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A B S T R A C T

Directly dumping waste rocks (WR) underground produced into mine stopes being filled with cemented paste 
backfill offers several advantages. However, this practice can also present certain risks, especially when the 
dumping operation is poorly controlled or when the cohesionless WR are not fully or properly mixed with the 
paste backfill. Therefore, it is critical to understand and well quantify the mixing degree between dumped WR 
and paste backfill in stopes. To date, however, publications addressing the natural mixing behavior between 
dumped WR and paste backfill in stopes are almost nonexistent. Moreover, conducting laboratory tests with 
oversized WR is impractical. Scaling down techniques must be applied to exclude large and oversized particles 
found in in situ WR. Experimental results obtained using WR samples with different maximum particle sizes 
(dmax) can then be used to calibrate and validate a numerical model. Once validated and calibrated, the nu
merical model can be used to evaluate and quantify the mixing degree between dumped WR and paste backfill, 
while accounting for the size effects of both stopes and WR particles. In this study, a series of laboratory tests 
were conducted at different scales, varying both the stope size and the particle size of the WR. The validated and 
calibrated numerical model, presented in the companion paper (Part I), was then applied to predict the exper
imental results. The model’s reliability is partly confirmed by strong agreement between some numerical pre
diction and experimental results. Consequently, the validated model can be further applied to simulate the 
natural mixing behavior of a paste backfill and dumped WR with larger dmax in large-scale scenarios. However, 
some discrepancies were also observed between certain numerical predictions and test results. These in
consistencies helped identify limitations in both the laboratory testing setup and numerical model itself. As a 
result, clear directions for future improvements have been established. This study demonstrates the value and 
potential of numerical modeling as a powerful tool for analyzing the natural mixing behavior in mine backfilling 
operations.

1. Introduction

Underground mines generate large quantities of waste rock (WR) to 
access ore. Traditionally, most of this WR must be hoisted to the surface 
for disposal in WR piles, due to the limited storage space available un
derground. This transportation process involves substantial energy 

consumption and additional operational costs, especially with deep 
mines.

An alternative practice, commonly adopted in many underground 
mines in Canada (and likely in other countries), is to directly dump the 
WR into stopes that are being filled with cemented paste backfill (PB). 
This approach significantly reduces the volume of WR that must be 
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transported over long distance and hoisted to the surface, thereby 
lowering energy use and operational costs [1]. Moreover, a well-mixed 
combination of WR and cemented PB can exhibit superior mechanical 
strength compared to either material alone [2–4]. As a result, backfilling 
costs can be reduced by lowering the required amounts of binder to 
achieve the same overall required strength.

Despite these numerous advantages, very few studies in the literature 
have addressed the natural mixing behavior between dumped WR and 
PB. This lack of research is likely due to the complexity and high un
certainty involved in quantifying such mixing behavior. Consequently, 
mining and backfill engineers are often forced to reply on trial and error 
approaches. If the dumping of WR into stopes being filled with cemented 
backfill is not properly managed, serious issues can arise, including 
excessive ore dilution, ore loss, or even collapse of fill mass. When 
excessive amounts of cohesionless WR are dumped, poor or incomplete 
mixing with the PB may occur. This can result in weak zones or internal 
structures within the fill mass that may fail upon exposure, either from 
the side or base, during subsequent excavation.

Understanding the natural mixing behavior between dumped WR 
and PB is therefore critical for ensuring safe and efficient mine 
operations.

To date, most studies on mining backfills have focused on a single 
material type, such as hydraulic fill, PB, or rockfill (e.g., [5–23]). Only a 
few studies have examined mechanically mixed materials such as graded 
WR and tailings slurry, prepared using dedicated equipment [6,24–27]. 
However, these mixtures require additional equipment, energy, and 
cost, making them fundamentally different from the naturally formed 
mixtures created by dumping WR into PB.

As such, research focused specifically on the natural mixing behavior 
of dumped WR and PB is urgently needed.

