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Support pressure is a key factor in the stability of the excavation area during mining and tunneling. The vital thing desired in an un-
derground engineering structure is to ensure that the structure survives safely throughout its lifetime. For this reason, choosing the 
right support system at the planning stage is very important for the pressure that will affect the support system must be determined 
with a certain convergence. This article aims to discuss the support pressures by the finite element method and convergence-confine-
ment method and compare the results. A series of two-dimensional finite element models are established to analyze support pressure 
with different rock masses selected from the literature. The results reveal that the convergence-confinement method and the finite 
element method have high-order relationships regarding support pressures and displacements for weak rock masses. Therefore, it 
shows that support pressures and displacement values for similar conditions can be estimated by the convergence-confinement met-
hod, which is more practical than the finite element method. 
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A B S T R A C T 

Introduction
Today, the increasing population and urbani-

zation rate cause people to live in large masses in 
limited areas. This situation brings with it some 
problems. Areas on earth are becoming increasing-
ly inadequate and negatively affect people's living 
standards. Transportation is one of these negati-
vely affected living standards. For this reason, road 
and railway tunnels are of great importance for 
safer and more comfortable transportation. At the 
same time, production amounts are increasing to 
meet the needs of the increasing population. Our 
underground resources, which are our most impor-
tant source of raw materials, are scarce resources 
by nature, so the production levels are getting de-
eper. This causes underground mining to become 
more widespread and work at deeper levels. The-
se two cases show that the need for underground 
structures is extremely high and increasing.

The main issue sought in an underground 

structure is to ensure that the structure survives 
safely throughout its lifetime. Thus, choosing the 
right support system at the planning stage is sig-
nificant.

To select and dimension the correct support 
system, first of all, the pressures that will affect 
the support system must be revealed with a cer-
tain convergence.

Theories for the estimation of support pres-
sure began to emerge in the early 20th century 
(Protodyakonov, 1907). Theories started with the 
engineers working in this field converting their ex-
periences into numerical data and equations and 
then continued with the classification of the diffe-
rent environments studied and the estimation of 
the support pressure by making use of them (Ter-
zaghi, et al., 1946; Lauffer, 1958; Deere, 1964; De-
ere et al., 1970; Wickham et al., 1972; Bieniawski, 
1973; Barton et al., 1974; Rose, 1982; Stille et al., 
1982; Birön and Arıoğlu, 1985; Ünal and Özkan,
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1990; Goel et al., 1995; Palmstrom, 1995; Goel et 
al., 1996; Hoek and Brown, 1997; Singh et al., 1997; 
Palmstrom, 2000; Aydan et al., 2014).

The finite element method (FEM), which was 
first used in the aerospace industry in the 1960s 
and quickly found use in every branch of engine-
ering, was also applied to underground structures 
and is a good tool for analyzing the support pressu-
re of mine galleries and tunnels. Therefore, many 
researchers have been using FEM in their analysis 
(Seshagiri Rao, 2020; Sharma et al., 2020; Taghiza-
deh et al., 2020; Aygar, 2022; Huang, et al., 2022; 
Zhang et al., 2022; Cui et al., 2023; Kumar and 
Sahoo, 2023; Niu et al., 2023).

The convergence-confinement method (CCM) is 
an analytical tool for estimating the support pres-
sure and displacements in a tunnel by applying a 
hypothetical pressure to the tunnel wall. The basic 
components of the CCM are the ground reaction 
curve (GRC), the longitudinal displacement profile 
(LDP) of the tunnel walls, and the support reaction 
curve (SRC) (Panet et al., 2001).

This study presents a numerical analysis of the 
support pressure estimation of the tunnels bored 
for 3 different rock masses selected from the lite-
rature as weak, medium, and good. 2D finite ele-
ment software named RS2 (Rocscience, 2020a) was 
used to perform FEM, and RocSupport (Rocscience, 
2020b) was used to perform CCM. Analyses with 
FEM were made for a horseshoe section tunnel or 

gallery. However, CCM only allows the modeling of 
full circular cross-section openings. For this reason, 
in order to avoid any problem in the comparison of 
the models created, the circular cross-section tun-
nels with the same opening as used in the CCM mo-
del were remodeled in FEM for the same rock mas-
ses. A total of 591 points in 9 models were analyzed 
and the results of two different analysis methods 
were examined. Finally, this paper discusses the 
estimation of support pressures for different rock 
masses.

