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Abstract 
As one of the three basic components of the Convergence-Confinement method, the Longitudinal 
Deformation Profile (LDP) is important in determining the displacement magnitude of the tunnel walls as a 
function of the distance to the tunnel face. The LDP is generally evaluated by monitoring data on site or by 
3D numerical simulations. The monitoring instrument however records partial displacement rather than the 
entire displacement in deep large tunnels since it is normally installed behind the tunnel face. In addition, the 
two-stage (top heading and bench) excavation method is often adopted for large tunnels and as such the 
instrument can be installed after the top heading has been excavated. Therefore, the LDP of the top heading 
can be recorded with the advance of the bench along the whole length. However, it has not been verified 
whether the LDP of the top heading in two-stage excavation is similar to that of the full face excavation. 
Therefore, the LDP of two-stage excavation is analysed by 3DEC and verified against measured data of the 
upper side walls in Zipingpu Tunnel in China. Furthermore, the difference of LDP between full face 
excavation and two-stage excavation is investigated by 3DEC under different geo-mechanical conditions of 
the surrounding rock and different in-situ stress conditions. Finally, the method of determining the LDP and 
its empirical equation are suggested for large tunnels using two-stage excavation. The empirical equation can 
be easily and quickly applied for deformation analysis and stability judgement for large underground 
excavations. 

1 Introduction 
Monitoring has now been widely proven to be efficient in the construction of underground excavations, both 
from a safety point of view and an economical aspect (Panet and Guenot, 1982; Schubert et al., 2002). These 
monitoring data are used in practice to evaluate tunnel performance and to adapt the support to the 
encountered conditions. The easiest/simplest and yet most reliable measurement recorded in the field is 
certainly the convergence of the tunnel walls. 

An important issue for shallow tunnels, as well as for tunnels with high overburden is the prediction of final 
displacements in order to judge the stability of the tunnel. An early prediction of the final values is necessary 
for this judgement on the construction site to allow for proper actions to be taken in cases where the 
displacements are expected to exceed the limit. Monitoring instruments generally record partial 
displacements rather than the entire displacement in the tunnel because it is normally installed behind the 
tunnel face. For this purpose the interpretation of the measurements is based on the use of numerical models 
and empirical equations (Sulem et al, 1987). The predicted displacement history may be shown in the same 
diagram as the measured values. Deviations from the predicted behaviour can easily be detected and the 
reasons can be analysed (Schubert and Steindorfer, 1998). Since numerical simulation in 3D is time 
consuming, the empirical equations could be used with great advantage for simple cases (Panet and Guenot, 
1987; Carranza-Torres and Fairhurst, 2000). 

The widely used empirical equation proposed by Panet and Guenot (1982) was derived from numerical 
analysis of full-face excavation of a tunnel with circular cross-section under hydrostatic initial stress 
conditions. It is not clear if the equation can still be used for cross-sections and non-hydrostatic stress 
conditions. Moreover, other cross-sectional shapes and two-stage excavations are often used in civil, mining 
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and water conservancy applications. Therefore, in this study the deformation of a horse-shoe shaped tunnel 
using two-stage excavation is analysed by numerical analysis. The equation of the deformation versus the 
distance to the face is then determined and verified for a case. 

2 Longitudinal Deformation Profile (LDP) 
The Longitudinal Deformation Profile (LDP) is a graphical representation of the radial displacement that 
occurs along the axis of an unsupported excavation, for sections located ahead of and behind the face (see 
Figure 1). The horizontal axis represents the distance x from the section analyzed to the tunnel face; while 
the vertical axis represents the corresponding normalized radial displacement ur(x)/ur∞ (ur∞ is the radial 
displacement at an infinite distance behind the face) (Carranza-Torres and Fairhurst, 2000). 
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Figure 1 Longitudinal Deformation Profile (LDP) 

There are several empirical relationships, which can be used to determine the LDP. However, all of them are 
based on the full face excavation method. On the basis of the measured data, Hoek (1999) suggested that the 
following empirical best fit relationship between radial displacement of the tunnel and distance to the face 
could be adopted (Carranza-Torres and Fairhurst, 2000). 
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where 

ur(x) = the radial displacement of a point located on the tunnel wall at a distance x from the face (m). 

ur∞ = the radial displacement at an infinite distance behind the face (m). 

r = the tunnel radius (m). 

The curve defined by Equation (1) is fixed and is therefore not suitable to be used directly in other tunnels. 
Based on finite element calculations, Corbetta (1990) proposed another exponential equation for elastic 
ground behind the tunnel face (Nguyen-Minh and Guo, 1996). 
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For the elasto-plastic case, the Self Similarity Principle was proposed and Equation (2) was revised by 
replacing x with x/α (Nguyen-Minh and Guo, 1996). 

