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Abstract 

Blast-induced damage is an important concern to construction of underground excavations. 
These concerns relate mainly to the after-blast effects on stability, water inflow, safety and 
costs. Such concerns have led to introduction of guidelines to regulate the extent of tolerable 
damage due to blasting. However, a true definition for blast-induced damage still remains 
vague, since the parameters used in measuring damage seldom relate to the stability parameters 
of the damaged rock. To assist in the better understanding of the effects of blast-induced damage 
a survey was conducted by the authors in late 2005 to obtain the views of practitioners (clients 
and contractors) involved in underground rock excavations. This paper presents firstly, a 
condensed summary of the responses from the survey. Secondly, results from the numerical 
assessment of the effects of the blast-induced damaged rock with respect to deformation and 
stability parameters are presented. Inputs based on typical Swedish rock mass conditions were 
used in the modelling, while the modelling assumptions were based on blast-induced damage 
observations from SveBeFo field study reports.  

Sammanfattning 

Sprängskador är viktigt att beakta vid byggandet av underjordskonstruktioner. Effekterna av 
sprängskadorna har huvudsakligen betydelse för stabiliteten, säkerheten, vatteninflödet och 
kostnaderna. Därför har riktlinjer för tolererbar omfattning på sprängskador införts. Men, 
definitionen av sprängskada är fortfarande vag, eftersom de parametrar som används vid 
mätning av sprängskada sällan relaterar till de parametrar som vanligen används för att beskriva 
bergets stabilitet. För att öka förståelsen för sprängskadors effekt, genomförde författarna av 
denna artikel en enkätundersökning. Enkäterna skickades till praktiker som arbetar med 
underjordskonstruktioner, d v s entreprenörer, gruvföretag, och ägare av berganläggningar. 
Denna artikel presenterar först en kondenserad sammanfattning av svaren på enkäten. Vidare, 
presenteras resultaten från numeriska studier av effekterna av sprängskadezonen med avseende 
på deformationer och stabilitetsproblem. Indata till analyserna baseras på typiska svenska 
bergmasseförhållanden medan det sprängskadade bergets egenskaper har utvärderats från 
SveBeFos fältförsök.  

1. Introduction 

The consequences of damage inflicted by blasting to the rock around a tunnel excavation have 
been for a long time assessed in terms of overbreak rather than accounting for the actual features 
of damage (e.g. Raina et al., 2000). Oriad (1982) and Forsyth (1993) define overbreak as the 



breakage, dislocation and reduction in the rockmass quality beyond the design perimeter of the 
excavation. Incidentally many empirical methods for assessing blast damage, including the Peak 
Particle Velocity method by Holmberg & Persson (1980), are related to assessing the overbreak. 
Saiang (2004) pointed out that much of the effort in blast damage quantification has been largely 
focused on defining the depth or extent of the damage, and less on assessing its inherent 
properties, such as its strength and stiffness. Although the strength and stiffness are the most 
difficult parameters to measure they are also the most relevant and reliable parameters for 
assessing the competence of the fractured rock and thus the stability and performance of a 
tunnel.   

Among others; Oriad (1982), MacKown (1986), Ricketts (1988), Plis et al. (1991), Forsyth 
(1993), Andersson (1992), Persson et al. (1996) and Raina et al. (2000) have deliberated on the 
importance of blast damage assessment. Similar views and concerns have also been expressed in 
respond to the questionnaire on blast-induced damage, which were sent by the authors to 
different organizations involved in rock constructions. Some of these views are summarized in 
this paper. 

Although the strength and stiffness are difficult parameters to measure in practice, numerical 
methods can be used to test these parameters and their components in the form of sensitivity 
analyses. In doing so the most sensitive ones as well as potentially critical conditions can be 
identified. Besides presenting a summary of the consequences of the blast-induced damage from 
the questionnaire responses, this paper presents also a summary of the numerical assessment on 
blast-induced damage by continuum method. The inputs for the numerical analyses were 
estimated by using widely used empirical and particle interaction methods. In the modeling 
approach the characteristic blast-induced fracture patterns observed in the SveBeFo field study 
reports (Olsson and Bergqvist, 1993; Olsson and Bergqvist, 1995; Ouchterlony, 1997) were used 
for the assumptions. Two constitutive models were used; Mohr-Coulomb (MC) and Mohr-
Coulomb Strain-Softening (MC-SS). The effects of the blast-induced damage were assessed in 
terms of its effects on induced boundary stresses and ground displacement distribution and 
magnitudes. Assessments on yield failure were done by assessing the plasticity and critical 
strain magnitudes.  

