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A B S T R A C T

Underground mining operations generate large volumes of waste rock (WR). Transporting this material to the 
surface requires significant energy and incurs operational costs. As an alternative, WR can be directly dumped 
into stopes being filled with cemented paste backfill (CPB), reducing both costs and greenhouse gas emissions. 
However, inadequate dumping may lead to poor mixing between cohesionless WR and CPB, resulting in fill mass 
collapse during or after adjacent stope excavation. Understanding and quantifying the natural mixing between 
dumped WR and CPB is therefore critical; yet, such studies are scarce. A major challenge lies in replicating large- 
scale field behavior through limited laboratory-scale tests using scalped (truncated) WR samples. Numerical 
modeling becomes essential to capture size effects related to both stope and WR particle sizes. In this study, a 
discrete element method (DEM)-based numerical model was employed. It was first calibrated using repose angle 
tests on WR samples with varying maximum particle sizes (dmax), prepared using the scalping-down technique. 
All model parameters were determined through direct measurements, except for the rolling resistance coefficient 
(µr) between WR particles, which should be obtained through numerical calibration. Initially, it was assumed 
that the µr would vary with dmax, in line with the observed increase in repose angle with larger dmax. Surprisingly, 
calibration showed that µr was not very sensitive to changes in dmax, contradicting the experimental trend. 
Further investigation revealed that repose angle measurements are influenced by the quantity of material used; 
when sufficient WR mass is employed, the repose angle also becomes independent of dmax. This confirms that 
scalped samples can reliably represent in situ WR in repose angle tests. The scalping technique is thus validated 
for use in laboratory piles tests. The predictive capability of the calibrated model is further supported by strong 
agreement with additional experimental data. This calibrated and validated numerical DEM model can now be 
confidently applied to analyze the mechanical behavior of WR-based infrastructures across varying particle sizes 
and field conditions. Its application to simulate the natural mixing between dumped WR and uncemented paste 
backfill is presented in Part II of this companion study.

1. Introduction

Mining operations generate substantial volumes of mine wastes, 
primarily in the form of tailings and waste rock. Traditionally, these 
materials are stored on the surface in tailings storage facilities and waste 

rock piles. These surface storage methods have significant environment 
footprint. Chemically reactive mine waste can lead to acid mine 
drainage or contaminated neutral drainage. More critically, failures of 
tailings storage facilities can result in catastrophic tailings flood, which 
may destroy infrastructures and cause fatalities or injuries along their 
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paths [1].
Underground mining operations that incorporate backfill composed 

of mine waste offers several advantages. Backfilling significantly re
duces the volume of surface-stored waste, thereby lowering the envi
ronment footprint. It also mitigates the geochemical and geotechnical 
risks associated with surface storage. Furthermore, cemented backfill 
made from mine waste can enhance ore recovery, reduce dilution, 
improve ventilation efficiency, and strengthen ground stability [2]. For 
these reasons, backfilling has become an integral component of most 
modern underground mining operations worldwide.

Currently, three primary types of backfill are used in underground 
mines: hydraulic backfill, paste backfill, and rock fill [3,4]. A large body 
of literature focuses on the application of individual backfill type 
[5–39]. A limited number of studies have explored the mechanical 
blending of waste rock with cemented backfill [4,40-43] or the graded 
waste rock and tailings [44-46]. These methods typically require 
crushing, sieving, mechanical mixing, specialized equipment, consid
erable energy input, which increase operation costs to control waste 
rock size and ensure homogenous mixing.

In Canada, a widely adopted practice involves directly dumping 
waste rock generated underground into stopes being filled with 
cemented paste backfill. This approach significantly reduces the volume 
of waste rock transported to the surface, which is particularly beneficial 
for deep mining operations, as it lowers energy consumption, green
house gas emissions, and operational costs [47]. Additionally, if the 
waste rock mixes well with the cemented paste backfill, the resulting 
composite material may exhibit superior mechanical properties 
compared to the individual components [48-50], and may reduce binder 
consumption, thereby lowing backfill costs.

Despite these advantages, directly dumping waste rock into stopes 
can introduce risks. Poor or incomplete mixing with the cemented paste 
backfill may result in unstable fill masses that collapse during subse
quent stope excavation, leading to ore dilution, ore loss, or other adverse 
outcomes. Therefore, a thorough understanding of the natural mixing 
behavior between dumped waste rock and paste backfill is essential.