(2)

(1)
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  pr eru uα ∞ ∞=   

where 

upr∞ = the final radial displacement in the plastic case obtained by plane strain analysis (m). 

uer∞ = the final radial displacement in the elastic case obtained by plane strain analysis (m). 

Study of the tunnel deformation also showed by curve fitting that neither an exponential nor a logarithmic 
function could be fitted correctly to the monitoring data (Sulem et al, 1987). The data could be fitted with a 
very good approximation behind the tunnel face with the following power function (Panet and Guenot, 
1982). 

  
( )

2
10.265 0.735 1

1 0.84
r

r p

u x
u x r∞

⎡ ⎤⎛ ⎞
⎢ ⎥= + × − ⎜ ⎟⎜ ⎟+⎢ ⎥⎝ ⎠⎣ ⎦

  

where rp is the plastic radius around the tunnel far behind the face (m). 

Since most of the initial measurements are monitored behind the face, the curve representing the deformation 
of the tunnel boundary behind face is more representative and useful. The exact plastic radius is influenced 
by the net size of the numerical model. If the tunnel shape is non-circular the calculation of the shape and 
extent of the plastic zone is even more complex. Therefore, in order to fit the monitoring data well, Equation 
(4) and the Self Similarity Principle are adopted in this paper. 

3 Numerical model description 

3.1 Model geometry and boundary conditions 
A commercial code 3DEC (Version 4.1) is used (Itasca, 2008) for the numerical analyses. 3DEC is a three-
dimensional distinct element code which can simulate discontinuous, as well as continuous media by using 
deformable blocks. 

The numerical model is symmetrical in a plane parallel to the tunnel axis (Figure 2a). Element sizes and 
aspect ratios are minimised near the tunnel boundary and are gradually increased outwards. The outer 
boundary extends to a distance of 60 m in order to minimise boundary effects. The overburden of the tunnel 
is 205 m, approximating conditions that have been seen over certain sections of the Zipingpu Tunnel in 
China. The height of the tunnel is 13.0 m, and the width is 13.0 m (Figure 2b). 

The vertical boundaries which are parallel to the tunnel axis (Figure 2a) are fixed in the X direction, the 
bottom boundary is fixed in the Z direction, the vertical boundaries perpendicular to the tunnel axis are fixed 
in the Y direction and the top boundary is free in all directions. 

3.2 Material properties 
Zipingpu Tunnel, a horse-shoe shaped diversion tunnel, is chosen as the case in this paper. The tunnel is 
driven in a mass of sandstone and the rock mass consists of many interlocked blocks. The density of the rock 
mass is 2500 kg/m3. The mechanical properties of the rock mass are presented in Table 1 (scheme M2, bold 
values) according to laboratory tests and rock mass classification (The Ministry of Water Resources of 
China, 1995). 

The deformation of the surrounding rock is governed by a large number of parameters, which account for the 
mechanical behaviour of the rock mass, the initial stress and the construction process. Nevertheless, by 
performing a dimensional analysis and by examining the differential equations of the elasto-plastic boundary 
value problem, Anagnostou and Kovari (1993) have shown that the displacement ratio is only related to the 
strength parameter of the rock mass and the initial stress. 

Therefore, the strength of the rock mass is varied using the extra schemes M1, M3 and M4 according to rock 
mass classification. Young´s modulus and Poisson’s ratio of the rock mass are held constant and equal to 9 

(3)

(4)
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GPa and 0.25, respectively. The scheme M2 is used as a base case. Viscosity is not considered in the 
calculations since the rock behaviour is not time-dependent. Table 1 provides the material properties used in 
both the elastic and elasto-plastic model. For the elasto-plastic model, a Mohr-Coulomb failure criterion is 
applied to simulate the possible plastic behaviour of rock. 

Table 1 Variation of the mechanical properties of the rock mass 

Scheme Young’s modulus 
(GPa) 

Poisson’s ratio Cohesion 
(MPa) 

Friction angle 
(°) 

Tensile strength 
(MPa) 

M1 9 GPa 0.25 2.00 60.0 1.6 

M2 9 GPa 0.25 0.75 37.5 0.6 

M3 9 GPa 0.25 0.65 32.0 0.5 

M4 9 GPa 0.25 0.55 28.0 0.4 

3.3 Initial stress and excavation 
In each case, the initial vertical stress is assumed to be equal to the load from the overburden. Since the 
horizontal stress is greater than the vertical stress, the ratio of horizontal to vertical initial (far field) stress, k, 
(parallel and perpendicular to the tunnel axis) was varied as 1.0, 1.5, 2.0 and 2.5. A k-value of 1.5 is used as 
a base case. In these cases, the deformation of the side wall becomes the important factor in controlling the 
stability of the tunnel. Therefore, only the convergence of the side wall is measured and analysed in this 
paper. 

