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Abstract This study evaluates the predictive performance of the Kuz-Ram model and its extensions (Shifted Kuz-
Ram and Extended Kuz-Ram) for blast-induced fragmentation in a hard rock geological context: the Diack basalt
quarry in Senegal. Particle size distributions were obtained through WipFrag® image analysis and compared to
model predictions. The results show that the original Kuz-Ram model (1987) reproduces the general trend with an
R2 of 0.91 but underestimates the mid-size range. The introduction of the shifting factor (Shifted Kuz-Ram)
significantly improves the fit (R? = 0.96). The Extended Kuz-Ram model by Cunningham (2005), after calibration of
the C(A) and C(n) coefficients, offers the best performance with an R2 of 0.995 and an RMSE of 2.76%,
demonstrating the importance of local adaptation of empirical parameters. This study contributes to optimizing blast
design in basaltic environments and highlights the necessity of calibrating models with field data.
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1. Introduction

Blasting is a key operation in mining and quarrying, as
it directly conditions the productivity of downstream
operations (loading, hauling, crushing) and strongly
influences energy consumption and operating costs [1,2].
The resulting particle size distribution (fragmentation)
from a blast is therefore a critical parameter for optimizing
the mine-to-mill chain; improving fragmentation reduces
grinding energy and increases crusher productivity [2].
Accurate prediction of post-blast particle size distribution
is essential for optimizing blast parameters (burden,
spacing, explosive charge) and adapting downstream
processes, particularly in varied geological contexts such
as hard igneous rocks (basalt) [3]. In Senegal, aggregate
quarrying supports a booming construction sector, but the
lack of predictive approaches adapted to local lithologies
often hinders yield optimization.

Initial theoretical approaches date back to the work of
Kuznetsov [4] on mean fragment size and Rosin &
Rammler [5] on the particle size distribution function.
Cunningham synthesized these approaches into the Kuz-
Ram model [6,7], which combines Kuznetsov's equation
for mean size and the Rosin-Rammler function for

distribution. This model is widely used for blast design
and fragmentation assessment. Subsequently, Spathis [8]
proposed a correction concerning the confusion between
mean size and median size, which led Ouchterlony [9] to
introduce a shifting factor into the model, giving rise to
the Shifted Kuz-Ram. Cunningham [10] also proposed an
extended version of the model (Extended Kuz-Ram)
incorporating the effect of timing and delay scatter on
fragmentation.

Despite these developments, discrepancies persist
between predictions and field measurements due to local
geological variability, blast parameters, and explosive
characteristics. It is therefore necessary to evaluate these
models on specific contexts, such as the massive basalt of
Diack, to identify the most robust method.

In this context, the present study systematically
compares the performance of three models from the Kuz-
Ram family: (i) the original model by Cunningham [7],
(ii) the Shifted Kuz-Ram model as formalized by
Ouchterlony [9], and (iii) the Extended Kuz-Ram model
by Cunningham [10]. The evaluation is carried out at the
Diack quarry (basalt) in Senegal. Reference particle size
curves were obtained through WipFrag® image analysis
after blasting.

The objective is twofold: (i) to examine each model's
ability to reproduce measured particle size distributions,
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and (ii) to identify the model best suited to the basaltic
context. This work helps fill the lack of comparative
studies applied to Senegalese rocks and provides a
scientific basis for future optimization of blast parameters.

2. Methodology

2.1. Study Site and Geological
Characterization

The Diack quarry is located in the Ngoudiane
municipality, approximately 37 km southeast of Thiés
(Senegal). Figure 1 shows the quarry location. It exploits
massive, dense, and resistant volcanic basalt from the
Tertiary volcanism of the region. This basalt presents
several facies ranging from fine to coarse, influencing its
hardness and mechanical properties [11]. Due to its
compactness and low porosity, it serves as a reference in

Senegal for the production of high-performance

aggregates [12].
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Figure 1. Location of the Diack quarry (Technical Service of the
Ngoudiane Municipality, 2023)

2.2. Acquisition and Processing of Particle
Size Data

Actual particle size distributions were obtained through
image analysis after blasting. For the blast, a total of 15
photographs of the blasted face were taken with a digital
camera, placing a foldable wooden measuring rule folded
to form a 22 cm square as a scale object. The sampling
strategy followed the recommendations of the WipWare :
each image was framed to contain at least 400 fragments,
and systematic coverage of the muckpile was performed to
ensure statistical representativeness. This protocol reduces
biases related to camera angle and image
representativeness [13,14]. Figure 2 illustrates the blasted
muckpile at the Diack quarry.

