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1. INTRODUCTION

1.1. Bårarp tests
Previous work (Moser at al., 2000) has shown that the

sieving curves of blasted material from model cylinders of
four rock types and a mortar behave according to the NBC
concept (Natural Breakage Characteristics; Steiner 1991 &
1998). This was further verified in the Less Fines project
(Moser et al., 2003a; Moser, 2005) and by Reichholf (2003)
so the experimental basis is now 15 different rock types.
There are however relatively few data for larger blasts that
prove that this behaviour is applicable to full-scale blasts as
well.

SveBeFo/Swebrec and MU Leoben collaborated in a
comparison of the fragmentation from bench blasting and
model-scale blasting. SveBeFo (Olsson et al., 2003)
conducted seven full-scale single-row blasts in a 5-m high
bench at a dimensional stone quarry at Bårarp in south
Sweden, see Table 1. The rock consists of a relatively
massive, i.e. fracture free reddish granitic gneiss with an
average grain size of 3 to 10 mm, a density of 2670 kg/m3,
a compressive strength of 225-250 MPa and a tensile
strength of 13 MPa. The measured P-wave velocity was
5400-5650 m/s.

The blast hole diameter varied from Ø38 to 76 mm and
the specific charge lay in the range 0.52-0.58 kg/m3. The
explosive used was a packaged emulsion of density 1200
kg/m3, Emulite 100 or Kemix from Dyno Nobel, with a
weight strength of sANFO = 87 % , a VOD of 4800-5800 m/s
and  a specific gas volume of 910-950 litres/kg. Burden,

spacing and the number of holes per blast were adjusted
to the roughly constant specific charge.

Before every new blast smooth blasting of the bench was
performed with 20 g/m detonating cord in order to reduce
the damage zone from previous blasting, which created a
clean face.  Structural mapping and core drillings were also
made. 
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Fragmentation results for model- and full-scale blasts in three different rock materials are presented. The model-scale
blasts were conducted in Ø100-300 mm cylindrical specimens charged with PETN. The full-scale Bårarp and Hengl
bench rounds consisted of a single row of 5-10 holes, the Vändle rounds of multiple rows. The Bårarp rock mass
consists of massive, damage free granitic gneiss whereas the other rock masses were both jointed and blast
damaged. In all cases production explosives were used.
There are three major likenesses in the fragmentation. Firstly all the sieving curves can be accurately described by the
Swebrec function. Secondly, in the fines range the curves shift upward in parallel in a log-log diagram when the
specific charge increases, in accordance with one of the NBC precepts. Thirdly, the sets of sieving curves for one rock
all seem to have an inflection point at the same x-value in the log-log diagram. This point varies; from about 0.5 mm
for the Hengl amphibolite, to 1.0 mm for the Bårarp gneiss, and 1.5 mm for the Vändle granite. Taken together these
likenesses strongly suggest that the breakage mechanisms in model- and full-scale have strong similarities, despite
the very different conditions.
The model- and full-scale fragmentation also differs in important aspects. Firstly the definition of specific charge q is
based on different volumes related to the actual breakage and the presence of free faces, which are shown to influence
the fragmentation. Further the exponent for how the average fragment size x50 decays with increasing q is larger in
model-scale, about 1.1 (x50∝ 1/q1.1) as opposed to 0.8 in full-scale. Further, the influence of size, given by the charge
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In order to revise the size dependence expressed by the Kuz-Ram equation, which in the case of x50 apparently
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specific charge concept.  
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Figure 1: Sieving curves for Bårarp full-scale blasts. Value
for x = 1000 mm is based on oversize counting, not a
sieved value.
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After each blast the rock was screened and weighed in
three steps, first all except boulders through a Hercules
rotary drum sizer and sieved to five fractions; ?200, 200-
350, 350-400, 400-500 and +500 mm. The -200 mm
material was sieved into four fractions (0-25, 25-90, 90-120
and +120 mm) in an Extec sizer. Test samples were finally
taken from the 0-25 mm fraction for laboratory sieving down
to 0.075 mm.  In all 19 fractions ranging from ?0.075 mm to
+500 mm were obtained. See Figure 1.

MUL (Moser et al., 2003b) did model-scale blasts on
cylindrical samples provided from the Bårarp quarry in their
blasting chamber at the Erzberg blast centre. Seven right
cylinders with nominal diameters of Ø100, 190, 240 and
290 mm were blasted, using PETN powder desensitised
with 7 % by weight of wax in Ø5 mm holes. The specific
charge ranged from 0.36 to 2.89 kg/m3, see Table 2.

The concrete blasting chamber was rubber lined to
minimise secondary fragmentation of flying debris and
closed off to keep the fine material from blowing away. To
measure the VOD a twisted pair of wires was bent around a
piece of detonating cord, which was inserted into each side
of the borehole. Figure 2 shows the sieving curves.

The likenesses of the sieving curves are strong in the
range 0.063-10 mm, compare Figures 1 and 2. As the
specific charge is changed the curves are basically
parallel shifted up or down in the log-log diagram, i.e.
they display NBC behaviour. Each set of curves is
consistent within itself but the full-scale curves are
somewhat flatter, i.e. they contain relatively more fines.
This is consistent with the full-scale blast being less
ideal than the model blasts in the sense of requiring
more specific energy for the breakage. 

1.2. Hengl tests
The Hengl tests were all made as part of the Less Fines

project (Moser, 2003; 2005). The Eibenstein quarry in lower
Austria is owned by Hengl Bitustein AG. It produces about
250 000 ton of amphibolite and marble aggregate
annually. The geology consists of a main amphibolite
deposit with adjoining schist, micaschist  and marble
bodies. All rock types are schistose and foliated and the
whole deposit is heavily folded and contains faults.