2. Summary of responses to the questionnaire 

A survey was conducted in late 2005 to gauge the views of practitioners (clients and contractors) 
involved in underground rock excavations about the importance of the blast-induced damage 
zone (BIDZ), particularly the effects and consequences. The following is a summary of their 
responses. 

Mining excavations: 
i)  Safety – rock support must keep in place blast-induced damage rock, as well as stress 

induced time dependent fracturing for mining to continue safely. 
ii)  Safe bolting is difficult due to blast-induced damaged zone actively failing particularly 

in high stress areas. 
iii)  Alteration of mining method in some areas of the mine is necessary in the 

disturbed/damaged zone significant enough to affect safe mining. 
iv)  Over-break, waste rock dilution, increased filling volume. 
v)  Longer operation times for scaling, cleaning and rock support. 
vi)  Poor profile leading to increased cost for support. 
vii)  Decreased strength leading to increased support requirements. 



viii) Decreased width of catch benches and lower inter-ramp slope angles as in the case of 
open pit mining. 

ix)  Reduction of strain-burst due to the presence of blast-induced damaged rock with 
reduced stiffness. 

 
Civil engineering excavations: 

i)  Over-break resulting in unfavourable cross-sections and additional material to haul. 
ii)  Less confinement leading to increased risk of ravelling and fallouts. 
iii)  Increased fractured rock volume which increases the risk for frost fracturing and also 

risk for increase in pore pressure which can affect the overall strength of the blast-
induced damaged rock.  

iv)  Free inflow and outflow (increased or decreased) of water. 
v)  Presence of blast-induced damaged rock increases the weathering process of the rock 

zone around the tunnel boundary through the process of oxidation and reduction, hence 
also leading chemical corrosion of rock supports. 

3. Characteristics of the blast-induced damaged rock 

The physical characteristics of a blast-induced damage around a massive hard rock system can 
be illustrated as in Figure 1. The blast-induced cracks comprise of macro to micro cracks of 
various sizes, lengths and shapes, with numerous rock bridges in between. Such complex crack 
pattern can significantly affect the strength characteristics and thus the overall mechanical 
response. For such scenario Robertson (1973) concluded that the rock bridges must fail in 
tension before rockmass failure can occur. Diederichs & Kaiser (1999) demonstrated the 
significance of tensile strength of the rock bridges under low confinement or destressed 
conditions. Hence, it can be concluded that tensile strength will be very sensitive and important 
for the mechanical response of the blast-induced damaged rockmass around a tunnel.   

Damaged rock

Undisturbed rock

 
Figure 1. Rockmass condition around a tunnel boundary excavated by drill and blast. The damaged zone 
comprises of discontinuous fractures of microscopic to macroscopic sizes with complex fracture patterns 
due to radial cracks, see embedded figure (after Olsson and Bergqvist, 1995), from adjacent blastholes.  



4.  Numerical Analysis 

4.1 Tunnel and model geometry 

The tunnel and model geometries used in the numerical analyses are shown in Figure 2. An 
infinite zone of regular thickness of 0.5 m is introduced around the tunnel to represent the blast-
induced damaged zone. The model was run for shallow tunnel cases (depth of less than 20 m). 

  

Damaged rock zone

Fine grids

Coarse grids

 
 
Figure 2. Tunnel and model geometry used in the numerical analyses. Finer grids are used near the tunnel 
boundary while coarser grids are used elsewhere.  
 
4.2 Inputs for the FLAC models 

The initial of the rockmass parameters used in deriving the inputs parameter values for 
numerical analyses are given in Table 1. 
 
Table 1. Rock parameters used in deriving inputs for the numerical analyses __________________________________________________________________________________ 
Parameter      Value   __________________________________________________________________________________ 
Intact rock compressive strength, σ     250 MPa ci 
Geological strength index, GSI      60 
Hoek-Brown rock constant, mi    33     _________________________________________________________________________________________________________________ 

 
Two approaches were used in estimating the inputs for the numerical models. In the first 
approach the usual Hoek-Brown-GSI (HB-GSI) empirical method was used, however, using a 
more systematic approach described in Saiang and Nordlund (2007b). The inputs obtained are 
given in Table 2. It must be noted that the damaged rock was treated as an equivalent 
continuum, with reduced strength and stiffness properties. 