Zhang and Li [51] were the first to investigate this natural mixing 
process through small-scale laboratory experiments. They simulated a 
mine stope using a box setup and employed a waste rock sample with a 
controlled particle size range to facilitate separation and quantify mix
ing. While their study provides initial insights, further research is 
needed to understand and quantify this behavior under field conditions.

Although large boxes with larger waste rock particles can be used in 
laboratory experiments, replicating field-scale mixing remains chal
lenging due to space constrains and the large particles sizes typically 
found in situ, often several tens of centimeters [52-57]. Numerical 
modeling is therefore necessary to capture size effects related to stope 
dimensions and particle sizes. A robust numerical model must account 
for both the granular feature of waste rock and the fluid-like behavior of 
paste backfill. While discrete element method (DEM)-based models 
effectively simulate granular materials, they do not inherently account 
for fluid interactions.

Recently, Zhang and Li [51] incorporated buoyancy and drug forces 
into a DEM-based numerical code [58] to simulate the interaction be
tween granular materials and paste backfill. This enhanced model, 
termed f-EDEM, was validated against analytical solutions and used to 
study the natural mixing behavior between steel balls and paste backfill. 
Its model’s ability to simulate the mechanical behavior of granular 
materials was further confirmed by comparing its results to experi
mental data. To ensure stability and reliability in numerical results, 
sensitivity analyses of key parameters such as time step and particle size 
distribution are crucial and must be conducted on a case-by-case basis 
[59,60]. Zhang and Li [60] also emphasized minimizing the number of 
calibrated parameters. When possible, physical property parameters 
such as particles’ density, Young’s modulus, and Poisson’s ratio as well 
as particle-to-particle’s static friction coefficient and restitution coeffi
cient should be directly measured. The particle-to-particle’s rolling 

resistance coefficient, while physically meaningful and assumed to be 
dependent on the particle shape and size, is difficult to measure directly 
and must be calibrated.

This study employs the f-EDEM model [51] to simulate the natural 
mixing behavior between dumped waste rock and uncemented paste 
backfill. The measured yield stress and calibrated viscosity of the paste 
backfill were adopted from Zhang and Li [51], as the same paste backfill 
material is used. Likewise, the waste rock material parameters (density, 
Young’s modulus, Poisson’s ratio for waste rock particles as well as 
restitution coefficient and static friction coefficient for particles 
to-particles interactions) were also taken from Zhang and Li [60], given 
the material’s consistency. The only parameter requiring calibration is 
the rolling resistance coefficient, assumed to vary with the maximum 
particle sizes (dmax) and shape of the waste rock particles.

Accordingly, this research consists of two main components: 

• Part I (this paper): Calibration of the rolling resistance as a function 
of dmax using repose angle pile tests and numerical simulations.

• Part II (companion paper): Validation of the predictive capacity of 
the calibrated model in simulating natural mixing behavior between 
dumped waste rock and paste backfill.

To enable laboratory testing, oversized waste rock particles must be 
excluded. Four scaling-down techniques exist for sample preparation: 
scalping, parallel, replacement, and quadratic methods [52-54,61-65]. 
The quadratic technique produces a unique particle size distribution 
(PSD) curve for a selected dmax, independently on the source of original 
material. It is rarely used. The most commonly used method in 
geotechnical engineering is the parallel scaling down technique. How
ever, Deiminiat et al. [54] showed that it has never been rigorously 
validated. The scalping and replacement down techniques were previ
ously deemed invalid based on flawed methodology [61,66,67].

Deiminiat et al. [54] further demonstrated that it is impossible to 
obtain finer particles than those present in the original material without 
additional grinding or sourcing from other materials, making it unfea
sible to creates parallel PSD curves without altering the original sample. 
The replacement method, which involves adjusting a scalped sample by 
replacing removed coarse material with finer particles, is complex and 
remains non-validated. Recently, Deiminiat and Li [52] established that 
the scalping scaling down technique is suitable for extrapolating the 
shear strength of large in situ particles and is more straightforward than 
the other methods.

In this study, the scalping-down technique was adopted to prepare 
waste rock samples with different dmax values, consistent with its use in 
other related studies.

