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A B S T R A C T   

The evaluation of the depth of brittle failure around excavations is of major importance in order to optimize the 
design of underground excavations and ensure the safety of workers and equipment. The current proposed ap
proaches to evaluate it are related to a single scale of study (intact rock or rock mass scale). Therefore, they are 
scale-dependent, and cannot be applied for all excavation diameter. In this paper, a generalized failure criterion 
including the scale effect for predicting stress-induced overbreak around excavations is developed. This failure 
criterion is based on the damage initiation relation (σ1 ¼ Aσ3 þ Bσc). The scale effect is included into it through a 
relation proposed to evaluate the B parameter and depending on the scale of study. The fit parameters of the 
relation proposed have been defined considering a database at both rock mass and intact rock scales arising from 
a literature review. For intact rock scale, the B parameter is defined as a function of the diameter of the exca
vation, expressed following a potential form. For rock mass scale, the B parameter is defined equal to 0.35, 
regardless the diameter of the excavation. Based on the proposed B parameter relation, the depth and extension 
of the brittle failure around excavations can be evaluated for any scale of study.   

1. Introduction 

The scale effect is a significant characteristic in brittle and quasi- 
brittle media such as rock.1 Many authors2–12 have studied the scale 
effect with regards to the uniaxial compressive test in different rock 
types. Moreover, various failure criteria13–21 have been proposed 
following investigations of the mechanical behaviour of intact rock. 
Some of these criteria are extensions of those developed for soils, which 
do not incorporate the scale effect. One of the most widely used failure 
criterion is the one proposed by Hoek and Brown.22 The scale effect has 
been incorporated into it by assigning a scale effect dependence to the 
uniaxial compressive strength term, which appears in its definition. 
However, there was no clear analytical justification for this approach to 
incorporate the scale effect.1 Recently, Masoumi et al.1 proposed to 
incorporate the scale effect into a multiaxial failure criterion for intact 
rock by extending the simple two-parameter multiaxial failure criterion 
proposed by Christensen.2 This failure criterion allows the scale effect to 
be included for a more realistic estimation of rock strength with various 
scales. In this paper, the scale effect is incorporated into a failure cri
terion for predicting stress-induced overbreak around excavations. 

The failure of underground openings in hard rocks depends on the 

stress state and the fracturing network. Deep mining and tunnelling 
share the challenge of dealing with intermediate to high both in-situ and 
induced stresses. These particular stresses conditions, combined to 
massive blocky rock mass conditions, lead to the initiation of brittle 
failure surrounding the excavation.23 The brittle failure can, in partic
ular, lead to stress-induced overbreak. The evaluation of the depth and 
the extent of the failure is of major importance in order to optimize the 
design of underground excavations and ensure the safety of workers and 
equipment24,.25 

To estimate the depth of the brittle failure, Martin et al.26 have used a 
collection of available tunnel data, compiled by Kaiser et al.27 They 
showed that a relationship exists between the depth of failure occurring 
around an excavation beyond a circumscribed circular profile and the 
maximum induced tangential stress (σmax) normalized with respect to 
the laboratory uniaxial compressive strength (σc). This empirical 
approach has since been repeated and confirmed by other studies on 
tunnel stability in highly stressed ground combined to massive-to-blocky 
rock mass conditions24,28,.29 

Zoback et al.30 have studied the depth and the extent of the failure 
considering a cylindrical hole of 30 cm in a thick, homogeneous, 
isotropic elastic material. They have evaluated the total minor and 
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major stresses using the Kirsch equations.31 Then, they have developed 
equations to evaluate the depth and the extent of the failure, considering 
the Mohr Coulomb criterion. These equations are controlled by the 
friction coefficient, the ratio of the distance from the centre of the well to 
the initial diameter and the extension angle of the failure. This approach 
has been validated by comparing the results obtained with measured 
breakout from the well in Auburn, New York. It must be noted that the 
Mohr Coulomb criterion used in this approach, assumes that the failure 
occurs on a shear plane experiencing the maximum shear stress. This 
assumption is typically not valid for brittle, intact rock, in particular 
when the confining stress is low.32 

Martin33 has studied the effect of size and stress gradients on the 
breakout strength around boreholes, considering previous works34–38 

The physical models proposed revealed that a scale effect is strongly 
evident at the intact rock scale. When the borehole is at least 75 mm in 
diameter, the apparent scale effect is absent or significantly reduced. 
This scale effect increases with decreasing diameter of the borehole. For 
borehole diameters of less than 15 mm, the tangential stress required to 
initiate breakouts is greater than 2σc. 

