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1 INTRODUCTION 

The right evaluation of existing discontinuities in 
an intact rock mass is an important task in all the 
problems dealing with the rock mechanics (such as 
retaining tunnels structure, slope stability, drain-
age of fluid, fragmentation by blasting). These  
discontinuities can go from the small scale (micro-
cracks) to the biggest scale (discontinuities inside 
the whole rock mass). They can be joints, bedding 
planes or faults, or simply small fractures of     
limited extension. Because of their importance, it 
was essential to normalise all the possible tests in 
order to precisely evaluate the behaviour of these 
discontinuities. The ISRM (1978) set up a coher-
ent procedure in order to characterise the disconti-
nuities, in particular their geometric properties 

(orientation and extension), their intensity (spac-
ing and frequency), the properties of infilling   
(nature and thickness) and their mechanical    
properties (cohesion and friction angle). 

To characterize and classify the rock masses, 
depending on their discontinuities, several authors 
had presented some indexes. The Rock Quality 
Designation, suggested for the first time by Deere 
(1964), was related to the mean number of discon-
tinuities by linear meter λ by Priest & Hudson 
(1981). Using this same formulation, Sen & Eissa 
(1991) suggested an analytical expression consid-
ering the three orthogonal directions of the space. 

The effect of discontinuities also appears in the 
classification introduced by Barton et al. (1974) in 
Norway. This system is based on the definition of 
a quality factor of the rock mass Q.  
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Palmström (1995) introduced the Rock Mass 
Index in order to characterise the fractured rock 
strength. He based his theory on the reduction of 
the strength to the simple compression caused by 
the existence of joints. He introduced a coefficient 
called Jointing Parameter (JP) which includes the 
volume of the considered block and the           
characteristics of joints, namely the Joint     
Roughness   (similar to Jr in the Barton's Q       
system) and the joint alteration (similar to            
Ja in the Barton's Q  system) and the joint size   
factor (JL).  

The Jointing Matching Coefficient was       
suggested by Zhao (1997) as a geometric indica-
tive parameter of the joint surface status. Its     
definition is based on the percentage that repre-
sents the contact area of the joint with regard to its 
total area. Zhao advanced that this coefficient and 
the JRC of the Barton's Q system are sufficient in 
order to describe definitely and completely the  
hydro mechanical behaviour and the geometry of 
the joint. 

Ramamurthy & Arora (1994) merged the most 
important parameters in the characterisation of the 
discontinuities, namely frequency, orientation, and 
strength of the joints in order to define a meaning-
ful parameter called the Joint Factor.  

In the particular case of the rock fragmentation 
by blasting, which is the authors’ research subject, 
the existing discontinuity network within the rock 
mass influences its reaction to the dynamic loads 
induced by the detonating explosive. Then, the 
fragmentation efficiency, and subsequently all the 
downstream operations (loading, crushing,    
grinding in the case of quarrying or mining blast 
and  retaining structures, slope stability in the case 
of civil engineering blast) are highly affected. We 
have been developing and applying for several 
years a methodology for the evaluation of the blast 
efficiency (Dershowitz 1993, Goodman & Shi 
1985). Currently, the idea is based on the fact that 
the explosive-induced fragmentation is equivalent 
to a creation of a certain amount of new fracture 
surfaces. The aim of this paper is to present the 
method which was applied in order to measure the 
total discontinuities area within the in situ rock 
mass. A direct application of evaluation of this 
area of total discontinuity was the assessment of 
the intensity, the interconnectivity and the         
anisotropy of the discontinuity network. The     
second part of this paper will be devoted to       
present the main results concerning the application 
of the proposed descriptions to three quarries     
investigated. 

2 BRIEF PRESENTATION OF SIMBLOC 

The SIMBLOC program was developed for two 
and three-dimensional discontinuities network 
simulation capabilities. Its main applications are 
the evaluation of the rock mass blockometry and 
the survey of the drainage of the fluid in the dis-
continuities network (Xu & Cojean 1991). It is 
based on the disk model, introduced by several 
other authors (Wang et al 1990, 1991, Wang 1992, 
Aler & du Mouza 1996, Hamdi et al. 2001). The 
3D stochastic modelling of discontinuity networks 
using the SIMBLOC program is preceded by sev-
eral tasks: 

− Field measurement of discontinuities, done  
according to the scanline sampling method 
(Priest & Hudson 1981, Hamdi et al.  2001, 
Barton 1978, Long et al. 1985, Baecher 1983, 
Warburton 1980) 

− Automatic classification of discontinuities in 
several families according to a definite 
mathematical criterion, related to normal    
vectors proximity 

− Determination of the distribution laws and 
their parameters which fit the best to the      
experimental sampled discontinuity histo-
grams. The geometrical studied parameters are 
the azimuth of the dip vector, the dip angle, 
the half-trace and the spacing. 
 
The flowsheet of the Figure 1 shows the most 

important steps of the discontinuity simulation 
procedure using SIMBLOC. These discontinuities 
are identified using the idea that they must be at 
least connected to three others in order to form an 
isolated block. A detailed description of the 
SIMBLOC program was made by Aler et al. 
(1996) and by the authors (Hamdi et al. 2001). 

3 EVALUATION OF THE TOTAL 
DISCONTINUITIES AREA INCLUDED IN 
THE SIMULATION VOLUME 

The automatic evaluation of the part of the        
discontinuities area included in the simulation  
volume was derived from a Fortran function that 
the authors inserted in the series SIMBLOC     
programs. The total area of the discontinuity   
number i included in the simulation domain is 
equal to the sum of the different elementary sector 
areas: 
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This automatic evaluation of the part of the 
discontinuity area included inside the simulation 
domain is done for all the simulated fractures and 
the total area of the part included in the simulation 
volume is obtained by the sum of all calculated 
fractures areas. The main advantage of this auto-
matic evaluation remains the fact that it takes into 
account all the simulated discontinuities and       
includes in particular those for which the order of 
connectivity is less than 3. 

Several cases depending on the relative         
position of the discontinuity towards the simula-
tion volume were considered in order to compute 
the total discontinuity area (figure 2). The specific 
surface was defined and computed as the ratio of 
the total discontinuity area to the total volume of 
the   simulation domain. 

As a direct application of this computation,   
parameters directly informing about the intensity, 
the interconnectivity and the anisotropy of the 
simulated discontinuity network are hereafter   
presented and evaluated for three investigated 
sites. 

4 APPLICATIONS 

4.1 Discontinuity network intensity 

In order to characterise the presence of disconti-
nuities in the rock mass, several authors have   
suggested some indexes representing the damage 
state of the rock and taking into account, in        
addition to the fracture area, the azimuth of the dip 
vector and the dip angle of its normal vector. In 
order to include these three parameters in 3D rock 
mass characterisation, these indexes are generally 
presented in a tensor shape. Zhang & Einstein 
(2000) have proposed a new definition for the 
fracture tensor: 
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where S(k) is the entire area and ni
(k) is the ith 

component of the normal vector for the kth discon-
tinuity. V is the volume of the considered rock 
mass.  

So, according to this definition, the discontinu-
ity network intensity is expressed by the ratio     
between the total area of discontinuities and the 

total volume of the considered mass rock. In par-
ticular, the trace of this tensor is equal to the mean 
discontinuities area by unit volume: 
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where S(k) is the area of the kth discontinuity, m 
is the number of discontinuities and V is the     
volume of the considered rock mass. Such a   
quantity was always considered by authors as    
being the most important quantity measuring of 
the intensity of the discontinuities (Dershowitz & 
Herda 1992, Mauldon 1994). This parameter is 
called hereafter "specific surface" (m2/m3). 
 

Discontinuity data :  
Orientation, dip, extension and spacing  

distributions  

Simulation  volume  

Generating discontinuities  

Discontinuity truncation referring  to  
the limits of a tampon zone   

Study of the connectivity for simulated  
discontinuities for the survey of  

drainage and/or blocometry  

Identification of vertices, edges and  
facets  

Identification of discrete blocks  

Figure 1. Simplified Flowsheet of the SIMBLOC       
Program.  
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(A) (B) 

(C) (D) 
 

Figure 2. Different positions of a discontinuity with     
regards to the simulation volume. 

4.2 Discontinuity network interconnectivity  

Besides the evaluation of discontinuity network 
density, it is important to evaluate the global    
connectivity of the discontinuity network. The   
degree of connectivity must have some relation-
ship with the general mechanical behaviour of the 
rock mass to static and dynamic loads such as 
blasting and slope stability. 

So, a Connectivity Index has been defined as 
follows: 

(%)1
2100 SS

SSCIn ×= (4) 

where SS1 and SS2 are respectively the total 
area of all the simulated discontinuities and the 
area of the discontinuities which are participating 
to the formation of blocks within the rock mass 
(connected to at least three others).  

This index indicates the amount of discontinu-
ity surface areas (in %) corresponding to the     
discontinuities which participate to the formation 
of blocks inside the rock mass. A higher value of 
this index means that the discontinuity network 
has a high connectivity level: the rock mass exhib-
its a small number of discontinuities which are   
either isolated or connected simply to one or two 
other discontinuities at the maximum. Therefore, 
this index could be used as a good indication of 
the connectivity of the discontinuity network. In 
the current analysis, the non-connectivity index 

NCIn (equal to 100-CIn) was used as a connec-
tivity indicator. 

4.3 Discontinuity network anisotropy  

The anisotropy of the simulated rock mass can be 
assessed using the second invariant of the devia-
toric tensor relative to the damage tensorΩ .

The rock mass anisotropy was characterised us-
ing the following parameter: 

2
1

26
I
JA= (5) 

where 2J is the second invariant of the devia-

toric tensor and 1I is the first invariant of the 
damage tensor. The anisotropy index is then   
comprised between 0 and 1. 

Another description, more intuitive, of the   
anisotropy was used as it is naturally given by the 
following vector, noted V which is defined         
directly from the computed discontinuity areas as: 























=

∑

∑

∑

=

=

=

m

k

kk

m

k

kk

m

k

kk

eee

S
enS

m

S
enS

m

S
enS

m

V

1 3

3)()(
1 2

2)()(
1 1

1)()(

),,(

.1

.1

.1

321 (6) 

 
where m is the number of discontinuities, S(k) 

and n(k) are the area and the normal vector of the 
kth discontinuity. ( 321 ,, eee ) is an orthonormal 
basis of the space on which we would like to      
assess the anisotropy. Si is the greatest area in the 
volume of simulation which is perpendicular to the 
vector ei. The symbols |  |  and ‘.’ denote respec-
tively for the absolute value and the scalar      
product. 

Each component Vi of this vector measures the 
part of the area Si that is represented by the mean 
value of the discontinuity areas projected on    
vector ei. In particular, we computed the anisot-
ropy vector corresponding to the global basis of 
the volume of simulations (x,y,z). 

As an anisotropy parameter, we have chosen 
the norm, called V, of this vector in order to have a 
scalar parameter that measures the extent of such 
anisotropy. 
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5 APPLICATION TO THE TEST SITES 

Three quarries were investigated during this       
research work. More detailed data about these sites 
were reported by Hamdi & du Mouza (2005). 

A field mapping campaign was performed in 
each quarry using the scanline method in different 
bench fronts of the quarries corresponding to dif-
ferent directions of the scanlines and performing 
vertical scanlines to take into account the bedding 
often present in the quarries.  

Afterwards, Schmidt stereonets and automatic 
classification were performed in order to identify 
the discontinuity sets. Jointly, a statistical analysis 
allowed determination of the statistical distribution 
type and its parameters (mean and standard devia-
tion) for each discontinuity set. The analysed 
geometrical parameters are: extension, dip angle, 
dip vector azimuth and joint density. Based on the 
results of this analysis, the quarries were subdi-
vided into two/three zones with different geology. 
A detailed description of the different zones was 
presented in a previous paper (Hamdi et du 
Mouza, 2005). 

Then, a zone-per-zone 3D simulation could be 
performed using the mapped scanline results. As 
the SIMBLOC simulations are stochastic (results 
varying from one simulation to another), 10 simu-
lations were conducted for each defined 
zone/bench in order to get the mean values of the 
discontinuity network parameters. In addition, 
global simulations using all the mapped disconti-

nuity data were done for bench 1 of the Klinthagen 
quarry, the El Alto and the Eibenstein quarries. As 
the Reef limestone of the bench 2 of the Klintha-
gen quarry is not a layered geological unit, unlike 
the Fragmentory limestone, it was decided only to 
perform separate simulations for these two zones. 

5.1 Specific surface  

Table 1 presents the mean value of the specific 
surface over 10 simulations for the different inves-
tigated sites before (SS1) and after (SS2) the 
elimination of discontinuities which are connected 
to an order less than 3.   

Considering the regionalised simulation (SS2) 
results, the maximum values are obtained for the 
zone 1 of the bench 1 of the Klinthagen quarry 
(6.17 m2/m3 ) and for the bench 410 of Eibenstein 
(6.13 m2/m3).  El Alto can be estimated to have a 
medium specific surface value with a maximum 
value of 5.45m2/m3 for the East zone of the bench 
and a minimum value of  3.07 m2/m3 for the West 
zone of the bench. Finally, the lowest discontinu-
ity network intensity is obtained in the case of the 
bench 2 of Klinthagen quarry (2.33 m2/m3 for the 
Reef  limestone and 3.23 m2/m3 for the Fragmen-
tory limestone). 

In a more detailed analysis, a variation between 
the zones inside the same quarry can be noticed. 
Indeed, for Eibenstein, the mean value of the    
specific surface increases from the bench 430 to 
the benches 420 and 410.

 

Table 1. Parameters characterizing the discontinuity network and the rock matrix. 
 