Recently, Zhang and Li [28] conducted a laboratory study on this 
topic. Their preliminary findings revealed that the degree of mixing 
between the two materials is influenced by several factors, including the 
solids content of the PB, the size of the WR particles, and the dumping 
height. Effective mixing was observed when the PB had a low solids 
content, the WR particles were large, and the dumping height was high. 
In contrast, poor mixing occurred when the PB was too thick or when 
excessive WR was dumped at once. This study provides valuable insights 
into natural mixing behavior under small-scale laboratory conditions.

While further laboratory tests using larger containers and coarser WR 
are possible, full-scale field testing remains impractical. Therefore, nu
merical modeling is necessary. However, to build public’s and industry 
confidence, it is essential to ensure the stability, reliability, and repre
sentativeness of both the numerical models and the experimental results, 
as demonstrated in Li [29] and Zhang and Li [30,31].

Part I of this study, presented in the companion paper, demonstrates 
how to obtain reliable numerical results using an optimal and calibrated 
numerical model. The importance of clearly distinguishing between 
calibration and prediction processes is also emphasized. The effects of 
WR particle size on geotechnical behavior are addressed both in the 
experimental work through sample preparation using the scalping-down 
technique [32] and in the numerical model by incorporating a rolling 
resistance coefficient as a function of the maximum particle sizes of the 
WR (dmax). Good agreement was achieved between the measured repose 
angles and the numerical predictions using the validated and calibrated 
model. These results confirm that the model can be used to analyze the 
geotechnical behavior of various infrastructures composed of WR with 
particles of any sizes.

However, to simulate the mixing behavior between dumped WR and 
PB, it is necessary to combine the validated and calibrated numerical 
model for WR presented in Part I with the corresponding model for PB 
developed by Zhang and Li [30].

In this paper, a series of laboratory tests were conducted to evaluate 
the natural mixing behavior between dumped WR and PB, using WR 
samples with varying dmax values and different mold sizes. The experi
mental results are presented, and the numerical models from the com
panion paper (Part I) and Zhang and Li [30] are applied to predict the 
outcomes under various testing conditions. If successful, the validated 
model can then be used to simulate and predict the natural mixing 
behavior of these two materials at various scales and under both labo
ratory and field conditions.

2. Laboratory tests on dumping WR onto PB

2.1. Tested materials

The WR samples used in this study are the same as those for repose 
angle tests presented in the companion paper (Part I). A scalping-down 
technique was applied to produce WR samples with maximum particle 
size (dmax) values of 2.0, 5.0, and 50.0 mm, respectively. The corre
sponding masses of the scalped sample were 400, 1400 and 4441 g. 
Fig. 1 shows their texture (Fig. 1a) and their particle size distribution 
(PSD) curves (Fig. 1b). To facilitate the numerical modeling, particles 
smaller than 1.18 mm were excluded from all samples.

The tailings used in this study were collected from the same mine as 
the WR samples. The PSD curve is shown in Fig. 2. The tailings have a 
dmax of 0.63 mm, with approximately 77% of the particles smaller than 
80 µm and 36% smaller than 20 µm.

The backfill produced from these tailings meets the PSD criterion of 
PB, which typically requires at least 15% of particle smaller than 20 µm 
[6,28]. In this study, the PB was prepared at a solids content of 75% by 
mass. A photo of the prepared PB is shown in Fig. 3.

2.2. Test procedure

In this study, two sets of mixing tests were conducted. The first set 
involved scalped waste samples with dmax of 2.0 and 5.0 mm, and cor
responding masses of 400 and 1400 g, respectively. Fig. 4 shows a 
schematic diagram (Fig. 4a) and a photograph (Fig. 4b) of the experi
mental setup. A wooden box measuring 16.5 cm × 20 cm × 25 cm (L ×
W × H) was used to simulate an underground mine stope (Fig. 4b). PB 
was first poured into the box to a height of 10 cm. Next, a specified 
amount of WR was poured into the PB using a funnel positioned at the 
midpoint of the long side of the mold. The dumping height HF, measured 
from the bottom of the funnel to the surface of the PB, was set at 40 cm.