From the literature review, it is highlighted that the induced-stress 
failure around excavations has been widely investigated. However, the 
proposed approaches only focused on tunnels or boreholes cases, and 
they are scale-dependent. At intact rock scale, a scale effect is high
lighted, which is not the case at the rock mass scale. In this paper, a new 
approach is proposed to incorporate the scale effect into a failure cri
terion for predicting the stress-induced overbreak around excavations. 
This failure criterion can be used for any scale of study. The influence of 
the scale effect is evaluated on both: (1) the depth of failure and (2) the 
extent of the failure. To do so, the Kirsch equations31 are used to eval
uate the stress state surrounding the excavation. The damage initiation 
relation is considered as the failure criterion. This relation is approxi
mated by a linear function, related to the total major and minor principal 
stresses (σ1 and σ3), the laboratory uniaxial compressive strength and 
two parameters, A and B26,33,.39 The B parameter, associated to rock 
strength, is modified. Then, its influence on the depth and the extent of 
the failure is evaluated. Moreover, the value of the B parameter corre
sponding to the empirical database considered by Martin et al.26 is 
evaluated. Based on this analysis, a relation of the B parameter is pro
posed. This relation is based on the published forms proposed to scale 
the uniaxial compressive strength. 

2. Background 

The method proposed by Martin et al.26 to predict the depth of failure 
is first presented. Then, the damage initiation relation in hard rock and 
the Kirsch equations are introduced. These two concepts will be com
bined to evaluate the failure criterion for predicting the brittle failure 
around excavation and the extension of the failure. Finally, the scale 
effect in uniaxial compressive strength is presented. 

2.1. Depth of stress-induced failure 

Martin et al.26 considered that the failure zone formed around an 
underground opening is in function of the geometry of the opening, the 
far-field stresses and the strength of the rock mass. To estimate the depth 
of failure Rf, they proposed an empirical relation based on the consid
eration of these parameters. A review of available literature40–46 iden
tified twenty three cases where the depth of failure and the diameter of 
each tunnel have been measured (reported in Ref. 26). These case his
tories also provided a description of the rock type, the laboratory uni
axial compressive strength σc, and the in-situ stress state. 

In Fig. 1, the depth of failure (Rf) is normalized to the tunnel diam
eter a, while the maximum tangential stress (σmax) is normalized to the 
laboratory uniaxial compressive strength (σc). The measured depths of 
failure given by literature are presented on this Figure. 

Fig. 1 implies that the initiation of a stress-induced failure occurs 

when the ratio σmax/σc exceeds 0.4. In other words, the stress-induced 
failure process begins at stress levels well below the rock’s unconfined 
compressive strength. When this condition occurs, the depth of stress- 
induced brittle failure around a tunnel in a massive to moderately 
fractured rock can be approximated by a linear relationship given as 
(Equation (1)): 

Rf
�

a¼ 0:49ð�0:1Þ þ 1:25 ðσmax = σcÞ (1)  

2.2. Damage initiation relation in hard rock 

Different authors23,26,33,39,47,48 have demonstrated that the damage 
initiation relation in hard rock is evaluated by the generic relation: 

σ1¼Aσ3 þ Bσc (2)  

where σ1 and σ3 are the total major and minor principal stresses, σc is the 
laboratory uniaxial compressive strength, A is a parameter, varying 
between 1.0 and 1.6 and is related to friction and B is a parameter, 
varying between 0.3 and 0.5 for most non-foliated rocks.47 

The ranges of the A and B parameters of Equation (2) lead to evaluate 
the upper (peak) and lower (damage) limits of the failure envelopes in 
hard rock. 

2.3. Stresses around a circular excavation 

In rock mechanics and rock engineering, the Kirsch equations31 are 
widely used to determine the stresses and displacements around a cir
cular excavation in a polar coordinate system. They are applicable for 
homogeneous, isotropic, continuous and linearly elastic material. The 
Kirsch equations are expressed as follows49: 

σr ¼
P1 þ P2
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τrθ ¼ �
P1 � P2

2

�

1þ
2a2

r2 �
3a4

r4

�

sin 2θ (5)  

where P1 and P2 are the in-situ major and minor stresses, respectively, σr , 
σθand τrθ are the radial, tangential and shear stresses around the exca
vation, a is the diameter of the excavation, r is the distance from the 
centre of excavation and θ is the azimuth measured from the direction of 
P1. 

