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Abstract  

The paper presents the results of 3D finite element analyses of the near-face region in 
unsupported tunnels excavated in elasto-plastic ground following the Mohr-Coulomb 
failure criterion. Face extrusion and ultimate face stability are investigated in 
parametric analyses varying the excavation depth, strength parameters and ground 
stiffness, tunnel diameter and geostatic stress ratio (K). The results are compared with 
an analytical methodology that predicts tunnel face stability using silo-theory. The 
results of the parametric analyses are used to produce normalised graphs and 
empirical formulae for the prediction of face stability and face extrusion in tunnels 
without face reinforcement or retaining pressure and can be used for a preliminary 
estimation of tunnelling conditions in the vicinity of the excavation face. The graphs 
are plotted against a new proposed tunnel factor that is believed to describe the 
stability and deformability of the excavation face in shallow depths. 
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1 INTRODUCTION 

The stability of the tunnel face is a critical issue for successful tunnel construction. 
Numerous researches and available experience from the construction under difficult 
geotechnical conditions have pointed out the importance of the deformation of the 
advance core [4] and have tried to approach the issue of face stability via FE analyses 
from the early years of personal computers [6]. In shallow tunnels, not only stability 
but also deformation of the face plays a decisive role, as it is strongly connected with 
subsidence of the ground surface and damage to existent structures. The estimation of 
deformation in the near-face region requires 3D analyses that, although much more 
time-consuming than 2D analyses, are constantly becoming more accessible to 
engineers due to the rapid increase of the computing power of personal computers. 

2 3D FINITE ELEMENT ANALYSES  

2.1 Scope of the analysis and examined parameters 

A large number of three dimensional finite element analyses was performed, using 
models of a circular lined tunnel excavated in various depths below ground surface. 
Excavation and support application was simulated with three dimensional total stress 
analyses using the finite element program ABAQUS. As a support system for the 
tunnel, a 20 cm thick shotcrete layer, placed 1m behind the tunnel face was used. 
Since the purpose of the analyses was the stability of the face only, the lining was 
simulated using 4-node shell elements, whereas the material was assumed to be 
linearly elastic in all the analyses. 

Table 1: Range of analysed parameters 

Parameter Range of values Number of values 

Tunnel Diameter, D (m) 7-10 2 

Tunnel Depth to Tunnel Diameter, H/D 1-10 6 

Geostatic Stress Ratio, K 0.5-1 2 

Friction Angle, phi (°) 20-35 4 

Dilation Angle, d (°) 3-6 4 

Cohesion, c (kPa) 10-90 Varying with depth and phi 
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The ground was assumed to be elasto-plastic, according to the Mohr-Coulomb yield 
criterion. A comprehensive parametric analysis, corresponding to a variety of soil 
materials, was performed as shown in Table 1, whereas unit weight γ of the soil was 
21kN/m3 in all the analyses. 

2.2 Results 

Considering face extrusion (i.e., horizontal displacement at the centre of the tunnel 
face) as the characteristic parameter for face stability, a dimensionless expression was 
plotted against the ratio of the uniaxial compressive strength σc to the in situ vertical 
stress γH. The strength σc was specified from the parameters c and φ, as σc=2·c·√Nφ, 
where Nφ=tan2(45°+phi/2).  
The dimensionless expression of face extrusion is defined as Ωf=(Uh·E)/(D·P0), where 
Uh is the horizontal displacement at the centre of the face, E the deformation modulus 
and P0 the mean geostatic stress at the tunnel level, P0=γH·(1+K)/2. This formula has 
been used in [5] and aims to normalize various factors that affect the magnitude of the 
extrusion (soil stiffness, horizontal in situ stress), but do not affect the overall stability 
of the tunnel face. 
Figure 1 illustrates the variation of face extrusion and shows that the ratio σc/γH is not 
representative of the deformation and therefore of the face stability in shallow tunnels, 
since extrusion corresponding to similar σc/γH values but different H/D ratios can be 
very different (extrusion for similar σc/γH increases, as H/D decreases). This applies 
only to shallow tunnels, since the deformation results concerning tunnels with H/D≥5, 
seem to be well described by the ratio σc/γH. 
Two main areas are recognised in this figure for each tunnel depth. The first is the 
almost horizontal scatter of the results for large values of σc/γH. In this area, the 
extrusion is mainly affected by the deformation modulus, Ωf does not change 
significantly with strength and the face is stable. In the second area, a small decrease 
in strength results in a great increase of Ωf. The extrusion is mainly affected by the 
strength, as the extent of plasticisation in front of and above the tunnel increases and 
the face is considered unstable. Deformations resulting from continuous medium 
analyses, given the discontinuous nature of geomaterials, may not be realistic and 
practically correspond to tunnel collapse. 
As depth increases, the distinction between the above areas becomes less clear. For 
depths of 5D or greater the distinction is not possible. In addition the slope of the 
results in the second area (failure area) increases significantly, as H/D decreases. 
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The influence of friction angle on face extrusion is greater than that of cohesion. As 
depth increases, results concerning different friction angles diverge significantly. 
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Figure 1: Extrusion results plotted against σc/γH ratio for various tunnel depths 