This paper (Part I) presents repose angle pile tests conducted on 
scalped waste rock samples with varying dmax values. The experimental 
results (pile geometries and repose angles) were used to calibrate the 
rolling resistance coefficients in the numerical model. These coefficients 
are expected to vary as the value of dmax. A relationship between the 
calibrated rolling resistance coefficient and dmax could thus be devel
oped. Once validated, this relationship could be applied to predict 
rolling resistance coefficients of untested samples.

2. Repose angle pile tests and numerical modeling

The waste rock used in the tests was sourced from a mine located at 
the northwest of Québec, Canada. The lithological characteristics of the 
waste rock are described in Mercier-Langevin et al. [68]. The scalping 
down technique was applied to obtain samples with varying dmax.

Fig. 1a shows photographs of the scalped waste rock samples with 
dmax values of 8.0, 5.0, 3.35, and 2.0 mm, and corresponding masses Mwr 
of 900, 700, 300, and 200 g, respectively. The PSD curves of the four 
scalped samples are presented in Fig. 1b.

Fig. 2 presents a schematic presentation (Fig. 2a) and a photograph 
(Fig. 2b) of the repose angle test conducted using the scalped waste rock 

Y. Zhang et al.                                                                                                                                                                                                                                   Deep Resources Engineering 3 (2026) 100232 

2 



sample with a dmax value of 8.0 mm and a mass of 900 g. The funnel used 
in the test had a top opening diameter of 19 cm, a base opening diameter 
of 4.0 cm, and an overall height of 12 cm. The test was performed by 
gently lifting the funnel at a rate of approximately 0.01 m/s until it was 
completely emptied.

Fig. 3 presents a side (Fig. 3a) and a top (Fig. 3b) view of the waste 
rock pile formed at the end of a repose angle test. The repose angle (θ) of 
the pile was calculated by measuring its height (H) and base diameter 
(D).

The test was conducted on waste rock samples with dmax values of 
5.0, 3.35 and 2.0 mm, with corresponding masses of 700, 300, and 
200 g, respectively. The measured repose angles (θ) for different dmax 
values are presented in Table 1. It can be seen that the repose angle 
increases with increasing dmax, from 2.0 to 8.0 mm, consistent with the 

findings reported by Deiminiat and Li [52]. These experimental results 
will be used in the numerical modeling with EDEM to calibrate the 
rolling resistance coefficient as a function of dmax.

Table 2 presents the material parameters required for the EDEM 
model. The particle density of the tested waste rock was measured in our 

Fig. 1. Scalped waste rock samples with dmax values of 8.0, 5.0, 3.35, and 2.0 mm, respectively: (a) photographs of the samples; (b) PSD curves.

Fig. 2. Waste rock repose angle test: (a) a schematic presentation; (b) photograph of the funnel with a dmax of 8.0 mm waste rock.

Fig. 3. Photographs of a waste rock pile formed with a sample with a dmax of 8.0 mm and a mass of 900 g.

Table 1 
Measured repose angles (θ) of the four scalped waste rock samples.

Scalped waste rock sample dmax (mm) Mwr (g) θ (◦)

1 2.00 200 33.47
2 3.35 300 34.65
3 5.00 700 36.54
4 8.00 900 37.17
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laboratory. The Poisson’s ratio and static friction coefficient were 
adopted from Major and Knupp [69], who tested the same type of waste 
rock used in this study. The restitution coefficient was determined based 
on drop test results reported by Sandeep et al. [70]. The optimal value of 
Young’s modulus was obtained by Zhang and Li [60]. The rolling 
resistance coefficient is the only unknown parameter and must be 
determined through calibration against experimental results.

Fig. 4 illustrates the numerical model built with EDEM for simulating 
the repose angle test for the waste rock with a dmax of 2.0 mm and a mass 
of 200 g. The physical model shown in Fig. 2a was reproduced in the 
simulation. Waste rock particles were generated in the funnel using 
EDEM’s dynamic factory feature. The funnel was then lifted vertically at 
a speed of 0.01 m/s until it was completely emptied. The repose angle 
(θ) of the resulting waste rock pile was measured using EDEM protractor 
tool by clipping the pile at its center.