The unweathered amphibolite is the high quality product
of the quarry. It has an average grain size of about 0,1 mm
and the following typical data; density 2920-2930 kg/m3,

Table 1: Data for full-scale blasts at Bårarp

Round 1 2 3 4 5 6 7

Benc
Burden (m) 1.8 1.8 2.7 1.8 1.35 2.3 2.7
Spacing (m) 2.1 2.1 3.4 2.2 1.65 2.85 3.3
Height (m) 5.0 5.0 5.0 5.2 5.2 5.3 5.0
Volume (m3) 94.5 94.5 137.7 103 81.1 139 133.7
Mass (ton) 283.5 283.5 413.1 309 243.3 417 401.1

Holes
No. 6 6 4 6 8 5 4
Diameter (mm) 51 76 76 51 38 64 76
Depth (m) 5.6 5.5 5.5 5.5 5.35 5.6 5.6
Coupling factor 1 0.66 1 1 1 1 1

Charge 
Length (m) 4.2 4.2 3.7 4.2 4.2 4.4 4.2
Charge conc. (kg/m) 2.1 2.1 5.2 2.2 1.3 3.5 4.6
Specific charge1 (kg/m3) 0.55 0.57 0.55 0.55 0.52 0.55 0.58

Table 2: Data for model-scale tests of Bårarp rock cylinders

Specimen no. Diam. Height Mass Charge Charge density VOD Specific charge Specific charge
(mm) (mm) (kg) (g) (g/cm3) (m/s) (g/ton) (kg/m3)

BA10_1 103 217 4.8 4.14 0.94 5135 859 2.29
BA10_2 103 218 4.8 5.24 1.19 5339 1083 2.89
BA1_2 192 393 30.5 9.72 1.16 5842 319 0.85
BA2_2 192 310 24.0 7.64 1.18 5699 318 0.85
BA1_1 243 355 43.4 8.63 1.17 5879 199 0.53
BA2_1 290 367 61.2 8.43 1.07 5459 138 0.37
BA9 289 333 58.1 7.75 1.11 5743 133 0.36

Figure 2: Sieving curves for Bårap model-scale blasts.
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Young’s modulus 50-120 GPa, uniaxial compressive
strength 90-105 MPa, Brazilian tensile strength 21±5 MPa,
P-wave velocity in the lab 6600±600 m/s and about 5700
m/s in the quarry.

MUL (Moser et al., 2003a) did the model-scale blasts on
cylindrical samples provided from the Eibenstein quarry.
Eleven right cylinders with nominal diameters of Ø100, 190,
240 and 290 mm were blasted, using PETN powder
desensitised with 7 % by weight of wax in Ø5 or Ø4 mm
holes. The specific charge ranged from 0.36 to 3.24 kg/m3,
see Table 3. Figure 3 shows the sieving curves.

Figure 3: Sieving curves from Hengl model-scale blasts. 

Full-scale production blast 420-4 was blasted on June
18th, 2003. It was screened in June-July and the loading
through the primary crusher ended September 5th. The
blast had 5, Ø93 mm holes drilled at 70° in a 10.4 m high
bench. The nominal subdrilling was 1.2 m and the average
hole depth 12,3 m. The planned blasting pattern was
burden x spacing = 3.9x4.3 m. In practice the minimum
burden for holes 1-4 lay in the range 2.8-3.3 m and the
maximum value in the range 3.6-5.6 mm (Smöch, 2006).
Hole no. 5 had a much larger burden, between 5.4 and 7.9
m. To alleviate the heavy breakage 4, 3-4 m long  reliever
holes were drilled on a 1.3 m spacing at 30°. 

The explosives used were Rowodyn, a gelatin explosive
manufactured by E.R.G-Bierun and Rowolan, an ANFO.
The Rowodyn cartridges have a size of  Ø65x530 mm and
weigh 2.5 kg. The corresponding density is about 1420
kg/m3.  The ANFO had a density of about 780 kg/m3. The
average charge in each holes consists of 16.7 Rowodyn
cartridges at the bottom, tamped to a height of about 6,7 m
and 15 kg of ANFO on top. The reliever holes contained

altogether 17.5 kg of Rowodyne. A total of 300 kg of
explosives were loaded and the average specific charge
was 0.38 kg/m3. The initiation was made using electric,
pyrotechnic detonators with a 20 ms delay between holes.
All holes except no. 5 broke clean with 0-2 m of back-break.
Hole no. 5 didn’t break clean but left a toe of 3 m, which
tapered of to zero at the crest level.

Of the 790 m3 blast, 2000.14 ton were run over a vibrating
screen installed close to the lower bench (Grasedieck and
Moser, 2004). The -100 mm material weighed 218.43 ton. It
was sampled 8 times, the samples together weighing 1135
kg. This material was screened on site down to 10 mm. The
-10 mm material was brought to MUL in Leoben, dried, split
and screened according to the same procedure as the
Bårarp model-scale material. 

Figure 4 shows the sieving curves from the 8 samples
and the weighted average curve. The only other available
data are an observed maximum boulder size of about 1200
mm and an estimated average fragment size x50 ≈ 281 mm
from the Fragscan image analysis system. The alternatives
for constructing the complete sieving curve from these data
are considered below. 

Figure 4: Sieving curves from samples of -100 mm material
from Hengl blast 420-4 in 2003.

1.3. Swebrec function and the GGS plots
It has further been shown in the Less Fines project

(Ouchterlony, 2003) and subsequently (Ouchterlony,
2005a) that the sieving curves from model-scale blasting
tests as well as from full-scale blasting tests and crushing
could be reproduced to a very high degree of accuracy by
a new distribution, the Swebrec function. In its basic form

Santiago Chile, May 2006

Table 3: Data for model-scale tests of Hengl rock cylinders, Ø5 mm hole unless stated

Specimen no. Diam. Height Mass Charge Charge VOD Specific Specific 
(mm) (mm) (kg) (g) density (m/s) charge charge

(g/cm3) (g/ton) (kg/m3)

BIT 73 A 98 219 4.8 5.34 1.16 6127 1108 3.24
BIT 73 B 98 188 4.1 4.34 1.11 5952 1048 3.07
BIT 70 144 147 6.9 3.63 1.22 6255 523 1.52
BIT 3 190 250 22.2 5.73 1.07 4501 259 0.81
BIT 79 191 330 27.7 7.15 1.03 5449 258 0.76
BIT 661 191 234 19.5 4.26 1.15 5823 218 0.64
BIT 2 B1 192 210 17.7 3.34 1.12 5501 189 0.55
BIT 2 A 242 275 36.0 6.42 1.22 6027 178 0.51
BIT 21 241 217 28.7 5.39 1.29 6343 188 0.54
BIT 8 289 283 55.4 6.74 1.16 5848 122 0.36
BIT 78 289 310 60.6 7.64 1.18 5912 126 0.38

Note 1: Ø4 mm blast-hole.
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this function gives the mass fraction passing a sieve with
mesh size x as

(1a)

P(x) contains three parameters; the average fragment
size x50 (i.e. the median as P(x50) = 0.5), the maximum
fragment size xmax and a curve undulation parameter b. An
extended version with 5 parameters is given by

(1b)

The new term is of Gaudin-Schuhmann type and contains
2 new parameters, the prefactor a and the exponent c. The
basic function in Equation 1a usually gives a coefficient of
determination r2 better than 0.995 for fragments down to
about 0.5 mm. With the Gaudin-Schuhmann term, the range
covered increases by almost factor of 10, down to about
0.05 mm.

