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ABSTRACT: As part of an ongoing study on the mechanical characteristics of the damaged rock zone (DRZ) around a 
tunnel boundary and its influence on the overall behaviour of the near-field host rock, a numerical study was conducted to 
investigate the dominant rock mass failure mechanisms around shallow tunnels located in a body of brittle rock mass. 
Preliminary studies have clearly indicated that, the rock mass behaviour was largely dictated by the different yield 
mechanisms involved. These mechanisms appear to be multifarious due to the complex state of the induced stresses around 
the tunnel boundary at shallow depth. Some of these yield mechanisms are often difficult to capture using the traditional 
yield criterion such as the Mohr-Coulomb. In the study reported in this paper a series of computer simulations were 
performed using typical in-situ stresses and rock mass conditions generally encountered in shallow tunnelling projects in 
Sweden. The presence of a disturbed/damaged rock zone with finite thickness was also added into the models. Due to the 
nature of the simulations the FLAC2D code was selected and used. The values for the input parameters were estimated 
using a systematic procedure. To prevent premature tensile yielding due to transient loading traction was applied during 
tunnel excavation. The results show that, the dominant yield mechanism occurring around the shallow tunnel in brittle rock 
is the one of tensile nature. Compressive mechanisms do occur but seems to be less critical to overall performance of the 
tunnel. However, they do influence the overall behaviour of the rock mass response. The results further indicated that, the 
‘true’ locality of instability could be predicted from elastic analyses, by observing if all the major principle stresses are in 
tension in that locality. The shear strain increment plots of the model in plastic mode further supported this observation. 

1 INTRODUCTION 

Rock mass failure can occur either as gravity driven fallouts 
or stress driven failures. The former is usually associated 
with shallow and surface excavations, while the latter with 
deep excavations. However, experience has shown that both 
can occur irrespective of depth, dependent on the state of 
stress and rock mass characteristics (Diederichs, 1999).  
With the Swedish rock mass conditions and the state of 
stresses both of these failure types are evident even at very 
shallow depths (0-20 m). 

In this paper, as part of an ongoing study on the 
mechanical characteristics of the damaged rock zone (DRZ) 
around a tunnel boundary and its influence on the overall 
behaviour of the near-field host rock, the stress driven 
failures are investigated for shallow depth excavations. 
Typical in-situ stresses and rock mass conditions generally 
encountered in shallow tunnelling projects in Sweden are 
used. The rock mass is generally of good quality with brittle 
rock resemblance. Earlier studies of the same scenario by 
Saiang & Nordlund (2006) and Töyrä (2006) have clearly 
indicated that, the rock mass behaviour was largely dictated 
by the different yield mechanisms involved. These 
mechanisms appear to be multifarious due to the complex 
state of the induced stresses around the tunnel boundary. 
Some of these yield mechanisms are often difficult to 
capture using the traditional yield criterion such as the 
Mohr-Coulomb. 

The results show that, the dominant yield mechanism 
occurring around the shallow tunnel in brittle rock is the one 

of tensile nature. Compressive mechanisms do occur but 
seem to be less critical to the overall performance of the 
tunnel. However, they do influence the overall behaviour of 
the rock mass response. The results further indicated that, 
the locality of instability could be predicted from simple 
elastic analysis. In particular by observing if all the major 
principle stresses are in tension in that locality. This 
observation was further supported by the shear or 
volumetric strain evaluations in the plastic analysis.  

2 BACKGROUND 

The mechanics of brittle failure near tunnel boundaries have 
been described in many rock mechanics texts (e.g. Hoek & 
Brown, 1980; Brady & Brown, 1985; Hoek et al, 1995) and 
articles (e.g. Stacey, 1981; Pelli et al, 1991; Martin et al, 
1997; Read et al, 1998; Diederichs, 2003; Hajiabdolmajid et 
al, 2003). The various failure types and the mechanisms 
involved have also been described (e.g. Martin, 1997; 
Hajiabdolmajid et al, 2003; Diederichs, 2003).  