Before comparing numerical results with experimental data, it is 
essential to ensure that the numerical results are stable and reliable. As 
such, a sensitivity analysis of the time step must be conducted to 
determine the optimal value that guarantees numerical stability and 
reliability while minimizing computation time [60].

Fig. 5 illustrates the variation in the repose angle of the waste rock 
pile as a function of the time step using the parameters listed in Table 1
and a rolling resistance coefficient of 0.05. The results indicate that the 
repose angle stabilizes when the time step is equal to or less than 
4.84 × 10− 6 s. Therefore, this value is selected as the optimal time step 
for subsequent simulations.

As this time step, the numerically obtained repose angle is 22.49◦, 
which is significantly lower than the experimentally measured value of 
33.47◦. To achieve better agreement between the experimental and 
numerical results, rolling resistance coefficient must be adjusted. 
Consequently, the entire numerical simulation process must be repeated 
for different values of the rolling resistance coefficient to identify the 
value that best replicates the experimental repose angle.

Fig. 6 illustrates the variation in the repose angle as a function of the 

rolling resistance coefficient, obtained from numerical modeling using 
the previously determined optimal numerical model. The experimen
tally measured repose angle of the waste rock pile is also included in the 
figure for comparison. The results show that a rolling resistance coeffi
cient of 0.15 yields the best agreement between the simulated and 
measured repose angles. Therefore, the calibrated rolling resistance 
coefficient for the scalped waste rock sample with a dmax of 2.0 mm is 
determined to be 0.15.

The same calibration procedure was applied to scalped waste rock 
samples with dmax of 3.35 and 5.0 mm. Fig. 7 presents the variation in 
the calibrated rolling resistance coefficient as a function of dmax. Sur
prisingly, contrary to initial expectation, the rolling resistance coeffi
cient does not exhibit significant variation as dmax increases from 2.0 to 
5.0 mm. This observation suggests that the rolling resistance coefficient 
remains approximately constant, regardless of the dmax of scalped waste 
rock samples within this range. Based on this trend, a rolling resistance 
coefficient of 0.15 is predicted for the scalped waste rock sample with 
dmax = 8 mm. Numerical modeling using this predicted value yields a 
repose angle of 38.25◦, which is in close agreement with the experi
mentally measured value of 37.17◦.

Table 3 presents a summary of the repose angle measurements and 
the corresponding numerical results from the preliminary tests.

The good agreement between the measured repose angles and those 
obtained through numerical modeling indicates that the calibrated 
EDEM model is capable of reliably analyzing the geotechnical behavior 
of infrastructures composed of waste rock across a range of particle sizes 
and under varying conditions, including field-scale scenarios provided 
that sufficient computational resources are available.

However, the apparent contradiction between the nearly constant 

Table 2 
Model and material parameters necessary for EDEM model.

Model and material 
parameters

Values Determination

Particles of waste rocks Density, ρ (kg/m3) 2760 Measured
Young's modulus, E (GPa) 46.8 Measured†

Poisson's ratio, ν 0.19 Measured†

Particle to particle 
interaction

Restitution coefficient, µe 0.79 Measured‡

Static friction coefficient, 
µs

0.466 Measured†

Rolling resistance 
coefficient, µr

– Unknown

Note: †by Major and Knupp [69]; ‡ by Sandeep et al. [70].

Fig. 4. Numerical model built with EDEM for simulating the repose angle test 
of waste rock with a dmax of 2.0 mm and a mass of 200 g.

Fig. 5. Variation in the repose angle as a function of the time step, obtained by 
numerical simulations with the parameters listed in Table 1 and a rolling 
resistance coefficient of 0.05.

Fig. 6. Variation of repose angle as a function of rolling resistance coefficient, 
obtained from numerical simulations with optimal numerical models for the 
scalped waste rock sample with a dmax of 2.0 mm and a mass of 200 g.
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calibrated rolling resistance coefficient and the observed increase in 
measured repose angle as dmax increases from 2 to 8 mm warrants 
further investigation.

3. Additional laboratory tests and numerical modeling

The repose angle and the rolling resistance coefficient are two 
intrinsic properties of granular materials and, for a given material, are 
generally expected to exhibit consistent trends. Based on the measured 
repose angles of the scalped waste rock samples shown in Table 1, it was 
anticipated that the calibrated rolling resistance coefficients would also 
vary with changes in the dmax. However, as shown in Table 3, this was 
not the case: the calibrated rolling resistance coefficients remained 
nearly constant and appeared to be independent of dmax.