After allowing the mixture to cure for two weeks, the base-undrained 
mold was carefully disassembled. The hardened sample was then cut. 
For the test using WR with a dmax of 2.0 mm, sieving was made to 
separate the WR from the mixture and determine the mass of mixed WR. 
The unmixed mass of WR was calculated by subtracting the mixed mass 
from the total sample mass. For the test using WR with a dmax of 5.0 mm, 
the unmixed WR was visually separated from the mixture. The unmixed 
WR was then collected and weighed, and the mixed mass was obtained 
by subtracting the unmixed mass from the total mass.

The second set of tests was conducted using a WR sample with a dmax 
of 50 mm. A photograph of the large-scale test model is shown in Fig. 5. 
A wooden box measuring 36 cm in length, 36 cm in width, and 20 cm in 
height was used to simulate a larger underground mine stope. PB was 
first poured into the mold to a height of 15 cm. Then, a total mass of 
4441 g of the WR was dumped onto the PB via a wooden incline posi
tioned at the center of the mold. The dumping height measured from the 
bottom of the incline to the surface of the PB was 75 cm.

The dumping was carried out by quickly rotating the wooden incline 
into a vertical position. To minimize premature dropping of particles 
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during this operation, the bottom of the incline was manually held to 
control the release of the WR. After a curing period of three weeks, once 
the mixture had hardened sufficiently, the specimen was exposed. The 
unmixed WR was visually separated from the mixture. The unmixed WR 
was then collected and weighed, and the mixed mass was obtained by 
subtracting the unmixed mass from the total mass.

2.3. Test results

Fig. 6 presents a top view (Fig. 6a) and a side front view without any 
cut (Fig. 6b) of the mixture formed by dumping WR with a dmax of 
2.0 mm and a total mass of 400 g onto PB, with a dumping height HF of 
40 cm. The scales are added according to the box sizes shown in Fig. 4. It 
can be seen that a significant portion of the WR remains on the top 
surface of the PB. This is attributed to the combined effects of the high 
solids content of the PB and the small sizes of WR particles. The impact 
energy of the particles is low, while the drag resistance exerted by the PB 
against the penetration of the WR is high [28]. These factors result in 
limited mixing, with 364.7 g of WR remaining unmixed on the surface 
and only 35.3 g incorporated into the PB, as determined after cutting the 
sample.

Fig. 7 presents a top view (Fig. 7a) and a side front view without any 
cut (Fig. 7b) of the mixture formed by dumping WR with a dmax of 
5.0 mm and a total mass of 1400 g onto PB, from a dumping height HF of 
40 cm. The scales are added according to the box sizes shown in Fig. 4. 
From the top view (Fig. 7a), a substantial amount of WR can be seen 
remaining on the surface of the PB. The front view (Fig. 7b) further 
confirms the absence of visible mixing between the dumped WR and the 
PB.

The mass of WR that remained unmixed with the PB was measured at 
1207 g, indicating that only 193 g of WR was incorporated into the PB. 
These results suggest that the PB, with a solids content of 75%, is likely 
too thick to allow effective mixing with the tested WR particle sizes.

Fig. 8 presents a top view (Fig. 8a) and a cut view (Fig. 8b) of the 
mixture formed by dumping WR with a dmax of 50.0 mm and a total mass 
of 4441 g onto PB from a dumping height HF of 75 cm. The scales are 
added according to the box sizes shown in Fig. 5. Both views show that 
only a small portion of the WR remained on the top surface of the PB, 
while the majority penetrated into the PB.

Fig. 1. Scalped WR samples with dmax of 50.0, 5.0, and 2.0 mm, respectively: (a) a picture of the samples; (b) PSD curves.

Fig. 2. PSD curve of the tested tailings.

Fig. 3. A photo of tested PB at a solids content of 75% by mass.
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These results differ significantly from those obtained using WR 
samples with dmax values of 2.0 and 5.0 mm. The improved mixing is 
likely due to the combined effects of the larger particle size and greater 
dumping height. Larger WR particles, when dropped from a higher 
elevation, generate greater impact energy, which enhances their ability 
to penetrate the PB.

The mass of WR that remained unmixed with the PB was measured at 
444.5 g, indicating that 3996.5 g was incorporated into the PB.