Table 2. Strength parameters determined using systematic use of GSI-HB method ___________________________________________________________________________ 
Parameter   URMS   BIDZ   __________________________________________________________________________________ 
Cohesion, c (MPa)  2.6   1.4     
Friction, φo   68   65  
Tension, σt (MPa)  0.4   0.2     _________________________________________________________________________________________________________________ 

 



In the second approach the particle interaction method was used to determine the inputs, using 
the code PFC (Itasca, 2004). This was done by using the ‘synthetic rock mass approach’ and 
then performing a series of biaxial and Brazilian tests to obtain a failure envelope and 
subsequently deriving the Mohr-Coulomb parameters from this envelope. The approach is 
described in Saiang (2008). By using this approach the parameters for the straining softening 
model were also determined. The inputs obtained are given in Tables 3 and 4.  

Table 3. Strength parameters determined from the PFC models (Saiang, 2008) __________________________________________________________________________________ 
Parameter           Peak values        Residual values 
    URMS  DRMS   URMS  DRMS __________________________________________________________________________________ 
Cohesion, c (MPa)  5.8  3.1   0.6  0.4  
Friction, φo   32  31   35  38 
Tension, σ  (MPa)  2.5  1.3   0  0 t oDilation, ψ    9  7   -  -   _________________________________________________________________________________________________________________ 

 
Table 4. Average volumetric strain values at yield, peak and post-peak residual (Saiang, 2008) __________________________________________________________________________________ 
Parameter    URMS   DRMS __________________________________________________________________________________ 
Yield volumetric strain (%)  0.05   0.04  
Peak volumetric strain (%)  0.06   0.05 
Residual volumetric strain (%)   0.46   0.35 _________________________________________________________________________________________________________________ 

 
The in-situ stresses used in models are those reported by Stephansson (1993), which are based 
on overcoring measurements. These are: 
 

gzV ρσ =      (1) 

zH 044.07.6 +=σ     (2) 
zh 034.08.0 +=σ     (3) 

 
In the simulations both the Mohr-Coulomb (MC) and Mohr-Coulomb Strain-Softening (MC-SS) 
constitutive models were used. However, due to the lack of strain-softening parameters in HB-
GSI approach only MC constitutive model was in that case. 
 
4.3 Parameter test 

Table 5 shows the cases tested to observe how the presence of the blast-induced damage zone 
(BIDZ) affects the induced boundary stresses, the ground displacement and plastic indicators. 
Since continuum methods do not model failure and fallout, the mentioned parameters are key 
indicators for potential instability. Table 6 shows the variable parameter set. 
 
Table 5. Model scenarios __________________________________________________________________________________ 
Case   Description __________________________________________________________________________________ 
Case 0:  Base-case or standard model 
Case 1:  Undamaged or BIDZ 
Case 2:  Varying Young’s modulus of the BIDZ 
Case 3:  Varying compressive strength of the BIDZ 
Case 4:  Varying tensile strength of the BIDZ 
Case 5:  Varying thickness of the BIDZ 
Case 6:  Varying overburden thickness 
Case 7:  Varying in-situ stress ________________________________________________________________________________________________________________ 

 
 
 
 
 



Table 6. Variable parameter set __________________________________________________________________________________ 
Case   Low   Standard   High __________________________________________________________________________________ 
Case 0:  –   –    – 
Case 1:  –   –    – 
Case 2:  8.5 GPa   11.8 GPa   17.8 GPa 
Case 3:  8.8 MPa  12.7 MPa   26.8 MPa 
Case 4:  0 MPa   0.2 MPa   0.4 MPa 
Case 5:  0.1 m   0.5 m    1.0 m 
Case 6:  2 m   10 m    20 m 
Case 7:  (σ1-σ2) min  –    (σ1-σ2) max  ________________________________________________________________________________________________________________ 

5. Results 

5.1 Results from parameter analyses 

Figures 3 and 4 shows the sensitivity of the parameters tested in terms of percentage variation 
from the base case values. For the parameter test only the MC model was used and inputs were 
those derived using the HB-GSI method. 
 
A classification of the parameter sensitivity is shown in Table 7. There is no specific criterion 
for this classification. It is purely based on how much the magnitude of the differential 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. 
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Figure 3. Percentage variation in the differential stress at Points A and B for the scenarios tested.  
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Figure 4. Percentage variation in displacement magnitudes at Point A for the scenarios tested.  
 

Table 7. Classification of parameter sensitivity  
________________________________________________________________________________ 
Parameter     Sensitivity     ____________________________________________________________ 
    Differential stress  Displacement ________________________________________________________________________________ 
Young’s modulus  High3    High  
Compressive strength  Low1    Low 
Tensile strength   Low    Low 
Thickness of BIDZ  Moderate2   Low 
Overburden thickness  High    Moderate 
In-situ stress   High    High   ________________________________________________________________________________ 
1 <10% variation 
2 10-20% variation  
3 >20% variation 
 
5.2 Plasticity, potential yield and failure analyses 

Tables 8, 9 and 10 show the results of the stress, strain and plasticity evaluations. In Tables 9 
and 10 the plastic analyses are presented for inputs obtained by HB-GSI and by PFC, with and 
without the BIDZ respectively. As noted earlier the MC-SS model was used with the PFC 
inputs, since the strain-softening parameters were determined in the particle interaction method 
(see Saiang, 2008).  