This apparent contradiction raises an important question: How can 
the divergence between the increasing measured repose angles and the 
constant numerically calibrated rolling resistance coefficient be 
explained? Should the discrepancy be attributed to limitation in nu
merical modeling, the experimental testing, or possibly both? A defini
tive answer cannot be reached if the reliability of either dataset is 
uncertain.

However, we have a high degree of confidence in the numerical 
model and its outputs. The model has been validated, and its applica
bility to simulate the mechanical behavior of granular materials has 
been demonstrated in previous studies [51,60]. Furthermore, the nu
merical simulations used to reproduce the measured repose angles of the 
scalped waste rock samples have been shown to be stable and reliable 
(Figs. 4 and 5). This leads us to scrutinize the experimental measure
ments more closely.

A review of Table 1 reveals that the measured repose angle increases 
not only with increasing values of dmax but also with the mass of waste 
rock used in the tests. Indeed, if a very small mass of waste rock is placed 
at the base of the funnel, the resulting pile will have a repose angle close 
to zero, suggesting that the measured repose angle is influenced by the 
mass of material used in the test.

In the experiments summarized in Table 1, the mass of waste rocks 

used for each pile test was determined arbitrarily. Therefore, it remains 
unclear whether the chosen masses were sufficient to ensure stable and 
reliable repose angle measurements. To investigate this, a sensitivity 
analysis was conducted to evaluate the effect of waste rock mass on the 
measured repose angle for four scalped waste rock samples with 
different values of dmax.

Fig. 8 presents the variation of repose angle θ as a function of waste 
rock mass (Mwr), using a funnel with a 4.0 cm base opening. The results 
show a consistent trend: for all four scalped waste rock samples, the 
measured repose angle increases as the mass of the waste rock increases 
from 50 to 900 g. Beyond 900 g, the repose angle stabilizes and remains 
effectively constant with further increases in mass.

These findings help to explain the previously observed increase in 
repose angle with increasing dmax in Table 1. Specifically, the masses 
used for the tests with dmax = 2, 3.35, and 5 mm were below the 
threshold of 900 g, meaning the resulting repose angle were likely 
underestimated and unreliable. When the used mass is smaller than the 
minimum required to form a stable pile, the measured repose angle 
cannot be considered representative of the material’s intrinsic 
properties.

Another factor that can influence the measured repose angle is the 
opening diameter at the base of the funnel, denoted as W. Fig. 9 presents 
four funnels with base opening diameters W of 60, 40, 30 and 10 mm, 
respectively.

Fig. 10 shows the variation of the measured repose angle θ as a 
function of W/dmax ratio, obtained by using the four different funnels on 
a waste rock sample with a fixed dmax = 8.0 mm. It is important to 
emphasize that the variation in the W/dmax ratio arises solely from 
changes in W, not from change in dmax or from simultaneous variation of 
both parameters [53,71].

When the repose angle tests were conducted using the smallest 
funnel, with a base diameter of 10 mm (W/dmax = 1.25), the measured 
repose angle was zero. This is because all waste rock particles became 
lodged in the funnel, thereby preventing pile formation. As the W/dmax 
ratio increased, the measured repose angle also increased, stabilizing 
once the ratio exceeded 3.75.

These results demonstrate that the base diameter of the funnel 
significantly influences the stability and reliability of repose angle 
measurements. However, it is important to note that all previously 
presented pile tests were conducted using a funnel with a 40 mm base 
diameter. As a result, the corresponding W/dmax ratios in those tests 
were greater than 3.75, ensuring that the influence of funnel diameter 
was effectively eliminated.

Recognizing that stable and reliable repose angle measurement 
require the use of a funnel with a sufficiently large base diameter and an 
adequate quantity of material, all repose angle tests were repeated for 

Fig. 7. Variation of the calibrated rolling resistance coefficient as a function 
of dmax.

Table 3 
Experimentally measured and numerically reproduced repose angles (θ) for the 
four scalped waste rock samples.