3. Reproduction of the experimental results by numerical 
prediction

To numerically predict the experimental results of WR dumping into 
PB, the EDEM software [33] developed on discrete element method was 
employed. The validation of this numerical model against analytical 
solutions, ensuring stable and reliable numerical results, has been pre
viously demonstrated in Zhang and Li [30]. Model calibration and 
validation against laboratory-scale experimental results for the WR are 
detailed in the companion paper (Part I), while the model calibration 
and validation against laboratory-scale experimental results for the PB 
was presented in Zhang and Li [30]. The fully validated and calibrated 
model can be directly applied to simulate and predict the natural mixing 
behavior between dumped WR and PB.

Table 1 summarizes the material parameters used for both WR and 
PB. The parameters for the WR are identical to those reported in the Part 
I. For the PB, the yield stress was determined through slump tests, while 
the viscosity was obtained via numerical calibration based on steel ball 
drop tests in PB, as described in Zhang and Li [30].

Fig. 9 presents the numerical model developed in EDEM to simulate 
the laboratory test in which 400 g of WR with a dmax of 2.0 mm was 
poured onto PB from a dumping height of 40 cm. WR particles were 
generated within the funnel using the EDEM Dynamic Factory tool 
(Fig. 9a). Subsequently, the particles were released from the funnel and 
allowed to fall onto the PB (Fig. 9b).

The simulation employed the material parameters listed in Table 1. A 
time step of 1.24 × 10− 5 s was used, based on prior time step sensitivity 
analyses to ensure numerical reliability and computational efficiency.

Fig. 10 presents the mixing state between the dumped WR and PB as 
predicted by the numerical model. For comparison, the corresponding 
experimental results are also included in the figure. The simulation 
outcome closely resembles the laboratory observation in terms of the 
overall distribution and behavior of the materials.

The numerical prediction indicates that 59.46 g of WR was mixed 
with the PB, while 340.54 g remained unmixed. The predicted mass of 
unmixed WR is in good agreement with the measured value of 364.7 g. 
However, the predicted mass of mixed WR is somewhat higher than the 
experimental measurement of 35.3 g. Despite this discrepancy, the nu
merical model successfully captures the general mixing behavior 
observed in the test.

Fig. 11 presents the numerical model developed in EDEM to simulate 
the laboratory test in which 1400 g of WR with a dmax of 5.0 mm was 
poured onto PB from a dumping height of 40 cm. As in the previous case, 

Fig. 4. Small-scale test of pouring WR samples onto the PB at a dumping height of 40 cm: (a) schematic presentation; (b) a photo.

Fig. 5. A photo of the large-scale test by pouring WR with dmax of 50.0 mm and 
a total mass of 4441 g onto the PB at a dumping height of 75 cm.
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the WR particles were generated within the funnel using the EDEM 
Dynamic Factory tool (Fig. 11a). They were then released from the 
funnel to fall freely onto the PB surface (Fig. 11b).

The simulation was conducted using the material parameters listed 
in Table 1. An optimal time step of 4.96 × 10− 6 s, determined through 
time step sensitivity analyses, was adopted to ensure numerical reli
ability and computational efficiency.

Fig. 12 shows the mixing state between the dumped WR and PB as 
predicted by the numerical model. The corresponding experimental re
sults are also included for comparison. Once again, the numerical 
simulation yields a mixing pattern that closely resembles the laboratory 
observations.

According to the numerical prediction, 131.08 g of WR was mixed 
with the PB, while 1268.9 g of WR remained unmixed. These values are 
reasonably close to the experimentally measured masses of 193 (mixed) 
and 1207 g (unmixed), respectively. The consistency between the nu
merical and experimental results further supports the reliability and 
predictive capacity of the numerical model.

Fig. 13 presents the numerical model developed in EDEM to simulate 
the large-scale laboratory test, in which 4441 g of WR with a dmax of 

50.0 mm was poured onto PB from a dumping height of 75 cm. The WR 
particles were generated inside the funnel using the EDEM Dynamic 
Factory tool and then released from the funnel to fall freely onto the PB 
surface from the specified height.