Klinthagen-
Bench 1 

Klinthagen-
Bench 2 

El Alto Eibenstein 

NK-Z1 NK-Z2 NK-R NK-F CP-E CP-M CP-O HB410 HB420 HB430
SS1 6.17 6.07 2.82 3.38 6 4.66 3.48 6.18 5.54 4.2 
SS2 6.17 6.07 2.33 3.23 5.54 4.2 3.07 6.13 5.43 4.07 
NCIn 0 0 17.4 4.4 7.7 9.9 11.8 0.8 2 3.1 
Xc 1.46 1.73 3.72 2.35 2.96 2.78 3.16 1.54 2.63 3.3 
n 3.04 2.91 2.87 3.17 2.25 2.49 2.86 2.37 2.13 2.3 
A 0.014 0.165 0.103 0.315 0.855 0.863 0.634 0.878 0.79 0.819 
V 0.569 0.435 0.099 0.122 0.049 0.074 0.112 0.067 0.055 0.07 

NK-Z1: Klinthagen, bench 1, zone 1 ; NK-Z2: Klinthagen, bench 1, zone 2 ; NK-R: Klinthagen, bench 2, Reef lime-
stone; NK-F: Klinthagen, bench 2, Reef limestone; CP-E: El Alto, East zone; CP-M : El Alto, Middle zone; CP-O: El 
Alto, West zone; HB410: Eibenstein, bench 410; HB420: Eibenstein, bench 420; HB430: Eibenstein, bench 430).
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This is in a perfect agreement with the field obser-
vations that could be made during the discontinu-
ity mapping campaigns and from which it was   
observed that bench 430 has the coarsest rock 
mass among the three benches and that the bench 
410 is the most fractured one. 

For El Alto, the middle zone has a medium 
fracture density (4.20 m2/m3) compared to that of 
the other two zones having rather extreme specific 
surface values (5.45 m2/m3 for the East zone and 
3.07 m2/m3 the West zone). 

Finally, for Klinthagen, the small discontinuity 
network intensity for the Reef limestone confirms 
the field observations: this limestone having no 
layering and being characterised by a very high 
spacing between the discontinuities.  

Besides the fracture density which informs 
about the extension and the number of discontinui-
ties within the rock mass, it is also important to  
assess how these discontinuities are connected. 
This parameter must have a tight relation with the 
rock mass reaction to fluid flow/ slope stability/ 
blastability phenomena. 

5.2 Interconnectivity Index 

The resulting values of the NCIn index from the 
simulations are included in Table 1. They clearly 
differ from one zone/bench to other one and with 
regards to the global simulations (range between 0 
and 17.4%). Indeed, the maximum value is        
obtained for the Reef limestone of Klinthagen 
(bench 2). 

Simulations relative to bench 1 of the same 
quarry give, on the other side, a discontinuity   
network that contains rather very small amount of 
discontinuity areas corresponding to an order of 
connectivity smaller or equal to 2. For El Alto and 
Eibenstein simulations, the connectivity Index has 
respectively an order of 10% and 2% showing dif-
ferent types of rock masses in term of connectivity. 

Comparing the specific surface (SS1) to the   
interconnectivity Index (CIn), it comes that: 

− generally, to a low value of (SS1) corresponds 
a high value of (CIn). It is the case of the Reef 
limestone, 

− a high value of (SS1) does not correspond 
necessarily to a low value of (CIn). For exam-
ple, for Zone 1 of the bench 1 (Klinthagen), 
SS1 equals to 6.17 m2/m3 and CIn equals to 
0% (numerous and highly connected disconti-
nuities). On the other hand, for the East zone 
of El Alto, although the SS1 equals to 6.00 

m2/m3, its Connectivity Index is high (9.2%: 
numerous fractures but lowly connected). 

5.3 Anisotropy parameters 

It can be noticed from Table 1 that the variation 
between the two parameters (A and V) is negative. 
The comparison between the sites leads to the 
conclusion that the discontinuity network in Klin-
thagen shows the lowest anisotropy (the lowest 
values of A). On the other hand, the Eiben stein 
and the El Alto quarries have a comparable and 
high anisotropy (the parameter A varies from 
0.634 to 0.863 for El Alto and from 0.790 to 0.878 
for Eibenstein). The estimation of the global     
anisotropy by means of the A parameter should 
not hide the importance of the 3D characterisation 
by means of the V vector. Used jointly, these two 
descriptions should lead to a more precise charac-
terisation of the rock mass anisotropy. 

6 ANALYSIS OF BLAST AND 
FRAGMENTATION DATA 

The methodology for the analysis of blast and 
fines data was based on the Principal Component 
Analysis which is a statistical method aiming at:  

− Assessing  the relative influence between the 
blast parameters (geometry, rock mass, explo-
sive, initiation, sequence) and a given blast   
result parameter; 

− Identifying the most influent parameters on the 
investigated blast result parameter. 

The Principal Components Analysis consists 
of: 

− The determination of the principal axes which 
explain the best the variability of data 

− The projection of the data and the parameters 
on these axes 

− The study the relationship between the       
production of fines and the blast parameters. 
 
Practically, the analysis begins by a correlation 

analysis to reduce the number of parameters by 
eliminating those which are the most correlated. 
Then, the parameters are progressively introduced 
in the analysis as follows: 

− Case 1: influence of the geometrical parame-
ters  

− Case 2: addition of the rock mass structure   
parameters  
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− Case 3:  addition of the energy and timing    
parameters. 
 
A large set of data were gathered about the 

blasts carried out in the Eibenstein quarry. Never-
theless, only 90 blasts carried out in the three 
benches 410 to 460 had a complete data set, which 
means blast data, fragmentation curve and explo-
sive energy quantities. The correlation and princi-
pal component analyses were applied on these data 
in order to assess the influence of the blast data on 
the fines amount evaluated from Fragscan frag-
mentation curve after applying the correction   
procedure (Moser et al, 2004). A pre-processing of 
the data was conducted in 2 steps: 

− Fitting of the Rosin Rammler theoretical func-
tion to the Fragscan block size distribution 
data in order to evaluate the characteristic size 
and the shape index for each blast. 

− Evaluation of the explosive theoretical energy 
input used in each blast and conversion of this 
energy to an equivalent quantity (kg) of the 
reference explosive. The explosives used in 
the Eibenstein quarry are presented in Table 2, 
together with their corresponding explosive 
energy release per kg of explosive. The refer-
ence explosive is chosen to be the most        
energetic one which is, in the Eibenstein case, 
Danu4 (65-650). 

 
Table 2. Explosive energy of the explosives used in 
Eibenstein. 

Explosive Explosive energy  
(M(kJ/kg) 

Rowolan 3700 
Rowodyn65_650 3873 
Lambrit 4000 
Dap2 3800 
Danu4_65_650 4550 

The parameters are presented in Table 3. A  
correlation analysis between the input parameters 
of the analysis was first conducted in order to     
assess any actual linear relationship between the 
parameters (originating, for instance, from empiri-
cal blast design rules). This analysis shows that 
there is a weak correlation between the parameters 
except the one between B and S/B and between 
Xcr and Nr.  

Table 3. Monitored blast data and result parameters. 
Geometry Energy 
H Number of boreholes Es Specific energy  
B Burden (m) (kg eq. Danu4/m3)
S Spacing (m) Et Total explosive 

energy (MJ) 
S/B S to B ratio De Delay between  

boreholes (ms) 
Su
b

Subdrilling (m) 

D Diameter of boreholes  
(mm) 

Rock mass Result 
Xcr Characteristic size of 

the  
rock mass(m) 

F Fines percentage (%)

Nr Shape index of the  
rock mass 

Xcm Characteristic size  
of the muckpile(m) 

 Nm Shape index of the  
muckpile 

The correlation circle (components 1-2) is 
shown for the case 3 (Fig. 3). First of all, it can be 
noticed that the fines parameter is not well repre-
sented on the first component (having the most 
percentage in the data variability). 

 

Component 1 

C
om

po
ne

nt
2

HB

S

S\B

Sub
D

Xcr

Nr

Es

De

F

Figure 3. circle of correlation for components 1-2 case 3. 

From the Figure 3, it is confirmed that the fines 
parameter has a negative relationship with the 
borehole diameter and the shape index of the rock 
mass and a positive correlation with the character-
istic size of the rock mass. This last positive corre-
lation can be explained by the fact that for a coarse 
rock mass (Xc high) the explosive energy is more 
efficiently used which results to a high generated 
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fines percentage. Furthermore, the analysis shows 
that the specific energy is not clearly correlated to 
the fines parameter. 

On the other hand, it can be noticed an          
individualization of the geometrical parameters on 
the first component axis (S/B, S, Sub, B) and of 
the energy parameters on the second component 
axis (Es and De). 

7 CONTRIBUTION TO THE 
FRAGMENTATION ENERGY 
EVALUATION 

The theoretical explosive energy used in blasting 
is a subject of many recent researches. Indeed, it is 
now admitted that this theoretical available energy 
of the explosives can be split into several parts: 
seismic, kinetic, backbreaks, heave, heat and 
fragmentation energies. For this last form of   
energy, the fragmentation energy devoted to the 
breakage and formation of blocks within the 
muckpile can be seperated from the microcracking 
energy which is devoted to developing and/or    
extending micro cracks within the blocks.  

The in situ rock mass characterisation can 
make a valuable contribution in the assessing the 
macro fragmentation energy amount spent during 
the blasting process. This methodology is based on 
the evaluation of the new created surface induced 
by the blast determined by difference between the 
total area of discontinuities in the in the situ rock 
mass and the total area of the blocks of the muck-
pile. The first area is derived from the IBSDC 
given by SIMBLOC program and computed for 
the different zones. The second area is derived 
from the grain size distribution of the muck pile as 
given by Fragscan. These Fragscan data were 
processed to get the characteristic size and the 
shape index of the adjusted Rosin Rammler    
theoretical law.  

The fragmentation energy can be estimated on 
the basis of the Griffith theory introducing the 
Specific fracture energy (Es) of the material and 
the amount of blast induced new fracture area 

)( A∆ as: 

AEs f∆=γ (7) 

fγ is related to the fracture toughness )( ICK ,

the density )(ρ and the P wave velocity )(c by: 

2

2

..2 c
KICf ργ = (8) 

A simple general formula was proposed by 
Hamdi et al. (2001) which introduces a shape   
factor : 
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with a shape factor λ :

− 6=λ for cubic (x side) or spherical shape 
(diameter x) for the blocks 

− α
αλ )21(2 += in case of parallelepipedic 

shape assumption of side x and xα for the 
blocks. 
Where Γ is the Eulerian function of second 

species, (Xc1 et n1) and (Xc2 et n2) are respectively 
the characteristic size and the shape index of the 
the rock mass and the muckpile Rosin Rammler 
curves. 

7.1 Application of the procedure to field blast 
tests  

The methodology exposed above was applied to 
seven blasts from those performed during 2002 in 
Eibenstein quarry. Data about the theoretical      
explosive energy for Eibenstein explosives are 
presented in Table 2. Rowodyn, Dap2 and Danu 4 
are emulsions whereas Rowolan and Lambrit are 
ANFOs. The Heat of explosion is considered here 
as representing all the amount of explosive energy 
available from the blast.  

The Specific fracture energy fγ value used for 
the determination of the fragmentation energy was 
measured by the wedge splitting tests (Moser 
2004) for the amphibolite rock type of the Eiben-
stein quarry and was found to be equal to 316 
N/m.  

Referring to Equation (9), the estimation of the 
fragmentation energy requires both the blast      
geometry parameters and an hypothesis concern-
ing the shape of the blocks (here it is assumed that 
the blocks have a cubic shape). The computation 
results in term of fragmentation energy are pre-
sented in Table 4. This is also compared to the 
amount of available theoretical explosive energy 
(Heat of explosion), derived from the quantities in 
Kg of explosives used for each blast and the     
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corresponding theoretical explosive energy. For 
that purpose, an index called fragmentation        
efficiency (η) is defined as the ratio between the 
fragmentation energy to the total available heat of 
explosion. The values of this index are also        
included in Table 4. 
 
Table 4. Fragmentation and explosive energy for blasts 
from Eibenstein quarry. 

Blast FE (MJ) Ex (MJ) η (%) 
420-3 2.1 2143.7 0.1 
420-4 4.2 1620.0 0.3 
420-5 4.0 1624.4 0.2 
430-1 8.0 1565.1 0.5 
440-1 7.2 964.6 0.7 
440-2 8.7 2914.5 0.3 
440-3 8.2 1237.1 0.7 
FE : Fragmentation energy ; Ex : Total explosive      
energy ; η: Fragmentation efficiency.  

7.2 Comments on the computation results 

The fragmentation efficiency upon all the studied 
blasts was found to be very low with a maximum 
value 0.7%. These low values can be explained by 
the fact that: 

− The explosive energy considered as a reference 
energy of the available amount of energy for 
the rock mass is a theoretical energy. Not all 
this energy is communicated to the rock mass. 
For instance, during cylinder expansion tests 
(Moser 2004), only 40% to 60% of the explo-
sion energy is transferred. 

− The toughness and Young modulus used in the 
computations are measured in static or     
quasi-static conditions. However, it is known 
that in dynamic conditions, these parameters 
take completely different values. 

− The creation of microcracks within the blocks 
of the muckpile and the generation of fines 
consumes an other part of the fragmentation 
energy which is not taken into account in these 
calculations. During the last EFEE conference, 
Hamdi et al. (2003) showed, following a care-
fully-performed sampling and testing proce-
dure that in 75% of the cases blasting induce 
microcracks within the muckpile blocks.      
Efforts are currently oriented towards a precise 
estimation of the corresponding part of the 
fragmentation energy. 

8 CONCLUSION 

The area evaluation of each simulated discontinu-
ity within a rock mass allowed to measure three 
important points in order to characterise more  
precisely the discontinuity network: density, inter-
connectivity and anisotropy. The proposed     
methodology could be used in all rock mechanics 
problems where a thorough investigation of the 
rock mass structure has to be conducted.  

In the present work, the proposed methodology 
allowed to determine the structure differences    
between the three investigated points. The rock 
mass parameters (characteristic size and shape    
index of the rock mass Rosin Rammler curve) 
were shown, using the Principal Component 
Method, to be directly linked to the amount of 
fines generated by the blasts.  
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1 INTRODUCTION 

The whole fragment size distribution of a full-size 
blasted round has only been measured on a few 
occasions. Sieving is so costly that it is hard to 
motivate. If only a part of the muckpile is sieved, 
the matter of a representative sample arises as, for 
example, coarse material often stays on top. Nev-
ertheless, sieving is the norm, which decides if, for 
instance, belt material meets the requirements of a 
customer. 

Hence, much effort has been spent on develop-
ing fast indirect methods to measure fragmenta-
tion, going from a comparison of the appearance 
of the muckpile with calibrated photos (van As-
wegen & Cunningham 1986) to an analysis of im-
ages of the muckpile or parts of it. 