The Swebrec function is supported by a data base of
hundreds of sieved distributions of blasted and crushed
rock of many different types. An investigation of the blasting
data (Ouchterlony, 2005b) led to the discovery of the
following interdependency of the parameters of the
Swebrec function

(2a)

(2b)

The numerical constants follow from the clustering of
data that occurs when the slope s50 = P’(x50) at x50 is

plotted versus x50 in a log-log diagram. The slope lines are
well described by the relations

(3)

It appears that the value of the constant in Equations 2a-
b and 3 depends on size, but it is presently not known
whether this size is best described by a linear dimension
(e.g. burden or in-situ block size for the rock mass) or by
e.g. the charge size as in the Kuz-Ram model, see
Equation 4 below.

Tables 4 and 5 show the Swebrec parameters obtained
from curve fitting to the Bårarp blasting data. The slope
value s50 and a composite slope parameter s50•x50

0.75 is
also given to show a possible compliance with Equation 3,
as is the specific charge q (kg/m3).

Figure 5a shows that the curve fit for the full-scale blasts
is excellent from the largest size class 500 mm down to
about 0.5 mm. The curve fits for the models-scale tests are
excellent down to the same limit, 0.5 mm. The coefficient of
determination r2 is better than 0.996. The extended
Swebrec function follows the data over the whole sieving
range down to 0.075 mm with an even higher r2-value, see
Figure 5b.

Table 6 shows the Swebrec parameters obtained from
curve fitting to the Hengl blasting data. The curve fits are
excellent. In model-scale the range covered by the basic
Swebrec function is at least as large as for the Bårarp data
and the fits are only marginally poorer, the average r2 value
drops from 0,9990 to 0,9989.

The data for Hengl full-scale blast 420-4 above is incomplete.
We have the averaged estimate of the finer, -100 mm material in
Figure 4, plus the xmax-estimate 1200 mm and the x50-estimate
281 mm. The -100 mm material makes up 218.43 or 10.92 % out
of the sieved mass of 2000.14 ton. 

One way to construct the complete sieving curve is to
interpolate with a straight line between the top size of the
100 mm sample and the xmax-estimate, see Figure 6. This
yields x50 ≈ 448 mm, which is unrealistically large. It will

Table 4: Swebrec parameter values for Bårarp full-scale blasts. Range 0.5-500 mm

Round no. q X50 Xmax b r2 S50 S50.X50
0.75

- diam (mm) (kg/m3) (mm) (mm) (1/mm) (1/mm0.25)

1 - 51 0.55 468 1090 1.778 0.9966 0.0011 0.113
2 - 761 0.57 629 2011 2.735 0.9976 0.0009 0.118

3 - 76 0.55 529 2346 3.189 0.9969 0.0010 0.112
4 - 51 0.55 459 1497 2.238 0.9973 0.0010 0.102
5 - 38 0.52 414 1517 2.398 0.9977 0.0011 0.102
6 - 64 0.55 422 2076 2.651 0.9977 0.0010 0.092
7 - 76 0.58 511 1509 2.261 0.9968 0.0010 0.110

Note 1: Decoupled 51 mm charges, see Table 1.

Table 5: Swebrec parameter values for Bårarp model-scale blasts. Range from 0.5-1 mm up

Specimen q X50 Xmax b r2 S50 S50.X50
0.75

no. (kg/m3) (mm) (mm) (1/mm) (1/mm0.25)

BA 10-1 2.29 2.07 31.5 1.996 0.9992 0.0886 0.153
BA 10-2 2.89 1.23 31.5 2.103 0.9990 0.1316 0.154
BA 1-2 0.85 19.0 63.0 1.851 0.9985 0.0203 0.185
BA 2-2 0.85 20.5 71.5 1.891 0.9995 0.0185 0.178
BA 1-1 0.53 33.6 101 2.101 0.9984 0.0142 0.198
BA 2-1 0.37 57.5 160 2.226 0.9988 0.0095 0.198
BA 9 0.36 54.6 113 1.790 0.9996 0.0113 0.227
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further make the GGS-exponent, see below, be constant in
the interval 100-1200 mm. This is a behavior that goes
contrary to that of all other GGS-curves. Thus the straight
line is a poor alternative.

A better way is probably to discard the top three data
points of the sample, 63, 80 and 100 mm, where the
curvature is concave downwards and to consider most of
the remaining data to be part of a Swebrec curve that
covers the whole range.

For the basic Swebrec function we interpolate using the
data in the range 1-50 mm plus the 1200 mm point to obtain
the Swebrec parameters in Table 6. For the extended
Swebrec function we extrapolate using the data in the
range 0.063-50 mm and obtain the second set of Swebrec
parameters in Table 6. See Figure 6. When extrapolating
the largest fragment xmax = 424 mm, which is not
reasonable but the curve fit in the fines range is well suited
for the GGS-exponent calculation below. 

If we compare the two alternatives in terms of the
x50-values, interpolation with the 1200 mm point yields
x50 = 316 mm and leaving this point out yields x50 =
217 mm. If we consider the Fragscan value x50 = 281
mm to be reasonably correct, it too speaks in favour of
the interpolation. Another fact pointing in this direction
is that the composite slope parameter s50•x50

0.75 =
0.131, which is quite close to the value 0.12 in
Equation 3. 

Hence our best estimate of the sieving curve of Hengl
blast 420-4 is obtained through an interpolation between
the fines sample data and an xmax-estimate using the basic
Swebrec function. The parameters are given in Table 6
under the heading ‘420-4 basic’.