Fig. 14 presents the mixing state between the dumped WR and PB as 
obtained from the numerical simulation, alongside the corresponding 
experimental results. Once again, the numerical model produces a 
mixing outcome that is generally consistent with the laboratory 
observations.

The numerical prediction indicates that 3537.66 g of WR mixed with 
the PB, while 903.34 g of WR remained unmixed. The predicted mixed 
mass is reasonably close to the measured value of 3996.5 g. However, 
the predicted unmixed mass is notably higher than the experimental 
measurement of 444.5 g.

Table 2 summarizes the measured and numerically predicted masses 
of mixed and unmixed WR in PB for all test cases. The results show that 
the validated and calibrated numerical model can quantitatively predict 
the mixing behavior of dumped WR and PB with reasonable accuracy in 
some cases, though not all. The source of these discrepancies and heir 
implication will be discussed further in Section 4.

Fig. 6. A top view (a) and a side front view without any cut (b) of the mixing state of the dumped WR with a dmax of 2.0 mm and a total mass of 400 g onto the PB at a 
dumping height of 40 cm.

Fig. 7. A top view (a) and a side front view without any cut (b) of the mixing state of the dumped WR with a dmax of 5.0 mm and a total mass of 1400 g onto the PB at 
a dumping height of 40 cm.

Fig. 8. A top view (a) and a cut view (b) of the mixing state of the dumped WR with a dmax of 50 mm and a total mass of 4441 g onto the PB at a dumping height 
of 75 cm.
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4. Discussion

The natural mixing behavior of WR and PB was investigated through 
a series of laboratory tests at multiple scales, complemented by pre
dictive numerical simulations. All numerical results presented in this 
study are true predictions, as the model parameters, either experimen
tally measured or obtained through numerical calibration in Part I and 
Zhang and Li [30], were used without any further adjustment.

Good agreement was achieved between experimental and numerical 
results for the case involving WR with dmax of 5 mm. For the case with 
dmax = 2 mm, the model accurately predicted the unmixed mass of WR 
but significantly overestimated the mixed portion. Conversely, for dmax 
= 50 mm, the model closely predicted the mixed mass but largely 
overestimated the unmixed portion. These discrepancies for the 2 and 
50 mm cases highlight a need for further investigation. In particular, 

Fig. 9. Numerical model built with EDEM for predicting the test results of pouring WR with a dmax of 2.0 mm and a mass of 400 g onto the PB at a dumping height of 
40 cm: (a) generation of WR particles; (b) pouring WR on the PB.

Fig. 10. Mixing state between the PB and the dumped WR with a dmax of 2.0 mm and a mass of 400 g at a dumping height of 40 cm, obtained by numerical 
predictions (left) and laboratory tests (right).

Table 1 
Material parameters used for the simulations of the tested WR and PB.

Material Parameter Value Method

WR particles Density (kg/m3) 2760 Measured
Young’s modulus (GPa) 46.8 Measured1

Poisson’s ratio 0.19 Measured1

Particle to particle interaction 
of WR

Restitution coefficient 0.79 Measured2

Static friction coefficient 0.466 Measured2

Rolling resistance 
coefficient

0.15 Calibrated

PB Yield stress (Pa) 136 Measured3

Viscosity (Pa⋅s) 0.7 Calibrated3

Note: 1 measured by Major and Knupp [34] for the same WR; 2 measured by 
Sandeep et al. [35]; 3 measured and calibrated by Zhang and Li [30].
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questions arise regarding the reliability of the numerical model, the 
laboratory test procedures, or potentially both.

In the small-scale tests, WR was poured using a funnel along the 
sidewall at a specified dumping height. However, during the actual 
dumping process, deviation in the funnel’s position and height may have 
occurred. As illustrated in Fig. 15, if the funnel tip shifted toward the 
center of the mold, a larger portion of WR could have penetrated and 
mixed with the PB than initially intended. Alternatively, when the 
funnel was too close to the sidewall, some WR particles may have fallen 
outside the box. In both scenarios, the actual experimental conditions 

derived from the idealized configuration represented in the numerical 
models (e.g., Figs. 9b and 11b), potentially contributing to the observed 
differences between the predicted and measured results.