A survey of image analysis methods has been 
carried out by Ouchterlony (2004). A number of 
the conclusions are listed in Appendix 1. The most 
important ones are firstly that it is more difficult to 
measure material in muckpiles than material on a 
belt and that the size range seldom exceeds a ratio 
of 20–30 factors between the largest and the 
smallest fragment. Given a boulder size of about 1 

m, the resolution would be 30–50 mm, and smaller 
fragments could not be measured without artifices 
like ‘zoom merge’ or fines correction techniques. 

Perhaps the best-known image analysis systems 
like Split® (Kemeny et al. 1999) and WipFrag®

(Maerz & Zhou 2000) have such possibilities. The 
extrapolations that are made are by necessity based 
on assumptions about the mathematical form of 
the size distribution. These are, however, much 
more often erroneous than correct, as this paper 
will show. 

SveBeFo (Swedish Rock Engineering Re-
search) has studied blast fragmentation for some 
time (see, for example, Gynnemo 1999, Svahn 
2003, Olsson et al. 2003). The focus has been on 
how the fines part is generated and how it could be 
controlled. The same was true for the EU-funded 
project ‘Less Fines Production in Aggregate and 
Industrial Minerals Industry’ (Project GRD-2000-
25224). A number of papers from this project were 
presented at the Third EFEE Conference in Prague 
(Holmberg 2003). 

The work in the ‘Less Fines’ project entailed 
both blasting of cylindrical lab models and       
full-scale production blasts in three quarries.     

What does the fragment size distribution of blasted rock look like? 

F. Ouchterlony 
Swedish Rock Blasting Research Centre, Swebrec at LTU, Stockholm, Sweden 

 

ABSTRACT: Rock fragmented by blasting follows a different size distribution than the commonly used 
Rosin–Rammler distribution, especially in the fines range. Sieving data from many different blasting op-
erations have led to a new distribution function, which can describe the fragmentation over the range 1–
500 mm quite accurately. It is called the Swebrec© function and works also for crushed rock. It contains 
three parameters, the median fragment size x50, the maximum fragment size xmax and an undulation pa-
rameter b, which is shown practically to be a function of the other two. The fit to the sieved data is often 
better than r2 = 0.995 over 2–3 orders of magnitude of fragment size. The Swebrec function could be used 
to estimate the complete size distribution from a sample in the fines range or the fines tail from coarse 
range data. It is used to construct a blast fragmentation model, the KCO model, which improves greatly 
on the Kuz–Ram model. In a first application it is shown how, in a given production situation, it is possi-
ble to predict the change in average fragmentation that is required to increase (or decrease), for example, 
the road base fraction 0–32 mm in the muckpile by a desired amount. 
 

Brighton Conference Proceedings 2005, R. Holmberg et al
© 2005 European Federation of Explosives Engineers, ISBN 0-9550290-0-7
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The information gathered from SveBeFo’s          
research and the ‘Less Fines’ project has resulted 
in a new size distribution function for fragmented 
rock and a considerably revised fragmentation 
model (Moser et al. 2003b, Ouchterlony 2003 & 
2005). 

2 NEW FRAGMENT SIZE DISTRIBUTION, 
THE SWEBREC FUNCTION 

The fragment size distribution commonly used to 
describe the cumulative mass or volume of blasted 
rock passing through a square mesh of given size x
is the Rosin–Rammler (RR) or Weibull function, 
which may be written as 

 

PRR(x) = 1 – e
-ln2(x/x50)

n

= 1 – 2
-(x/x50)

n

(1) 
 
It contains two parameters, the average (me-

dian) fragmentation x50 and the uniformity expo-
nent n, which is a measure of the slope of the dis-
tribution. It is a key part of the Kuz–Ram model 
(Cunningham 1987) – see Appendix 2. The Kuz–
Ram model is probably the most referenced frag-
mentation model for rock blasting, especially if its 
spin-offs, the CZM and TCM models (Kanchibotla 
et al. 1999, Djordjevic et al. 1999), are included. 

 The models have equations for how x50 and n
depend on specific charge, rock properties, rock 
mass jointing, blast pattern, etc. There are very 
few cases showing that the muckpile actually 
looks like this when sieved. One is given in Figure 
1 (Kojovic et al. 1995). 
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Figure 1. Size distribution after bench blasting of     
hornfels, together with the fitted Rosin–Rammler curve 
(Kojovic et al. 1995). Data range 0.35–2000 mm. Curve 
parameters: x50 = 116 mm and n = 0.572 with r2 =
0.9958. 

The sieving data cover nearly four orders of 
magnitude, which is unusual. The fitting curve   
reproduces the data with a very high accuracy.  
The Rosin–Rammler distribution is characterized 
by a straight-line asymptote with slope n in a log–
log diagram for small fragment sizes. The corre-
sponding asymptote (x/xmax)n is often called the 
Gaudin–Schuhmann distribution. 

The sieved volume, however, consisted only of 
two truck loads of 32 t, one each from a round of 
about 70,000 t, so the room for errors is relatively 
large. 

My experience is that most distributions devi-
ate from the RR behaviour in two major ways: 
firstly there is naturally a largest boulder size xmax,
and secondly the fines tail is not linear in a log–
log diagram (see Fig. 2). 

The figure shows data from the Bårarp dimen-
sion stone quarry where monitored bench blasting 
tests were carried out (Olsson et al. 2003, Moser 
et al. 2003b). The seven single-row rounds con-
tained 250–400 t each and were blasted with the 
same specific charge, about 0.55 kg/m3, but using 
different hole diameters, Ø = 38–76 mm. The 
bench was about 5 m high and 12–15 m wide. All 
material down to 25 mm was sieved; the rest was 
sampled. The lower set of curves in Figure 2 show 
the results. 
 

Figure 2. Size distributions from bench blasts and model 
blasts in granitic gneiss, Bårarp (Olsson et al. 2003, 
Moser et al. 2003b – Fig. 13). These curves are typical 
of blasted rock. 

The upper set of curves was obtained from lab 
blasting of cylinders with different diameters, Ø = 
100–290 mm, but with the same linear charge 
concentration in each, 20 g/m of PETN approxi-
mately. 

None of the size distributions displays linear 
RR behaviour, except possibly in the ultrafine –
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0.5 mm region. They look quite similar, especially 
in the range –20 mm. The model blasting curves 
appear to be parallel displaced in the vertical di-
rection, just like the bench blasting curves. This 
behaviour is referred to as the natural breakage 
characteristics (NBC) (Steiner 1998, Moser et al. 
2003b). 

Hundreds of sieved size distributions from 
bench blasting in quarries, reef blasting, model 
blasting and crushing of many different rock types 
and concrete and mortar were studied by Ouchter-
lony (2003). They look like the curves in Figure 2, 
almost without exception. 

A function that reproduces the main behaviour 
well is the Swebrec function 

 

P(x) = 1/{1+[ln(xmax/x)/ln(xmax/x50)]
b
} (2) 

 
Function P(x), valid when 0< x < xmax, is the 

cumulative distribution function, which may take 
any value in the range 0–1. The logarithm term is 
chosen so that its value is 0 when x = xmax and 1 
when x = x50. The necessary conditions P(xmax) = 1
and P(x50) = 0.5 are thereby met. 

The Swebrec function has three parameters, 
xmax, x50 and the curve undulation exponent b. Pa-
rameter xmax limits the fragment size. The loga-
rithm term dominates for small x values. 

Take round 4 from Bårarp (Olsson et al. 2003). 
Six Ø51 mm holes were drilled in a 5.2 m high 
bench. The burden and spacing were 1.8 and 2.1 m 
respectively, the subdrilling 0.3 m and the charge 
length 4.2 m. The specific charge was 0.55 kg/m3

of Kemix emulsion explosive. A total of 309 t of 
rock was blasted and sieved (see Fig. 3). 
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Figure 3. Size distribution data for Bårarp round 4 with 
the Swebrec function fit. Data range 0.5–500 mm.  
Curve parameters: x50 = 459 mm, xmax = 1497 mm and b 
= 2.238. r2 = 0.9973. The upper bars depict the deviation 
between the sieving data and the curve, i.e. the residuals. 

The figure shows that in the data range 0.5–500 
mm, three orders of magnitude in fragment size, 
deviations are less than 1.8% and the coefficient of 
determination is better than r2 = 0.997. Fitting the 
Swebrec function to the data for the other Bårarp 
rounds gives equally good results. 

It is also possible to reproduce the fast decay-
ing size distribution in the ultrafine range –0.5 mm 
by extending the Swebrec function with an extra 
term containing two parameters, the factor a and 
the exponent c:

P2(x) = 1/{1 + a[ln(xmax/x)/ln(xmax/x50)]
b

+ (1 – a)[(xmax/x – 1)/(xmax/x50 – 1)]
c
} (3)  

 
The new term has the effect that P2(x) behaves 

like a Gaudin–Schuhmann function (x/xmax)c for 
small values of x. It retains the properties P2(xmax)
= 1 and P2(x50) = 0.5 though. 

The extended Swebrec function could be used 
for estimating the cumulative area of the fragments 
in a muckpile as the ‘surface integral’ between 0 
and xmax based on P(x) does not converge. Fur-
thermore, surface measurements for model blast-
ing tests like those displayed in Figure 2 show that 
75–80% of the fresh surface resides on grains 
smaller than 0.1 mm, and 85–90% on grains 
smaller than 1 mm (Moser et al. 2003a). 

Three other examples of size distributions for 
blasted rock are given in Figures 4a–c. 

An expression that will be used below is the 
slope s50 of the size distribution at x50:

s50 = P′(x50) = b/[4x50 ln(xmax/x50)] (4) 
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Figure 4a. Size distribution data for tunnel blasting with 
ANFO in Bondkall syenite. Data range 2–500 mm.  
Swebrec function parameters: x50 = 132 mm, xmax = 500 
mm and b = 1.965. r2 = 0.9985 (Kristiansen et al. 1990). 
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Figure 4b. Size distribution data for reef blasting in 
quartzite with gelatine. Data range 0.6–215 mm.  Swe-
brec function parameters: x50 = 37.8 mm, xmax = 215 mm 
and b = 2.067. r2 = 0.9962 (Cunningham 2003). 
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Figure 4c. Size distribution data for bench blasting in 
dolomite with dynamite. Data range 9.5–457 mm. Swe-
brec function parameters: x50 = 147 mm, xmax = 571 mm 
and b = 2.150. r2 = 0.9990 (Otterness et al. 1991). 

Presumably this slope value is easier to deter-
mine accurately than, for example, xmax. Firstly, 
the number of fragments in a muckpile decreases 
with increasing size, and eventually the distribu-
tion ceases to be continuous. Secondly, the func-
tion P(x) normally joins the line P = 1 at a tangent, 
which makes the fitting procedure sensitive. The 
corresponding expression for the RR equation is 
P′RR(x50) = n/(2 ln2x50). 

Common expressions for the range of variance 
of the Swebrec function such as x80–x30 or x80/x30 
may be easily derived  The mesh size correspond-
ing to a percentage passing Pp is given by 
 

xp/xmax = (x50/xmax)
(1/Pp – 1)–1/b

(5) 
 

By choosing p = 30 or 80%, i.e. Pp = 0.3 or 
0.8, the correct expression is obtained. As can be 

seen, the dependence on b and xmax is relatively 
complicated. It becomes easier to work with the 
expression for the slope, P′(x50). 

In spite of a literature search, I have not found 
any use of the Swebrec function to describe the 
fragment size distribution of blasted or crushed 
rock. I chose the name of the newly founded   
competence centre for blasting at Luleå University 
of Technology for it. Some examples of how it 
may be used are given below. 

3 PRACTICAL APPLICATION OF THE 
SWEBREC FUNCTION 

The first case concerns incomplete data. The Swe-
brec function could be used to predict the whole 
distribution. Again, consider round 4 from Bårarp. 
The sieving was done in three steps. Firstly, the 
boulders were put aside. The whole muckpile was 
then run through a rotary Hercules sizer, which 
gave –200, 200–350, 350–400, 400–500 and +500 
mm fractions. The –200 mm material was run 
through an Extec sizer, which gave 0–25, 25–90, 
90–120 and +120 mm fractions. The 0–25 mm 
fraction was quartered in two steps, and samples 
were lab sieved so that a total of 19 fractions be-
tween –0.075 mm and +500 mm were obtained. 

If only coarse range data were known, 90–500 
mm, a Swebrec function fit to the data could be 
used to estimate the amount of fines. The result is 
shown in Figure 5, together with the correspond-
ing RR fit. 
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Figure 5. Estimating the amount of fines in a muckpile, 
based on coarse range data (filled symbols). Compare 
the use of the Swebrec function with the use of the RR 
function. 

The filled symbols in Figure 5 depict the data 
used in the curve fitting, and the open symbols de-
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pict those that were not used. The Swebrec func-
tion makes a good fines prediction down to about 
0.1 mm, while the RR function already deviates 
considerably from the measured data at 25 mm. 

An estimate of the amount of –4 mm fines in 
the muckpile, using the Swebrec function, yields 
about 2%, while the RR estimate would be only 
0.4%, the correct value being about 2.5%. 

Conversely, if only a sieved fine material dis-
tribution and its percentage of the whole muckpile 
were known, then the coarse range could be pre-
dicted. Figure 6 shows the result of fitting the 
Swebrec function to the 0–22.4 mm material data 
from round 4 at Bårarp. 
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Figure 6. Estimating the coarse range data from knowl-
edge of the fines range. In the figure, 1–22.4 mm data 
were used and xmax was set equal to the burden. 

For the coarsely blocky granitic gneiss at 
Bårarp, a burden value of 1.8 m was used as an es-
timate of xmax. Note that only the concave part of 
the fines data was used – the 0.075–0.5 mm data 
were excluded. The reproduction of the coarse 
range data is excellent. 

In theory it may be sufficient to have a sample 
of the fines material of a muckpile plus an estimate 
of its percentage of the whole. Of course a 0–90 
mm sample is better than one covering 0–22.4 
mm. Furthermore, a correct notion of the size of 
xmax will steer the curve fitting. A first estimate of 
xmax is probably obtained by taking the largest in 
situ block size if this value is smaller than the bur-
den. 

