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Abstract: In tunnel design, the determination of installation time and the stiffness of supporting
structures is very important to the tunnel stability. This study used the convergence-confinement
method to determine the stress and displacement of the tunnel while considering the
counter-pressure curve of the ground base, the stress release effect, and the interaction between the
tunnel lining and the rock surrounding the tunnel chamber. The results allowed for the determination
of the installation time, distribution and strength of supporting structures. This method was applied
to the intake tunnel in the Ban Ve Hydroelectric Power Plant, in Nghe An Province, Vietnam. The
results show that when a suitable displacement u0 ranging from 0.086 5 m to 0.091 9 m occurrs, we
can install supporting structures that satisfy the stability and economical requirements.
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1 Introduction
Rock in the natural environment, especially in deep layers, is influenced by the upper
stratum and its gravity load. Stresses developing within the rock mass due to these impacts are
very complicated and difficult to define. During tunnel excavation, an amount of rock
normally serving to receive pressure from the weight of the rock on the tunnel roof is removed,
and tension stresses, which sometimes reach rather high values, are generated within the rock
mass surrounding the tunnel. The transition from a tri-axial compression stress state to a
bi-axial stress state due to the stress release around the circumference of the excavated
chamber results in the deformation of rock surrounding the excavation boundary. During the
tunnel construction process, the supporting structures needs to be installed for the purpose of
maintaining or improving the load-bearing capacity of rock masses in order to maximize
supporting capacity and to create favorable development of the stress field within the rock mass.
Fenner (1938) carried out research on the interaction between the upper stratum and the
hydraulic structure, and found out the specific curve of the foundation and the solution for a
problem in an elastic-plastic medium. Pacher (1963) carried out the same study and obtained
the same solution. When the design of the tunnel considers the interaction between the upper
stratum and the hydraulic structure, the result is suitable for actual structures and the New
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Austrian Tunnelling Method (NATM). Besides, in tunnel design, the interaction between the
tunnel lining and the rock surrounding the tunnel chamber, as well as the counter-pressure
curve of the ground base, are usually considered (Panet and Guenot 1982; Panet 1995). The
convergence-confinement method is considered to be effective in designing the tunnel. In
Vietnam, Nguyen (2007) researched the influence of changing underground water pressure on
the load, which affects the tunnel lining. Vu and Do (2007) applied the convergence-confinement
method in designing the tunnel with the assumptive displacement u0 for the calculation.
According to Fenner (1938) and Pacher (1963), if a rigid supporting structure ② (Fig. 1)
is installed early, it will have more load-bearing capacity, since the deformation of the rock
mass surrounding the excavated chamber is not large enough to reach equilibrium. Beyond
point C of the pi curve (Fig. 1), the rock properties become non-linear (plastic). When the
supporting structure ① are installed after a certain displacement has occurred (point A), the
system reaches equilibrium with the smaller load on the tunnel lining. After the σ r curve
reaches its minimum value (marked B in Fig.1), the loosening begins and the pressure on the
tunnel lining increases very quickly. If the supporting structures are installed at the moment of
permissible deformation, pressure on the supporting structures reaches its minimum value
without resulting in the instability of the tunnel, as shown in Fig. 1.

Fig. 1 Interactive curve between rock and lining according to Fenner (1938) and Pacher (1963)
( pi is the supporting pressure, σ r is the radial stress, Δr is the radial deformation, ri is the tunnel radius, and
pia and pil are the support resistances of outer and inner arches, respectively)

This study presents the convergence-confinement method of determining the stress and
displacement of the tunnel while considering the counter-pressure curve of the ground base,
the stress release effect, and the interaction between the tunnel lining and the rock surrounding
the tunnel chamber.

2 Models of interaction between ground base and lining
2.1 Stress computation considering ground reaction curve
In the case that the initial stresses are hydrostatic stresses (coefficient of lateral pressure
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equals unity), the stress distribution surrounding the excavated chamber has a radius of ri , as
shown in Fig. 1 (Hoek and Brown 1980). The assumption here is that the radius of plastic
region re depends on the magnitude of the initial stress field p0 , the supporting pressure pi ,
and the characteristics of the rock material.