Waste rock 
sample

dmax 

(mm)
Mwr 

(g)
Rolling resistance 
coefficient, µr

Repose angle, θ (◦)

Value How Measured Numerical

1 2.0 200 0.15 Calibration 33.47 33.64
2 3.35 300 0.14 Calibration 34.65 34.37
3 5.0 700 0.15 Calibration 36.54 36.87
4 8.0 900 0.15 Prediction 37.17 38.25

Fig. 8. Variation of repose angle θ as a function of waste rock mass Mwr for 
scalped waste rock samples with varying dmax, obtained by using a funnel with a 
4.0 cm base opening.
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the four scalped waste rock samples using a funnel with base diameter of 
40 mm. The masses of the waste rock samples with dmax of 2.0, 3.35, 5.0, 
and 8.0 mm were set to 1000, 1500, 3500, and 4500 g, respectively. 
These values were chosen to satisfy both the minimum required mass of 
900 g and the minimum required W/dmax ratio of 3.75.

Fig. 11 shows the variation of the measured repose angle θ as a 
function of dmax, obtained from these revised experiments. The results 
show that the repose angle θ does not vary significantly as dmax increases 
from 2 to 8 mm. This trend aligns with the behavior observed in the 
numerically calibrated and predicted rolling resistance coefficients, 
thereby reinforcing the consistency between the experimental and 

numerical finings.
Fig. 12 presents the numerical models to predict the experimental 

results shown in Fig. 11. The materials parameters used in the simula
tion are listed in Table 1, along with the calibrated and predicted rolling 
resistance coefficient of 0.15. All simulations were conducted using the 
previously determined optimal time step of 4.84 × 10− 6 s.

The comparison between the numerical prediction and the new 
experimental results obtained under conditions that meet the minimum 
required mass and W/dmax ratio is shown in Fig. 13. The strong agree
ment between the numerical and experimental results further confirms 
the validity and robustness of the calibrated numerical model, specif
ically the EDEM code incorporating a rolling resistance coefficient of 
0.15.

This validated EDEM model can therefore be confidently applied to 
analyze the geotechnical behavior of infrastructures composed of any 
sizes of waste rock across a range of particle sizes and under both lab
oratory and field conditions. It is particularly suitable for simulating 
complex processes such as the natural mixing behavior of dumped waste 
rocks and paste backfill within underground mine stopes.

4. Further validation of the calibrated numerical model

To further assess the validity of the calibrated numerical model 
presented in Section 3, additional simulations were performed to 
reproduce the repose angle test results of the waste rock sample with a 
dmax = 2.0 mm under varying sample masses. Specifically, numerical 
prediction were conducted for waste rock masses of 200, 400, 600, 900, 
and 1200 g. Fig. 14 presents the corresponding numerical models to 
simulate these conditions and predict the associated repose angles.

Fig. 15 presents the variation of repose angle as a function of sample 
mass, as obtained from both laboratory tests and numerical predictions 
using the calibrated numerical model. As expected, good agreement is 
obtained between the experimental data and the numerical results, 
further confirming the applicability and reliability of the calibrated 
model for analyzing the geotechnical behavior of waste rock materials 
across different conditions and particle sizes.

Moreover, both the experimental and numerical results indicate that 
the repose angle of scalped waste rock remains essentially unchanged 
with varying dmax. If this trend holds, it would suggest that the repose 
angle should consistently remain at with the range of approximately 
36.2◦ to 36.8◦, even as dmax increases from a few millimeters to values on 
the order of meters.

To examine the validity of this conclusion, as additional repose angle 
pile test was conducted using a scalped waste rock sample with a 
significantly larger dmax = 70 mm.

Fig. 16a shows a photograph of the scalped waste rock sample with a 
dmax of 70 mm. The corresponding PSD curve is presented in Fig. 16b, 
alongside the PDS curves of samples with dmax values of 8.0, 5.0, 3.35, 
and 2.0 mm for comparisons.

To perform the large-scale repose angle pile test, the 700 mm dmax 
waste rock sample was first placed into a cylindrical column with a 

Fig. 9. Four funnels with different base opening diameters W for the repose angle tests.

Fig. 10. Variation of the measured repose angle of the waste rock sample with 
a dmax of 8 mm as a function of the W/dmax ratio, obtained by using four funnels 
with different base diameters.