The procedure for estimating the coarse range 
data probably works better on crushed rock on a 
belt. Firstly, xmax may be estimated from the 
crusher settings, and secondly there are often belt 
scales that give certain fraction weights. 
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Figure 7. Estimating the coarse range data of crushed 
granite, based on the 0.5–22.4 mm fines. xmax ≈ 300 mm 
and a fines percentage of 18% were used. The resulting 
fitting parameters became x50 = 77 mm and b = 2.33. 

Figure 7 shows an example of how sieving 
samples for a classified roadbed fraction of 
crushed 0–32 mm material of granite in the Vändle 
quarry have been used to estimate the coarse range 
data (Optimal fragmentation 2004). 

Our work at the Nordkalk quarry (Ouchterlony 
et al. 2003) shows that caution is needed, though, 
when the product on the belt consists of blasted 
and crushed rock, i.e. the flow is bimodal. In this 
case the –250 mm material is scalped with a roller 
grizzly at the crusher intake; it bypasses the 
crusher and is fed to the belt before the crushed 
product is put on. Even if the flow is mixed at two 
belt stations, the bimodal character is still present. 

In this case the 1–100 mm fraction is described 
by the Swebrec function to within 0.75%. An es-
timate of the amount of material passing the 200 
mm mesh would be much too high, however (see 
Fig. 8). The curve predicts more than 90% passing 
when the sieved value is less than 80%. 

This experience injects a note of caution in the 
analysis of muckpiles from rounds with two vastly 
different fragmentation conditions, such as a long 
uncharged stemming part and a charged part with 
very different rock mass properties.  

It is worth noting that the Swebrec could re-
produce the main part of the size distribution in 
spite of its bimodal character. We conclude, 
firstly, that the Swebrec function is robust, and 
secondly that the blasted and crushed distributions 
are reasonably similar in character. 

A comparison of Figures 4-8 shows that the 
size distributions for blasted and crushed rock 
look quite similar. This was also my experience in 
earlier work (Ouchterlony 2003), where data were 
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obtained from many types of rock, both blasting 
and crushing. 
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Figure 8. Fitting of Swebrec function to sieving data for 
a belt cut from Nordkalk. Data range 0.5–100 mm. 
Curve parameters: x50 = 64.6 mm, xmax = 315 mm and b
= 2.409. 

Another example of the robustness of the Swe-
brec function is given by Svahn’s data (2003). She 
blasted three Ø300 mm cylinders of mortar with 
40 g/m PETN cord. The cylinders consisted of 
three layers of differently pigmented mortar: black, 
yellow and green. After blasting in a closed con-
tainer, the fragments were collected, sieved and 
colour separated. The resulting curves are shown 
in Figure 9. 

 

0.1 1 10 100
0.1

1

10

100 Mass passing, %

Dashed lines depict individual layer data
lower solid line depicts weighted average
upper solid line depicts composite curve

 

Figure 9. Size distributions for blasted mortar cylinder 2. 
Valid range 0.25–32 mm. The layer weights used were: 
black inner layer α1 =16.0%, yellow middle layer α2 =
28.4% and outer green layer α3 = 55.6%. 

The fragment size distributions for each layer, 
Pb, Py and Pg are reproduced nicely by the Swe-
brec function, r2 < 0.9978 over the range 0.25–32 
mm (Ouchterlony 2003). The composite fragment 

size distribution Ptot was equally well reproduced 
by the Swebrec function, even if the weighted av-
erage of the three individual functions does not 
add up to the composite function mathematically, 
α1Pb + α2Py + α3Pg ≠ Ptot with α1 + α2 + α3 = 1. 

It may also be possible to use the Swebrec 
function together with an image analysis instru-
mentation, which provides data for the coarse ma-
terial. At Nordkalk (Ouchterlony et al. 2004) the 
size range is 63–1600 mm for an installation that 
captures truck loads prior to crushing, and 12.5–
315 mm for the one that is mounted over the belt. 

A comparison with Figure 8 shows that, if im-
age analysis could give a proper representation of 
the 20–315 mm material, then an extrapolation 
based on the Swebrec function would increase the 
measured size range down to about 1 mm, i.e. in 
practice double the relative range. 

The analysis of more than 25 belt cuts shows 
that the size distribution over the interval 0.5–100 
mm could be reproduced by a Swebrec function 
where the x50 value lies in the range 48–108 mm 
while xmax = 315 mm and b ≈ 2.25 ± 0.10, i.e. is 
practically constant. It is not known if the same 
regularity applies to other streams of crusher 
product. 

4 PREDICTION EQUATION FOR THE SIZE 
DISTRIBUTION OF BLASTED ROCK 

The Kuz–Ram model of Appendix 2 contains 
three basic equations apart from the RR distribu-
tion itself, the most important being that for x50.
Therefore we may write 

x50 = AQ1/6(115/sANFO)19/30/q0.8 (6a)  

A = function of rock mass properties (6b) 

n = function of the geometry of blastholes,) (6c) 
 hole pattern and charges. 

where Q = charge weight per hole, kg; q = specific 
charge, kg/m3; and sANFO = weight strength relative 
to ANFO. The rock factor A depends primarily on 
the jointing of the rock mass and the orientation of 
these joints. The uniformity exponent n depends 
on the hole diameter, the spacing to burden ratio 
S/B, the charge distribution and the drill hole de-
viations. Parameters n and x50, according to Equa-
tions 6a–c, would thus be independent of each 
other, which is contradicted by our data. 

Most people would agree that the x50 equation 
describes reality reasonably well. Practical evi-
dence that the A and n equations are correct is 
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lacking, however, particularly in the case of n.
Several versions of the A and n equations are 
given in the literature (see, for example, Kanchi-
botla et al. 1999, Djordjevic et al. 1999). 

Cunningham (2003) sees the Kuz–Ram model 
more as a tool to structure experiences and to think 
of how different parameters could influence the 
blast fragmentation than as a quantitative predic-
tion model. 

As experience clearly shows that the RR func-
tion normally does not do a good job of reproduc-
ing the blast fragmentation, primarily in the fines 
range, it could be replaced with the Swebrec func-
tion. One way of doing this is to prescribe the 
same slope value at x50 for the two size distribu-
tions. 

With Equation 4 and the corresponding expres-
sion for the RR function, this gives the condition 

b = n 2ln2 ln(xmax/x50) (7) 

If this expression and the other equations of the 
Kuz–Ram model are applied to round 4 from 
Bårarp, the result in Figure 10 is obtained. Note 
that it shows the curves in lin–log scale so that the 
slope values at x50 become more visible. The pre-
dicted value is very close to the measured value, 
so the model reproduces the data quite well. 
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Figure 10. Extension of the Kuz–Ram model with the 
Swebrec function. 

An analysis of the fragment size distribution 
data from model and full-scale blasting that were 
used to confirm the Swebrec function (Ouchter-
lony 2004 & 2005) also show, within engineering 
accuracy, that the slope value at x50, s50 (1/mm 
with x50 in mm) is given by 

s50 = 0.12/x50
0.75 for full-scale blasting (8a) 

s50 = 0.25/x50
0.75 for cylindrical models (8b) 

Figure 11 shows the results from blasting of 
amphibolite, dolomite, granitic gneiss, limestone, 
dolomite and quartzite. 

As s50 depends on n, Equations 8a, b show that 
x50 and n are directly coupled, not independent of 
each other as the Kuz–Ram model would have us 
think. The use of Equations 4 and 8a yields 

 
b ≈ 0.5x50

0.25 ln(xmax/x50) (9)  
 
This shows that the development of a better 

fragmentation prediction model should focus pri-
marily on the x50 and A equations, and on the 
equation for xmax. This last quantity could probably 
be related to the maximum block size of a blocky 
rock mass or the burden in a massive one. 
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Figure 11. Relationship between the slope s50 at x50 and 
x50 itself. 

The regularity expressed by Equations 8a, b 
and 9 is unexpected, and I presently lack a good 
physical explanation. Had the exponent in Equa-
tions 8a, b been equal to 1.0 instead of 0.75, it 
would have corresponded to a similarity transfor-
mation. In earlier work (Ouchterlony 2004) there 
are physical explanations that apply primarily to 
the fines region.  Here, a practical consequence of 
these equations is described. Consider how frag-
mentation changes at a given site (see Fig. 12). 

Assume that the average fragment size distribu-
tion in a quarry is known for a given blasting pro-
cedure, at least concerning x50, xmax and a fines 
measure like the amount of –32 mm or –64 mm 
material. With these data, an estimate of b can be 
made and in principle the whole size distribution 
is known.  

Equation (9) now makes it possible to describe 
the consequences of a changed blasting procedure 
in the following way. 
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Figure 12. Variations in the fragment size distribution in 
a given quarry – the Bårarp example. When x50 changes, 
the slope at x50 changes according to Equation 8a. 

Figure 12 implies that, if x50 is decreased from 
300 to 200 mm, then the percentage of –32 mm 
material will increase from about 9% to about 
13%. Conversely, it can be inferred that, if we 
wish to decrease the amount of –64 mm material 
from 22% to 15%, then x50 should be increased 
from 200 to 300 mm. 

Other numbers could be used but the reasoning 
is the same. Given a wanted change in either x50 or 
the percentage of some finer fraction, it is possible 
to read off how much the other quantity will have 
to change. Equation 9 does not tell how to achieve 
these changes, however, as that requires either 
production experience or a fragmentation model 
that is calibrated with respect to specific charge, 
etc. 

If we were to merge the information from the 
Kuz–Ram model and what has been presented 
here, the RR function and the n equation would 
have to be replaced and the following would re-
main: 

 

P(x) = 1/{1+[ln(xmax/x)/ln(xmax/x50)]
b
}, 

 0 < x < xmax (10a) 

x50 = AQ
1/6

(115/sANFO)
19/30

/q
0.8 (in mm) (10b) 

A = 0.6(RMD + RDI + HF) (10c) 

b ≈ 0.5x50
0.25

 ln[xmax/x50] (10d) 

xmax = min (in situ block size SJ, S or B)

By analogy with earlier work (Ouchterlony 
2005) we might call this set of equations the new 
Kuznetsov–Cunningham–Ouchterlony or KCO 
model. 

Some data indicate that Equation 8a may also 
be valid for certain types of crushing, maybe with 
a slightly different numerical prefactor. If so, the 
equation could be used to predict, for example, the 
effect on the fines percentage in the product of 
changes in the crusher settings, or vice versa. 

The same reasoning is, in principle, also valid 
for the boulder volume in the muckpile, e.g. how 
much must x50 decrease for this volume to be 
halved? In practice, however, the uncertainties in 
this part of the distribution curve are probably 
much greater. One reason is that the accuracy in 
the determination of xmax is poorer than in the de-
termination of x50, and another is that we do not 
really know yet how xmax depends on, for example, 
the specific charge. 

5 CONCLUSION 

Studies on the sieved size distribution of blasted 
rock have shown that the new Swebrec function 
will reproduce it quite well in the size range 1–500 
mm. The main improvements on previous work lie 
in the fines range and the limited fragment size. 
The same function describes well a large number 
of sieved size distributions of crushed rock. 

The Swebrec function has three parameters: the 
average (median) fragment size x50, the maximum 
fragment size xmax and the curve undulation pa-
rameter b. Sieving data show that the parameters 
are not independent, and an interrelation is pro-
posed. 

In addition to the improved reproduction of 
sieved fragment size distributions, the Swebrec 
function may be used to predict the whole size dis-
tribution from sieve samples. Fines samples may 
be used to predict coarse range data, and vice 
versa. The function should also make it possible to 
improve the relatively modest size range of image 
analysis methods. 

The relationship between the parameters x50,
xmax and b may be used to predict the effect of 
changed blasting practices in a quarry. It would be 
possible to predict how much the average frag-
mentation should change in order to give a desired 
change in a given finer fraction, or vice versa. A 
similar prediction for the amount of oversize is 
possible in principle, but probably not accurate 
enough for practical purposes. 
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The new information makes it possible to im-
prove on the Kuz–Ram model on two counts: an 
improved distribution function and replacing the n
equation by one that relates b to x50 and xmax. The 
new model is called the KCO model. To make this 
a validated model we still need a better verifica-
tion of the x50 and A equations. 

The large number of sieved distributions ob-
tained in earlier work by the present author 
(Ouchterlony 2003 & 2005) could probably be 
used to make a statement about the dependence on 
a specific charge and the factors that make the 
numerical constants in the slope equations [Equa-
tions 8a, b] different. Improvement in the influ-
ence of rock mass jointing on the fragmentation 
probably requires both a much better theory and 
extensive tests. 

Even if these data are lacking, we have come 
much closer to the goal of being able to control the 
amount of fines created by blasting. The under-
standing of where they originate in the blast has 
increased as well (Ouchterlony 2004). It is, for ex-
ample, not likely that the so-called crushed zone 
around the blasthole is the major source of blasted 
fines. 
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APPENDIX 1: SUMMARY OF THE 
POSSIBILITIES AND LIMITATIONS OF 
IMAGE ANALYSIS TECHNIQUES 

The following text is the summary section of Chapter 7 
in work by Ouchterlony (2003) entitled ‘Methods for de-
termining the fragment size distribution’.

It is clear that digital image based methods for de-
termining the fragment size distributions of rock are be-
coming widely used. After the first trials in the early 
1980s and method developments into the 1990s, systems 
are now being installed in mines and quarries worldwide. 

There are at least 100 on-line installations in production 
conditions. 

They have the advantage of producing fast estimates 
of the fragmentation size distribution without interfering 
with the production. The analysis is so fast that decisions 
like whether the contents of truck loads meet certain size 
requirements can be made more or less directly. 

The methods and systems are still in their infancy 
and there are several drawbacks with them, but to use 
sieving is only an alternative in exceptional situations. 
Sieving is still the norm, though, for fragment size dis-
tributions in specifications, etc.  

This review of digital image based methods for de-
termining the fragment size distribution may be summa-
rised as follows. 

1. It seems that, as rock moves from muckpile to 
crusher to conveyor belt, the digital image based 
methods improve in intrinsic effectiveness. 

2. Many systems yield acceptable estimates of the 
central measures of the fragment size distribution, 
like x50, provided that this point is not near the end 
of the resolution range. 