The tunnel is excavated by two-stage excavation (i.e. the top heading first, followed by excavation of the 
bench, Figure 2c), with lengths of the rounds between 3.5m and 4.5 m. An average round length of 4.0 m is 
chosen in this numerical simulation. Since the excavation is quick and shotcrete and bolts are installed two 
widths behind the tunnel face, the advance without support is simulated here. For comparison purposes, the 
tunnel response under full face excavation is also simulated. 

Top heading

Bench

A
Top heading

Bench face

Advance directionA

 

Figure 2 a) Three dimensional numerical model; b) tunnel geometry; c) excavation sequencing. 

4 Numerical analysis of tunnel closure 

4.1 LDP in base case condition 
Since the most appropriate in-situ monitoring place is at point A (Figure 2b), located about 1.5 - 2.0 m above 
the floor of the top-heading, the LDP curves of point A under full face and two-stage excavation are 
calculated using the elastic and elasto-plastic models. These LDP curves are plotted in Figure 3a, and b. 
Under the two-stage excavation, there are two LDP curves in which the vertical axis represents the 
advancing of the top heading and the bench face, respectively. Figure 3 shows that the LDP curves are 
similar under two-stage and full face excavation, but the curvatures of these curves are different. 

a) b) 

X 

Z 

Y 
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Furthermore, the normalized radial displacement, ur(0)/ur∞ at the face listed in Table 2 is different for the two 
construction methods. Therefore, the value 0.265 from Panet’s Equation (4) needs to be readjusted according 
to Table 2 when the empirical Equation (4) is used for two-stage excavation. 
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Figure 3 LDP obtained from 3DEC analysis a) elastic model; b) elasto-plastic model. 

4.2 Influence of horizontal stress 
The normalized radial displacement, ur(0)/ur∞, at the face for different k values are listed in Table 2. It can be 
seen that there is a large difference between the full face and the two-stage excavation. However, for any 
construction method the variation is negligible for a variation of the k value in elastic case. Furthermore, the 
numerical result from bench excavation is basically consistent with the monitoring data from the Zipingpu 
Tunnel in which only the side wall displacement was monitored with the advance of bench face. In addition, 
the LDP curves in the elastic model are plotted in Figure 4 for different k values. These curves show that the 
variation is small for full face and bench excavation. However, for top heading excavation, the LDP curves 
show a large variation between k=1 and other k values.  

If the focus is on the displacement behind the face, the function C(x) defined as the displacement ratio versus 
distance behind the face can be written  
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Equation (5) is illustrated in Figure 5. When the Panet’s Equation (4) is chosen, the function C(x) in the 
elastic case can be re-written as 
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where β is a fitting parameter. The values of parameter β for different k values are fitted and presented in 
Table 3. If the small variation among these curves with different k values is ignored (for simplicity), the 
average β values can be used when the horizontal stress is unknown. 
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Table 2 Normalized radial displacement ur(0)/ur∞ for different k values, elastic case 

Two-stage excavation  Full face excavation 

Top heading Bench 

Monitoring data in Zipingpu 
Tunnel (for bench excavation) 

ur(0)/ur∞ (%) 24.0-25.7 25.7-29.3 41.2-41.3 25.9-45.0 

Table 3 Parameter β  

k  

1.0 1.5 2.0 2.5 

Full face excavation 0.76 0.84 0.87 0.89 

Top heading 0.17 0.39 0.47 0.51 

β 

Two-stage 
excavation Bench 1.19 1.27 1.31 1.33 
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Figure 4 a) LDP under two-stage excavation; b) LDP under full face excavation for different k 
values. 