The calibrated images were then processed with
WipFrag® software to automatically detect fragment
outlines and generate cumulative particle size curves
(cumulative % passing vs. size in mm). Several images
from this blast were averaged to obtain a representative
distribution, according to practices described by Nanda &
Naik [15]. Figure 3 shows the particle size curve obtained
for the Diack basalt.

This measured distribution serves as the baseline
reference for comparison with predictions generated by
the empirical fragmentation models.

Figure 2. Muckpile after blasting at the Diack basalt quarry, processed
with WipFrag®
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Figure 3. Granulometric Curves of the Diack Basalt Quarry from
WipFrag® Analysis

2.3. Fragmentation Models and Theoretical
Formulations

2.3.1. Kuz-Ram Model [7]

The Kuz-Ram model combines the Kuznetsov [4]
equation for mean fragment size x, and the Rosin &
Rammler [5] distribution function.

The mean size is calculated by the following
Kuznetsov—Cunningham equation:

19
ﬁ] v o

Xm = Ax q—0.8 XQ% X(RWS

where X, is the mean size (cm), q is the powder factor
(kg/m3), Q is the explosive charge per hole (kg), RWS is
the relative weight strength compared to ANFO, and A is
the rock factor, reflecting the mechanical and structural
characteristics of the rock mass. It can be estimated either
by the formula proposed by Cunningham [7],

A=0.06(RMD +RDI + HF ) 2)

or from the blastability index (Lilly [16]) with
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A=0.12xBI .

The particle size distribution is described by the Rosin-
Rammler function:

R, :1—exp{—0.693(xij ] (3)

where Rx represents the cumulative fraction passing a
sieve of mesh size x, and n is the uniformity index, which
controls the fragment uniformity. The latter is calculated

by:
n=(2.2-0.014B/ ¢, )x(l—%jx

|Lb_|-c| 0.1
‘/[(1+S/B)/2]x{l_—+0.1} (Lot /H)

tot

4)

where B is the burden (m), S is the spacing between holes
(m), ¢y is the hole diameter (m), L, is the bottom charge
length (m), L. is the column charge length (m), Ly is the
total charge length, possibly above ground level (m), H is
the bench height (m). According to Olofsson [17], the
drilling deviation SD (m) can be estimated using the
relation: SD=¢,+0.03L, with L being the hole depth (m).

2.3.2. Shifted Kuz-Ram Model [9]

To correct certain biases observed in the original Kuz-
Ram model, Spathis [8] introduced a variant based on the
introduction of a shifting factor g(n). This approach was
subsequently formalized and named the Shifted Kuz-Ram
model by Ouchterlony [9].

In this version, the Kuznetsov—Cunningham function is
modified by introducing a shifting factor g(n), which
essentially shifts the particle size distribution towards
smaller x50 values or leads to predicting more fines [8].

The proposed equation linking the median size x50 to
the mean size X, is:

X50 :g(n)xxm (5)
with
__(m2)"n
9(n)= r(1+1/n) ©

where T is the mathematical Gamma function.

It should be noted that the introduction of the shifting
factor g(n) by Ouchterlony [9] aimed primarily to correct
the confusion between mean size x,, and median size xs
pointed out by Spathis [8]. Nevertheless, as highlighted by
Ouchterlony & Sanchidrian [18], the revised equations of
the Kuz-Ram model [7] had already been calibrated
directly on xs, data.

Nevertheless, its use may remain relevant as it allows
shifting the Kuz-Ram model towards a prediction closer to
the measured particle size distribution. This precision
underscores that subsequent developments of the Kuz-
Ram maodel essentially rely on predicting the median size
Xs0, Which reinforces its statistical coherence and
operational use.