Santiago Chile, May 2006

Table 6: Swebrec parameter values for Hengl blasts. Range from 0.25-0.5 mm up

Specimen q X50 Xmax b r2 S50 S50.X50
0.75

no. (kg/m3) (mm) (mm) (1/mm) (1/mm0.25)

BIT 73_A 3.24 5.75 22.5 1.781 0.9989 0.0568 0.211
BIT 73_B 3.07 5.75 25.0 1.917 0.9989 0.0567 0.211
BIT 70 1.52 17.8 60 6 2.463 0.9991 0.0282 0.245
BIT 3 0.81 33.4 83.5 2.507 0.9995 0.0205 0.284 
BIT 79 0.76 37.1 89.0 2.534 0.9994 0.0195 0.293
BIT 66 0.64 39.1 80.0 2.379 0.9987 0.0212 0.332
BIT 2_B 0.55 46.8 103 2.546 0.9993 0.0173 0.310
BIT 2_A 0.51 49.2 100 2.451 0.9979 0.0175 0.326
BIT 21 0.54 48.1 80.0 2.025 0.9981 0.0207 0.378
BIT 8 0.36 63.4 189 2.979 0.9990 0.0108 0.242
BIT 78 0.38 77.0 233 3.164 0.9992 0.0093 0.241
Full-scale
420-4 basic 0.38 316 1200 2.954 1.0000 0.0018 0.131
420-4 ext.1 0.38 217 424 2.196 0.9992 0.0038 0.214

Note 1: Additional parameters; a = 0.99999969 and c = 2.4.

Figures 5a-b:  Sieving curve for Bårarp round 4 with best fit
Swebrec functions. Bars at the top show size of residuals in
percent. a) Basic Swebrec function, range 0.5-500 mm,
parameters in Table 5. b) Extended Swebrec function,
range 0.075-500 mm, parameters: x50 = 459 mm, xmax =
1480 mm, b = 2.224, a = 0.99999812 and c = 2.0. r2 =
0.9976.

Figure 6: Constructing complete sieving curve for Hengl
blast 420-4, through i) straight line interpolation, ii)
Swebrec function interpolation and iii) Swebrec function
extrapolation.
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For a given sieving curve in a log-log diagram the GGS-
exponent n gives the local slope of the curve, usually as n
= ln(Pu/Pl)/ln(xu/xl) where xu and xl denote the upper and
lower limit of a given size interval and Pu and Pl the
corresponding mass passing values  (Moser et al., 2003b).
The corresponding continuous function is d(lnP)/d(lnx) =
P’(x)/[P(x)/x]. 

Figure 7 shows the discrete and the continuous GGS
exponent curves for Bårarp Round 4.  The minimum at x≈1
mm is clearly visible. It is also clear that the noisy behaviour
of the discrete GGS exponent curves for larger fragment
sizes is suppressed and that the extended Swebrec
function is needed to bring out the minimum.

Figure 7: GGS exponent curves from sieving data and
Swebrec curve fits, Bårarp Round 4. 

A GGS plot is a convenient way of showing if the sieving
curves have NBC character. If the lnP vs lnx curves are
parallel, the GGS curves fall on top of each other. Figure 8
shows the GGS plots for the Bårarp full- and model-scale
tests in one diagram.. The GGS plot will for small x-values
approach the value c = 2.0, the exponent of the Gaudin-
Schuhmann term in the Swebrec function.

Figure 8: Continuous GGS exponent plots for full- and
model-scale Bårarp blasts.

Figure 8 shows that all Bårarp model-scale curves have
a minimum around x ≈ 1 mm, except the Ø100 mm
specimens BA 10-1 and 10-2, which seem to be in a
different blasting regime. The curves lie close together for
the most part up to 20-30 mm, which supports the NBC
behaviour. The full-scale curves also lie close together and

they too have a minimum around 1 mm. They lie lower than
the model-scale curves though and are thus not strictly of
NBC character because they are not the steepest possible. 

Figure 9 show the GGS-plots for the full- and model-scale
tests from Hengl. The curves are basically the same as
those in Figure 8; the model-scale curves lie close together
and the full-scale curve lies lower. When x < 1 mm they
more or less coincide. This time the minimum is at x ≈ 0.5
mm and even the Ø100 mm specimens display that
minimum. Specimen size permitting, the model-scale
curves stay together up to about 40 mm. 

Figure 9: Continuous GGS exponent plots for full- and
model-scale Hengl blasts.

Figure 9 also contains a GGS-exponent curve based
on fitting the extended Swebrec function to the average
sieving data in Figure 4. This curve is nearly
indistinguishable from the curve of the full-scale blast.
Thus, if we want to study the GGS-exponent curve’s
behaviour in the range where it has a minimum,
constructing the complete sieving curve is not
necessary.  

2. THE VÄNDLE TESTS

2.1. Full-scale tests
During 2004, Swebrec conducted a fragmentation

investigation in the Vändle granite quarry in middle Sweden
(Ouchterlony et al., 2005a-b) with the goal of delivering a
description of how the blasting in the quarry could be
changed to obtain the desired feed into the primary
crusher.

The rock at Vändle is a fine to medium grained, red to
reddish grey granite. The minerals are typically 35 %
quartz, 30-35 % potassium feldspar, 25-30 % plagioclase
and 3-5 % biotite plus traces of chlorite and epidote. Other
typical data are density 2640 kg/m3, brittleness index 46.8,
flatness 1.33 and a grinding index of 2.0-2.6. The joint
system in the quarry strikes mainly N-S, with a slight offset
to the west. The rock surface is undulating, overlain by till
and locally weathered to a depth of 5-8 m with joint infilling
of chlorite and calcite. 

Each round of about 25-30 000 ton was divided into
two nearly identical halves with different blasting
patterns. In one half the regular BxS = 3x4 m pattern
was increased to 3.2x4.25 m and in the other half
shrunken to 2.8x3.75 m, see Figure 10. Both blasts
were drilled with 4 rows of Ø90 mm holes angled at 10°
to the vertical. In practice the specific charge varied
between about 0.50 and 0.65 kg/m3. Round 1-L
denotes the half-round with a low specific charge, 1-H
that with a high specific charge. Relevant data are
given in Table 7.
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Figure 10: Layout of Vändle tests, below with planned
specific charge values.

The explosive used at Vändle was Titan 6075 from Dyno
Nobel, a hot-gassed site mixed emulsion with 25 % of AN
added. The manufacturer’s data are; density 1200 kg/m3,
explosion energy 3.34 MJ/kg, weight strength sANFO = 85 %
and the specific gas volume 950 litres/kg. The measured in-
hole VOD lay in the range 4300-5300 m/s.

Large, 300-700 ton test piles were extracted from the
muck piles. They were photographed to get fragmentation
estimates from image analysis and sieved in part. The
sieving procedure consisted of running about 100 tons from
each pile over two grizzlies (250 and 150 mm spacings)
and two square mesh screens (#100 and #40 mm) plus
taking samples from the -100 and -40 mm material for lab
sieving and crushability and grindability tests. The sieving
curves followed the Swebrec function extremely well, see
e.g. Figure 11.