Fig. 2 presents the different parameters used in the Kirsch equations. 

Fig. 1. Predicted depth of failure using measured depths of failure given by 
Martin et al.26 Rf is the depth of failure and a is the diameter of the tunnel. 
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The total major and minor principal stresses, σ1 and σ3, are evaluated 
following Equations (6) and (7), respectively. 

σ1¼
σr þ σθ

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�σr � σθ

2

�2
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(6)  

σ3¼
σr þ σθ

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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2

�2
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r

(7)  

2.4. Scale effect in uniaxial compressive strength 

The influence of sample size upon rock strength has been widely 
discussed in literature4,12,22,.50–53 It is generally assumed that there is a 
significant reduction in strength with increasing sample size. 

Hoek and Brown12 compiled laboratory test results from samples 
presenting diameters ranging from 10 mm to 200 mm. They have sug
gested that the uniaxial compressive strength σc of a rock specimen with 
a diameter of d mm is related to the uniaxial compressive strength σc50 of 
a 50 mm diameter sample (standard-size specimen) following a poten
tial form (Equation (8)). 

σc¼ σc50

�
d
50

�� k

(8)  

where k is an exponent variable equal to 0.18. 
Different authors54,55 investigated the effect of scale on the uniaxial 

compressive strength for samples tests of diameters ranging from 33 mm 
to 914 mm. The results from these analyses suggested that Equation (8) 
could also be used to model the observed scale effect. Yoshinaka et al.4 

summarized a research list10,11,54,56–58 on the scale effect of strength for 
strong rocks. They highlighted that the exponent k of Equation (8) 
ranges from about 0.1 to 0.3 for homogeneous hard rock, and from 0.3 to 
0.9 for weathered and/or extensively micro-flawed rock. 

Martin et al.59 observed that the Hoek and Brown relation (Equation 
(8)) significantly under-predicts the strength for normalized diameters 
(d/50 mm) greater than 3, where the data shows no scale effect (see 
Fig. 3). They proposed another fit to the normalized data, following an 
exponential form: 

σc¼C þ

0

B
@

E

exp
�
ðd=50Þ

F

�

1

C
A (9)  

where C ¼ 0.8, E ¼ 0.4 and F ¼ 1.21. Equation (9) illustrates that the 
reduction in σc due to the scale effect is limited to 0.8 of the represen
tative laboratory σc determined for the intact material.59 The value 0.8 is 
also consistent with the original data from Hoek and Brown.12 

The relations proposed by Hoek and Brown, and by Martin et al. are 
presented in Fig. 3. 

3. Incorporating the scale effect into a failure criterion 

The scale effect is incorporated in a failure criterion through the B 
parameter of the damage initiation relation (σ1 ¼ Aσ3 þ Bσc). In the 
analysis presented in this paper, the B parameter is modified, and its 
influence in term of the study scale and rock characteristic is investi
gated. For each value of the B parameter, the depth and extent of failure 
is established. Moreover, the best fit of the linear relation proposed by 
Martin et al.26 is estimated. This last step leads to evaluate which value 
of the B parameter is consistent with the historical tunnels database. 

To do so, a virtual database is created using the Excel software and its 
solver tool. Different parameters are defined as fixed components of the 
database: a, the diameter of the excavation, is taken equal to 1.8 m; ρ, 
the density of the underground, is taken equal to 2700 kg m� 3 and σc, 
the laboratory uniaxial compressive strength, is taken equal to 100 Mpa. 

Then, two of the database parameters will vary to ensure different in- 
situ stress conditions of the excavations: K, the ratio of the average 
horizontal-to-vertical stresses, varies between 1 and 2.1 and z, the depth 
of the tunnels, varies between 500 and 1500 m. 

Based on these parameters, the in-situ major and minor principal 
stresses are calculated. The horizontal stressσh (σh ¼ Kσv) is defined as 
the major in-situ principal stress. The vertical stressσv (σv ¼

ρgz ​ where ​ g ​ is ​ the ​ gravity) is defined as the minor in-situ principal 
stress. Then, the maximum tangential boundary stress σmax (σmax ¼

​ 3σh � σv) is evaluated. Considering the Kirsch equations, the radial, 
tangential and shear stresses, σr (Equation (3)), σθ (Equation (4)) andτrθ 

(Equation (5), respectively, are calculated. Next, the major and minor 
principal stresses, σ1 and σ3, are evaluated. The rock strengthσr

1, defined 
by the damage initiation relation in hard rock (Equation (2)) is evalu
ated. Then, σr

1 is compared to σ1 through the safety factor σr
1=σ1. 