For the large-scale test, it was readily observed that the lifting of the 
wooden decline and the dumping of the WR could easily deviate from 
the intended position and dumping height, as illustrated in Fig. 5. 
Additionally, the loss of WR particles falling outside the box was not 
considered. These factors suggest that several physical aspects were not 
accurately replicated in the numerical model. Consequently, the nu
merical simulation shown in Fig. 13 does not faithfully represent the 

Fig. 11. Numerical model built with EDEM for predicting the test results of pouring WR with a dmax of 5.0 mm and a mass of 1400 g onto the PB at a dumping height 
of 40 cm: (a) generation of WR particles; (b) pouring WR on the PB.

Fig. 12. Mixing state between the PB and the dumped WR with a dmax of 5.0 mm and a mass of 1400 g at a dumping height of 40 cm, obtained by numerical 
predictions (left) and laboratory tests (right).
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physical conditions of the experimental setup shown in Fig. 5.
Given this discrepancy, the observed difference between experi

mental measurements and the numerical predictions should not be 

surprising. To address this, more controlled laboratory testing and 
improved numerical models that account for previously neglected 
physical variables are necessary.

These findings reinforce an important point: numerical modeling can 
be a powerful tool when used appropriated. However, in case of poor 
agreement between simulations and experimental data, it is essential to 
carefully examine the source of discrepancy, whether in the physical 
experiment, the numerical model, or both, instead of arbitrarily 
adjusting model parameters to force a better fit.

It is, of course, premature to attribute the poor agreements solely to 
experimental errors. Several limitations within the numerical model 
may also contribute to the discrepancies. For example, in the f-EDEM 
model developed by Zhang and Li [30], the effects of PB on WR particles 
were considered through vertical buoyance and drag forces, assuming 
that the PB remains static throughout the simulation. This simplification 
likely underrepresents the actual behavior of the fluid. In practice, the 
impact of dumped WR can induce dynamic responses in the PB, 
including splashing, lateral displacement, and fluid flow between par
ticles; all of which were neglected in the current model.

Another unmodeled factor is the spatial variation of density and 
viscosity within the PB. In reality, tailings in PB tend to settle over time, 
resulting in lower density and viscosity at the top and higher values at 
the bottom. This stratification was not incorporated into the simulation.

In addition, another potential contributor to the discrepancy lies in 
the stochastic nature of the discrete element method. Particle generation 
(e.g., positions and number) varies between simulations, meaning re
sults can differ significantly from one run to another. This variability 
highlights the importance of performing multiple runs to increase con
fidence in the numerical results, as demonstrated in Zhang and Li [30].

Fig. 13. Numerical model built with EDEM for predicting the large-scale test 
results of pouring WR with a dmax of 50.0 mm and a mass of 4441 g onto the PB 
at a dumping height of 75 cm.

Fig. 14. Mixing state between the PB and the dumped WR with a dmax of 50.0 mm and a mass of 4441 g at a dumping height of 75 cm, obtained by numerical 
predictions (left) and laboratory tests (right).
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It is also worth noting that all model parameters in Table 1 were 
either experimentally measured or obtained through numerical cali
bration, except for the restitution coefficient between rock-rock parti
cles. This parameter was adopted from Sandeep et al. [35], and its 
suitability for use with WR particles remains uncertain.

These analyses clearly show that both the experimental setup and the 

in numerical model have limitations that can partly explain the observed 
discrepancies. However, they also point to a clear path forward for 
improving both approaches. The utility of numerical modeling is again 
demonstrated, particularly as a predictive tool when used with a sound 
understanding of its limitations.

A major limitation of the current numerical model lies in its inability 
to directly simulate PB particles directly, due to their extremely small 
sizes and large quantity. As a result, the model cannot yet fully capture 
or quantify the quality of mixing between the WR and PB. Furthermore, 
the current model is not capable of simulating the penetration or flow of 
PB slurry into fractures or joints within surrounding rock mass, nor its 
movement through previously placed WR on the stope floor prior to PB 
placement. Addressing these limitations will require further develop
ment to enhance the model’s capability and improve its representa
tiveness in more complex field conditions.