From these data, complete sieving curves of Swebrec
form were constructed for the test piles. See Figure 12. The
Swebrec parameter values are given in Table 8. For
reasons given (Ouchterlony et al., 2005a-b) only the data
for Round 1 were considered to be reliable and the
constructed sieving curves for the two half-rounds, Round

1-L and 1-H respectively, were considered to be more
reliable than the curves obtained from the image analysis.

The average fragment sizes of rounds 1-L and 1-H follow
the specific charge dependence x50∝1/q0.8 of the Kuz-
Ram model quite well and correspond to an A-value of 3.9.
Thus the model and the constructed sieving curves could
be used to construct a set of design curves, which predict
how the sieving curves depend on specific charge in the
range 0.3-0.8 kg/m3. The design curves have NBC like
properties for fragment sizes in the range 0.063-50 mm,

Santiago Chile, May 2006

Table 7: Data for Vändle rounds

Round 1-L 1-H 2-H 2-L

Bench
Height (m) 2.2 11.4 12.7 10.8
No. of holes 31 44 40 43
Hole depth (m) 13.7±0.8 12.7±0.9 14.2±1.1 12.4±0.8
Sub drilling (m) 1.3 1.1 1.2 1.4
Burden (m) 3.18±0.07 2.86±0.11 2.89 3.46
Spacing (m) 4.27±0.07 3.80±0.15 3.71 4.17
Round volume (m3) 4638 4956 4902 6233

Charging
Titan 6075 total (kg) 2650 3417 3711 3304
Charge (kg/hål) 86±7 78±8 93±12 77±7
Uncharged (m) 2.1±0.4 2.2±0.4 2.2±0.8 2.1±0.8
- fraction of bench 0.176 0.194 0.172 0.191
Charge length (m) 11.5±1.0 10.4±1.0 12.0±1.3 10.3±1.0
Charge conc. (kg/m) 7.4±0.3 7.4±0.4 7.7±0.4 7.5±0.4
Density (kg/m3) 1170±50 1180±70 1230±60 1180±60

Specific charge (kg/m3)
- planned 0.44 0.57 0.57 0.44
- per hole 0.52 0.63 0.68 0.49

Table 8: Swebrec function parameter values for constructed sieving curves

Test pile q X50 Xmax b r2 S50 S50.X50
0.75

(kg/m3) (mm) (mm) (1/mm) (1/mm0.25)

1-L 0.52 167 522 2.016 0.9993 0.00265 0.123
1-H 0.63 141 450 1.965 0.9989 0.00301 0.123
2-H 0.68 190 524 2.300 0.9997 0.00299 0.153
2-L 0.49 180 550 2.464 0.9997 0.00306 0.151

Figure 11: Sieving curve for sample from -40 mm fraction
from test pile 1-L, with best fit Swebrec function. Parameter
values are given in Table 8.
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see Figure 13 in that the sieving curves are parallel. This
effectively amounts to specifying that b is roughly constant
when the specific charge changes, which is as yet a
hypothesis.

Figure 13: Fragmentation design curves for Vändle quarry.

2.2. The Vändle specimen tests
In order to pursue the more fundamental goal of how full-

scale and model-scale fragmentation relate to each other,
MUL undertook a series of model-scale blasts on

cylindrical specimens drilled from blocks taken from the
two production rounds at Vändle (Paulitsch, 2005). The
testing was made in the blasting chamber at the Erzberg
test site.

Altogether ten cylindrical specimens were blasted. Two
specimens each of nominal diameter Ø150, 200, 250 and
300 mm were tested under free boundary conditions, like
for the Bårarp and Hengl specimens. In contrast to these,
where a Ø5 mm hole was nearly always used, the Vändle
specimens had boreholes of different diameters, see Table
9. Hereby the specific charge related to the whole
specimen volume varied between 0.43 and 1.38 kg/m3. The
intention was to use specimens that were of length 2Ø. Due
to cracks in the blocks etc, this wasn’t always possible.

The concept of specific charge is based on the volume
of rock excavated, which is different for the model- and full-
scale tests. In the former case all material around the
charge is broken, in the latter case basically only the rock
in front of the charge. The broken volume is situated
between a blast-hole and a free face, which allows the
outgoing compressive wave to be reflected back as an
incoming tensile wave.

In order to investigate the effect of wave reflections, two
Ø150 mm specimens were given a cast support over half
their circumference, see Figure 14. They are denoted by
150-1c and 150-2c in Table 9. The support consists of
magnetite mortar so that the cylinder and support
fragments could be separated after the blasts. The mortar
recipe is the same as that used in the Less Fines project.
The interface between the specimen and support did not

Figure 12: Constructed sieving curves for Vändle test piles.
Linear axis scales.

Table 9: Data for model-scale tests of Vändle rock cylinders.

Specimen no. Diam. Height Mass Rock density Hole diam. Charge Specific charge Specific charge
(mm) (mm) (kg) (kg/m3) (mm) (g) (g/ton) (kg/m3)

150-1 143.7 269 11.24 2577 5.0 4.8 0.427 1.10
150-2 143.9 294 12.38 2588 5.0 6.6 0.533 1.38
200-1 192.3 279 21.58 2663 5.0 6.8 0.315 0.84
200-2 191.8 261 19.65 2605 6.0 7.1 0.361 0.94
250-1 241.8 322 38.33 2592 6.0 9.0 0.235 0.61
250-2 241.9 334 40.79 2657 5.0 6.5 0.159 0.42
300-1 291.5 364 61.44 2529 8.0 17.4 0.283 0.72
300-2 289.5 368 63.33 2614 6.0 10.4 0.164 0.43
150-1c 143.7 272 11.71 2654 5.0 5.3 0.453 1.20
150-2c 143.9 309 13.25 2636 5.0 6.1 0.460 1.21

Figure 14: Vändle specimen 150-2c with cast support of
magnetic mortar.



Fragblast-8 215

have zero strength and thus allowed for some re-entry of
tensile waves. The impedance properties of the mortar are
quite similar to those of rock, ρ•c ≈ 2170•4036= 8.76•106

kg/m3•m/s or Ns/m2 (Micklautsch, 2002). The uniaxial
compressive strength is 45 MPa and the Young’s modulus
18 GPa.