The methodologies followed to evaluate the depth and the extent of 
failure are presented in the following parts. 

3.1. Evaluation of the depth of failure 

The angle θ, measured from the horizontal axis, is set to 90�. This 
angle represents the roof of the excavation. Thus, only the radial σr and 
tangential σθ stresses are calculated from Equations (3) and (4). The 
ratio Rf/a and therefore, the state of stresses σ1 and σ3, are modified 

Fig. 2. Stresses around a circular excavation in an isotropic, linearly elastic, 
homogeneous continuum. 

Fig. 3. Influence of specimen size on the strength of intact rock considering the 
relationships of Hoek and Brown12 and Martin et al.59 
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using an iterative process on the Excel solver function, until the safety 
factor σr

1=σ1 is equal to 1. Finally, the graph σmax=σc vs. (Rf/a)model is 
plotted. It’s worth noting that (Rf/a)model corresponds to the ratio eval
uated based on this procedure. Thus, it can be different from (Rf/a)real, 
calculated using the empirical correlation depending on the historical 
data.3 

First, using this procedure, the influence of the B parameter on the 
depth of brittle failure is evaluated. To do so, different values of the B 
parameter of the damage initiation relation (Equation (2)) have been 
tested, leading to the evaluation of different failure envelopes. The B 
parameter varies between 0.1 and 1, while the A parameter is set fixed 
equal to 1 (lower value of the literature).33 For each value of the B 
parameter, the relationship between the ratios (Rf/a)model and σmax/ σc is 
evaluated. 

Then, the best fit with the measured cases considered by Martin 
et al.26 is evaluated considering the proposed procedure. To do so, the 
Residual Sum of Square RSS is calculated for different A and B combi
nations. The RSS is an indicator of performance, taking into account the 
difference between the (Rf/a)model and (Rf/a)real. It is defined as: 

RSS ¼
Xn

i¼1

��
Rf
�

a
�

model �
�
Rf
�

a
�

real

�2
(10)  

where n is the number of data on the database. 
A low RSS highlights a good performance of the model. A high RSS 

highlights a bad performance of the model. In the case of the study 
made, the smaller RSS evaluated allowed to define the best fit with the 
measured brittle failure cases around tunnels. 

3.2. Evaluation of the extent of failure 

The extent of failure φb is equal to 90�- θ, where θ is the angle of 
failure measured from the horizontal axis. Thus, φb can be evaluated by 
estimating the value of θ (see Fig. 2). 

To evaluateφb, the angle θ is first set equal to 0. During all the pro
cess, the ratio Rf/a is considered to be equal to 0. Then, θ is increased 
using an iterative process of the Excel solver function. Thereby σ1 and σ3 
(Equation (6) and (7), respectively) are modified. θ is increased until the 
factor of safety σr

1=σ1 is equal to 1. 
The extent of failure is evaluated for different values of the B 

parameter of the damage initiation relation (Equation (2)). To visualize 
the results, a plot of θ and σmax/ σc is proposed. 

4. Results 

4.1. Depth of failure 

First, the influence of the B parameter of the damage initiation 
relation is evaluated. The A parameter is fixed to 1, and the B value is 
made variable between 0.35 and 1. Fig. 4 shows the predicted depth of 
failure for different values of B. The linear relationship between Rf/a and 
σmax/ σc is described by the form y ¼ mxþn. When the value of B in
creases, the slope m of the linear relationship decreases. However, the 
ordinate value n does not change for different values of B. The correla
tion coefficient for each failure envelope is higher than 0.99. 

Then, following the methodology presented previously, the best fit 
with the measured cases compiled by Martin et al.26 is evaluated. It is 
obtained for A and B values equal to 1 and 0.35, respectively. Therefore, 
the failure envelope corresponding to the historical data is defined by: 
σ1 ¼ σ3þ 0:35σc. In this case, the RSS is equal to 0.27, which is the 
lower value evaluated, and the coefficient of determination R2 is equal 
to 0.98. The linear relationship corresponding to the failure envelope is 
given by Equation (11) (Fig. 5). 