In this study, the numerical simulations were conducted for the 
dumping of WR into uncemented PB with a solids content of 75% by 
mass. Future research should include experimental and numerical in
vestigations across a broader range of solids contents. Moreover, the 
current maximum tested dmax value of 5 cm is still much smaller than the 
typical value of approximately 60 cm for underground WR. Therefore, 
large-scale laboratory tests using WR with higher dmax values are 
necessary to determine the limits of validity of the numerical model.

Ultimately, the predictive capability of the model for simulating the 
natural mixing behavior of dumped WR and PB should be tested under 
realistic field conditions in an operating underground mine.

Finally, further studies are required to evaluate the natural mixing 
behavior of WR not only with uncemented PB but also with cemented 
PB. Future investigation should explore a wide range of influencing 
factors, including the dumping location of the WR, the use of multiple 
dumping points, the multi-phase backfilling operations, the presence of 
water or mud within the WR, the effects of blasting induced vibrations, 
and the inclination of stope walls.

Once the degree of mixture is evaluated, the strength of the fill mass 
can be assed as a function of this degree of mixing, allowing the deter
mination of its spatial strength distribution. With this information, the 
stability of the fill mass formed by the natural mixture of dumped WR 
and PB, under side or base exposure, can then be thoroughly evaluated.

5. Conclusions

The natural mixing behavior of dumped WR and a PB was investi
gated through a combination of laboratory experiments and numerical 
modeling. Laboratory tests were conducted at multiple scales, ranging 
from small-scale setups using WR with smaller maximum particle size 
(dmax) to large-scale tests involving coarser WR with larger dmax. The 
validated and calibrated numerical model developed in Part I of the 
study was applied, without further adjustment, to predict the outcome of 
these physical tests.

The results show that the numerical model was able to accurately 
predict several aspects of the mixing behavior, ranging from small-scale 
tests with fine WR and moderate dumping height to large-scale tests 
involving coarse WR and greater dumping height. These successful 
predictions partly confirm the model’s applicability and predictive 
capability across a range of conditions. The model holds promise for 
predicting the natural mixing behavior between PB and dumped WR 
with larger dmax in a large-scale or even field-scale scenario.

Notable discrepancies between some experimental results and nu
merical predictions were also observed. These inconsistencies proved 
valuable, as they revealed limitations in both the laboratory testing 
setup and the numerical model. Issues such as variation in duping po
sition, uncontrolled dumping height, and neglected physical behavior 
(e.g. splash, or flow of PB) were identified in the experimental setup. 
Similarly, simplifying assumptions and constraints within the numerical 
model, including its treatment of PB dynamic and the stochastic nature 
of DEM simulations, were recognized as source of potential error.

Fig. 15. A picture taken during the dumping of WR onto the PB for small- 
scale tests.

Table 2 
Measured and numerical predicted mixed and unmixed masses of dumped WR in 
PB.

dmax 

(mm)
Experiments Numerical prediction

Mixed mass (g) Unmixed mass 
(g)

Mixed mass 
(g)

Unmixed mass 
(g)

2 35.3 (measured) 364.7 
(estimated)

59.46 340.54

5 193 (estimated) 1207 
(measured)

131.08 1268.90

50 3996.5 
(estimated)

444.5 
(measured)

3537.66 903.34

Y. Zhang et al.                                                                                                                                                                                                                                   Deep Resources Engineering 3 (2026) 100236 

9 



These findings help to define the direction for future improvement in 
both experimental design and numerical modeling. The study also 
highlights the importance of using numerical modeling thoughtfully: 
understanding its assumptions and limitations and resisting the temp
tation to arbitrarily adjust model parameters to force agreement with 
test data.

This work underscores the significant value of numerical modeling as 
a predictive tool for evaluating the natural mixing behavior between WR 
and PB in underground mining applications, while also offering a 
roadmap for further development and validation.
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