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Abstract

Traditionally, waste rock generated in underground mines is transported to the surface
and stored in waste rock piles. This practice requires substantial energy consumption and
incurs additional operational costs. In Canada, an alternative approach involves directly
dumping waste rock into stopes being filled with paste backfill. This method eliminates
the need to transport waste rock to the surface and avoid the crushing of large rock blocks
into smaller particles, as well as the use of specialized equipment for mechanically mixing
the two materials. Consequently, both energy consumption and greenhouse gas emissions
are reduced. Furthermore, binder consumption decreases because a portion of the ce-
mented paste backfill is replaced by uncemented waste rock. Despite these advantages,
no practical tool is currently available to assist backfill engineers in determining the ap-
propriate amount of waste rock to be dumped. As a result, excessive quantities of waste
rock may be added to the paste backfill, leading to inadequate mixing between the two
materials. When exposed during the excavation of an adjacent stope, the resulting fill mass
may become unstable and fail, causing undesirable consequences. To address this issue, a
series of laboratory experiments were conducted to evaluate the effect of several factors,
including the solids content and thickness of the paste backfill, the dumping height, the
maximum particle size of the waste rock, and the stope dimensions, on the maximum
allowed mass of waste rock. Based on the experimental results, an empirical equation was
developed to estimate the maximum allowed waste rock mass that can be dumped with-
out causing non-mixing between waste rock and paste backfill. The predictive capability
of the proposed equation was successfully validated using additional independent exper-
imental data.

Keywords: paste backfill; waste rock; empirical equation; natural mixing; underground
backfilling; co-disposal

1. Introduction

Underground mining activities generate large quantities of solid waste materials,
mainly in the form of waste rock and tailings [1-5]. Tailings consist of water and fine par-
ticles produced during the milling process and are typically stored in impoundments,
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where they settle and consolidate [4,6-8]. Tailing impoundments may pose significant ge-
otechnical risks, including seismic-induced liquefaction and potential structural failure
[6,7,9,10]. Environmental impacts, such as land disturbance, acid mine drainage, and con-
taminated neutral drainage, are also major concerns associated with surface disposal of
mine waste [11-14]. The use of mine waste as backfill material for underground stopes
can increase ore recovery while reducing the environmental footprint of mining opera-
tions [15-18].

Traditionally, waste rock generated underground is transported to the surface and
stored in waste rock piles [11,19-21]. This practice requires substantial energy for hauling
and handling, significant labor resources, additional operational costs, and results in in-
creased greenhouse gas emissions [22].

An increasingly adopted approach in Canadian underground mines is the direct
dumping of waste rock into stopes being filled with paste backfill. This method substan-
tially reduces energy consumption, operational costs, and greenhouse gas emissions be-
cause it eliminates the need to crush large waste rock blocks into smaller particles, me-
chanically mix waste rock with paste backfill, and transport waste rock from underground
workings to surface disposal facilities. In addition, binder consumption can be reduced
because a portion of the cemented paste backfill is effectively replaced by uncemented
waste rock [22-24]. Moreover, a well mixed combination of waste rock and cemented
paste backfill may exhibit higher mechanical strength than either material individually
[25-27].

Despite these advantages, dumping waste rock onto cemented paste backfill in
stopes may also involve significant risks. When an excessive quantity of waste rock is
dumped onto the cemented paste backfill, insufficient mixing between the two materials
may occur. Consequently, the fill mass may collapse upon side exposure during the exca-
vation of neighboring stopes, resulting in undesirable consequences such as ore dilution
or loss, equipment damage, and in some cases, personal injury or death. Therefore, waste
rock dumping operations onto cemented paste backfill in stopes must be properly man-
aged. This requires the development of a reliable tool to guide the waste rock dumping
operations.

Over the past few decades, numerous studies have been devoted to underground
backfilling using a single backfill (e.g., [15-17,28-31]). In contrast, limited attention has
been given to the concept of natural mixing, in which waste rock is directly dumped onto
paste backfill without mechanical blending. Several studies have examined mechanically
mixed materials, such as graded waste rock combined with tailings slurry or cemented
paste backfill [25-27,32-35]. In these cases, waste rock typically needs to be crushed, well
graded, and mechanically mixed with tailings or cemented backfill to produce a uniform
and controlled composite material. Dedicated equipment is required for these operations.
Increased energy consumption, operational costs, and greenhouse gas emissions repre-
sent additional non-negligible limitations of such mechanical mixing processes.

Recently, Zhang and coworkers [23,24,36,37] investigated the natural mixing behav-
ior between dumped waste rock and paste backfill. Their results demonstrated that the
degree of mixing can be enhanced by increasing the falling height and maximum particle
size of the waste rock and by reducing the solids content of the paste backfill [36]. How-
ever, an important knowledge gap remains, as no studies have provided a practical and
quantitative tool for estimating the amount of waste rock that can be safely dumped onto
paste backfill in a stope without causing substantial non-mixing between the two materi-
als.