1. Materials and Methods
1.1. Analyzed Rock Masses

The geomechanical parameters given in Table 
1 are from the Yacambú Quibor tunnel in Venezu-
ela for the weak rock mass (Hoek, 2000), the un-
derground power room in the Nathpa Jhakri Hyd-
ropower project in India for the medium rock mass 
(Jalote et al., 1996), and the power station tunnels 
in Argentina for the good rock mass (Moretto et al., 
1993). The reason for using the data obtained from 
these studies is that they are also referenced by 
the RS2 software due to their high representation 
power of the rock masses in which they are located 
(Hoek, 2000).

The tunnel shape and dimensions chosen are in 
the form of a horseshoe, 5x5 m in size, which is gi-
ven in Figure 1, which is the most frequently used 
in mine galleries in Turkey.

Intact rock strength (MPa)
Geological Strength Index
Hoek-Brown constant
Hoek-Brown constant
Hoek-Brown constant
Constant
Deformation modulus (MPa)

50
25
10

0.481
0.0002

0.53
1000

30
65
15
4.3

0.02
0.5

10000

110
75
28

11.46
0.062
0.501
45000

Parameters     Weak  Medium Good

σci

GSI
mi

mb

s
a
Em

Table 1. Geomechanical parameters of different rock masses used in the analyses (Hoek, 2000)
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1.2. Convergence-Confinement Method
The convergence-confinement approach deve-

loped by Panet and Guellec in 1974 is frequently 
used to evaluate tunnel wall deformations and offer 
recommendations for the design of rock supports 
(Brown et al., 1983; Carranza-Torres and Fairhurst, 
2000; Panet and Sulem, 2022).

According to Figure 2, a circular tunnel with hyd-
rostatic field stresses is excavated in an isotropic 
material, and the plane strain requirement is satis-
fied by the stress condition at a cross-section suffi-

ciently removed from the tunnel face (for instance, 
section B-B). The pressure that rock supports carry 
when they are positioned behind the tunnel face is 
less than the initial pressure p0 and they do not car-
ry the complete support load from the rock mass. 
This is brought on by the tunnel face's supportive 
role in carrying some of the loads of the rock mass. 
The support from the face effect is represented by 
a fictitious internal pressure pi. With the advance-
ment of the tunnel face, the radial displacement on 
the walls increases as the face effect pi on the sec-
tion under study decreases (Wang and Cai, 2022).

Figure 1. Shape and dimensions of the analyzed tunnel

Figure 2. Stress profiles and radial displacement variations along the tunnel axis (Wang and Cai, 2022)
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The relationship between this hypothetical 
pressure and the radial displacement at the tun-
nel wall is explained by the ground reaction curve 
(GRC), and the longitudinal displacement profile 
(LDP) is used to describe the relationship between 

the change in radial displacement along the tunnel 
due to the advancement of the tunnel face (Figure 
3). For any section along the tunnel, the pressure 
and displacement at the tunnel wall can be estima-
ted if the LDP and GRC of the tunnel are known.

Figure 3. The convergence-confinement method (Wang and Cai, 2022)

1.3. Finite Element Modeling
Based on the data described in the previous sub-

section, tunnels in different rock masses were mo-
deled in RS2 as summarized in Table 1. The analysis 
type is plane strain, the solver type is the “Gaussian 
Elimination Method”, and units are metric and MPa 
for stresses. For stress analysis, the maximum num-

ber of iterations was determined as 500 and the to-
lerance was 0.01. The “Generalized Hoek Brown” 
failure criterion was chosen while selecting the 
properties of the rock mass. Since the depth of the 
modeled tunnels is quite deep from the surface (the 
nearest tunnel is 130 m), movements are restricted 
on all sides. GRCs were obtained from RS2 for com-
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parison with CCM. For this reason, using the stress 
reduction method, the pressures that will affect 
the support are added in 10 stages in a way that 
will decrease analytically. The mesh type is graded, 

and the element type is a 3-node triangle. The fini-
te element model of the tunnel is created in RS2 as 
shown in Figure 4.