The above observations made it clear that a new factor has to be expressed that better 
predicts the deformation and face stability in shallow tunnels. Failure in shallow 
tunnels is mainly a result of the limited arching above the face, due to the upper 
bound that the ground surface imposes to stress redistribution when plasticisation 
begins. The magnitude of the in-situ stress is not as important as the strength of the 
material and the tunnel diameter, and this is also confirmed by previous studies [3]. In 
deep tunnels, where the channeling of stresses is possible, failure is a result of large 
deformations due to excessive stresses and failure only rarely reaches the ground 
surface.  
Therefore, the ratio σc/γH was multiplied by (a) (H/D)a, to account for the influence of 
tunnel depth, and (b) √Nφ, to account for the greater influence of friction angle. 
The value of the exponent a that better suited the available results was 0.85. Hence, 
the new proposed factor of face stability (FFS) has the following expression: 

FFS=(2·c·Nφ)/(γ·H0.15·D0.85) (1) 

The extrusion results for H/D≤3, plotted against the new factor FFS, are illustrated in 
Figure 2. It is obvious that the correlation is satisfactory and that values of FFS less 
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than 0.5 correspond to unstable tunnel face, independently of the H/D value. The 
equation that best fits the results is the following: 

Ωf=10900·exp(-19·FFS)+2 (2) 
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Figure 2: Extrusion results plotted against FFS for shallow tunnels (H/D≤3) 

2.3 Analytical solution of face stability  

The analytical method proposed by Anagnostou and Kovari in [1], [2] is widely used 
to predict tunnel face stability and to estimate the pressure that has to be applied on 
the tunnel face to provide a desirable factor of safety. According to the methodology 
the failure mechanism consists of a wedge and a prismatic body. The factor of safety 
is given as FS=Stability forces/Slip forces along the wedge’s sliding surface.  
The results provided by this method were compared with the FE analyses results, 
aiming to (a) check the compatibility of the methods and the use of face extrusion as a 
characteristic amplitude for tunnel face stability, (b) determine a limit tunnel depth, 
beyond which the silo theory may not give satisfactory results and (c) check the 
correlation between the new proposed factor of face stability (FFS) and the factor of 
safety provided by the analytical method. 
To do this, the analytical method was applied for various tunnel depths and shear 
strength parameters of the ground. The factor of safety, using the expression 1/(FS-1), 
is plotted against σc/γH ratio for different tunnel depths in the Figure 3. This 
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expression for the factor of safety was chosen to schematically show the limit state of 
face stability, since for a factor of safety approaching unity the expression 1/(FS-1) 
tends to infinite. 
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Figure 3: Factor of safety plotted against σc/γH ratio for various tunnel depths 

The above figure shows that tunnel face stability in terms of σc/γH ratio is more 
unfavourable as H/D decreases. For example, for H/D=1 the factor of safety tends to 
unity, that is 1/(FS-1)→∞, when σc/γH ratio approaches 0.3, whereas for H/D=3 the 
limit σc/γH ratio is around 0.1. For shallow tunnels (H/D≤3) the range of σc/γH ratio 
that corresponds to FS≈1 for each tunnel depth is the same with the range of σc/γH 
ratio that distinguishes the stable from the unstable area in Figure 3, that shows the FE 
analyses results. For deep tunnels (H/D≥5), according to the analytical methodology, 
the limit σc/γH ratio keeps decreasing as depth increases, which is clearly not shown 
in the FE results. In addition, the methodology is not believed to be conservative, as it 
gives FS>1 for tunnelling cases with very low σc/γH ratios. The extrusion predicted 
for the same cases from the FE analyses was rather significant and probably 
corresponds to an unstable tunnel face. 
To check the correlation of the new proposed factor of face stability (FFS) and the 
results of the methodology, FFS was plotted against 1/(FS-1) for H/D≤3 and is shown 
in Figure 4. It is obvious that as FFS approaches 0.5, 1/(FS-1) approaches infinite, 
meaning that FS approaches unity. 
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Figure 4: Factor of safety plotted against FFS for shallow tunnels (H/D≤3) 

3 CONCLUSIONS 

A series of three-dimensional FE analyses of shallow and deep tunnels without face 
support was performed. Normalised face extrusion Ωf was plotted against σc/γH ratio 
to show the negative effect that limited ground arching potential has on face stability 
and the inadequacy of this ratio to describe the deformation of the face for shallow 
tunnels. A new factor FFS is proposed for shallow tunnels, to account for the increased 
significance of friction angle and the limited effect of in-situ stress on tunnel face 
stability, and a relationship is given that relates FFS to Ωf. FE analyses were compared 
with an analytical method that estimates the safety factor of the face based on the silo 
theory. The results of the analyses were found to be in good agreement with the 
predictions of the analytical methodology for shallow tunnels (H/D≤3), whereas for 
deeper tunnels and especially for depths H>5D, where face failure is mainly caused 
by high stresses and excessive displacements, the silo theory may not be applicable. 
Finally, it can be concluded that face extrusion can be used as indicative of the 
stability of the face when FE analyses are performed. Great attention has to be paid in 
the fact that the failure mechanism significantly differs in deep tunnels compared to 
shallow tunnels, as indicated in Figure 5. Since no analytical methodology 
distinguishes these two cases, 3D analyses can be a successful tool for effective 
tunnel design, as their computational cost becomes lower. 
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Figure 5: Total displacements contours of unstable faces, indicative of the failure mechanism, 
from the performed FE analyses  
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