Rf
�

a ¼ 0:54þ 1:15 ðσmax = σcÞ (11) 

This result is consistent to the relationship evaluated by Martin 

et al.26 (Equation (1)). 

4.2. Extent of the failure 

The extent of the failure;φb; is evaluated in two cases: (1) the B 
parameter is equal to 0.35 and (2) the B parameter equal to 0.8. 

Fig. 6 shows that for a B value equal to 0.35, the extent of the failure 
ranges globally between 30� and 90�. When considering a B value equal 
to 0.8, the extent of the failure are lower, and ranges globally between 
10� and 60�. To be noted that the higher values of σmax/ σc are related to 
the higher stress ratio K. Finally, for a same value of σmax/ σc, the extent 
of the failure gets higher as the stress ratio K decreases. 

5. The proposed failure criterion 

In reference to Fig. 4, the analysis of the B parameter highlights a 
rock mass quality-scale effect. The modification of the B parameter 
corresponds to the modification of the rock characteristics, related to the 
scale of study. To propose a mathematical function of the B parameter 
consistent with the rock characteristic and the scale of study, previous 
works are considered. First, the depth of failure around excavations at 
rock mass scale is investigated. Then, the scale effect at intact rock scale 
is studied. The proposed failure criterion combined these two 

Fig. 4. Comparison between the predicted depth of failure for an A value equal 
to 1, and different values of B. 

Fig. 5. Failure envelope describing the empirical correlation to predict the 
depths of failure, considering the measured data collected by Martin et al.26 
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approaches to evaluate a failure criterion consistent for any the scale of 
study. 

5.1. Rock mass scale 

Martin et al.26 studied the depth of failure occurring around exca
vations in massive-to-blocky rock mass conditions. The diameter of 
these excavations is of 8 m. Following the methodology presented in this 
paper, the best fit to the measured historical cases is obtained for a value 
of the B parameter equal to 0.35 (see Fig. 5). Steen et al.60 analysed two 
tunnels cases presenting overbreak. The two tunnels have a diameter of 
3 and 10 m. These two case studies are presented Fig. 7. In both cases, 
the value of the B parameter associated to them is equal to 0.35. Cai 
et al.61 analysed a tunnel with a diameter of 23 m. They defined that 
σ1 � σ3 ¼ ð0:31 � 0:35Þσc. These different case studies have diameters 
ranging from 3 to 23 m. For all these cases, the value of the B parameter 
is close to 0.35. 

5.2. Intact scale 

The effect of size and stress gradients on the breakout strength 
around boreholes has been examined by many researchers using various 
physical models33–38 These models highlighted that the ratio of the 
calculated tangential stress versus the unconfined compressive strength, 
σmax/σc, at which breakouts initiate depends on the borehole diameter. A 
scale effect is strongly evident at the intact rock scale for boreholes that 
are less than 75 mm in diameter (Fig. 8).33 This scale effect increases 
with decreasing diameter of the borehole. For borehole diameters of less 
than 15 mm, the tangential stress required to initiate breakouts is 
greater than 2σc. 

5.3. Definition of the proposed failure criterion 

The proposed failure criterion, incorporating the scale effect for 
predicting stress-induced overbreak around excavations, combines the 
both rock mass and intact rock scales through a relation defining the B 
parameter. As presented previously, a scale effect is strongly evident at 
the intact rock scale, for boreholes that are less than 75 mm in diameter. 
To incorporate the scale effect into the B parameter relation, both the 
potential (Equation (8)) and exponential (Equation (9)) models defined 
to scale the uniaxial compressive strength12,59 (see x2.4) are considered. 

Fig. 6. Extent of failure, φb, function of the maximum tangential stress (σmax) normalized to the laboratory uniaxial compressive strength (σc). Different values of the 
stress ratio K are taking into account. 

Fig. 7. Data of tunnels40–46 considered by Martin et al.26 and by Steen et al.,60 

compared to the predicted depth of failure for a A value equal to 1, and 
different values of B. 

Fig. 8. Ratio of the calculated tangential stress to unconfined compressive 
strength, σmax/σc, at which breakouts initiate for various borehole diameters. 
After Martin33. 
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These models are used to fit 60 boreholes and tunnels data, compiled 
from literature26,33,60,.61 The compiled data present excavation di
ameters ranging from 5 mm to 23 m. 