3. Most methods tend to overpredict x50 for photos 
with smaller x50 values and to underpredict x50 for 
photos with larger x50 values. 

4. Old rules of thumb may still be valid: 
− the largest fragment should not be larger than 

20 times the smallest fragment; 
− the smallest fragment should be larger than 3 

times the resolution; 
− the average fragment size should be small 

enough compared with the size of the image. 
5. The results depend on even lighting conditions – 

bright sun or oblique lighting that creates shadows 
can cause errors, as can surface contamination by 
moisture, oil and snow. Dirty glass covers for video 
lenses create similar problems. 

6. The methods are sensitive to segregation and mask-
ing, i.e. to the subsurface ‘hiding’ of fine material 
when the distribution has a low uniformity index. 

7. The resolution is quite limited, 1–1.5 orders of 
magnitude in fragment size and, even in this nar-
row range, uncorrected data tend to give large er-
rors near the lower size limit.  

8. Zoom merging techniques, i.e. merging photos 
taken at different scales, can extend the range to 
maybe two orders of magnitude. This may be suffi-
cient for many applications but probably not for 
fines problems. 

9. Some systems, but not all, have incorporated fines 
correction algorithms. These generally need to be 
calibrated. 

10. Two types of fines correction are used, either algo-
rithms that enlarge tendencies observed in the im-
age-based data or those that use a priori knowl-
edge of the ‘true’, authentic fragment size 
distribution in the fines range. 

11. The authentic distribution is usually of the Rosin–
Rammler type, but there is little experimental evi-
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dence that this distribution accurately describes the 
fines parts of blasted or crushed rock. One alterna-
tive is to use NBC-type curves. 

12. To make accurate predictions outside the range of 
resolution, the systems need to have calibrated 
fines corrections. 

13. Production situations may not need absolute (accu-
rate) fragment size measurements to be carried out. 
Relative changes in fragmentation may be suffi-
cient, and systems that give precise values with 
lower accuracy may be a better choice. 

14. It is probably well to remember that sieving sizes a 
flow of oriented fragments, and the image of a pile 
of fragments captures something else. 

 

APPENDIX 2: THE EQUATIONS OF THE 
KUZ–RAM MODEL  

The equations of the Kuz–Ram model apply to bench 
blasting (Cunningham 1987). They may be written as 
follows. The cumulative fragments size distribution is 

PRR(x) = 1 – e
-ln2(x/x50)

n

= 1 – 2
–(x/x50)

n

(2.1) 

The average fragmentation is given by 

x50 = AQ1/6(115/sANFO)19/30/q0.8 (2.2) 

Here 

x50 = median value or mesh size through which 50% of 
 the material passes, in cm!

Q = charge weight per hole (kg) 
q = specific charge (kg/m3)
sANFO = weight strength of explosives relative to ANFO 
 (%) 

The rock mass factor A lies in the interval 0.8–21 and is 
given by 

A = 0.06(RMD+RDI+HF) (2.3) 

Here 

RMD = rock mass description = 10 (if powdery or  
 friable), JF (if vertically jointed) or 50 (if  
 massive) 

 JF = joint factor = joint plane spacing term JPS + 
 joint plane angle term JPA 

 JPS = 10 (if mean spacing SJ < 0.1 m), 20 (if SJ is 
 within range from 0.1 m to oversize) or 50  

 (if SJ > oversize) 
 JPA = 20 (if dipping out of face), 30 (if striking ┴ to 

 bench face) or 40 (if dipping into face) 
 RDI = rock density influence = 0.025ρ (kg/m3) – 50 
 HF =  hardness factor = E/3 if E < 50 or σc/5 if E >

50 and depends on compressive strength 
 σc (MPa) or Young’s modulus E (GPa) 

 
The uniformity exponent is given by 

 
n = (2.2 – 0.014B/Øh)(1 – SD/B)√[(1+S/B)/2] 

 
x [|Lb – Lc|/Ltot+0.1]0.1·(Ltot/H) (2.4) 
 

Here 
 B = burden (m) 
 S = spacing (m) 
 Øh = bore hole diameter (m) 
 Lb = length of bottom charge (m) 
 Lc = length of column charge (m) 
 Ltot  = total charge length above grade (m) 
 H = bench height or hole depth (m) 
 SD =  standard deviation for drilling error (m). 

The first factor in Equation 2.4 (2.2 – 0.014B/Øh) typi-
cally takes the value 1.5. It may be seen as a base value, 
and the other factors may then be seen as correction fac-
tors, in turn, for drill hole deviations, hole pattern and 
different bottom and column charges plus the charged 
part of the bench. If an alternating drill hole pattern were 
used instead of a rectangular one, n would increase by 
10%. 

The equation for n contains only geometric data and 
consequently is independent of the equations for x50 and 
A. The rock mass factor A has the largest variations. 

The Kuz–Ram model has many parameters and 
should be used with judgement. It is still incomplete in 
that it contains no information about the effect of timing. 
To obtain that information, often contradictory practical 
experience has to be relied upon (Ouchterlony 2003). 
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1 INTRODUCTION 

The primary purpose of blasting is to fragment 
rock, and there are significant rewards for deliver-
ing a fragmentation size range that is not only well 
suited to the mining system it feeds but also   
minimises unsaleable fractions and enhances the 
value of what can be sold. Various models have 
been put forward over the years, attempting to 
predict the size distribution resulting from particu-
lar blast designs. The approaches fall into two 
broad camps: 

− empirical modelling, which infers finer frag-
mentation from higher energy input, and 

− mechanistic modelling, which tracks the   
physics of detonation and the process of       
energy transfer in well-defined rock for spe-
cific blast layouts, deriving the whole range of 
blasting results. 
 
The mechanistic approach is intrinsically able 

to illustrate the effect of individual mechanisms, 
something beyond purely empirical models.   

However, it is more difficult to apply from day to 
day, as it is limited in scale, requires long run 
times and suffers from the difficulty of collecting 
adequate data about the detonation, the rock and 
the end results. It also requires greater or lesser 
degrees of empiricism, so is not necessarily more 
accurate. 

For all practical purposes, the empirical models 
are the ones used for daily blast design, and the 
present author published a scheme as the Kuz–
Ram model in the 1980s (Cunningham 1983 & 
1987). There are three key equations: 

The adapted Kuznetsov equation 

xm = AK –0.8Q1/6 . 115
RWS
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 (1) 

where xm = mean particle size, cm; A = rock factor 
[varying between 0.8 and 22, depending on hard-
ness and structure – this is a critical parameter and 
its derivation is given in equation (4)]; K = powder 
factor, kg explosive per cubic metre of rock; Q =
mass of explosive in the hole, kg; RWS = weight 
strength relative to ANFO, 115 being the RWS of 
TNT. 

The Kuz-Ram fragmentation model – 20 years on 

C.V.B. Cunningham 
African Explosives Limited, Modderfontein, South Africa 

 

ABSTRACT: The Kuz–Ram model is possibly the most widely used approach to estimating fragmenta-
tion from blasting, and renewed interest in the field of blast control has brought increased focus on the 
model. The author reviews the strengths and weaknesses of the model, indicating the limitations, correc-
tions and modifications he has been using, and suggesting how it can best be used. The basic strength of 
the model lies in its simplicity in terms of the ease of garnering input data, and in its direct linkage 
between blast design and rock breaking result. The algorithms are easily incorporated into spreadsheets, 
but a problem with this is the danger of incorrect entries. A further danger is the tendency of inexperi-
enced users to push it beyond its proper range of application. Many criticisms and improvements have 
been suggested over the years, and these have tended to miss the point that the model is less about 
precision than about guidance. The major modification from the author has been to factor in the effect of 
precision timing, as is available from electronic delay detonators. 
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The adapted Rosin–Rammler equation 

Rx = exp −0.693 x
xm







n











(2) 

where Rx = mass fraction retained on screen   
opening x; n = uniformity index, usually between 
0.7 and 2. 

The uniformity equation 
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(3) 

where B = burden, m; S = spacing, m; d = hole   
diameter, mm; W = standard deviation of drilling 
precision, m; L = charge length, m; BCL = bottom 
charge length, m; CCL = column charge length, m; 
H = bench height, m. 

Because of the ease with which the model can 
be parameterised for blast layout spreadsheets, it 
has become widely used, but has not been          
seriously changed since the 1987 publication.    
Significant queries seeking clarification about the 
model and indicating its use in serious applica-
tions, use which has not always been wise, as well 
as ongoing interest in adapting it, demonstrate that 
it continues to provide a useful springboard for 
blast design. In addition, the author has been 
deeply involved in evolving the understanding of 
detonation for blasting, in building mechanistic 
models and in evaluating digital fragmentation 
systems and electronic detonator systems. During 
these processes, the idea of upgrading the Kuz–
Ram model was always in the background, and 
various modifications have been incorporated in 
personal spreadsheets. The lack of publication has 
been due, largely, to an expectation that mechanis-
tic models would overtake empirical models, but 
this has yet to happen, so it is necessary to rework 
Kuz–Ram. 

This paper discusses how thinking has evolved, 
introducing new algorithms for the effect of blast 
timing on fragmentation. Most importantly, it 
points to the appropriate use and limitations of 
such modelling, and refers to associated develop-
ments by other workers in the field. Importantly, 
there is still no modification for energy partition-
ing: explosive weight strength is the only input. 
This will be given attention in due course, but it is 
far from simple. 

2 DEFICIENCIES IN EMPIRICAL 
FRAGMENTATION MODELLING 

Most modelling errors arise through simplistic   
application or narrow appreciation of blasting as a 
technology. A brief review of common stumbling 
blocks is therefore appropriate. These fall broadly 
into the following categories: 

− parameters not taken into account; 

− limited ability to measure fragmentation; 

− difficulty in scaling blasting effects. 
 
A grasp of these issues is crucial if reasonable 

and not blind application of modelling is to be   
undertaken. 

2.1 Parameters not taken into account 

The primary assumption of empirical fragmenta-
tion modelling is that increased energy levels     
result in reduced fragmentation across the whole 
range of sizes, from oversize to fines. This is    
generally valid, but not necessarily applicable to 
real situations. Some of the other factors that may 
override the expected relationship include: 

− rock properties and structure (variation, rela-
tionship to drilling pattern, dominance of 
jointing); 

− blast dimensions (number of holes per row and 
number of rows); 

− bench dimensions (bench height versus stem-
ming and subdrilling); 

− timing between holes, and precision of the 
timing; 

− detonation behaviour, in particular detonation 
velocity (VoD); 

− decking with air, water and stemming; 

− edge effects from the six borders of the blast, 
each conditioned by previous blasting or    
geological influences. 
 
Thus, unless these parameters are catered for, it 

is possible for a model to be seriously wrong in its 
estimation of blasting fragmentation. Assessing 
and dealing with the whole range of inputs is the 
essence of blast engineering. 
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2.2 Limited ability to measure fragmentation 

The difficulty of measuring fragment distribution 
from full-scale blasting is a fundamental obstacle 
to proving or applying any fragmentation model. 

The only complete measure of blasting       
fragmentation is at the working face, before any 
mixing takes place, or large boulders are removed 
for secondary blasting, or fines are lost to wind or 
water, or generated by the action of the loaders on 
the rock pile. It is almost impossible to put all of 
the rock from a properly dimensioned blast 
through a sieving system, but reduced numbers of 
holes and rows compromise the actual degree of 
fragmentation control that would be realized in 
full-scale blasting procedures. Representative 
sampling is really difficult owing to the scale of 
operations and mass of suitable sample sizes, the 
great variability of fragmentation within the mass, 
and the tendency of the system to exclude the    
important fines and oversize fractions. 

Resorting to imaging as a means of estimating 
fragmentation has its best application over a con-
veyor belt, but this is well away from the working 
face. Resolution problems are a serious impedi-
ment to assessing smaller fractions adequately, 
compounded by the inability of imaging methods 
to determine the mass represented by an image of 
a muckpile. This means that fractions cannot be 
determined by subtraction, especially since imag-
ing techniques typically use necessarily gross ap-
proximations (such as equivalent cube) to deter-
mine particle mass. Imaging of truck loads does 
permit relating particle distribution to weighed 
masses, but getting a clear image and associating it 
with a particular part of a blast is not necessarily 
easy. 

Because it is so difficult, really good datasets 
are hard to come by, and hard evidence for agree-
ing blasting success is scarce. 

2.3 Inability to scale blasting effects 

The use of transparent plastic or glass models  
containing tiny charges of molecular explosive is a 
dramatic way of demonstrating the mechanisms of 
blasting, but neither the material nor the explosive 
bears tolerable resemblance either to their equiva-
lents in commercial blasting or to the numerical 
dimensions and ratios of the effects. This is less 
true of shots in concrete blocks, but the scale of 
the blocks and the edge effects in them are still 
problematic for quantitative modelling. Thus,     
attempts to align laboratory tests with field     
blasting tend to cause confusion and sometimes 
lead to false conclusions. 

3 PRECISION REQUIREMENT OF 
FRAGMENTATION MODELLING 

In view of the above obstacles, it can be tempting 
to abandon the idea of blast modelling, but this is 
counterproductive, since it cuts off the whole 
process of learning and the use of genuine blasting 
knowledge. A good option is to broaden the focus 
to where results really impact, which is in any case 
the purpose of modelling. 

In a sense, knowing the fragmentation range of 
the rock is irrelevant, as the objective of blasting is 
to achieve productivity and profitability. Even if 
the fragmentation itself is hardly known, its impact 
is felt, so if, for example, there is conclusive evi-
dence that implementing a change lifts productiv-
ity by 30%, then this is the real justification for 
making that change, whether or not the fragmenta-
tion can be measured. Therefore, it is wise to focus 
as much on the effects of fragmentation as on the 
size fractions. If the effects cannot be measured di-
rectly, then it is usually possible to identify some 
point at which the ill effects are costing money 
(e.g. excessive waste tonnage of fine material) or 
the good effects are paying dividends (e.g. costs of 
engineering spares). 

Therefore, in general, it is necessary to con-
sider the macro effects of the blasting, and to focus 
less on absolute outcomes than on relative per-
formance. Unfortunately, human psychology and 
rivalry for recognition can delay the introduction 
of very helpful measures, so as much evidence of 
actual fragmentation as possible is needed to com-
plete the case for improved blasting measures. 

