
ANALYSIS OF A DEEP UNSUPPORTED 
CIRCULAR UNDERGROUND OPENING 
WITH Z_SOIL.PC 
 
1 INTRODUCTION 
 
The elastoplastic solution for a deep underground 
circular opening in an initial isotropic stress state is 
discussed in this short paper. The numerical solution 
obtained with Z_Soil is compared with the analytical 
solution (see Hoek & Brown 1980 for the elastic so-
lution and Panet 1995 for the elasto-plastic solution). 

 
2 PROBLEM STATEMENT 

 
Figure 1 shows the studied circular underground 
opening in flysch sandstones, at a depth of 800 m. 
An internal pressure p equal to the isotropic initial 
stress is initially applied at the tunnel’s radius, and 
then decreased until reaching p = 0. An elastic pe-
fectly-plastic Mohr-Coulomb type criterion is used. 
No coupling with water pressure is considered. 
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Figure 1. Problem statement. 

2.1 FE mesh 

R = 2.5 m

σv = 800 m * 27 kN/m3 = 21’600 kPa = p0

σh = σv = p050 m

50 m

γ = 0 kN/m3

E = 10’000 MPa
ν = 0.25
c = 600 kPa
φ = 29°
ψ = 0°
K0 = 1

 
 
Figure 2. 2D plane strain mesh. 

2.2 Plastic radius and stresses 
The plastic radius R’ can be expressed in function of 
the internal pressure p with the following equation: 
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with, for the Mohr-Coulomb criterion: 
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Initiation of plastification occurs when R’ = R. It 

occurs theoretically for p = 0.49 p0, i.e. 51% of 
unloading. The FE solution identifies the first yield-
ing between 50% and 55% of unloading. 

 
For p = 0, R’ = 8.85 m according to (1). Figure 3 

illustrates the calculated plastic zones, with R’ = 
8.875 m. 

 

R’ = 8.875 m for p = 0

 
 
Figure 3. Plastic zones for p = 0. 

 
In the plastic domain, i.e. for R < r < R’, the ra-

dial and tangential stresses can be expressed as: 
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In the elastic domain, for r > R’: 
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Figure 4 illustrates the good agreement between 

analytical and numerical distributions of the radial 
and tangential stresses for p = 0. 
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Figure 4. Stresses for p = 0. 

2.3 Displacements 
The convergence curve illustrated in Figure 5 repre-
sents the evolution of the radial displacement with 
respect to the internal pressure.  
 

The maximal difference between the analytical 
and the numerical solution appears for p = 0, where 
the theoretical displacement is 61.2 mm and the 
computed displacement is 63.9 mm. 
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Figure 5. Convergence curve. 

2.4 FE Model with excavation function 
In the example treated above, the internal pressure is 
explicitly applied on the tunnel’s surface as a dis-
tributed load, and is driven from p0 to zero. This can 
be done only in the hydrostatic case (K0 = 1). In the 
general case, excavation and unloading can be auto-
matically handled in Z_Soil with the help of an exis-
tence and an unloading function, associated with 
elements which are situated in the tunnel’s exca-

vated area. A new computation has been performed, 
introducing an existence and an unloading function, 
setting γ = 27 kN/m3 in the domain instead of γ = 0, 
and σv = p0 – 50 m * 27 kN/m3 = 20’250 kPa at the 
top of the mesh. σh varries linearly between 20’250 
kPa and 21’600 kPa. Table 1 compares the radial 
displacements with the analytical solution for both 
examples. The agreement is very good, as it may be 
seen. 

 
  Radial displacement [mm] 

p [MPa] Theory FE with driven p FE with exist. func. 
21.600 0.0 0.0 0.0 
20.520 0.3 0.3 0.3 
19.440 0.7 0.7 0.7 
18.360 1.0 1.0 1.0 
17.280 1.4 1.4 1.3 
16.200 1.7 1.7 1.7 
15.120 2.0 2.0 2.0 
14.040 2.4 2.4 2.4 
12.960 2.7 2.7 2.7 
11.880 3.0 3.0 3.0 
10.800 3.4 3.4 3.4 
9.720 3.7 3.7 3.7 
8.640 4.2 4.2 4.2 
7.560 4.9 4.9 4.9 
6.480 5.8 5.8 5.7 
5.400 7.1 7.1 7.0 
4.320 9.0 9.0 8.9 
3.240 12.0 12.0 11.9 
2.160 17.1 17.2 17.2 
1.080 27.8 28.3 28.3 
0.864 31.4 32.1 32.1 
0.648 36.0 36.9 36.9 
0.432 41.9 43.1 43.0 
0.216 49.9 51.7 51.4 
0.000 61.2 63.9 63.6 

 
Table 1. Radial displacements. 
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