The widely used yield criteria for rock mechanics analysis 
have been the Mohr-Coulomb (M-C) and Hoek-Brown (H-
B). The normal assumption is that both criteria can simulate 
brittle and plastic behaviours. According to these yield 
criteria the assumptions for compressive and tensile failures 
can be summarized as follows: 

 
For tensile failure to occur 
 



tσσ ≤3  and 01 ≤σ                 (1) 
 
For compressive failure to occur 
 

tσσ >3  and s11 σσ >               (2) 
 
σ1s is the peak strength of the rock mass along the failure 

curve at various stress states. The above assumptions are 
illustrated graphically in Figure 1 below in terms of the 
principle stresses: 

 

 
Figure 1. Failure assumptions according to H-B and M-C in terms 
of the principle stresses. 

Although the tensile strength of the rock mass is 
accounted for in the two criteria the primary assumption 
however is that, failure is primarily due to compressive 
mechanisms, hence the compressive strength is important. 
The compressive strength according to the two criteria is 
provided by simultaneous mobilization of cohesion (c) and 
friction (φ). However, it has been shown that under low 
confining stress conditions the yield process is governed by 
cohesion weakening and cohesion weakening – friction 
mobilisation phenomenon (e.g. Martin et al, 1997; 
Diederichs & Kaiser, 1999; Hajiabdolmajid et al, 2003). 
Under such circumstances the cohesion and tensile strength 
are considered important.  

3 MODEL SETUP 

3.1 Model Geometry 

The model was based on one of the Swedish railroad 
administration’s tunnel geometries. In this case a large 
single-track tunnel geometry was selected (see Figure 2). 
For the sake of numerical modelling the geometry has been 
slightly modified. 

 

 
Figure 2. A large single-track railway tunnel geometry used in this 
study. 

Figure 3 shows the model geometry in a FLAC2D model. 
A zone of finer grids is used near the excavation boundary 
while the outer zone comprises coarser grids. The sizes of 
the zones near the tunnel boundary are as small as 5 cm x 5 
cm. The width and height of the model are large enough to 
account for large disturbances usually observed around near 
surface excavations. 
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Figure 3. An 80 x 80 m symmetric model used in the numerical 
study. Finer grids are used near the tunnel boundary while coarser 
grids are used away from the tunnel boundary.  

3.2 Primary input parameters 

In this study we assume a rock mass that resembles the 
Swedish rock mass conditions. The Swedish rock mass is of 
an above average or good quality type, with brittle rock 
characteristics. The rock mass parameters are shown in 
Table 1. Using these parameters the elastic and plastic 
parameters of the rock mass were estimated.  
 
 
 
 
 
 

 



Table 1. Rock parameters used in deriving the rock mass strength 
parameters. 
Parameter    Value 
Intact rock compressive strength , σci       250 MPa 
Geological strength index, GSI               60 
Hoek-Brown rock constant, mi                 33 

 
The in-situ stresses used in models are those reported by 

Stephansson (1993), which are based on hydraulic 
fracturing measurements. These are: 

 
gzV ρσ =                              (3a) 

zH 04.08.2 +=σ                 (3b) 
zh 024.02.2 +=σ                 (3c) 

3.3 Input parameters for the damaged rock 

The elastic parameters required are Ed (Young’s modulus 
for damaged rock) and vd (Poissons ratio for damaged rock). 
The Poissons ratio is assumed equal to a constant value of 
0.25. Our assumption of the Young’s Modulus for the 
damaged rock with respect to the undamaged rock is 
illustrated in Figure 4. For the damaged rock the magnitude 
of the Young’s modulus is less than that of the undamaged 
rock. Because the depth of the damaged rock is small (<0.3 
m) we assumed that any variation in the value of Ed would 
be very small and therefore negligible. For most drill and 
blast excavations the average modulus of the damaged rock 
around the tunnel boundary is about 70% of that of the 
undamaged rock (e.g. Priest, 2005). On this basis the base 
case Ed  is estimated. 
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Figure 4. Assumption used for the Young’s modulus (E) around 
the tunnel boundary. Em and Ed are the Young’s modulus for 
undamaged and damaged rock mass respectively.  