The stress and strain evaluations shown in Table 8 provide some basic conditions for the 
potential yield and failure around the tunnel. Tables 9 and 10 are an attempt to show if the 
plastic indicators conform to the basic conditions provided in Table 8. It can be seen that the 
plastic yielding in the case where MC model is used with inputs from HB-GSI method is quite 
extensive. This is irrespective of where there is BIDZ or not (see Tables 9 and 10). This is due to 
very low tensile strength of the rock mass estimated by HB-GSI method. However, when MC 
model is used with the inputs derived from PFC models, the plasticity is restricted to the region 
where the volumetric strain exceeds 0.05% and also conforms well to region A (see Table 9). 
There is no yielding in the roof and the floor in the absence of the BIDZ (see Table 10). When 
the MC-SS model is used with inputs derived from PFC models, the yielding is sensitive to the 
presence of the BIDZ, but it is similar to MC model result in the absence of the BIDZ (see 
Tables 9 and 10).  
 



Table 8. Stress and strain analysis 
Stress analysis Potential yield and 

failure mechanisms 
base on stress analyses 

Strain analysis  Failure mechanisms 
based on strain analyses

Tensile yield will occur 
in Regions A and B 
since the estimated 
value of the tensile 
strength has been 
exceeded. 
Mathematically the 
stress-strength relation 
for the regions are: 
 
A: σ3<σt and σ1<0 
B: σ3<σt and σ1>0 
 

 

The maximum value of 
volumetric strain is 
0.05% and coincides 
with Region A. Saiang 
(2008) showed by 
synthetic rockmass 
approach that this value 
is critical for the 
rockmass type 
simulated in this paper.  

A
B

 

Table 9. Plasticity analysis with BIDZ 
MC with inputs from HB-GSI 
method 

MC with inputs from PFC 
models  

MC-SS with inputs from PFC 
models 

Ground surface Ground surface Ground surface

 
 

 

Table 10. Plasticity analysis without BIDZ or no damage 
MC with inputs from HB-GSI 
method 

MC with inputs from PFC 
models  

MC-SS with inputs from PFC 
models 

Ground surface Ground surface

 

Ground surface

  

 



6. Discussion and conclusions 

• Although the effects and consequences of the blast-induced damage are evident, with major 
implications on safety and cost, it is nevertheless still difficult to assess ways to control 
damage due to blasting. The overbreak approaches to assess blast-induced damage do not 
account for the inherent properties of the damaged rock and hence its competence. The 
parameters that relate to competence and thus stability are the strength and stiffness. These 
parameters are difficult to measure, but numerical methods can be used to asses them. 

 
• The continuum method does not simulate failure. Therefore, the yielded elements are not the 

representation of the actual failure, but rather show the areas where the strengths, 
compressive or tensile, have been exceeded (see Saiang and Nordlund, 2007a). Saiang & 
Nordlund (2007a) showed that the volumetric strain is a better indicator for failure. This is 
also indicated by the plots in Tables 9 and 10. 

 
• It is clear that the values chosen as inputs for the rock mass strength significantly affected 

the yield characteristics of the rock mass around the tunnel. This can be seen from distinct 
difference in the yield behaviour with inputs obtained from HB-GSI and PFC, although both 
were modelled using MC. It was also clear that the tensile strength is the most important 
strength component, which is far underestimated by the HB-GSI empirical method. At least 
this is the case for the rock mass type analysed in this paper.  

 
• MC-SS model appeared to be very sensitive to the presence of the blast-induced damage 

zone. The yield characteristic associated with the MC-SS model conforms logically to the 
nature and characteristics of the blast-induced damaged rock described in section 3.0. The 
MC-SS model also show yield patterns that conforms to the initial yield concept (e.g. 
Eberhardt et al., 1998), where tensile failure occurs at small strains (0.04 to 0.05% in this 
case) and then compressive shearing at higher strains (~0.3 to 0.4% in this case). 
Furthermore, the MC-SS show yielding that conforms well to the volumetric strain plot, 
where dilation occurs in the tunnel wall (indicated by positive strain values) and 
compressive shear in the roof and floor (indicated by negative strain values).  
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