Fig. 2 Elastic-plastic model and stress field surrounding tunnel

The stress at the boundary of the plastic deformation region is
2sin ϕ

⎛ r ⎞1−sin ϕ
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− Ccotϕ
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where ρ is the density of the rock, g is the acceleration of gravity. H is the excavation depth,
C is the apparent cohesion of the rock mass, and ϕ is the angle of internal friction of the rock.
The stresses within the elastic deformation region ( r ≥ re ) are
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where σ r is the radial stress, σ θ is the shear stress, and r is the radius of the considered
region. The stresses within the plastic deformation region ( ri ≤ r ≤ re ) are
α
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where k =
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, and α = k − 1 .
1 − sin ϕ

The radial displacement of the tunnel is
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where G is the shear modulus of the rock mass, and
ur =
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1 + sinψ
, and ψ is the angle of
1 − sinψ
volumetric expansion of the rock mass in a disintegrating state.

where v is the Poisson’s ratio for the rock mass, kp =

2.2 Stress release coefficient and radial displacement of tunnel boundary
along tunnel axis
Under the influence of the heading face and the non-excavated rock, the maximum rock
radial displacement urmax without consolidation can only be reached at a certain distance from
the heading face (the result from experimental measurements is usually 1.53 × 2ri). The
relation between ur u rmax and the distance x from the heading face of a tunnel with a radius of
ri was established as follows by two researchers, on the basis of field measurement data: from
elastic models of the problem represented in Fig. 3, Panet (1995) suggested the following
relationship between ur u rmax and distance x from the face:
2
⎡ ⎛
⎞ ⎤
⎢ ⎜
⎥
u
0.75 ⎟ ⎥
⎟
(6)
λd = r = 0.25 + 0.75 ⎢1 − ⎜
⎢ ⎜
x⎟ ⎥
urmax
0.75
+
⎢ ⎜
ri ⎟⎠ ⎥⎥
⎢⎣ ⎝
⎦
where λd is the stress release coefficient. This relationship (6), which applies to positive
values of x (i.e., behind of the face), is plotted in Fig. 4.
Chern et al. (1998) presented measured values of convergence in the vicinity of the face
for a tunnel in the Mingtam Power Cavern Project. The measured data are plotted as dots in
Fig. 4. Based on this data, Hoek (1999) suggested the following empirical best-fit relationship
between ur u rmax and distance x from the face:
⎛ −x ⎞
u
λd = r = 1 + exp ⎜
⎟
urmax
⎝ 1.10ri ⎠
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Fig. 3 Profile of radial displacements ur for an unsupported tunnel

Fig. 4 λd profiles derived from elastic models (Panet 1995), measurements in tunnel (Chern et al. 1998), and
best fit to measurements (Hoek 1999)

2.3 Characteristic curve of supporting structure
The characteristic curve shows the working capacity of the supporting structures
(concrete, gunite, rock anchor or form steel). It is based on the linear relation between
supporting pressure pi and radial displacement ur , and it is applied to a supporting section for
a unit length along the tunnel axis.
Assuming the stiffness of supporting structures to be Ks , the elastic section of the
support characteristic curve can be calculated using the following formula:
Ps = Ks ur
(8)
The stiffness of concrete or gunite structures is
ri 2 − ( ri − tc )
Ec
Ks =
1 + vc (1 − 2vc ) ri 2 + ( ri − tc )2
2

(9)

where Ec is the elastic modulus of gunite (concrete), vc is the Poisson coefficient of gunite
(concrete), and tc is the lining thickness.
The stiffness of a steel support structure is calculated with the following formula:
Sr
Sr 3 θ (θ + sin θ cos θ ) 2 Sθ tB
1
= i + i
+
(10)
K s Es As Es I s
2sin 2 θ
EBW 2
where S is the distance between the supports along the tunnel axis (m), θ is the half of the
angle between the tamping bars (°), W is the width of the tamping blocks (m), As is the
cross-sectional area of the section (m2), I s is the moment of inertia of the section (m4), Es is
the Young’s modulus for the steel (MPa), tB is the thickness of the block (m), and EB is the
Young’s modulus for the block material (MPa).
The stiffness of a supporting structure using a mechanical anchor or chemical bonding
anchor with a length of lb and a diameter of d b can be calculated as follows:

⎞
1 Sl Sc ⎛ 4l
=
⎜ 2 + Q⎟
Ks
ri ⎝ π d b Eb
⎠
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where Sc is the distance between the anchors along the tunnel circumference, Sl is the
distance between the anchors along the tunnel axis, Q is the anchor pulling force, Eb is the
elastic modulus of anchor materials, and l is the free length of the bolt or cable.
When composite supporting structures are used, the components of the composite
supporting structures are all assumed to be installed at the same time, and the stiffness of the
composite supporting structures is assumed to be the sum of the stiffness of each of the
structure’s components:
Ks = K s1 + Ks2
(12)
where K s1 is the stiffness of the first supporting structure, and Ks2 is the stiffness of the
second supporting structure.
Therefore, the characteristic curve of the supporting structure is specified by the
following equation:
Pr
(13)
u p = u0 + i i
Ks
where up is the displacement component of supporting structures and compressed rock, and
u0 is the initial displacement component of the tunnel before the lining is installed (defined by
means of the stress release effect).