With this in mind, it is clear that a fragmenta-
tion model needs to conform with trends rather 
than absolutes, and must be used with an under-
standing of why a trend emerges when changes are 
made to inputs. With this background, upgrading 
of the Kuz–Ram model itself can be considered. 

4 CHANGES TO THE KUZ–RAM MODEL 

Thought has been given to improving the            
algorithms for mean fragmentation and uniformity 
in the light of experience and needs in various 
conditions. The major changes to the model,   
however, have developed as a result of the          
introduction of electronic delay detonators (EDs), 
since these have patently transformed fragmenta-
tion.  Both  the  effect  of  assigned  timing and the 
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effect of timing scatter are now accommodated. 

4.1 Rock characterisation: factor A 

It is always difficult to estimate the real effect of 
geology, but the following routine addresses some 
of the major issues in arriving at the single rock 
factor A, defined as 

A = 0.06 (RMD + RDI + HF) (4) 

where RMD is the rock mass description, RDI is 
the density influence and HF is the hardness     
factor, the figures for these parameters being      
derived as follows. 

4.1.1 RMD 

A number is assigned according to the rock condi-
tion: powdery/friable = 10; massive formation 
(joints further apart than blasthole) = 50; vertically 
jointed – derive jointed rock factor (JF) as follows: 

JF =  (JCF JPS) + JPA (5) 

where JCF is the joint condition factor, JPS is the 
joint plane spacing factor and JPA is the joint 
plane angle factor. 

4.1.1.1 Joint condition factor (JCF) 

 Tight joints     1 
 Relaxed joints    1.5 
 Gouge-filled joints   2.0 

4.1.1.2 Vertical joint plane spacing factor (JPS) 

As illustrated in Figure 1, this factor is partly      
related to the absolute joint spacing, and partly to 
the ratio of spacing to drilling pattern, expressed 
as the reduced pattern, P:

P = (B x S)0.5 (6) 

where B and S are burden and spacing, m. 
 
The values of JPS are as follows for the joint 

spacing ranges: 

− joint spacing < 0.1 m, JPS = 10 (because fine 
fragmentation will result from close joints); 

− joint spacing = 0.1–0.3 m, JPS = 20 (because 
unholed blocks are becoming plentiful and 
large); 

− joint spacing = 0.3 m to 95% of P, JPS = 80 
(because some very large blocks are likely to 
be left); 

− joint spacing > P, 50 (because all blocks will 
be intersected). 
 
Clearly, if the joint spacing and the reduced 

pattern are both less than 0.3 m, or if P is less than 
1 m, then this algorithm could produce strange   
results. In the original derivation, the index was 
linked to the maximum defined oversize dimen-
sion, but this is clearly not an appropriate input 
and has been omitted. 

JS ≥ HS: 
“Massive” 

JS < HS: 
Some huge  
fragments 

JS << HS: 
Large fragments  
common 

JS <<< HS: 
Fragments naturally 
small 

JS: Joint spacing, HS: Hole spacing 

Figure 1. JPS – effect of ratio of hole spacing to joint spacing on 
blasting fragmentation. 
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4.1.1.3 Vertical joint plane angle (JPA) 

Dip out of face   40 
Strike out of face 30 
Dip into face  20 

‘Dip’ here means a steep dip, >30˚. ‘Out of 
face’ means that extension of the joint plane from 
the vertical face will be upwards. This is a change 
from the 1987 paper and is supported by Singh & 
Sastry (1987), although the wording in the latter is 
slightly confused and requires careful interpreta-
tion. 

4.1.2 Hardness factor (HF) 

If Y < 50, HF = Y/3 
If Y > 50, HF = UCS/5 

where Y = elastic modulus, GPa; UCS = uncon-
fined compressive strength, MPa. 

This distinction is drawn because determining 
the UCS is almost meaningless in weak rock types, 
and a dynamic modulus can be more easily        
obtained from wave velocities. In the crossover 
area there are sometimes conflicts, and it is neces-
sary to use personal judgement for these. It is    
better to use figures where there is less scatter in 
the range of data. 

4.1.3 Correcting the derived rock factor 

Arriving at the rock factor A is a critical part of the 
process, but it is impossible to cater for all condi-
tions in this simple algorithm. Normally, it is soon 
apparent if A is greater or smaller than the algo-
rithm indicates, and, rather than trying to tweak 
the input, possibly losing some valid input, a cor-
rection factor C(A) is now introduced. If prelimi-
nary runs against known results indicate that the 
rock factor needs to be changed, then C(A) is used 
as a multiplier to bridge the gap from the value 
given by this algorithm. The final algorithm is 
therefore 

A = 0.06(RMD + RDI + HF)·C(A) (7) 

The correction factor C(A) would normally be well 
within the range 0.5–2. 

4.2 Interhole delay 

Even before electronic delay detonators (EDs), it 
was clear that millisecond or short-period delay 
blasting yielded more uniform and finer fragmen-
tation than half-second or long-period delay   
blasting. Many papers from respected researchers 

quoted optimum interhole delay times of 3–6 ms 
per metre of burden for reducing fragmentation 
size (Bergmann et al. 1974, Winzer et al. 1979). 
This can be tied to the evolving fracture network 
around a blasthole: the optimum interhole time 
was found to correlate with twice the time for 
cracks to propagate across the burden. Bergmann’s 
granite had a compressional stress wave velocity, 
Cp, of 5.2 km/s (5.2 m/ms), and the influence of 
delay on fragmentation can be scaled by this value, 
with 3 ms/m the standard. 

Thus, if the value of Cp is Cx km/s, then the op-
timum delay timing for maximum fragmentation 
Tmax will be 

Tmax =
15.6
Cx

B (8) 

where Tmax is the time between holes in a row for 
maximum fragmentation, ms; the scaling factor is 
15.6 = 3 ms/m x 5.2 km/s; B is the hole burden, m; 
and Cx is the longitudinal velocity, km/s. 

Delays shorter than Tmax suppress fragmenta-
tion owing to destructive interference of the 
stresses with the evolving fracture system.  Longer 
delays result in rock between the holes beginning 
to shift and hence being less vulnerable to frag-
mentation mechanisms, but the effect on fragmen-
tation is not as sharp as that of reducing the delay. 
Weaker rock has slower wave velocities and re-
quires longer delays. 

In the work by Bergmann et al. (1974), a curve 
of fragmentation versus delay is given for blasting 
single rows of five holes in granite blocks. The 
blocks were not large enough to be able to test the 
effect of long delays properly, and in full-scale 
blasting delays longer than Tmax led to coarser  
fractions. Certainly, in South Africa’s Narrow 
Reef mines, where capped fuse and shock tube 
systems enable a very wide range of delays to be 
employed, there is keen awareness of the increased 
fragmentation with short delays, and it is qualita-
tively clear that there is a peak, but fragmentation 
studies have always been dogged by the extreme 
variation in every rock breaking situation. The 
model thus shows that, if interhole delay is         
increased from instantaneous, the degree of     
fragmentation rapidly attains a maximum, then 
gradually deteriorates as delay increases. Very 
short delays are needed to create strong movement 
of a rock mass, and, depending on the depth of the 
blast, fracture arising from mass movement can  
result in good fragmentation with shorter delays 
than those given above. 

This peaking of fragmentation at Tmax corre-
sponds to a crucial window where stress waves 
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and fracture growth operate optimally before 
movement within the rock mass interferes with 
these mechanisms. The effect is supported in   
principle by the modelling work of various         
researchers, e.g. Rosmanith (2003), who affirm 
that EDs have opened a window of short delay 
times. There is significant debate as to the validity 
of ultrashort delays which will no doubt be         
resolved as work progresses, but real rock break-
ing conditions ensure that this will not be a quick 
or easy process. 

An algorithm has been developed that simu-

lates the above effect. The form of the algorithm is 
shown in Figure 2, overlaid on the work by    
Bergmann et al. (1974). The output is a timing 
factor At, which is applied to Equation 1 as a   
multiplier, and now incorporates the effect of     
interhole delay on fragmentation. Note that the 
dataset includes results with different spac-
ing/burden ratios. 

The form of the algorithm for T/Tmax between 0 
and 1 is 

At = 0.66(T/Tmax)3 -0.13(T/Tmax)2 -1.58(T/Tmax) + 2.1 (9a) 

and for higher values 

At = 0.9 + 0.1(T/Tmax – 1) (9b) 

It would be misleading to include this curve in 
a model that purported to provide precise predic-
tion of fragmentation, but this the Kuz–Ram 
model does not do. It is a vehicle for exploring the 
expected behaviour in terms of relative changes to 
fragmentation, and is therefore a useful way of   
refining understanding. Until the trend is incorpo-

rated, it cannot be tested properly. AEL’s           
engineers are confident that the effect is, if       
anything, conservative. 

4.3 Timing scatter 

Because nothing much could be done about     
controlling timing scatter, while pyrotechnic initia-
tion systems were the only practical way of timing 
blasts, little serious consideration has been given 
to this issue. However, the evidence has long     
existed that, quite apart from delay affecting    
fragmentation, the scatter in delay itself is key. A 
quote from Winzer (1979) is particularly pertinent: 

Accurate timing must be considered imperative in 
producing consistent blasting results and in reducing 
noise, vibration, fly rock, backbreak and poor frag-
mentation. In the overwhelming majority of cases that 
we have studied in detail (37 production shots), poor 
performance can be directly related to timing        
problems, which tend to overwhelm other blasting   
parameters. 

It is self-evident that, if timing influences the 
fragmentation in blasting, then timing scatter will 
affect the uniformity of blasting fragmentation. 
This is why there has to be adjustment both for the 
delay used and the scatter. For more precise tim-
ing, at any particular delay, there should be less 
oversize and fewer fines. However, if there is a 
simultaneous decrease in all sizes caused by im-
proved timing, the fines could actually increase in 
spite of the uniformity being greater. This explains 
the experience of a quarry in the Cape that man-
aged to increase the sand content from blasting by 
using EDs (Cunningham et al. 1998). 

To address the adverse effect of timing scatter 
on uniformity, it is necessary to invoke the scatter 
ratio. The author described the crucial effect of 
precision on blasting effects at the EFEE in 2000, 
and introduced the concept of the parameter ‘scat-
ter ratio’, Rs, defined as 

Rs =
Tr

Tx
= 6σ t

Tx
(10) 

where Rs = scatter ratio; Tr = range of delay scatter 
for initiation system, ms; Tx = desired delay       
between holes, ms; σt = standard deviation of    
initiation system, ms. 

The higher the scatter ratio, the less uniform 
will be the fragmentation curve. The following   
algorithm has been introduced to illustrate the   
expected effect of precision on blasting results: 

ns = 0.206+(1 – Rs/4)0.8 (11) 

Figure 2. Tentative algorithm for the effect of inter-
hole delay on mean fragmentation. 
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where ns is the uniformity factor governed by the 
scatter ratio.  

Figure 3 shows how the factor is currently  
configured, illustrating the assumption that delays 
used previously had a scatter ratio of about 1, i.e. 
that the shots would not overlap but could occa-
sionally fire together. Adopting low scatter delays 
would increase uniformity by up to 20%, while the 
adverse affect of increasing numbers of out-of-
sequence shots decreases uniformity by about the 
same amount. 

A useful aspect of this algorithm is that it    
portrays how precision becomes less important for 
long delays. A precision of 1 ms is very beneficial 
if the interhole delay is 10 ms. It hardly matters if 
the delay is 100 ms. 

4.4 Effect of rock strength on uniformity 

Something that has become increasingly evident 
over time is that the fragmentation is intrinsically 
more uniform in harder rocks. An expression has 
therefore been added to raise uniformity with rock 
factor A, taking 6 as the ‘neutral’ position: 

F(A) = (A/6)0.3 (12) 

4.5 Rationalisation of geometric uniformity 
parameters 

When the original parameters listed in (3) were  
being assembled, the exercise was undertaken in a 
controlled environment, and limiting values were 
not discussed. In addition, the parameter set was 

addressed as a whole with the information then to 
hand. Over the years the desire grew to improve 
the algorithm and make it less liable to generate 
obviously wrong answers. This has now been    
addressed, and will be under continual review. 

Two issues resulted in a tendency to skewed 
results: (a) the lack of capping on the values, so 
that, for example, increasing the S/B ratio indefi-
nitely led to infinite improvement in uniformity, 
and (b) the effect of pre-existing rock conditions 
often severely limits the ability of a blast design to 
change certain components of the fragmentation. 
This is difficult or impossible to cater for         
adequately in this kind of model. Therefore, the 
uniformity equation in particular needs to be 
viewed with caution, understanding the logic     
behind it. However, inasmuch as the rock is      
reasonably unjointed and solid, the ratios should 
nudge the uniformity in the indicated direction. 

The S/B function is now capped so that, if it  
increases beyond 1.5, the n factor will not exceed 
1.12, while if S/B falls below 0.5, the factor will 
not fall beneath 0.92. Increasing S/B becomes 
strongly detrimental with rectangular patterns, 
since it brings blastholes into widely spaced ranks 
of closely spaced holes. On the other hand, stag-
gered patterns progress through a cycle of better 
and worse geometry, none of which is particularly 
bad. 

Similarly, the burden/diameter expression has 
been capped between 25 and 35 diameters, and the 
expression for different charge lengths in the same 
hole has been removed owing to the complexity of 
expressing the effect meaningfully. 

Figure 3. Influence of timing precision on 
the  Rosin–Rammler uniformity parameter. 
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4.6 Spacing/burden ratio 

The real effect of S/B is strongly dependent on 
whether the pattern is rectangular or staggered,    
illustrated in terms of uniformity by Figure 4, 
which, for a fixed drilling density, plots the       
furthest distance from any hole against             
spacing/burden ratio. Of course this is meaningless 
for less than two rows of holes, which is why the 
paper by Bergmann et al. (1974) cannot be used to 
advantage for this. 

There is a clear disadvantage of rectangular 
patterns: as the S/B increases, the holes begin to 
line up in ranks, leaving large spaces between, 
while staggered patterns at their worst equal the 
best distribution of the rectangular pattern (which 
occurs at S/B=2, equalling a square pattern of S/B
= 1). Figure 5 shows the comparison for S/B = 4
with both patterns. 