3.4 Strength parameters for the damaged rock 

By using the notion of disturbance factors, D, (Hoek et al, 
2002) we estimated the strength parameters, c and φ, for the 
damaged rock mass using RocLab (Rocscience, 2005). We 
simply modified the value of D until the desired value of Ed 
is achieved then we determine the values for c and φ at that 
point. Note that, in our models we assume that the 

disturbance is in the form of damaged rock around the 
tunnel boundary. 
A summary of the input parameters for the standard model 
is shown in Table 2. The input values were estimated using 
the 2002 version of the Hoek-Brown criterion (Hoek et al, 
2002) and the systematic procedure described in Saiang and 
Nordlund (2007).  
 
Table 2. Input parameters for the standard model. 
Parameter   Value 
For undamaged rock mass: 
Young’s Modulus, E  17.8 GPa 
Poisson’s ratio, v   0.25 
Cohesive strength, c  2.6 MPa 
Friction angle, φ   67.8o

Tensile strength, σt  0.4 MPa 
For damaged rock mass: 
Young’s Modulus, Ed  12.5 GPa 
Poisson’s ratio, vd   0.25 
Cohesive strength, cd  1.4 MPa 
Friction angle, φd   64.3o

Tensile strength, σtd  0.2 MPa 
       

3.5 Model scenarios 

Several scenarios (see Table 3) were simulated in order to 
study the response of the surrounding rock mass when 
various parameters are varied. Variations in the rock mass 
mechanical properties were only applied to the DRZ, while 
for the undamaged rock they remain unchanged at Case 0 
values. Only one parameter was varied at a time while 
others were kept constant. Table 4 shows the variable 
parameter data set for the scenarios in Table 3. For case 7 
the in-situ stresses were varied according to: 

 
gzV ρσ =  (±20%) 

zH 04.08.2 +=σ  (±50%) 
zh 024.02.2 +=σ   (±50%) 

 
The standard model has a damaged rock zone, with a 

thickness of 0.3 m, around the tunnel boundary. The 
thickness conforms to the Swedish Railroad Administration 
criteria for tunnel damage control during excavation.  
 
Table 3. Model scenarios. 
Scenario Description 
Case 0: Standard model 
Case 1: No damage zone 
Case 2: Varying Young’s modulus of the DRZ 
Case 3: Varying compressive strength of the DRZ  
Case 4: Varying Tensile Strength of DRZ 
Case 5: Varying thickness of the DRZ 
Case 6: Varying overburden thickness 
Case 7: Varying in-situ stresses 
       
  
Table 4. Variable parameter data set. 
Scenario Low     Standard High 
Case 0: –           –                   – 
Case 1: –           –                   – 
Case 2: 8.5GPa    11.8 GPa       17.8 GPa 
Case 3: 8.8 MPa   12.7 MPa      26.8 MPa 
Case 4: 0 MPa      0.2 MPa       1.2 MPa 
Case 5: 0.1 m        0.3 m           1.0 m 
Case 6: 2.0 m        10.0 m         20.0 m 
 



4 RESULTS 

4.1 Failure modes and mechanisms 

4.1.1 Elastic analysis 
An elastic analysis of the stresses around tunnel boundary 
revealed two types of failure modes and their potential 
localities. These are shown in Figure 5, which is based on 
the standard model. The damaged zone boundary has been 
omitted for the sake of clarity. Region A is where tensile 
failure will occur under ‘biaxial extension’ (i.e. σ3<σt and 
σ1<0), while Region B is where tensile failure will occur 
from a compressive origin (i.e. σ3<σt and σ1>0). Both 
failure types are of tensile nature but the mechanisms 
driving them are different. This will be further discussed in 
Section 5. Compressive failure (σ3>0 and σ1>σ1s) is likely 
to occur in the roof and the toe of the tunnel. 

Calculation of the strength factors are found to be less 
than 1.0 within regions A and B, but greater than 1.0 
elsewhere. 