Fig. 11. Variation of the measured repose angle θ as a function of dmax, ob
tained from repose angle tests by respecting the minimum required mass of 
900 g and the minimum required W/dmax ratio of 3.75.
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height of 500 mm and a diameter of 300 mm (Fig. 17a). The test was 
initiated by carefully and gradually lifting the cylindrical column until it 
was completely emptied, allowing the material to form a conical pile 
under gravity.

Fig. 18 presents the variation of repose angle as a function of the 
waste rock mass for the scalped sample with a dmax = 70 mm. As 
observed in previous tests, the repose angle increases with increasing 
mass and eventually stabilizes at approximately 36.5◦. This stabilized 
value aligns closely with those predicted by numerical modeling and 
with the extrapolated results from repose angle pile tests conducted on 
samples with dmax values ranging from 2.0 to 8.0 mm (Fig. 13). These 
findings further confirm the conclusion that, for scalped waste rock 
samples, the repose angle is essentially independent of dmax, provided 
that test conditions such as sample mass and W/dmax ratio are properly 
controlled.

5. Discussion

In this study, a series of repose angle pile tests were conducted using 
scalped waste rock samples with varying dmax to calibrate and validate a 
DEM-based numerical model. The initially measured repose angles (θ) 
appeared to increase with increasing dmax, a trend consistent with fric
tion angles previously obtained from direct shear tests on similar scalped 
waste rock samples by Deiminiat and Li [52]. Based on this trend, a 
similar increase was initially expected for the rolling resistance coeffi
cient (μᵣ). However, calibration results revealed that μᵣ remained nearly 
constant, showing low sensitivity to changes in dmax.

Since the numerical modeling was conducted rigorously and the 
results were deemed reliable, the experimental procedure for measuring 
repose angle was re-evaluated. Further investigation revealed that the 
initially observed trend of increasing θ with dmax was an artifact of 
insufficient sample mass. When the tests were repeated with sufficient 
mass and an appropriate W/dmax ratio, the measured repose angles 
stabilized and became nearly constant across all particle sizes, aligning 
well with the constant value of μᵣ, obtained from numerical calibration. 
This resolved the contradiction between the experimental and numerical 
results.

However, this finding contrasts with the trend observed in the direct 
shear tests of Deiminiat and Li [52], where friction angles increased with 
dmax even under well-controlled conditions. A possible explanation lies 
in the distinction between static and dynamics repose angles: the direct 
shear test on waste rock samples in their loosest state likely corresponds 
to the static repose angle [71], while the pile tests in this study represent 
the dynamic repose angle. Future work is needed to gain a more 
comprehensive understanding of the relationship between static and 
dynamic repose angles for coarse granular materials. Moreover, Dei
miniat and Li did not exclude fine particles, and the PSD curves of their 
scalped waste rock samples were significantly broader and more 
well-graded than those used in the current study. Additional research is 
required to determine whether the constant μᵣ observed in this study is a 
special case, or whether it also applies more broadly, including the in 
situ waste rock.

Despite this uncertainty, the rolling resistance coefficient, being the 
only calibrated parameter in the numerical model, was found to be 
constant and independent of dmax. This reinforces the robustness and 
predictive capacity of the calibrated and validated model. As such, the 

Fig. 12. Numerical models for predicting the experimental results presented in Fig. 11 (repose angle of waste rock with dmax of 2.0, 3.35, 5.0 mm and 8.0 mm, 
respectively).

Fig. 13. Variation of repose angle as a function of dmax, obtained by laboratory 
tests and predicted by the calibrated numerical model (with the materials pa
rameters presented in Table 1, optimal time step of 4.84 ×10− 6 s and rolling 
resistance coefficient of 0.15).

Fig. 14. Calibrated numerical models (with the materials parameters presented in Table 1, optimal time step of 4.84 ×10− 6 s, and rolling resistance coefficient of 
0.15) for predicting the repose angel test results of waste rock with a dmax of 2.0 mm and masses of 200, 400, 600, 900 and 1200 g, respectively.
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model can be confidently used to study the geotechnical behavior of 
infrastructures composed of waste rock materials of any size, including 
the nature mixing behavior between dumped waste rocks and paste 
backfill in underground mine stopes.