It is not only the maximum distance to a hole 
that affects the uniformity: the breaking mecha-
nisms are more favourable for reduced burdens, 
and the debate becomes considerably confused by 
referring to S/B ratios achieved by timing. How-
ever, the model treats the actual layout of the holes 
as the measure, leaving others to debate the merits 
of echelon ratios, with the caution that these are 
often skewed, especially if the basic layout is rec-
tangular. The debate belongs outside this paper. 

The algorithm for the S/B ratio has evolved 
with the assumption that, in practice, the ratio lies 
between 0.7 and 1.5, giving maximum and     
minimum multipliers of 0.92 and 1.12. 
 

4.7 Other ratios 

The current uniformity index parameter set and 
capping values are detailed in Table 1, showing a 
number of significant changes. 

The burden/diameter ratio expression has been 
altered to have less influence, as has the charge 
length/bench height ratio. Because of some       
difficulty in adequately defining the effect of     
different explosives in the column, this expression 
has been omitted. 

Table 1. Geometric parameters for uniformity equation. 
Parameter α f(α) α range f(α) range 
S/B [(1+α)/2]5 0.7–1.5 0.92–1.12 
30B/d (2 – α)5 24–36 1.2–0.9 
W/B 1 – α 0–0.5B 1–0.5 
L/H α0.3 0.2–1 0.62–1 
A (α/6)0.3 0.8–21 0.5–1.45 
Scatter ratio ns 0–1.6 0.87–1.21 
S = spacing, m; B = burden, m; W = standard deviation 
of drilling, m; d = hole diameter, mm ; L = charge length 
affecting fragmentation, m; A = rock hardness factor. 

As with the rock factor A, it can happen that 
the uniformity index is just not what the algorithm 
suggests, in which case correction factor C(n) is 
provided to overlay the above inputs and enable 
estimation of the effects of changes from a com-
mon base.  

The new equations for mean size and uniform-
ity are therefore 

xm = AATK−0.8Q1/6 115
RWS
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5 APPLICATION 

With the wide range of key blasting parameters  
offered by this model, it has long been possible to 
test the likely effect on blast fragmentation of 
various options, and this capability is now some-
what enhanced. There is insufficient space in this 
kind of paper to illustrate the process in detail, but 
Figure 6 shows the kind of effect expected when 
introducing electronic delay detonators with 
shorter delays and no other change. 

Reduced intervals have decreased the mean 
size, while eliminating scatter has improved     
uniformity, resulting in the virtual elimination of 
material in excess of 1 m, and a significant         
decrease in 1 mm fine material. The promised   
outcome is sufficiently attractive to motivate test 
blasting, as there should be an immediately appar-
ent difference in working the rockpile. Whether 
the detection systems will easily pick up the actual 
rock fractions meaningfully is questionable, and 
an actual sieving may yield a different curve, but 
the strong trend should be evident. 

6 PARALLEL MODELLING WORK 

The main deficiency of Kuz–Ram modelling has 
been in the area of estimating fines, and the key 
work for remedying the deficiency is probably that 
of Djordevic (1999), Ouchterlony (2004) and 
Spathis (2004). These contributions cannot be 
discussed adequately here, other than to provide 
brief comment. 

Djordevic (1999) attributes the excess of fines 
to the crush zone around each blasthole, and       
introduces a term to incorporate this ratio into the 
Kuz–Ram model. Ouchterlony (2004) recognizes 
that the Rosin–Rammler curve has limited ability 
to follow the various distributions from blasting, 
and introduces the more adaptable Swebrec    
function, which is able to define fines better. 
Spathis (2004), on the other hand, noticed that this 
author’s use of the x50 term from Kuznetsov was at 
odds with the definition of the Rosin–Rammler 
50% passing term, and that, for low values of n,
there is a large deviation between the values. 
When corrected, the fines fraction in Kuz–Ram 
was considerably increased, which again improved 
the model. The disadvantage of these improve-
ments is that they introduce yet another factor into 
a predictive model that is already somewhat       
extended. In view of the acknowledged coarse fit 
for this kind of approach, the introduction of these 
mathematically more satisfying models needs to be 
justified by the application. 

The current situation is fluid, and the years 
ahead could see general convergence on a pre-
ferred approach. In the meantime, practitioners 
will experiment with and adopt what is at hand. 
The most important function of Kuz–Ram is to 
guide the blasting engineer in thinking through the 
effect of various parameters when attempting to 
improve blasting effects. Introduction of the blast 
timing algorithm should be of considerable help in 
this, especially with regard to electronic delay 
detonators. 
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1 INTRODUCTION 

Blast-induced ground vibration may cause an     
environmental impact such as neighbour’s      
complaints or damage on adjacent structures and 
facilities. Complaints associated with blasting 
have often become a target of public grievances. 
Because we do not have a national standard for the 
acceptance level of blast-induced ground vibra-
tion, we have always difficulties in solving the 
problem. A peak particle velocity criterion, which 
was suggested for urbane subway construction, has 
often been widely used. There is a growing       
tendency to adopt vibration criteria varying with 
respect to the frequency of the vibrations for the 
evaluation of the effects of blast loading on the 
structure. Efforts have been made to establish 
more rational criteria. It seems that differing     
cultures have often differing thresholds of the    
toleration of vibration, and that technical data or 
rational grounds for establishing the limits are 
hardly provided.  

In this paper, several examples are investigated 
numerically to provide sound understandings of 
structural responses to blast loading. Two rein-
forced concrete frames are analyzed by using a 
step-by-step procedure. Their responses are     
summarized in terms of floor velocity envelopes. It 

is shown that the responses are quite different    
depending on the structure type. The response of 
some other structures like containment building 
and the effects of frequency characteristics are also 
investigated. 

2 SAFETY LIMIT OF VIBRATION LEVEL 

A safety limit of vibration in Korea is established 
by law only for the pleasure of residents as shown 
in Table 1.  
 
Table 1. A safety limit of blast vibration by law in a zone 
of life. 

Area Time zone  
(06:00-22:00) 

Residential area, green belt area,  Less than 75 dB(V)* 
recreational area, environmental 
preservation area, school zone, . 
area of hospital and public library 
Other area  Less than 80 dB(V) 
*dB(V): Vibration level in vertical direction  

= 20 log (A/Ao), dB 
where A = root mean square value of acceleration, m/s2;
Ao = reference acceleration; f = frequency. 
 Ao = 2 x 10-5 x f -1/2 for 1 ≤ f ≤ 4

Ao = 10-5 for 4 ≤ f ≤ 8
A0 = 0.125 x 10-5 x f for 8 ≤ f ≤ 90 
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A vibration level which is compensated for 
human response is used as an indicator. In the 
early 1980s a safety limit was suggested as shown 
in Table 2 for urban subway construction opera-
tions in a densely populated capital city.  

Table 2. Allowable safety limit of blast vibration on 
structures. 

Structure type Allowable limit 
 cm/s 
Antique, computer facility 0.2 
Residential structure, apartment bldg. 0.5 
Commercial building 1.0 
Factory, reinforced concrete building 1.0~4.0 

Such peak particle velocity criteria have often 
been widely used in blast design. We are trying to 
prepare new criteria with respect to the frequency 
of vibration, but have difficulties in establishing 
the lower and upper limit of frequency and         
vibration level for lack of a reliable source. The 
former U.S. Bureau of Mines recommended a safe 
particle velocity maximum of 5 cm/s for residen-
tial structures for frequencies above 40 Hz 
(Siskind et al. 1980). The German vibration    
standard gives criteria for several types of      
structures, for example, 0.5 - 2 cm/s for residential 
structures (DIN 4150 1986). Figure 1 shows the 
examples of various safe criteria. 
 

Figure 1. Comparison of safe criteria on blast vibration. 
 

A variety of national vibration limits are listed 
elsewhere (Skipp 1977). Technical data or rational 
grounds for establishing the limits are hardly    
provided. 

3 ANALYSIS OF STRUCTURAL RESPONSE 

3.1 Numerical model and analysis tool 

Two reinforced concrete frames are analyzed     
under blast load by using a step-by-step procedure. 
The first model is four-story frame without         
in-filled panels. The second one is that with        
in-filled panels. Figure 2 shows the numerical    
examples of each model.  
 

a. Void frame                b. In-filled panel frame 
 
Figure 2. Numerical examples of four-story frame model. 

A computer program, DRAIN-2D, was used for 
the analysis (Kannan & Powell, 1975). The pro-
gram consists of a series of base subroutines, 
which carry out a step-by-step dynamic analysis of 
inelastic plane structures of arbitrary configura-
tion. The calculation time step was 0.001 sec. 

3.2 Input Ground Motion 

Figures 3-4 show the acceleration histories of     
input ground motion in longitudinal (KDL) and 
transverse (KDT) directions, respectively. Peak 
particle acceleration of KDL ground motion is 125 
cm/s2 which responds to the velocity of 1.9 cm/s. 
The peak particle velocity of KDT is 2.3 cm/s.  
 

Figure 3. Acceleration history of longitudinal component 
of ground motion. 
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Figure 4. Acceleration history of transverse component 
of ground motion. 

3.3 Results and discussion 

Figure 5 shows the floor displacement history of a 
structure without in-filled panels subject to KDL 
ground motion. Maximum displacement is 0.12cm 
at 3.8 sec after excitation, while the peak accelera-
tion is 125 cm/s2 at 0.45 sec. Displacement of 
each floor occurs in different directions each other 
up to 2.5 sec. It may result from the superposition 
of higher modes because the principal frequency 
of the ground motion is more than the natural    
frequency of the structure. The natural period of 
the structure is found to be 0.72 sec. 
 

Figure 5. Displacement histories of each floor subject to 
KDL ground motion (void frame). 

Figure 6 shows the floor velocity histories of 
the structure subject to KDT ground motion. 
Maximum floor velocity is 2.0 cm/s on the 3rd 
floor, which is 0.86 times that of input ground  
motion. Figure 7 shows the floor velocity history 
of a structure with in-filled panels subject to KDL 
ground motion. Maximum displacement is 3.5cm/s 
on the roof, which is 1.84 times of that of input 
ground motion. Figure 8 shows the floor velocity 
history subject to KDT ground motion. Maximum 
floor velocity is 4.75 cm/s on the roof, which is 
2.1 times that of input ground motion. 

Figure 6. Velocity histories of each floor subject to KDT 
ground motion (void frame). 

Figure 7. Velocity histories of each floor subject to KDL 
ground motion (in-filled panel frame). 

Figure 8. Velocity histories of each floor subject to KDT 
ground motion (in-filled panel frame). 

a. Void frame               b. In-filled panel frame 

Figure 9. Floor velocity envelopes for the four-story 
frames. 
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Their responses are summarized in terms of 
floor velocity envelopes as shown in Figure 9. The 
envelope shows the peak velocity of each floor 
during 6 seconds of analysis. Because the frame 
without in-filled panels has natural frequency 
smaller than the principal frequency of the ground, 
the response decreases. The frame with in-filled 
panels, on the other hand, has natural frequency 
similar to the principal frequency of the ground, 
and the response is amplified.  

4 EFFECTS OF FREQUENCY 
CHARACTERISTICS ON STRUCTURAL 
RESPONSE 

In order to analyze the effects of frequency     
characteristics on structural response, some basic 
calculations are carried out. Typical blast vibra-
tions are artificially generated of which waveforms 
have principal frequencies (PF) ranging from 5 to 
40 Hz and peak particle velocity is 2.0 cm/s. 

4.1 Estimation of source loading 

Relationship between input source and response in 
a linear system where principles of superposition 
is applied can be expressed as follows: 

U(iω) = H(iω) P(iω) (1) 

where U(iω) and P(iω) are complex Fourier    
spectra of response, U(t), at a point and input   
motion P(t), respectively; H(iω) is transfer      
function defining the relationship between input 
and response; ω is frequency; and i is √-1.         
Because the equation is composed of frequency 
dependent three complex functions, one of the 
functions can be easily determined if the other two 
functions are given. When U(iω) and H(iω) are 
given, source function, P(iω), is calculated as    
follows: 

H(iω) = U(iω)/P(iω) � P(iω) = U(iω)/H(iω) (2) 

4.2 Numerical model and analysis tool 

In order to reduce error more efficiently involved 
in estimating the frequency response function, a 
computer program called KIESSI is used (Yoon & 
Kim 1995). Blast source is assumed to be of      
cylindrical type (1 m diameter x 2 m high) and   
located 3m under the surface. Load is simplified to 
act in horizontal direction only. Blast load is      
estimated before a structure introduced. A      

structure is then introduced and the response is 
calculated under the load. Figure 10 shows the 
axi-symetric finite element model of the ground 
and structure representing containment building. 
Major ground properties are listed in Table 3, 
where Vs is shear velocity; ν is Poisson’s ratio; ρ
is density; and ξ is damping ratio.  

In addition, commercial software, SAP90, was 
used where the ground characteristics were not 
considered. 
 

Figure 10. Finite element modelling of containment 
building and ground. 

 
Table 3. Input data of physical properties 

 VS
(m/s) 

ν ρ
(t/m3)

ξ

G.L. 0 ~ -2 m 2100 0.24 2.55 0.02 
G.L. -2 ~ -4 m 2200 0.25 2.57 0.02 
G.L. -4 ~ -∞ 2300 0.33 2.58 0.02 

4.3 Results and discussion 

Using the KIESSI model, response characteristics 
of the containment building are investigated 
against various peak particle velocities and princi-
pal frequencies (PF: 5-40 Hz, PPV: 1.5-2.0 cm/s). 
Some results of response calculation are shown in 
Figure 11. The results are summarized in the Table 
4. Summarizing the results: waveforms having 
principal frequencies of 5 to 10 Hz do not give 
significant effects on the structure. However, the 
response of the upper part of the structure is      
calculated to be amplified several times larger than 
that of input level. 

One of the interesting results is that the          
response of the upper part of the containment 
building increases several times the input ground 
motion with principal frequencies over 20 Hz. The 
results imply that the damage potential might     
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appear in a different way from that of the generally 
suggested guidance level depending on the condi-
tions of structure and ground. 
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a. Response spectrum: PF of input motion = 5 Hz. 
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b. Response spectrum: PF of input motion = 40 Hz. 