Fig. 9 presents the best fit to the data considering both the potential 
and exponential models. Moreover, the originals models proposed by 
Martin et al.57 and by Yoshinaka et al.4 are presented. As a reminder, 
Yoshinaka et al. described that the exponent k of the potential model 
ranges from about 0.1 to 0.3 for homogeneous hard rock, and from 0.3 to 
0.9 for weathered and/or extensively micro-flawed rock. Note that in 
Fig. 9, the diameter of the excavation is normalized to 75 mm, which is 
the limit diameter for which the scale effect is observed33 (Fig. 8). 

Fig. 9 highlights that the original exponential model proposed by 
Martin et al.57 and the one proposed by Yoshinaka et al.4 considering a 
value of the variable exponent k equal to 0.1 and 0.9 do not fit to the 
data. 

The best fit for the exponential model is evaluated by the following 
equation: 

B¼C þ

0

B
@

E

exp
�
ðd=75Þ

F

�

1

C
A (12)  

where C is equal to 0.37, E is equal to 2.03 and F is equal to 1.00. Here, 
d is the diameter of the excavation. The exponential model presents a 
coefficient of determination R2 equal to 0.91. Fig. 9 shows that the 
exponential model is consistent with a parameter B value close to 0.35 
for the highest diameter, which can be related to rock mass scale. 
However, this model assumes that the B parameter is equal to 0.37 for a 
normalized diameter higher than 4. This hypothesis implies that the rock 
is intact only until an excavation diameter equal to 300 mm; above this 
diameter, the rock is at rock mass scale. This hypothesis does not seem to 
reflect the natural variability of the fracturing around an excavation. 

The best fit for the potential model is evaluated by the following 
equation: 

B¼α
�

d
75

�� k

(13)  

where α is equal to 1.21 and k is equal to 0.26. The potential model 
presents a coefficient of determination R2 equal to 0.94, which is slightly 
better than when considering the exponential model. The potential 
model is the best fit to the data, for all excavation diameters. However, 
the potential model does not represent the constant of the B value (equal 

to 0.35) at rock mass scale (Fig. 9) properly. 
Based on the previous observation, the general form of the B 

parameter is divided into two relations. The first relation is defined at 
intact rock scale and follows a potential form. The second relation is 
defined at rock mass scale and presents a B parameter equal to 0.35. To 
evaluate the limit diameter between the intact rock scale and the rock 
mass scale, the concept of Representative Elementary Volume (REV) is 
introduced. Cundall et al.62 have studied the scale effect on rock mass 
strength, considering the REV. They made a review of the work by 
Schultz,63 suggesting that the rock mass may be considered as contin
uum when the problem scale exceeds the block size or fracture spacing 
by a factor of 10. Therefore, the intact rock scale is maintained until the 
diameter of the excavation is equal to the diameter of the Representative 
Elementary Volume (dREV), which is equal to 10 times the average 
block size. 

The general relation of the B parameter is described by the following 
Equation: 

B¼

8
><

>:

α
�

d
75

�� k

d < dREV

0:35 ð � 0:05Þ d � dREV

(14)  

where α and k are fitting parameters. The parameter α is equal to 1.18 (�
0.2) and the parameter k is equal to 0.29. The fit of the data presents a 
coefficient of determination R2 equal to 0.77. d is the diameter of the 
excavation, in mm, and dREV is the limit diameter for which the rock 
remains at intact scale. It is equal to 10 times the average block size. 

5.4. Applicability and limitations 

Equation (14) describes the general form proposed to evaluate the B 
parameter. This equation considers two fitting parameters, α and k, the 
diameter of the excavation, and the dREV, which represents the limit 
diameter for which the rock mass is considered as continuum. Yoshinaka 
et al.4 highlighted that the exponent k of the potential model ranges 
from 0.1 to 0.3 for homogeneous hard rock, and from 0.3 to 0.9 for 
weathered and/or extensively micro-flawed rock. The value of the 
exponent k in Equation (14) is equal to 0.29. Thus, it corresponds to the 
transition between the two rock types presented previously. 

In this work, the Geological Strength Index (GSI) has been considered 
to evaluate the value of the dREV. Cai et al.23 have related the block 
volume to the GSI. Thus, it is possible to evaluate an equivalent diameter 
based on the block volume for a specific value of GSI, and then evaluate 
the dREV, which is equal to 10 times the equivalent diameter. At rock 
mass scale, the B value is equal to 0:35 ð� ​ 0:05Þ (see x5.1). This value 
corresponds to a GSI of 80.ð�5Þ61 Considering the graph proposed by 
Cai et al.23 (Fig. 10-a), the equivalent diameter evaluated is equal to 500 
mm ð� ​ 200mmÞ. Therefore, the value of the dREV is equal to 5000 mm 
ð� ​ 2000 mmÞ. Fig. 10-b graphically presents the relation between the B 
parameter and the normalized diameter. The dREV is presented, as well 
as the corresponding GSI values. 