2.3.3. Extended Kuz-Ram Model [10]

In his article "The Kuz-Ram fragmentation model -- 20
years", Cunningham [10] summarizes and adjusts the
classic Kuz-Ram formulations, explicitly introducing the
effect of timing and delay scatter on fragmentation (via
factors A; and the scatter ratio) [10,19]. These additions
aim to make the model more accurate in modern blasting
contexts (electronic detonators, delay control) [10,19].

Equation (1) for the mean fragment size is modified
according to:

19
Ej & C(A) (7)

Xm = AAtq_O'gQ% ( RWS

with
e A time dispersion factor which depends on the ratio
T/Tmax. For T/Tmax between 0 and 1:

3 2
A:O.GG[TL] _o.ls(TLJ :
max max (8)

1.58(LJ +21

max

and for T/Tpay > 1:

A= 0.9+0.1[TL—1] 9

max

Here, T is the actual delay between consecutive holes in
the same row (ms), and T, is the optimal value for this
delay. Factor A; plays an empirical modulation role on
fragmentation according to blast synchronization. The
idea is that optimal detonation synchronization improves
fragmentation, while delays that are too short or too long
degrade it [10].

The optimal delay is approximately given by:

15.6
Trax = C_ B
p

(10)

where C, is the longitudinal wave velocity (km/s), B is the
burden (m), and the coefficient 15.6 comes from empirical
calibration combining propagation time values and
experimental scale.

e C(A): correction factor for the rock factor, ranging
between 0.5 and 2.

The uniformity equation (4) is modified to integrate
precision effects (delay scatter):

X(Aj"i /[2_30_8} )

*7\6 & 2

SD) (L3 w
X(l—FjX(%j XC(n)

where C(n) is a correction factor used to adjust the
uniformity index when it does not match algorithm
predictions, and ng is the uniformity factor determined by
the scatter ratio in equation [10].

Indeed, Cunningham also introduces the effect of
timing scatter and proposes the concept of scatter ratio Rs:
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R =1t — g2t 12)
TX TX
which moderates the uniformity index when scatter is
significant. In this way, the model considers not only the
blast parameters but also the execution quality of the
initiation system.

Note that C(A) and C(n) are multiplicative factors used
to adapt/calibrate the equations to site-specific conditions
[19].

Finally, Cunningham [10] maintains the use of the
Rosin-Rammler particle size distribution, as defined by
equation (3), despite certain criticisms [9,18].

2.3.4.Model Calibration

Table 1. Blast parameters and rock mass properties at Diack

Parameter Value Unit
Burden (B) 4 m
Spacing (S) 4 m
Bench height (H) 12.9 m
Hole diameter (¢n) 102 mm
Bottom cha_rge qugth (Ly) (abp\{e ground 1.04 m
level, i.e., without subdrilling)
Column charge length (L) 10.36 m
Total charge length (L) (with subdrilling) 11.9 m
Hole depth (L) 134 m
Rock factor (A) 5.34
Rock Mass Description (RMD) 50
Hardness factor (HF) 24
Rock Density Influence (RDI) 15 -
Powder factor (q) 0.4017 kg/m3
Charge per hole (Q) 82.92 kg
RWS (ANFO) 100 -
Wave velocity (C,) 5038.315 m/s
Inter-hole delay (T) 25 ms
Delay standard deviation (o) 5 ms

For the Extended model, coefficients C(A) and C(n)
were numerically optimized by minimizing the root mean

square error between predictions and WipFrag®
measurements. For the other models, no additional
120
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adjustments were applied beyond the field-measured input
parameters (Table 1).

3. Analysis of Results

The particle size distributions measured at the Diack
quarry (Figure 3) were compared to the predictions of the
three models. The performance indicators used are the
coefficient of determination (R?), root mean square error
(RMSE), mean absolute error (MAE), and standard error
of estimate (SEE).

3.1. Original Kuz-Ram Model

The model by Cunningham [7] gives a mean size X,=
230.17 mm and a uniformity index n = 1.26. The overall
fit is satisfactory (R? = 0.91), but an underestimation of
particles in the 100-464 mm range is observed, with a
mean error of 6.38% and an RMSE of 12.27% (Figure 4).