Figure 4. Finite element modeling

2. Results and Discussion
The radius of the plastic zone was determined 

according to the finite element model. According to 
the maximum displacement amount obtained from 
the model, the displacement amount correspon-

ding to the pressure that will affect the support was 
calculated by using the LDP curves drawn by the 
equations of Vlachopoulos and Diederichs (2009). 
These values obtained for three different rock mas-
ses are given in Table 2.

Plastic zone radius (m)
Tunnel radius (m)
Rp/Rt

Maximum displacement (m)
Displacement (m)
U/Umax

6.73
2.5
2.7

0.118
0.059

0.5

3.93
2.5
1.6

0.0038
0.0024

0.63

3.58
2.5
1.4

0.0024
0.0017

0.72

Parameters     Weak  Medium Good

Rp

Rt

Umax 

U

Table 2. LDP parameters of different rock masses used in the analyses
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In order to make a comparison between CCM 
and FEM in terms of GRCs, GRCs were obtained by 
constructing the hypothetical pi pressure in the 
FEM model. Since CCM is only recommended for 
fully circular underground openings, GRCs were 

obtained by constructing circular-section FEM mo-
dels with the same opening as horseshoe-section 
galleries. All GRCs generated for 3 different rock 
masses are given in Figures 5 to 7.

Figure 5. Ground reaction curves for weak rock mass

Figure 6. Ground reaction curves for medium rock mass
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Figure 7. Ground reaction curves for good rock mass

Support pressures corresponding to the displa-
cement amounts in Table 2 were calculated for all 
generated GRCs and the results are given in Table 3. 
The displacement amounts obtained from the FEM 
model for medium and good rock masses are grea-
ter than those calculated in the CCM and are there-
fore expressed as 0 in the table. It seemed that from 
Table 3, there is a correlation between the support 
pressures in the CCM and the horseshoe section 
FEM model. Based on this phenomenon, CCM and 
FEM support pressures corresponding to the same 

displacements for the weak rock mass were com-
pared. As a result of the comparison in Figure 8, it 
is seen that the support pressures obtained from 
CCM and FEM have a relationship with a high and 
reliable coefficient of determination. CCM and FEM 
displacements corresponding to the same support 
pressures were compared from the same point 
of view. A strong coefficient of determination has 
been found in the relationship among the displace-
ments produced from CCM and FEM as an outcome 
of the comparison in Figure 9.

Analyze Support Pressure (MPa)

Weak   Medium Good

CCM
FEM - Horseshoe
FEM - Circular

1.60
1.60
0.80

0
2.40
1.50

0
1.20
0.80

Table 3. Support pressures for different rock masses
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Figure 8. Relationship between CCM and FEM model in terms of support pressures for weak rock mass

Figure 9. Relationship between CCM and FEM model in terms of displacements for weak rock mass

3. Conclusion
The finite element method and convergen-

ce-confinement method were used to estimate the 
support pressures in three different rock masses. 
The results obtained from the two methods are 
compared and the remarkable results are summa-
rized below.
• It has been revealed that there is a high correla-
tion in terms of support pressures and displace-
ments between the horseshoe section FEM model 
created for the weak rock mass and the CCM.
• FEM models for medium and good rock masses 

estimated more displacement than CCM. For this 
reason, it was not possible to make a comparison 
for good and medium rock masses.
• In order to make a better comparison with the 
CCM, circular cross-section FEM models were 
created with the same opening as the horseshoe 
cross-section models, but the horseshoe cross-sec-
tion FEM model with the CCM gave more consistent 
results.
• It is seen that for rock masses with properties si-
milar to the weak rock mass modeled in this study, 
the support pressures and displacements can be es-
timated with CCM, which is more practical than FEM.
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