    

 

A

B

 
Figure 5. Regions of potential failures identified from elastic 
model. Region A is under biaxial extension (σ3<σt and σ1<0), 
while region B is tensile failure under compressive mode (σ3<σt 
and σ1>0).  

4.1.2 Plastic analysis 
In the plastic analyses only a plasticity plot is required to 
reveal the presence of failed zones. Figure 6 shows the 
plasticity plot for the standard model. Yielding covers a 
larger area than expected, which does not conform to the 
elastic observations shown in Figure 5. Furthermore, it is 
not consistent withpractical observations. A plot of the 
volumetric strain is then made, which is shown in Figure 7. 
Interestingly, the region in which volumetric strain (or 
dilation) occurred matched the region where failure through 
biaxial extension (i.e. Region A) was predicted. The depth 
of this dilated zone is about 0.20 m. This observation seems 
more realistic in practice as well. 

 

 
Figure 6. Plastic yielding resulting from input values for the 
strength parameters obtained by using the Hoek-Brown-GSI 
system. These values are shown in Table 2. 

 
Figure 7. Shear/volumetric strains resulting from input values for 
the strength parameters shown in Table 2. 

4.2 Parameter Analysis 

Parameter analyses were conducted in line with the overall 
objective of the ongoing study on the mechanical behaviour 
of the damaged rock around a tunnel boundary. By varying 
the mechanical properties of the damaged rock mass and 
other parameters (see Tables 3) we investigated their effects 
in terms of variations in the magnitudes of the induced 
stress and displacement vectors.   

4.2.1 Effects on tangential stresses 
Figure 8 shows the effects on the tangential stresses for the 
various scenarios simulated. The percentage variations are 
calculated as maximum variations from the standard case 
scenario or Case 0. Observations were made at two 
locations around the tunnel boundary denoted A and B (see 
Figure 8). Point A is located on the tunnel boundary while 
Point B is located on the boundary between the damaged 
and undamaged rock. Observations at these two points were 
necessary in order to analyse the effect of the damaged rock 
with variations in its mechanical properties. 

The tangential stresses are affected most by variations in 
the in-situ stresses compared to the other parameters tested. 



In terms of the inherent mechanical properties of the rock 
mass, the Young’s modulus when varied has notable effect 
on the tangential stresses. The thickness of the DRZ is 
significant in pushing high tangential stresses away from the 
tunnel boundary. 
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Figure 8.  Percentage variation in the tangential stresses at two 
points (A and B) in the tunnel roof for the scenarios simulated. 

The stress analyses also revealed a phenomenon that was 
dependent on the overburden. This is shown in Figure 9. 
The overburden was increased up to 500 m in order get a 
clear picture of this phenomenon. At depths less than 10 m 
the stresses are quite high since the body of rock above the 
tunnel behaves like a ‘cantilever beam´. At depths greater 
than 10 m, it behaves like a normal rock mass. 
Coincidently, the 10 m overburden in the standard model 
appears to be the transition point. 
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Figure 9. Effect of varying overburden on the tangential stress in 
the tunnel roof. 

4.2.2 Effects on ground deformation 
The ground deformation pattern observed is shown in 
Figure 10. Large deformations occur in the tunnel wall in 
the form of room closure, while roof diverges by smaller 
magnitudes. At the surface the ground heaves directly above 
the tunnel but subsides some distance away from the tunnel 
roof.  

Figure 11 shows the maximum percentage variations in 
the wall deformation calculated against the base case 
deformations. The magnitude of the deformation is in the 
order of millimetres, with the highest value being 14 mm 
when the in-situ stresses were the maximum. 
 

    
Figure 10. Ground deformation pattern observed. The walls 
converge and the roof diverges. At the surface the ground heaves 
directly above the tunnel and subsides approximately 15 m from 
the tunnel mid-center. 
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Figure 11. Percentage variation in the tunnel wall deformation for 
the different scenarios simulated. 