3.2. Shifted Kuz-Ram Model

The application of the shifting factor reduces the median
size 10 Xsp = 185.40 mm, for the same index n = 1.26. The
fit quality improves significantly with R? = 0.96, RMSE =
7.89%, and MAE = 5.47% (Figure 5). The underestimation
of the mid-size particles is corrected, but a slight
overestimation of very fine fractions (< 68 mm) appears.

3.3. Extended Kuz-Ram Model

Without calibration of coefficients C(A) and C(n)
(default values = 1), the Extended model gives a mean
size of 230 mm and a uniformity index n = 0.59 (below
the usual limit of 0.7), with a poor fit (R2 = 0.794, RMSE
= 18.4%). After numerical optimization, the retained
values are C(A) = 0.62 and C(n) = 2.83, leading to X, =
142.4 mm and n = 1.67. The fit becomes excellent: R2 =
0.995, RMSE = 2.76%, MAE = 1.98% (Figure 6). The
predicted curve coincides remarkably with the
measurements over the entire particle size range.

1,=230.17 mm

- n=1126

o2 p=po1

ME=638%

MSE =150.60%?

RMSE=1227%

10 MAE=8.08%
SEE=13.18%

)

Residuals (%

400

Figure 4. Grain Size Distribution and Prediction Performance for Diack Quarry vs. Kuz-Ram Model in lin-log Space
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3.4. Model Comparison

Figure 7 compares the particle size curves predicted by
the three Cunningham models with the experimental
measurements. The original model underestimates the
intermediate fractions, the shifted model improves the fit,
and the calibrated Extended model reproduces the
measured distribution almost perfectly.

Table 2 summarizes the performance indicators for the
three models.

Table 2. Performance indicators of the models for the Diack quarry

Xs0 RMSE | MAE SEE

Modele (mm) n R2 %) ph o

}?J;gg‘;:] 23017 | 126 | 0910 | 1227 | 638 | 1152

Shifgng“Z' 18540 | 1.26 | 0960 | 7.89 | 547 | 7.41
Extended

Kuz-Ram 230.0 059 | 0.794 18.4 12.1 17.3
(uncalibred)

Extended
Kuz-Ram 142.4 1.67 | 0.995 2.76 1.98 2.59
(calibrated)

3.5. Advanced Comparative Analysis of
Cunningham Models

To refine the evaluation of the three Cunningham
models applied to the Diack quarry, we adapted the scatter
and Radar plots presented in Figure 8 and Figure 9.

Figure 8 presents a scatter plot of cumulative passing
predicted by each model against measured passing. Points
aligned on the first bisector indicate a perfect prediction.
The results reveal contrasting trends at the study site. The
models tend to overestimate the proportion of fine
fragments, while intermediate size classes are often
underestimated. It is observed that the calibrated Extended
Kuz-Ram model comes closest to this ideal line,
confirming its superiority. The Shifted Kuz-Ram shows
moderate dispersion, while the Original Kuz-Ram shows
more pronounced deviations for intermediate fractions.

Finally, Figure 9 normalizes several error metrics (R?,
R%juss MSE, RMSE, MAE, SEE and ME) for each of the
three models. This normalization highlights the relative
performance gap. The calibrated Extended model shows
the lowest errors across all criteria, underscoring its
robustness for this lithological context.

Observed Passing (%)

Figure 8. Diack quarry — Prediction Methods: Scatter Plot of Predicted
vs. Observed Passing

Figure 9. Global Performance Comparison of Models

4. Discussion

The obtained results show that the performance of
empirical fragmentation models varies significantly
according to the degree of sophistication and applied
calibration. In the context of the massive Diack basalt, the
original Kuz-Ram model [7] provides an acceptable first
approximation but with a marked underestimation in the
intermediate size range (Figure 4). This bias is consistent
with literature observations, which attribute this limitation
to the confusion between mean size and median size, as
well as the absence of consideration for the upper block
size limit [18].

The introduction of the shifting factor g(n) (Shifted
Kuz-Ram) effectively corrects this error by bringing the
median size to a more realistic value (185 mm instead of
230 mm). The improvement in fit (R2 increases from 0.91
to 0.96) confirms the relevance of this correction for the
Diack basalt. However, a slight overestimation of the
finest fractions (< 68 mm) remains (Figure 5), which
could be related to the shape of the Rosin-Rammler
function, less adapted to the distribution tail [9].