Additionally, the numerical and experimental results demonstrate 
that the scalping-down technique is an adequate method for excluding 
oversized particles from coarse granular materials, at least in the context 
of repose angle pile tests. This raises the question of whether numerical 
modeling is always necessary. For simple repose angle measurements, 
further experimental studies with a broader range of materials are 

Fig. 15. The variation in the repose angle of the waste rock sample with a dmax 
of 2.0 mm as a function of mass, obtained from laboratory tests and numerical 
prediction using the calibrated numerical model (with the materials parameters 
listed in Table 1, an optimal time step of 4.84 ×10− 6 s, and a rolling resistance 
coefficient of 0.15).

Fig. 16. Waste rock used in the large-scale repose angle pile test: (a) a photograph of the waste rock sample with a dmax of 70 mm; (b) PSD curves of the waste rock 
samples with different dmax.

Fig. 17. Large-scale repose angle test with the waste rock sample with a dmax of 70 mm: (a) a photograph of a cylindrical column filled with the waste rock sample; 
(b) a photograph of the large-scale waste rock pile.

Fig. 18. Variation of the repose angle of waste rock as a function of mass, 
obtained by large-scale repose angle tests with waste rock dmax of 70 mm.
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needed to evaluate whether laboratory tests with scalped samples are 
sufficient. However, for more complex analyses, such as segregation, 
internal structure, of mixing behaviour in mine stopes, numerical 
modeling remains indispensable.

It is important to note that, in this study, the numerical repose angles 
were obtained from a single simulation run. Since DEM simulations 
generate the particles within a PSD between two neighboring sieves 
using a normal distribution function, the number and positions of 
generated particles can vary from one run to anther [60]. As a result, the 
outcomes may also differ slightly between runs. To improve the statis
tical reliability of numerical predictions, multiple simulations should be 
conducted for each test case. Furthermore, minor measurement errors 
can occur when estimating repose angles within EDEM code; therefore, 
multiple measurements are recommended to minimize this uncertainty.

Finally, a key limitation of the current numerical model lies in the 
simplification of representing non-spherical waste rock particles as 
spheres. While the effects of particle shape were partially accounted for 
through the calibrated rolling resistance coefficient, this approach is 
inherently approximate. Future work should explore the use of realistic 
shapes to improve model fidelity. Although this would reduce the 
number of calibrated parameters and better reflect the true mechanical 
behaviour of the material, it would also significantly increase compu
tational time and resource requirements due to the complexity of con
tact calculations between irregularly shaped particles. Advanced 
computing technologies, such as high-performance GPUs, will be 
essential for enabling such simulations.

6. Conclusions

A series of repose angle pile tests were conducted on waste rock 
samples prepared using the scalping-down technique. The experimental 
results were used to calibrate the rolling resistance coefficient (μᵣ) for 
samples with different dmax. An initial contradiction emerged between 
the trend of the measured repose angles and that of the calibrated rolling 
resistance coefficients. Further analyses led to the following key 
findings: 

(1) Sensitivity of repose angle tests: The measured repose angle is 
influenced by both the mass of the waste rocks and the base 
opening diameter of the funnel. Stable and reliable measurements 
can only be obtained when the sample mass and funnel opening 
are sufficiently large. Sensitivity analyses are therefore essential 
to ensure stability and reliability of experimental results.

(2) Independence from dmax: Both the measured repose angle and the 
calibrated rolling resistance coefficient were found to be nearly 
constant, regardless of variation in dmax for scalped waste rock 
samples. This confirms that the repose angle of full-scale waste 
rock piles can be reliably determined through laboratory testing 
of appropriately prepared scalped samples.

(3) Validation of scalping-down technique: The results reaffirm the 
validity of the scalping-down technique for preparing coarse 
waste rock samples, at least in the context of repose angle pile 
testing.

(4) Predictive capacity of the numerical model: The good agreement 
between measured and numerically predicted repose angles 
confirms that the calibrated and validated DEM-based numerical 
model can be used to simulate the geotechnical behavior of waste 
rock materials across a wide range of particle sizes and infra
structure scales. This includes complex scenarios such as the 
mixing behavior of dumped waste rock and paste backfill in un
derground mine stopes, provided that adequate computing re
sources are available.
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