3 Example study
3.1 Description of example and design parameters
A survey of the intake tunnel of the Ban Ve Hydroelectric Power Plant (Nghe An
Province, Vietnam) was carried out. The material parameters of the tunnel are shown in Table 1.
Table 1 Physical and mechanical parameters of tunnel
ri (m)

ρ (kg/m3)

1.7

2 600

Rock elastic modulus
E (MPa)
1 291

H (m)

C (MPa)

v

ϕ (°)

280.8

5.3

0.27

46.88

The applied supporting structure was a combination of Gunite M300 with a thickness of
10 cm and steel anchors with diameters of 20 mm and lengths of 2 m. Anchor spacing along
the tunnel circumference and along the tunnel axis was 1.5 m. The Matlab programming
language was used for the computation.

3.2 Calculation results and analysis
The stress value of the ground base p0 = 7.300 8 MPa. Figs. 5 and 6 show the stresses
within the plastic and elastic regions, respectively. It can be seen from Fig. 5 that the
maximum plastic region radius remax = 1.145 1 m. Therefore, the stress at the elasto-plastic
boundary σ re = 4.019 5 MPa. This is the maximum pressure value that the supporting structure
is able to bear. The maximum displacement urmax = 0.111 8 m, which corresponds to pi = 0
(without support). Fig. 7 shows the stress release coefficient of the tunnel boundary without
support along the tunnel axis. The interactive curves between the ground base and supporting
92
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structures at different initial displacements are shown in Fig. 8.

Fig. 5 Rock stress within plastic region

Fig. 7 Stress release coefficient of tunnel boundary
without support along tunnel axis

Fig. 6 Rock stress within elastic region

Fig. 8 Interactive curve between ground base and
supporting structures for different initial displacements

Based on the Fenner-Pacher theory and The Vietnamese Construction Design Standard

for Underground Works (Ministry of Construction 2003), we compared the pressure on the
supporting structures with the maximum pressure value that the supporting structures are able
to bear (which is equal to the stress at the elasto-plastic boundary σ re ) to analyze the above
results. It can be concluded that:
Supporting structures installed when the initial displacement u0 = 0.083 m result in the

following: There is immediate consolidation after the tunnel excavation. Pressure on
supporting structures Pi = 6.902 MPa > σ re = 4.019 5 MPa. With unfavorable operation of
supporting structures, the rock continues deforming after the support is in place. This results in
local instability.
Supporting structures installed when the initial displacement u0 = 0.087 m result in the
following: Consolidation occurs at a distance of x = 1.005ri = 1.708 5 m, and the stress release
coefficient λd = 0.481 7. Pressure on the supporting structure Pi = 3.781 8 MPa < σ re =
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4.019 5 MPa. The rock has sufficient deformation, and the tunnel is stable.
Supporting structures installed when the initial displacement u0 = 0.093 m result in the
following: Consolidation occurs at a distance of x = 2.2ri = 3.74 m, and the stress release
coefficient λd = 0.732 7. Pressure on the supporting structructure Pi = 1.951 1 MPa

σ re =

4.019 5 MPa. The rock has major deformation, indicating that the tunnel can be unstable.
Supporting structures installed when the initial displacement u0 = 0.097 m result in the
following: Consolidation occurs at a distance of x = 4ri = 6.8 m, and the stress release
coefficient λd = 0.868. Pressure on the supporting structructure Pi = 0.963 2 MPa

σ re =

4.019 5 MPa. Rock deformation is too great; there can be rock loosening of the tunnel roof
causing the increase of rock pressure. The tunnel is unstable.
Thus, in this case, we can say that at each time, with a certain displacement u0 ranging
from 0.086 5 m to 0.091 9 m, we can install supporting structures that satisfy the stability and
economical requirements.

4 Conclusions
In general, the determination of initial displacement u0 described in this study is more
accurate and detailed than assumptions of the initial displacement value u0 (Vu and Do 2007).
Values of u0 depend on the stress release effect and, when compared, provide a more
complete solution than the solution with curves that exclude the stress release effect (Hoek and
Brown 1980; Wiliams 1997).
The survey described above has shown that the convergence-confinement method is an
effective design tool for obtaining appropriate supporting time. It is completely different from
the traditional tunnel design method, which applies the early consolidation and quickly lining
installation rules, considers the supporting structures provisional supporting structures to bear
loads of loosened rock, and ignores the load-bearing capacity of rock masses.
However, the problem is limited to the two-dimensional elasto-plastic model, hydro-static
inital stress field and circular tunnel cross-section. Therefore, in the case of rock with a
non-hydrostatic stress field, or of non-circular tunnel cross-sections, the destructive models
such as the non-homogeneous elasto-plastic, visco-elastic, and brittle models, need to be
studied so that the convergence-confinement method can be applied more widely in tunnel design.
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