The supported specimens were blasted with Ø5 mm
blast holes, just like the free Ø150 mm specimens. Figure
15 allows a comparison of the fragmentation curves. The
curves are pretty much parallel in the range 0.063-20 mm,
i.e. as expected they display the NBC behaviour. A few
specimens seem to deviate somewhat from this behaviour,
no. 150-1. 200-2 and 250-2. A couple of these specimens
have slightly chipped ends, but that is probably not the
main reason for the deviations. More notable is that the
sieving curves of the supported specimens 250-1c and
250-2c display the same NBC behavior a the free
specimens.

Figure 15: Sieving curves for blasted model-scale
specimens from Vändle.

The Swebrec function was fitted to the sieving curve
data. The parameter values are given in Table 10. Again the
fit is excellent down to 0.5 mm for the basic, three-term
version of the Swebrec function, see Figure 16a.  The
extended five-term version fits the whole data range down
to 0.063 mm, see Figure 16b.

Figure 17 shows a comparison of the sieving curves from
full- and model-scale blasting tests with Vändle granite. The
full-scale curves are considerably flatter than the model-
scale ones, especially in the fines region, where the model-
scale curves are expected to display NBC behaviour. Yet

the test results respect the expected s50 relationships in
Equation 3 relatively well as the experimental average
s50•x50

0.75 = 0.223 is close to the value 0.25 in (3) and the
full-scale average 0.123 is very close to the value 0.12.

The continuous GGS exponent plots are shown in Figure
18. The model specimens that deviate the most from the
NBC behaviour are easily seen as no. 150-1, 200-2 and
250-2. They are depicted with dashed lines.

These GGS exponent plots are basically the same as
those for the Bårarp and Hengl rocks; the model-scale
curves lie relatively close together but the minimum is at
x≈1.5 mm this time. Specimen size permitting, the curves
stay together up to about 30 mm. The curves for the full-

Santiago Chile, May 2006

Table 10: Swebrec parameter values for Vändle model-scale blasts. Range from 0.5 mm up

Specimen q X50 Xmax b r2 S50 S50.X50
0.75

no. (kg/m3) (mm) (mm) (1/mm) (1/mm0.25)

150-1 1.10 18.2 85.5 3.087 0.9980 0.0274 0.242 
150-2 1.38 12.9 49.3 2.198 0.9997 0.0318 0.217
200-1 0.84 20.6 79.3 2.492 0.9994 0.0224 0.217
200-2 0.94 15.9 119 3.256 0.9999 0.0254 0.202
250-1 0.61 41.0 99.9 2.052 0.9994 0.0140 0.228
250-2 0.42 45.4 112 2.471 0.9977 0.0151 0.264
300-1 0.72 36.3 103 2.062 0.9994 0.0136 0.202
300-2 0.43 50.2 150 2.490 0.9980 0.0113 0.214
150-1c 1.20 22.1 81.5 2.299 0.9978 0.0199 0.203
150-2c 1.21 23.4 107 2.548 0.9991 0.0180 0.191

Figure 16a-b: Sieving curves for specimen 150-2c with best
fit Swebrec functions. a) Basic function, range 0.5-80 mm,
parameters in Table 10. b) Extended function, range 0.063-
80 mm: x50 = 23.5 mm, xmax = 99.0 mm, b = 2.402, a =
0.9977, c = 1.9 and r2 = 0.9995.
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scale blasts nearly coincide, they lie considerably lower but
they too have a minimum around 1.5 mm. Like before they
are thus not strictly of NBC character. 

ON X50 FOR FULL- AND MODEL- 
SCALE FRAGMENTATION

The Kuz-Ram fragmentation model (Cunningham, 1987)
gives x50 as

(4)

where A is a rock mass factor, Q the charge mass in kg,
sANFO the weight strength of the explosive in % and q the
specific charge. It contains one obvious size dependence,
that of Q. The A-value exists in many versions. In
Cunningham’s (1983) original paper A is purely numerical,
in the follow-up (1987) A contains a joint spacing term that
depends on the joint spacing in relation to the oversize.
This is an implicit size dependence. In a recent extension
(Cunningham, 2005) the oversize has been replaced by the
more obvious size √(burden x spacing). 

For the Vändle rounds it was shown that for three of the
four halves, namely 1-L, 1-H and 2-L, the dependence of
x50 on specific charge q could be expressed by the Kuz-
Ram equation above with the q-exponent 0.8. See Table 10
(Ouchterlony et al., 2005a-b). This confirms that Equation 4
has a wide applicability in this respect. 

Figure 19 and Table 11 shows how x50 depends on
specific charge for blasted model-scale specimens. The
data in the figure includes cylindrical rock specimens, both
from Bårarp, Vändle and Hengl and the other rocks tested
in the Less Fines project (Moser et al., 2003a; Moser, 2005),
74 specimens in all. These plus a set of cubic specimens
tested by Reichholf (2003) are included in the table
because from his experience with mortar specimens, the
sieving curve is independent of specimen shape in the
range 0-31.5 mm. All specimens above were shot with the
same granular PETN explosive in Ø4 or 5 mm holes.

Table 11 shows that the q-exponent varies within the
interval 0.96-1.53. This interval doesn’t contain the value
0.8 used in the Kuz-Ram Equation 4. Excluding the two
Bårarp outlier points, the global average for the data in
Figure 19 becomes x50 = 17.8/q1.09. Thus for a specific
charge of 1 kg/m3, the average fragment size of a blasted
model-scale specimen is roughly x50 =17. 8 mm. For the
rocks in Table 11, the corresponding values lie in the range
x50 = 9.2-23.7 mm.

Figure 17: Sieving curves from full- and model-scale
blasting tests with Vändle granite.

Figure 18: Continuous GGS exponent curves for Vändle
model-scale blasts.

Table 11: Average fragmentation data, x50 vs q, for model-scale blasts

Rock type Origin qmin qmax Prefactor q-exponent
(kg/m3 kg/m3

Cubic specimens:
Dolomite Marche les Dames 0.56 2.09 19.4 1.12
Siderite Erzberg 0.41 2.72 9.2 1.22
Limestone Cantera de Alzo 0.36 2.40 12.6 1.14
Magnesite Breitenau 0.52 2.31 13.4 1.24
Sandstone Imberg 0.14 2.57 12.9 1.53
Mortar MUL standard 0.21 0.57 16.3 1.36

Cylindric specimens:
Granitic gneiss Bårarp 0.36 0.85 16.0 1.23
Granite Vändle 0.43 1.38 18.9 1.17
Amphibolite Hengl 0.36 3.23 23.7 1.15
Limestone El Alto 0.33 4.01 16.8 0.97
Limestone Nordkalk stroma 0.34 2.34 17.1 0.96
Limestone Nordkalk krino 0.49 2.94 16.4 1.07
Limestone Nordkalk rev 0.47 2.67 16.2 1.03
Limestone Nordkalk fragment 0.58 3.00 15.1 1.24
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The absolute charge size Q for the cylindrical specimens
varies somewhat, it lies in the range 2.8-17.4 g of PETN and
the statistics say 5.9±2.3 g. It is thus conceivable that the
varying Q-value would alter the data in Table 11. A
normalisation of the x50-data according to Equation 4 with
respect to the average Q-value shows that the effect on the
q-exponent is negligible. 