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

C
(x

)

Distance to tunnel face x/r

 Top Heading - k=1.0
 Top Heading - k=1.5
 Top Heading - k=2.0
 Top Heading - k=2.5
 Bench - k=1.0
 Bench - k=1.5
 Bench - k=2.0
 Bench - k=2.5
 Full face - k=1.0
 Full face - k=1.5
 Full face - k=2.0
 Full face - k=2.5

 

Figure 5 Relationship between C(x) and tunnel advance (behind the face) for different k values. 
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4.3 Influence of strength parameters 
C(x) versus tunnel advance (behind face) is plotted in Figure 6a, and b (k=1.5) for two-stage excavation with 
different strength parameters. These curves become less steep with the decrease in the strength parameters. 
Furthermore, the shapes of these curves are similar for different strength parameters and the Self Similarity 
Principle can be used (Nguyen-Minh and Guo, 1996). According to Equation (3), the function C(x) can be 
written as 

  ( ) ( ) ( )

2
11

1
C x

x rα β
⎛ ⎞

= − ⎜ ⎟⎜ ⎟+ ⋅⎝ ⎠
  

The values of parameter α obtained by plane strain numerical analyses, are listed in Table 4. To check the 
validity of Equation (7), the curves calculated from Equation (7) are plotted together with the 3DEC 
numerical result in Figure 7. The comparison shows that a good approximation can be reached through 
Equation (7), especially for bench excavation. 

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

C
(x

)

Distance to tunnel face x/r

 Top Heading - Elastic model
 Top Heading - Elasto-plastic M1
 Top Heading - Elasto-plastic M2
 Top Heading - Elasto-plastic M3
 Top Heading - Elasto-plastic M4

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0
C

(x
)

Distance to tunnel face x/r

 Bench - Elastic model
 Bench - Elasto-plastic M1
 Bench - Elasto-plastic M2
 Bench - Elasto-plastic M3
 Bench - Elasto-plastic M4

 

Figure 6 a) C(x) for top heading excavation; b) C(x) for bench excavation under two-stage 
excavation with different strength parameters. 
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Figure 7 Comparison of results from numerical analyses and the empirical equation. a) C(x) for 
top heading excavation; b) C(x) for bench excavation. 
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Table 4 Values of parameter α (k=1.5) 

Scheme M1 M2 M3 M4 

Full face excavation 1.004 1.386 1.824 2.330 

Top heading 1.009 1.768 2.627 3.309 Two-stage excavation 

Bench 1.006 1.306 1.300 1.627 

4.4 Determination of LDP behind the face under two-stage excavation 
The comparison of two-stage and full-face excavation shows that the LDP curves behind the face have the 
same shape. Therefore, in order to pre-determine the LDP curves behind the face before excavation and 
further predict tunnel displacement, the empirical Equation (7) can be used. The parameters can be 
determined as follows: 

(1) Choose the parameter β from Table 3 to determine the LDP behind the tunnel face under elastic 
conditions. 

(2) Calculate the final elastic and elasto-plastic displacements of the tunnel by plane strain analysis and 
determine parameter α. 

(3) Choose the normalized radial displacement value ur(0)/ur∞ at the tunnel face from Table 2. 

(4) Use Equation (7) to determine the LDP curve behind the face. 

According to Equation (7) for LDP behind the face and the normalized radial displacement value ur(0)/ur∞ at 
the tunnel face from Table 2, only two measurements for two values of x are needed to determine the final 
convergence ur∞ and the currently produced displacement. If there is more measurement available, the curve 
fitting can be used and more exact/precise final convergence can be obtained. 

5 Verification of LDP behind the face under two-stage excavation 
During the excavation of the Zipingpu Tunnel, the convergence of the side walls was measured by means of 
a convergence meter (A-A line in Figure 2b). In order to obtain the entire deformation profile, the 
instruments were installed after the top heading had passed the monitoring section, and displacements were 
recorded during the advance of the bench face, Figure 8a. 

The parameters of the base case (scheme M2) are used as input parameters according to the field 
investigation. The results obtained from the above method and the monitoring data are shown in Figure 8b. It 
shows that the curve from Equation (7) is a good approximation.  
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Figure 8 a) Measurement of LDP in Zipingpu Tunnel in China; b) Comparison between 
monitoring data and empirical equation. 

6 Conclusions 
Monitoring of wall displacements has become an integral part of the design of underground openings. How 
to make full use of the monitoring results and further predict the final convergence becomes more important. 
Using the numerical modelling, the deformation behaviour of a deep horse-shoe shaped tunnel under two-
stage excavation condition is analysed. The research indicates that the LDP for two-stage excavation can still 
be determined using the same function as for full face excavation, but the displacement ratio ur(0)/ur∞ at the 
face needs to be re-adjusted. A quantitative method is analysed and an empirical equation proposed by Panet 
and Guenot (1982) for the tunnel deformation is further developed by considering the Self Similarity 
Principle under two-stage excavation. 

This method is suitable when the top heading excavation is far from the bench excavation (at least 2 times 
the diameter), when the horizontal stress is larger than the vertical stress and when the monitoring point are 
on the side wall. Further study of different monitoring locations, tunnel size and initial stress needs to be 
done in the future. 
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