5 DISCUSSIONS 

5.1 Failure mechanisms 

Two important failure mechanisms have been identified for 
the shallow tunnels investigated, codenamed Mode (I) and 



Mode (II). A third mechanism, codenamed Mode (III), is a 
minor one. The mechanisms are illustrated in Figure 12. 
Modes (I) and (II) affect the walls and the abutments, while 
Mode (III) affects the toe. The roof is affected by a 
combination of Modes (II) and (III). Of the three, Mode (I) 
is the most critical as the results have shown.  
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Figure 12. Potential failure types identified for the shallow 
excavations. Their conditions of occurrence are shown on the 
Mohr-Coulomb envelope. Modes (I) and (II) are the common 
failure modes observed, of which Mode (I) is the most critical.  
Mode (I) is mathematically identified as σ3<σt and σ1<0, while 
Mode (II) is identified as σ3<σt and σ1>0, and Mode (III) is 
identified as σ3>0 and σ1>σ1s. 

If failure occurs through biaxial extension (Mode (I)), the 
rock will deform elastically until it fails in a brittle manner. 
Plastic deformation will not occur. Under this scenario, an 
elastic analysis is sufficient for evaluating this kind of 
failure. However, for precise evaluations a strain-dependent 
yield criterion such as the ones presented by Stacey (1981) 
or Chang (2006) are desirable, or further still by the strain-
softening method described by Hajiabdolmajid et al (2002). 

One may insist on pursing plastic analyses using stress-
dependent yield criterion such as M-C or H-B. In that case 
the shear or volumetric strains appear to be the most reliable 
indicators of realistic failures. Although plastic models are 
generally thought of not being capable of capturing failures 
resulting from mechanisms such as biaxial extension 
(leading to tensile failure) it has, however, been 
demonstrated here that it can be identified through plastic 
strain assessments. One reason perhaps is that, since many 
FEM and FDM codes (including FLAC) are incapable of 
simulating material failure and fallout, the failed materials 
simply sit and expand in volume (i.e. dilation). By assessing 
the volumetric or shear strains, the failed regions can be 
identified.   

5.2 Significance of tensile strength 

It is now clear that the tensile strength of rock mass is the 
most critical parameter for the scenario simulated. Many 
authors (e.g. Diederichs, 2003; Martin et al, 1999; Peli et al, 
1991) have shown that the tensile strength can be overly 
underestimated by the Hoek-Brown criterion for a brittle 
rock mass under low confinement conditions. These same 
authors also showed that, in order to obtain strength 
parameter values that match field observations the value m 
in the Hoek-Brown criterion must be adjusted – often to 
unconventionally low values (Diederichs, 2003). Following 
this argument the value mi in Table 2 was adjusted, in order 
to obtain input values that result in observations that match 
those in the elastic model. With the help of RocLab 
(Rocscience, 2005) the value of mi was adjusted until a 
desired a tensile strength is attained then the corresponding 
values for c and φ were determined. The tensile strength 
values tested ranged between 0.4 MPa (which is the σt in 
Table 2) and 2.6 MPa (which is the c in Table 2). After 
random simulations the input values that resulted in 
observations that matched those in the elastic model were 
obtained. These are given in Table 5.  

 
Table 5. New input parameters for the standard model. 
Parameter   Value 
For undamaged rock mass: 
Young’s Modulus, E  17.8 GPa 
Poisson’s ratio, v   0.25 
Cohesive strength, c  4.4 MPa 
Friction angle, φ   51.3o

Tensile strength, σt  2.2 MPa 
For damaged rock mass: 
Young’s Modulus, Ed  12.5 GPa 
Poisson’s ratio, vd   0.25 
Cohesive strength, cd  2.4 MPa 
Friction angle, φd   47.2o

Tensile strength, σtd  1.22 MPa 
 
   Figure 13 shows the plasticity plot resulting from the 

new input values. It conforms to the observations in Figure 
5. Furthermore, the plastic zone has significantly reduced, 
to roughly coincide with the region of volumetric straining. 
Figure 12 shows the shear strain plot resulting from the new 
input values. The dilated zone has increased but appears to 
be restricted within the DRZ.      

 

  
Figure 13. Plastic yielding resulting from the new input values 
shown in Table 5.  



 
Figure 14. Shear or volumetric strains resulting from new input 
values shown in Table 5. 