We therefore conclude that the q-exponent for
fragmentation in model-scale blasting is significantly higher
than the value 0.8 used in the ubiquitous Kuz-Ram model.
We interpret this as a third size dependence on top of those
contained in Q and A.

Interestingly, the average model-scale exponent 1.09 lies
much closer to the value 1.18 used in the older SveDeFo
fragmentation model (Lundborg, 1971) than to the Kuz-
Ram value 0.8. 

Before a comparison between the A-values for model-
scale and full-scale blasting could be made, we again need
to comment on the definition of specific charge. The
cylindrical model specimens have a free circumference
and the whole specimen volume is broken. The primary
characteristic size is the radius of the cylinder. In bench
blasting only the material in front of a row of holes is ideally
fragmented, i.e. the charge effect is spread out over half
the volume, which basically equals the volume BxSxH
(burden x spacing x bench height), and the computed
specific charge is in one meaning twice as high.

The realisation that specific charge in its simplicity may
be deceptive is not new. Hjelmberg (1983) e.g. assigned
each blast hole in a bench blast a unique breakage volume
in order to calculate the effect of the burden to spacing ratio
B/S on the fragmentation for blasting with wide, staggered
hole spacings or to consider hole deviations. 

One way of interpreting the difference is to consider it an
effect of the reflected stress wave against the available free
surface on crack growth and hence on fragmentation (Field
and Ladegaard-Pedersen, 1971 & 1972). Testing at MUL
(Micklautsch, 2002) has compared the fragmentation from
free 200 mm cubic blocks of cement mortar with similarly
charged blocks in a 3x3 assembly, each surrounded by 8
uncharged blocks that act as impulse traps. 

The outer blocks effectively stop the primarily tensile
reflected waves at the outer surface from re-entering the
middle block. The outer blocks remained intact and the
fragmentation of the charged middle block became
considerably coarser. The centre block was essentially split
into a couple of large wedges that make up 70 % of the
mass, plus debris in the range 0.05-80 mm. x50 increased
from 32 to 100 mm.

How does one define specific charge in this case? If we

relate it only to the broken volume, i.e. the middle block,
then the specific charge doesn’t change but the
fragmentation does. If we relate it to the whole assembly,
then q decreases to 1/9 of the original value and x50 should
increase to between 100 and 200 mm, which is roughly
what the Kuz-Ram factor 90.8 ≈ 5.8?32 mm = 186 mm
predicts. However the fragmentation in this case has an
upper limit in the cube size 200 mm, which the Kuz-Ram
equation doesn’t account for

The supported Vändle specimens 150-1c and -2c, in
which only half of the circumference was free (Figure 14), is
another point in case. They also gave a coarser
fragmentation than the free specimens 150-1 and -2, on
average 22.8 mm instead of 18.3 mm, i.e. an increase by
25 %. As both of the supported specimens were completely
broken, the specific charge would be the same, but the
fragmentation is not. 

In order to unify the description of different kinds of
blasting; bench blasting, trench blasting, crater blasting
and tunnel blasting e.g. where the free surfaces look
different, we probably have to come up with a more
sophisticated load intensity concept than the specific
charge. For the time being however, we do not attempt to
do this but stay with the old definition.

The data in Tables 4-5 e.g. show that for a given specific
charge, one naturally obtains vastly different average
fragmentation x50 in model and full-scale, about 470±50
mm (mean ± standard deviation) for the six full-scale
Bårarp blasts with fully charged holes with an average
specific charge of q = 0.55 kg/m3 of emulsion explosive.
For the model cylinders the data in Table 11 gives the
average fragment size of 33.4 mm and the corresponding
charge is roughly Q = 8.6 g of granular PETN, see
specimen BA1_1 in Table 3 e.g. The corresponding weight
strength is sANFO = 135%.

Taking the with Ø51 mm holes as representative for the
full-scale rounds, Q = 9.0 kg and sANFO = 87%. As the rock
mass at Bårarp was relatively massive and fracture free, we
first assume the same A-value to be valid in both cases. A
straight insertion of data into Equation 4 yields.

(5)

The real ratio is 470/34≈13.8, which is considerably
larger.

Putting the specific charge calculation on the same basis
as for bench blasting doubles q for the lab specimens.
When multiplying the fragmentation scaling factor 4.2
above by the factor 20.8 ≈1.74 it becomes 7.3, which is still
rather far from the actual value 13.8. 

To account for this difference, the A-factor for the full-
scale blasts would have to be 13.8/7.3 = 1.9 times larger
than for the model-scale blasts. This is contrary to the
definition of A, which should be higher for single holes in
massive rock than for multiple holes in a rock mass affected
only slightly by joint systems. 

The same kind of comparison is not as meaningful to
make for the Hengl data as only the -100 mm fraction of a
single blast with horizontal reliever holes was sieved. 

The sieving curves for the Vändle full-scale and model-
scale blasts are given in Figure 17. The visible difference
between the two sets of curves is much larger for the
Vändle tests than for the Bårarp or Hengl tests. We may
hypothesize that the majority of the difference is caused by
the rock mass at Vändle being much more jointed and the
rounds having multiple rows and being much larger than at
Bårarp. The full-scale curves are much flatter than the
model ones but the slope s50 at x50 basically follows earlier
experience, see comment above. 

Santiago Chile, May 2006

Figure 19: x50 versus q for the fragmentation from blasting
of cylindrical specimens.
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The full-scale rounds used Ø90 mm holes and for Vändle
Round 1-L; q = 0.52 kg/m3, Q = 86 kg, sANFO = 85 % and x50
= 167 mm. For specimen 250-2 we have q = 0.42 kg/m3, Q
= 0.0065 kg,  sANFO = 135 % and x50 = 45.4 mm. Assuming
the same A-value to be valid in both cases, Equation 3
yields

(6)

The real ratio is 167/45.4≈3.7, which is somewhat
smaller. In contrast to the Bårarp results, this value lies on
the lower side, as would be expected from the effect on A
of more jointed rock and multiple holes in the blast.