Figure 11. Comparison of floor response spectrum. 

 
Table 4. Maximum response in velocity history of   
structure response, unit: cm/s. 
 

5Hz* 10 Hz 20 Hz 40 Hz 
A B C D A B C D A B C D A B C D

SAP90(V)3.8 3.3 2.7 2.0 3.2 2.4 2.1 2.0 8.7 5.5 3.2 2.0 10 5.1 3.6 2.0
KIESSI(V)2.9 2.3 2.1 1.9 3.6 2.8 2.2 1.9 6.7 4.6 3.1 1.7 7.2 1.5 1.3 1.5
SAP90(H)2.0 2.2 2.6 2.0 2.0 2.1 2.4 2.0 2.0 2.0 2.2 2.0 2.0 2.9 4.9 2.0
SAP90(V)2.2 2.2 2.1 2.0 2.4 2.3 2.2 2.0 2.1 2.1 1.9 2.0 3.3 2.7 2.3 2.0
*principal frequency 

5 SUMMARY AND CONCLUSIONS 

Calculations of structural response show that the 
response depends largely on the frequency and 

type of structures and that principal frequency 
might be the critical factor in safety evaluation 
against blast loading. Depending on the structure 
type, high frequency vibration over 20 Hz might 
be more harmful than that with 5 to 20 Hz.  

Measurement of vibration has usually been   
obtained on the ground outside of the building 
concerned. It is necessary to take measurements at 
both the base and the roof of the building, taking 
into consideration the amplification of structural 
response. In order to develop a vibration standard, 
first of all, the structures need to be classified     
according to the response characteristics. Other 
difficult tasks still remain to establish a damage 
level and to divide a zone of frequency.  
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1 INTRODUCTION 

The industrial explosives division of the EPC 
Group has undertaken several studies in blasting 
operations for 10 years. The next step is to account 
for rock fragmentation under dynamic load histo-
ries such as blast and ballistic impacts. To carry 
out this task, EPC has collaborated with LMT-
Cachan. This paper focuses on two main goals, 
namely experimental aspects related to rock     
fragmentation and modelling aspects to simulate 
dynamic experiments. 

Two limestones are studied – the so-called 
‘blanche de Beaucaire’ and a crinoidal  limestone. 
The Beaucaire limestone (Fig. 1) is quarried in 
southern France and used in cement works. This 
rock is very porous and crumbly. The crinoidal 
limestone comes from Belgium and is used for 
gravestone or sculpture (Fig. 2). This rock is hard. 

To begin this study, a rock characterization has 
been performed to compare mechanical properties. 
Then two types of dynamic experiment are      
commented upon and simulated, namely edge-on 
impacts and edge blasting. 

Figure 1. Sample of Beaucaire limestone. 

2 ROCK CHARACTERIZATION 

Several mechanical properties are measured. The 
density, Young’s modulus, modulus of rupture in 
compression and Weibull modulus are determined. 

2.1 Density 
Density measures of the rocks are performed by 
using Archimedes’ principle. The following values 
are obtained 
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ρB = 2000 kg/m3 (1) 

ρc = 2700 kg/m3 (2) 

where the subscript ‘B’ refers to the Beaucaire 
limestone and the subscript ‘c’ to the crinoidal 
grade. These measures show the difference in    
porosity between the two limestones. 

Figure 2. Sample of crinoidal limestone. 

2.2 Young’s modulus 

Young’s modulus is a mechanical parameter that 
characterizes the elastic rigidity of a material. The 
higher the Young’s modulus, the higher is the 
elastic rigidity. This means that, for the same  
compressive load, the axial strain will be smaller 
for a high Young’s modulus (Fig. 3). 

Figure 3. Effect of different Young’s moduli in        
compression. 

During compressive experiments, the applied 
load F on the material and the end displacement u
of the specimen are related by 

F
S
= E u

L
(3) 

where L and S are respectively the length and the 
surface of the specimen. The measurements of 

Young’s modulus, given by the slope of the curve 
in Figure 4, are 

EB =10  GPa  (4) 

Ec = 80 GPa  (5) 

The crinoidal limestone is stiffer than the Beau-
caire limestone. 

Figure 4. Measurements of Young’s modulus. 

2.3 Modulus of rupture in compression 

During compressive experiments, rupture occurs at 
a stress (i.e. applied load divided by sample      
surface) called the modulus of rupture in compres-
sion. The following results are obtained: 

σB
c =10 MPa  (6) 

σ c
c =150 MPa  (7) 

Figures 5 and 6 show the samples after fracture. 
Axial (or splitting) cracks are observed for the two 
materials. 

2.4 Weibull modulus 

Rocks are brittle materials. Moreover, the failure 
stresses in tension are significantly less than those 
in compression. Tensile failure is a random      
phenomenon. The scatter of tensile failure can be 
described by the Weibull modulus (Weibull 1939). 
The higher the Weibull modulus, the lower is the 
scatter of failure stresses. The Weibull theory     
indicates that the Weibull modulus is the slope of 
the curve in Figure 7, where σ is the failure stress 
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and Pr is the cumulative failure probability. The 
following results are obtained: 

mB = 3.3  (8) 

mc = 22  (9) 

Figure 5. Cracks of the Beaucaire limestone after      
fracture. 

Figure 6. Cracks of the crinoidal limestone after fracture. 

The x axis in Figure 7 shows that the scatter of 
failure stress is more important for the Beaucaire 
limestone. Failure stress levels are higher for the 
crinoidal limestone. 

Figure 7. Measurements of the Weibull modulus. 

3 DYNAMIC EXPERIMENTS 

Two types of dynamic experiment are performed: 

− edge-on impacts; 
− edge-on blasts. 
Blasted rocks show different dynamic fragmenta-
tion patterns characterized by three zones (Fig. 8): 

− a crushing zone where the rock is fully com-
minuted; 

− a multiple fragmentation zone where numerous 
cracks are created; 

− a single fragmentation zone where few cracks 
are initiated. 

Figure 8. Different fragmentation zones. 
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3.1 Edge-on impacts 

Edge-on impacts are ballistic experiments where 
the target is a rock tile impacted by a projectile 
(here an aluminium cylinder, see Fig. 9). 

Figure 9. Device of edged impacts. 

These experiments have often been used at 
LMT-Cachan to study other brittle materials 
[namely ceramics (Denoual 1998), concrete 
(Forquin 2003) and glass (Brajer 2004)]. Two 
types of analysis can be performed: 

− real-time analysis by using an ultrahigh-speed 
camera; 

− post-mortem analysis. 
 
Three experiments are carried out. Two with the 
crinoidal limestone and one with the Beaucaire 
limestone. Material, projectile velocity and tile 
thickness only change as indicated in Table 1. 

3.1.1 Experimental results 

During the first test on the Beaucaire limestone, a 
crushing zone is observed and only one macro-
crack (Fig. 10). 

With the crinoidal limestone, only a multiple 
fragmentation zone is observed in the whole tile 
(Figs 11 and 12). There is no crushing zone for 
test 2. 

 

Figure 10. Post-mortem observation of test 1. 

Table 1. Edge-on impact configuration. 
 

Test 

 

Material 

Projectile      
velocity 
(m/s) 

Tile      
thickness 
(mm) 

1 Beaucaire 
limestone 

100 12 

2 Crinoidal 
limestone 

100 15 

3 Crinoidal 
limestone 

200   8 

Figure 11. Post-mortem observation of test 2. 

Figure 12. Post-mortem observation of test 3. 

The ultrahigh-speed camera shows the begin-
ning of fragmentation after 10 µs for the Beaucaire 
limestone, whereas only the crushing zone can be 
observed in the crinoidal limestone because cracks 
are too thin (Figs 13 and 14). 

Figure 13. Camera pictures for test 1. 
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Figure 14. Camera pictures for test 3. 

Let us now discuss the role of the Weibull 
modulus in dynamic fragmentation. 

3.1.2 Role of Weibull modulus 

The Weibull modulus characterizes the scatter of 
failure stresses of a brittle material under quasi-
static load history. Yet dynamic fragmentation is 
the result of tensile failure of different defects (e.g. 
inclusions, voids) randomly distributed within the 
material. Let us consider two materials with differ-
ent Weibull moduli (Fig. 15). The right material 
has the highest Weibull modulus, and thus defects 
are going to initiate cracks for almost identical 
stress levels. Conversely, for the left material with 
a low Weibull modulus, cracks will initiate for 
very different stress levels. The following scenario 
is considered. The stress increases with time, and 
we assume that the failure stress of the weakest  
defect is the same in the two materials. Figure 15 
and the previous remarks explain the differences in 
fragmentation between the two limestones. With a 
high Weibull modulus, cracks initiate all at the 
same time and a multiple fragmentation zone is 
observed. With a low Weibull modulus, the weak-
est defect initiates a crack, and the failure stress of 
the other defects, at which the tile can be broken, 
is not yet reached. This scenario is observed       
experimentally. A multiple fragmentation zone is 
observed for the crinoidal limestone (m = 22), only 
one crack for the Beaucaire limestone (m = 3.3). 

3.2 Edge-on blasts 

Edge-on blasts consist in fragmenting a rock tile 
by using an explosive put in the tile centre. 

3.2.1 Fragmentation observations 

The tile size is 500 × 500 × 50 mm3. The explo-
sive   used   is   a   smooth   blasting  cap  sensitive     

Figure 15. Role of Weibull modulus on the fragmenta-
tion pattern. 

emulsion called Nitralex put in a hole of 14 mm 
diameter. The two rock fragmentation patterns are 
shown in Figures 16 and 17. 

Few cracks are observed for the crinoidal lime-
stone owing to low load levels compared with the 
ultimate failure stress. Conversely, a crushing zone 
and multiple fragmentation are observed in the tile 
of Beaucaire limestone. These observations are 
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opposite to those made in edge-on impacts. Differ-
ent reasons can be given: 

− gas created by explosives has lifted the Beau-
caire tile, and the fragmentation is caused by 
the impact with the ground; 

− gas infiltrates in cracks and increases the 
fragmentation; 

− the tile volume in edge-on blasts is greater 
than in edge-on impacts, thus there are more 
defects, and so more defects and therefore 
cracks can be observed after blasting. 

Figure 16. Tile of Beaucaire limestone post-blast (after 
Grare 2002). 

Figure 17. Tile of crinoidal limestone after blast. 

3.2.2 Pressure measurements 

Eight tiles measuring 250 × 250 × 50 mm3 have 
been used to measure pressure in rocks with the 
Rocpress system (Mencacci 2003). Four carbon 
gauges are put along the diagonal of the tiles.    
Araldite glue retains the gauges in the rock. A 
wave propagation study makes it possible to relate 
the pressures in rock and araldite: 

paraldite =
2Zaraldite

Zaraldite + Zrock

prock  (10) 

where Z is the impedance of the material. To      
acquire the pressures, the equipment shown in  
Figure 18 is used. 

Figure 18. Data acquisition system. 

Figures 19 and 20 show curves of the meas-
urement system. 

Figure 19. Pressure history for a gauge at a distance of 
35 mm from the explosive axis. 
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Figure 21 shows the maximum pressure in the 
rock as a function of the distance between the 
gauges and the explosive axis for the two lime-
stones. The pressure is higher in the Beaucaire 
limestone than in the crinoidal limestone, which is 
counterintuitive. 

Figure 20. Pressure history for a gauge at a distance of 
30 mm from the explosive axis. 

Figure 21. Maximum pressure history in the two lime-
stones. 

4 FINITE ELEMENT SIMULATIONS 

The following simulations use an elastoplastic 
model (Forquin 2003) to describe the crushing 
zone and a fragmentation model (Denoual 1998). 

4.1 Edge-on impacts 

The simulations are performed with the finite    
element code Abaqus. Figures 22 and 23 show a 

great difference in cracking density for the two 
materials. This result is in good agreement with 
experimental observations. 

Figure 22. Logarithm of the cracking density (m–3) in the 
Beaucaire limestone tile (test 1) 5 µs after impact. 

Figure 23. Logarithm of the cracking density (m-3) in the 
crinoidal limestone tile (test no. 2) 5 µs after impact. 

Figures 24 and 25 show the damage variable in the 
tiles. In the tile made of crinoidal limestone,   
damage is very important due to the presence of 
numerous cracks. 

Figure 24. Damage in the tile of Beaucaire limestone for 
test no. 1, 5µs after impact. 

4.2 Edge-on blast 
Simulations have been performed with a finite  
difference method (Ricciardi 2003). Pressure      
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induced by the emulsion explosive has been      
calculated by using the software Hydro3D 
(Bleuzen 2003). Maximum pressure observed    
experimentally and calculated by the code is 
shown in Figure 26. 

Figure 25. Damage in the tile of the crinoidal limestone 
for test 2, 5 µs after impact. 

Figure 25. Maximum pressure measured and calculated 
in the rocks. 

The calculated pressure is greater than the 
measured pressure. The causes could be as fol-
lows: 
− the measurements are not the trace of the stress 

tensor; 
− the crushing zone is not simulated, whereas a 

great deal of energy is dissipated in this area; 
− the bond between the rock and the gauge is not 

perfect, as observed in Figure 26. 

5 DISCUSSION AND PERSPECTIVES 

Two limestones have been characterized by      
performing mechanical tests. Their behaviour is 
significantly different. 

Edge-on impacts make it possible to identify    
predominant factors in rock fragmentation, namely 
the Weibull modulus. Numerous cracks are        
observed when the Weibull modulus is high. 
Simulations of these experiments show that the 
fragmentation model is able to capture the experi-
mental observations. 

Figure 26. Cylinder of araldite not bound with the rock 
after a blast. 

In the edge-on blast experiment, a different 
fragmentation is observed. Experiments with a 
high-speed camera would enable us to identify the 
fragmentation causes and chronology. Other      
experiments will be carried out to analyse which 
components of the stress tensor are measured. 

A blasting project is currently under way to 
carry out different measurements in field opera-
tions. 

6 CONCLUSION 

This study of rock fragmentation makes it possible 
to identify an important material factor for the size 
and the number of fragments – the Weibull 
modulus. However, this job shows that gas effects, 
the crushing zone and porosity are important too; 
but these parameters are not yet modelled. The 
comparison of two different rocks is still a good 
way to study these effects. 
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