The Extended Kuz-Ram model [10] proves to be the
most effective, provided local calibration of coefficients
C(A) and C(n) is performed. Without calibration, its
results are even inferior to the original model (Figure 6),
highlighting the danger of using default parameters.
Calibration allowed optimizing these coefficients (0.62
and 2.83 respectively), leading to an almost perfect
prediction (R2 = 0.995). This improvement is explained by
the consideration of the effect of timing and delay scatter,
which are key factors in fragmentation control [10]. The
C(A) value lower than 1 indicates that the effective rock
factor is lower than the initial estimate, likely due to the
natural fracturing of the rock mass.

The obtained value C(n)=2.83 is substantially higher
than the default value of 1 [10] and reflects a greater
uniformity than that predicted by the geometric
parameters alone, which may be due to good blast
synchronization. However, such a deviation from the
default value warrants discussion. As noted by
Ouchterlony and Sanchidrian [18], the validation of
empirical fragmentation models requires multiple blasts,
because the variability in blasting conditions can distort
localized calibrations. The fact that this calibration was
performed using data from a single blast may therefore
contribute to the high value obtained. Future work
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incorporating multiple blasts with varied blast designs will
be necessary to determine whether this value reflects a
genuine site-specific characteristic or a case of localized
overfitting.

From a practical perspective, the choice between the
three models depends on the trade-off between accuracy
and implementation effort. The original Kuz-Ram model
requires only basic blast parameters and is readily
applicable for first estimates. The Shifted Kuz-Ram model
adds a simple correction factor but remains easy to
implement. In contrast, the Extended Kuz-Ram model,
while offering the highest accuracy after calibration,
requires detailed timing data and a calibration procedure,
which may be justified for large-scale operations where
fragmentation optimization yields significant downstream
benefits

These results align with other studies that have
emphasized the importance of calibrating empirical
models [19,20]. They also show that the Diack basalt,
although massive, presents a certain heterogeneity
requiring fine-tuning of parameters.

From a practical standpoint for blasting operations in
this type of rock, the use of the calibrated Extended model
is recommended. The calibration procedure can be
performed from a few test blasts analyzed by WipFrag, as
was done here. The shifted model, being simpler,
constitutes an acceptable alternative when timing data are
unavailable or calibration is not possible.

However, this study has certain limitations. It only
covered a single site and a limited number of blasts.
Additional investigations in other areas of the quarry and
with different blast patterns would allow validating the
robustness of the calibrated coefficients. Furthermore,
WipFrag image analysis, although widely used, involves
uncertainties related to segmentation and image
representativeness [13,14]. Complementary measurements
by sieving, although difficult on a large scale, could
strengthen the reliability of the reference data.

Finally, the lack of consideration for the extreme fines
distribution in Rosin-Rammler models could be mitigated
by using more flexible functions like Swebrec [9], but this
is beyond the scope of this study focused on Cunningham
models.

5. Conclusion

This study evaluated three models from the Kuz-Ram
family for predicting blast fragmentation at the Diack
basalt quarry in Senegal. The results show that:

e The original Cunningham model [7] gives a correct
global estimate but underestimates the mid-size
range (Figure 4).

e The Shifted Kuz-Ram model [9] significantly
improves accuracy by correcting the confusion
between mean and median size (Figure 5).

e The Extended Kuz-Ram model [10], after
calibration of coefficients C(A) and C(n), offers the
best performance with an R2 of 0.995 and an RMSE
of 2.76% (Figure 6).

These results confirm the necessity of adapting

empirical models to local conditions through calibration
with field data. For the Diack basalt, the calibrated

Extended model constitutes the most reliable tool for
optimizing blast parameters and improving operational
profitability.

Future perspectives include extending this approach to
other lithologies and integrating machine learning
techniques to refine predictions. Coupling with numerical
models (DEM, FEM) could also allow a better
understanding of fragmentation mechanisms and
overcome the limitations of purely empirical approaches.
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