The relation proposed to evaluate the B parameter presents some 
limitations. This relation is based on the fit of data available in the 
literature. However, there are no data available for excavations pre
senting a diameter comprised between 110 mm and 3 m. These data 
could help to refine the proposed relation, in particular for this range of 
diameters. Moreover, no data is available for excavations presenting a 
diameter smaller than 5 mm. Thus, the proposed relation is not valid for 
diameters smaller than 5 mm. This has to be taken into consideration 
when evaluating the B parameter. 

6. Influence on the extent of the failure 

The study of the extent of the failure around excavations has shown 
that, when considering the rock mass scale, (B parameter equal to 0.35), 
the extent of the failure ranges between 30� and 89�. When considering 

Fig. 9. Values of the B parameter, function of the diameter of the excavation 
considering boreholes33–38 and tunnels data26,60,.61 The horizontal axis repre
sents the logarithm of the normalized diameters of the excavations. The best fit 
to the data considering potential and exponential models are presented, as well 
as the originals models13,.57 
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the intact rock scale (B parameter equal to 0.8), the extent of the failure 
is lower, and ranges between 10� and 60�. Zoback et al.30 studied the 
breakout initiation for a borehole considering the Kirsch Equations and 
the Mohr Coulomb criterion. They present theoretical values of failure 
extents ranging from 10� to 50�. Moreover, the measured breakout from 
the well in Auburn, New York present failure extents ranging from 15� to 
22�. These results are similar to the one presented in this paper. 

7. Concluding remarks 

A generalized failure criterion including the scale effect for pre
dicting stress-induced overbreak around excavations has been devel
oped. It is based on the damage initiation relation (σ1 ¼ Aσ3 þ Bσc), and 
proposes a relation to evaluate the B parameter, which depends of the 
scale of study. The fit parameters of the relation proposed have been 
defined considering a database at both rock mass and intact rock scales, 
coming from a literature review. For the intact rock scale, it is defined as 
a function of the diameter of the excavation, expressed by the potential 
form proposed to scale the uniaxial compressive strength.12 For the rock 
mass scale, the B parameter is considered equal to 0.35, regardless the 
diameter of the excavation. To define the limit diameter between both 
the intact rock and rock mass scale, the Representative Elementary 
Volume (REV) is introduced. The potential form used to evaluate the B 
parameter is considered until the diameter of the excavation is equal to 
the diameter of the Representative Elementary Volume (dREV), which is 
equal to 10 times the average block size. The value of the exponent of the 
potential model is equal to 0.29, which reflects a rock type in transition 
between an homogeneous hard rock and an extensively micro-flawed 
rock.4 

Based on the relation developed, the depth and extent of the brittle 
failure around excavations can be evaluated for any scale of study. The 
analysis made on the depth of failure highlighted that, at rock mass 
scale, the initiation of stress-induced failure occurs when the ratio of the 
maximum tangential stress normalized to the laboratory uniaxial 
compressive strength, σmax/σc, exceeds 0.4. In other words, the stress- 
induced failure process begins at stress levels well below the rock’s 
unconfined compressive strength. At intact rock scale, the initiation of 

stress-induced failure occurs for higher value of the ratio σmax/σc than at 
rock mass scale. For diameters of less than 15 mm, the tangential stress 
required to initiate breakouts is greater than 2σc. Moreover, the analysis 
indicates that the ratio of the depth of failure versus the radius of the 
excavation is higher at rock mass scale than at intact rock scale. 

The analysis made on the failure’s extent shows that the width of the 
brittle failure is higher at rock mass scale than at intact rock scale. It also 
highlights that the extent of the failure gets higher as the stress ratio K 
decreases. 

It should be noted that the proposed relation is based on the fit of 
data available in the literature. Nevertheless, no data are available for 
excavations presenting a diameter between 110 mm and 3 m. These data 
could help to refine the proposed relation. Moreover, no data is available 
for excavation presenting a diameter smaller than 5 mm. Thus, the 
proposed relation is not valid for diameters smaller than 5 mm. 
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