final tunnel displacement is 0.27, 

0.29, and 0.32, respectively. Normalized final tunnel displacement is 

reduced when the tunnel face is reinforced compared to no 

reinforcement. It is evident that the tunnel face reinforcement has 

an important impact on controlling the final tunnel displacement. 

Conversely, if the support design is based on controlling the 

tunnel displacement, the required support stiffness increases. 

When the spacing of the face bolts is 0.5 m and the support 

stiffness is Ks, the final tunnel displacement is u1. Then when the 

same type of support is used, if the final tunnel deformation is 

Fig. 12. The Normalized LDP for Different Spacing of Face Bolts: (a) LDP, (b) LDP-Local Amplification

Table 6. Calculating Parameters

Tunnel Ground Face bolts Primary support

Symbol Value Symbol Value Symbol Value Symbol Value

R (m) 5 P0 (MPa) 4 lb (m) 6 Ks (GPa/mm) 0.1

c (MPa) 0.4 Sl (m) 0.5,1.0,1.5

φ (°) 25 τs (kPa) 100

E (GPa) 1 rh (m) 0.125

v 0.25

Fig. 13. Convergence Deformation of Ground Under Different Tunnel 
Face Reinforcement Strength



KSCE Journal of Civil Engineering 5381
controlled to u1, the support stiffness needs to be increased at this 

time. The support stiff in this case should be greater than Ks. 

Otherwise, it will not achieve the expected control result about 

the final tunnel displacement. And with the weakening of the 

tunnel face reinforcement effect, the required tunnel support 

stiffness increases. 

According to the analysis of the elastic-plastic analytical solution 

(Fenner, 1938), as shown in Fig. 14, there is a higher correlation 

between mechanical parameters of the ground and deformations 

associated with convergence, and the larger the convergence 

deformation the weaker the mechanical parameters of the ground. 

At the same time, combined with the above analysis results 

can be seen that the tunnel face reinforcement can effectively 

attenuate the weakening of the mechanical parameters of the 

ground, further ensuring the stability of the ground. Therefore, it 

is important to consider the reinforcement effect of the tunnel 

face when designing the tunnel support. However, the existing 

support structure design using the CCM doesn't consider the 

reinforcement effect of the tunnel face. But the study results 

proposed in this paper can provide new ideas for designing the 

support structure.

As a geological body, the rock mass is in a stable equilibrium 

until it is disturbed by the outside world. The excavation of the 

tunnel has destroyed the original equilibrium of the cavern wall 

due to the loss of support from the original rock mass. And to the 

hole space expansion and deformation, thus changing the relative 

equilibrium of adjacent masses, causing the adjustment of stress, 

strain and energy to reach a new equilibrium, this redistribution 

of the stress field is called the secondary stress field.

The stress state after redistribution is call redistributed stress 

state, and the rock within the influence of redistributed stress is 

called the surrounding rock. For the elastic rock with linear 

stress-strain relationship, it is usually assumed that it can withstand 

very high stress without damage, and the excavation of the 

tunnel produces stress relief, resulting the radial stress around the 

hole becomes zero and the tangential stress is concentrated. The rock 

mass beyond the perimeter of the cave, which is approximately 

double the diameter of the tunnel, gradually returns to its initial 

stress state. As for elastic-plastic rock mass, the tress-strain 

relationship is nonlinear. When the tangential stress around the 

hole reaches the yield condition of the rock mass, the rock mass 

becomes the plastic state, leading to the appearance of the plastic 

zone. Thus, the stress is continuously transferred to the deep part 

of the rock mass and deformation occurs at the same time, when 

this deformation exceeds the capacity of the rock mass itself, the 

rock mass will be damaged. 

The secondary stress field in the rock mass is actually three-

dimensional. Due to the stress release and deformation development 

of the tunnel face on the rock mass have a great restraint effect, 

so that along the tunnel longitudinal sections on the secondary 

stress state and deformation are not the same, this phenomenon is 

called support space effect of tunnel face. The tunnel face spatial 

effect allows the rock mass within a certain area near the tunnel 

face to be stabilized in an unsupported situation. Tunnel excavation 

construction is a complex four-dimensional space-time problem, 

and the influence of time and space on the development of 

deformation and stability of the rock mass is again crucial.

During the tunnel construction process, the stress and deformation 

of the rock mass is partly caused by the gradual release of load as 

the tunnel face moves forward, and partly caused by the creep of 

the rock mass as it grows over time (Cheng et al., 2021; Cheng et 

al., 2022; Lyu et al., 2022). Because of the large disturbance of 

the rock mass during the tunnel excavation construction, the 

space effect provided by the rock mass at the tunnel face plays a 

significant role in ensuring the stability of the unsupported rock 

mass at the tunnel face. And it also plays a better virtual support 

role for the rock mass stability in the support section. However, 

the existing design method doesn't consider the spatial effect 

under the effect of the tunnel face reinforcement, so it should be 

paid attention to in the actual engineering.

Fig. 14. Influence of the Mechanical Parameters on the Convergence Deformation and the Plastic Zone Radius: (a) Different Cohesion, (b) Different 
Friction (other parameters be found in Table 6)
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6. Conclusions

A model for calculating the LDP considering reinforcement of 

the tunnel face is developed in this paper based on the principle 

of equivalent volume, because of the inadequacy of the existing 

model for calculating the LDP without considering the tunnel 

face reinforcement. The following conclusions were mainly 

obtained from the analysis:

1. Comparing the results calculated by the proposed model 

and V-D (09), the average difference is approximately 6.4%. 

This results in a very good agreement between the proposed

model and the V-D (09). So, the proposed model meets the 

requirements of engineering calculation.

2. When tunnel face support forces are applied, the final 

convergence deformation of the rock mass can be effectively

reduced. If the reinforcement effect of the tunnel face is 

ignored, the tunnel's finally deformation value will be 

overestimated. Ultimately, this leads to the consequences of 

higher design parameters of the tunnel support and poor 

engineering construction economy. But the model proposed in 

this paper overcomes this deficiency.
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