Putting the specific charge calculation on the same basis
as for bench blasting again raises the specific charge for
model-scale by a factor of 2 and the ratio in equation 5 rises
by the factor 20.8≈1.74 from 5.5 to 9.6. The new ratio is
considerably larger.

Thus we see that assuming the same A-value for model-
and full-scale blasting and accounting for the charge
weight scaling Q1/6 gives a theoretical ratio x50, full-scale/x50,
model-scale, which in the case of Bårarp is much smaller than
the practical one, 7.3 versus 13.8 and which in the case of
Vändle is much larger than the practical one, 9.6 versus
5.5. This difference is not explainable in terms of the
different q-exponents, nor easily in terms of the different
specific charge definitions.  

To account for the discrepancy we would in the Bårarp
case have to arrive at a rock mass factor A that is nearly 2
times larger in full-scale than in model-scale and in the
case of Vändle an A factor that is nearly half. This is
relatively difficult to understand in terms of a traditional A-
factor description, even if Cunningham (2005) allows for a
calibration factor in the range 0.5-2.0 when A has been
determined according to best practice.

4. DISCUSSION AND CONCLUSION

In this paper we have presented fragmentation results for
model- and full-scale blasts in three different materials, the
granitic gneiss of the Bårarp, the amphibolite of the Hengl
and the granite of the Vändle quarries.

The model-scale blasts were conducted in cylindrical
specimens with a Ø4 to 8 mm hole charged with roughly 5-
20 g of PETN powder. The specimen surfaces were free
except for two Vändle specimens that were half confined or
supported by a magnetic mortar moulding.

The full-scale blasts were all bench blasts. The main
differences were that a) the Bårarp and Hengl rounds
consisted of a single row of 5-10 holes whereas the
Vändle rounds consisted of multiple rows of holes and b)
the Bårarp rock mass consisted of massive, damage
free rock whereas the Hengl and Vändle rock masses
were both jointed  and preconditioned by blast damage
from previous rounds. In all cases production explosives
were used, at Bårarp packaged emulsion, at Hengl
ANFO with a dynamite bottom charge and bulk emulsion
at Vändle.

There are three major likenesses in the fragmentation.
Firstly all the sieving curves can be described by the
Swebrec function with a high degree of accuracy. If the
basic three parameter function is used, the range goes
from top size down to about 0.5 mm. If the extended five
parameter function is used, the range goes all the way
down to 0.063 or 0.075 where the sieving stops.

The second likeness is that in the fines range, from about
30 mm and down, the sieving curves basically shift upward
in parallel in a log-log diagram when the specific charge
increases. This is in accordance with one of the NBC
precepts. It has earlier been shown (Moser et al., 2000 &
2003a) that for most other rocks tested, the sieving curves

from model scale blasting lie parallel to those of
comminution in OCS circuits. 

This is also true for the Hengl amphibolite (Moser, 2003)
and all indications are that it would be so also for the Bårarp
gneiss and the Vändle granite.

These comminution curves are the steepest possible
ones, another NBC precept. The sieving curves from full-
scale blasting are all flatter and hence not strictly of NBC
type.

The third and associated likeness is that the sets of
sieving curves for one rock all seem to have an inflection
point at the same x-value in the log-log diagram. The
sieving curves for the different rocks look pretty much the
same but the position of the minimum varies; from about 0.5
mm for the Hengl, to 1.0 mm for the Bårarp, and 1.5 mm for
the Vändle rock.

Recent investigations suggest (Grasedieck, 2005) that
this minimum is associated with the point where the
fragments switch from containing basically several grains
to being monomineralic, i.e. containing single grains or
parts of single grains. The fast switch-over may be
explained by fragments consisting of two or only a few
grains being weaker than other configurations (Åström et
al, 2004).

In addition to this grain size cut-off for small fragments,
the universal fragmentation model (Åström et al., 2004)
describes two other cracking mechanisms. The small scale
one is a branching-merging of cracks that explains e.g. the
debris torn loose by propagating larger cracks, c.f. the test
results of Micklautsch (2002). This is one explanation of
why much of the fines generated in blasting do not
originate in the crushed zone around the blast-hole (Svahn,
2003). 

The larger scale mechanism is a Poisson process of
independent crack generation. The material properties
involved are the correlation length of this process, the
penetration depth of the branching-merging process and
the strength of the cut-off correction. In the Bårarp case the
fragmentation is best described as a brittle material, i.e. the
penetration depth of the branching-merging process is
large. The balance of this process and the grain-size cut-off
correction is able to reproduce the inflection point in the
grain size distribution in log-log scale, i.e. the minimum in
the GGS-exponent curve.

Taken together these likenesses strongly suggest that the
breakage mechanisms in model- and full-scale have strong
similarities, despite the very different conditions.

The large range of validity of the Swebrec function
description further implies that small samples contain much
information about the full sieving curve. 

The fragmentation from the model- and full-scale blasts
differs in several important aspects. Firstly the definition of
specific charge q is based on different volumes. This is
coupled both to the actual breakage and the presence of
free faces, which are shown to influence the fragmentation.

There is also a difference in that the average fragment
size in model-scale decreases faster with increasing
specific charge q than in full scale; the q-exponent is larger
in model-scale, on average about 1.1 (x50∝1/q1.1) as
opposed to 0.8 (x50∝1/q0.8) in full-scale blasts.

The effect of the difference in absolute charge size Q,
expressed as Q1/6, doesn’t fully explain the charge size
dependence of x50 when q is constant, even if the
difference in the q definition is accounted for. The rock
factor A also seems to have size dependence built in,
which leads to different results for the x50-ratios of the
Vändle and Bårarp tests. 

There is further naturally a difference in the slope values
s50 between model- and full-scale blasting. The values
follow an experimental relationship with x50 quite well
however (Equations 3), but with a different numerical
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prefactor. This in turn means that the undulation exponent
in the Swebrec function may be expressed as a function of
the other two parameters, x50 and xmax.

We are getting to the point where we could revise the size
dependence expressed by the Kuz-Ram equation, which in
the case of x50 apparently involves not only Q, but also A
and the exponent of the specific charge dependence. This
may not be an easy matter though because it would then
probably also be necessary to broaden the specific charge
concept.  
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