5.3 Effect of damaged rock zone on failure mechanism 

Apparently the models seem to show that the damaged rock 
zone had no effect on the failure mode. This was evident 
from the fact that, both of the models, with and without the 
damaged rock zone, yielded the same results. One reason 
could be that the main failure mode is purely of extensional 
type (Mode (I)), which is dependent entirely on the tensile 
strength of rock mass. Compressive strengths for both rock 
zones were much higher than the maximum principle stress. 

On the other hand, the presence of the damaged rock zone 
seems to restrict the expansion of the dilated zone. As seen 
in Figure 14 it is more or less confined within the DRZ. In 
the base case the depth of the dilated zone was 0.2 m, which 
is 0.1 m less than the thickness of the damaged rock zone 
(see Figure 7). 

5.4 Parameter analysis 

Of the parameters tested the variation in the in-situ stresses 
affected both the tangential stresses and displacement 
vectors the most (see Figure 8 and 11). The Young’s 
modulus, as an inherent mechanical property of the rock 
mass, also affected the tangential stresses and displacement 
vectors quite significantly when varied.  

Our classification of the sensitivity of the parameters 
tested is shown in Table 6.  There is no specific criterion for 
this classification. It is purely based on how much the 
magnitudes of tangential stresses and displacement vectors 
vary from the base case observations. The magnitudes of the 
variation are important in this case. For example, the 
magnitude of the displacement vectors is in the order of 
millimeters, which in practical cases will most likely be 
considered negligible.   
  
Table 6. Classification of parameter sensitivity  
Parameter        Sensitivity 
    Tangential stress      displacement  
Young’s Modulus    High3            High 
Compressive Strength   Low1            Low 
Tensile Strength    Low            Low 
Thickness of DRZ   Moderate2           Low 
Overburden thickness   High            Moderate 
In-situ stresses    High                         High 
1 <10% variation 
2 10-20% variation  
3 >20% variation 

5.5 Consistency of the observation to practical 
observations 

Töyrä (2006) modelled three cross-sections of the Arlanda 
railway (double-track) shuttle station near the city of 
Stockholm using similar in-situ parameters used in this 
paper. These cross-sections are shown in Figure 15 with 
both the designed and final geometries outlined. Töyrä 
observed that tensile failures were largely occurring in the 
walls and abutments. The final geometries of cross-sections 
in Figure 15 also confirmed his observations.  

The results from our models appear also to be consistent 
with the above observations; in particular the volumetric 
strain plots. The plasticity indicators in Figures 13 and 14, 
which resulted from the input values in Table 5 appear to 
conform well to the observations in Figure 15, although in 
our models we used a single-track tunnel geometry.   
 

 Figure 15. Designed and final geometries of cross-sections, 
39/289, 39/317 and 39/324 of the Arlanda Shuttle Station (Töyrä, 
2006) 
 

 
6 CONCLUSION 

• Three principle failure mechanisms have been 
identified: (i) tensile failure due to biaxial extension, 
(ii) tensile failure from a compressive origin or often 
referred to as axial splitting  (iii) shear failure from 
compressive origin.  

• Of the three identified failure mechanisms the critical 
one was the biaxial extension (i.e. when σ3<σt and 
σ1<0). Under this condition the tensile strength of the 
rock mass is the most critical parameter. Assuming 
Mohr-Coulomb or Hoek-Brown criterion appeared to 
significantly underestimate the tensile strength of the 
rock mass. 

• The development of volumetric strains around the 
tunnel in the plastic model was seen to be a reliable 
indicator of failure localities. 

• An elastic model was sufficient to indicate potential 
failure zones. This was be done by evaluating the 
state of the principle stresses in the elastic model. 

• Plastic model using the Mohr-Coulomb resulted in 
plastic yielding which was not realistic. The 
simulated results improved dramatically when the 
tensile strength was adjusted. 



• According to the results of the models in this paper 
the damaged rock zone apparently does not affect the 
failure mechanisms. However, it does appear to limit 
the expansion of the dilation zone. 
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