To address this gap, a series of laboratory tests were conducted to evaluate the effects
of various factors, including the solids content and thickness of the paste backfill, the fall-
ing height and maximum particle size of the waste rock, and the stope dimensions, on the
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maximum allowable mass of waste rock. An empirical equation is proposed to estimate
the maximum allowable waste rock mass that can be dumped without causing substantial
non-mixing between the waste rock and paste backfill. The equation and its associated
empirical constants were developed using a set of experimental results. The predictive
capability of the proposed model was subsequently validated using new and independent
experimental data.

2. Small-Scale Laboratory Tests
2.1. Materials

The tailings used in this study for paste backfill preparation were collected from an
underground mine (hereafter referred to as Mine A) located in Quebec, Canada. The tail-
ings are non-sulfidic, with a specific gravity of 2.77 and a dry density of approximately 1
550 kg-m-3. Their particle size distribution (PSD) curve is presented in Figure 1. The max-
imum particle size (dmax) is approximately 0.6 mm, and about 75% of the particles are finer
than 80 pum.
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Figure 1. Particle size distribution of the tailings used in the small-scale tests.

Waste rock was obtained from an open pit mine (hereafter referred to as Mine B),
also in Quebec, Canada. The waste rock samples were prepared by applying a double-
scalping technique to the original material [23,24,38,39]. Particles larger than 10 mm and
smaller than 1 mm were removed. The oversized particles were excluded to facilitate cut-
ting of hardened mixture samples during post-test analyses. The fine particles were re-
moved to ensure that all waste rock particles within the waste rock—paste backfill mixtures
could be readily distinguished from the paste backfill by visual inspection.

Five waste rock samples with maximum particle sizes (dpax) of 2 mm, 3.35 mm, 4.75
mm, 8 mm, and 10 mm were prepared using the double-scalping technique and tested.
Their PSD curves are presented in Figure 2.
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Figure 2. PSDs of waste rock samples with dmax values of 2 mm (blue line), 3.35 mm (purple line),

4.75 mm (green line), 8 mm (red line), and 10 mm (black line), prepared using the double-scalping
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2.2. Experimental Setup

Figure 3 illustrates the small-scale experimental setup used in this study after several
improvements were implemented (details are provided in Appendix A). Figure 3a pre-
sents a schematic representation of the system, while Figure 3b shows a photograph of the
physical model.

A mold with internal dimensions of 15 cm x Dum x DM was used to represent a simpli-
fied mine stope at the laboratory scale. A funnel with a top diameter of 19 cm, a bottom
outlet diameter of 4.0 cm, and a height of 12 cm was positioned vertically and centered
above the mold. The parameter Hj, (cm) represents the thickness of the paste backfill layer
placed in the mold. The waste rock falling height, denoted as H¢ (cm), is defined as the
vertical distance between the funnel outlet and the surface of the paste backfill.

19cm
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Figure 3. Small-scale physical model used to investigate the natural mixing of waste rocks dumped
onto paste backfill: (a) a schematic presentation of the experimental setup; (b) a photograph of the

physical model.

2.3. Test Procedure

Prior to testing, the tailings were oven-dried for 24 h and then allowed to cool to room
temperature. This step was necessary to prevent unintended water evaporation during
sample preparation and to ensure accurate control of the solids content. The dried tailings
were manually mixed with water to prepare paste backfill with the desired solids content
by mass (Cy,), as shown in Figure 4. Mechanical mixing was initially evaluated but not
adopted because it resulted in incomplete homogenization, with a portion of the tailings
remaining at the bottom of the mixing container. Manual mixing produced a more uni-
form mixture.
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Figure 4. Manual preparation of paste backfill by mixing tailings and water.

The paste backfill was mixed for a minimum of 15 min at room temperature to ensure
consistency among the tests. For each experiment, paste backfill with a specified solids
content (C,,) was poured into the mold of width Dwm to a predetermined thickness (Hp). To
prevent tailings sedimentation and to maintain mixture homogeneity, the paste backfill
was continuously mixed until it was poured into the mold.

The funnel was then positioned at a specified falling height (H¢) above the paste back-
fill surface. A predetermined mass of waste rock (Mqta)) Wwith a specified maximum parti-
cle size (dyax) was weighed and placed into the funnel. Waste rock was gradually dumped
onto the paste backfill surface until waste rock particles were observed to remain on the
paste backfill surface without penetrating into the material.

The remaining waste rock in the funnel (Myemain in funel) Was then measured. The paste
backfill-waste rock samples were left in the mold to cure under natural laboratory condi-
tions for 7 to 10 days. After the curing period, the waste rock remaining on the surface of
the paste backfill (M,,) was carefully collected and weighed. The mass of waste rock that
had penetrated into the paste backfill but remained unmixed (Mypmixeq) Was also removed
and weighed.

The hardened samples were subsequently cut vertically through their centerline to
examine the internal structure and evaluate the quality of mixing. The maximum allowa-
ble mass of waste rock that successfully mixed with the paste backfill was calculated as
follows:

Mmixture = Mtotal - Mremail in funnel — Mtop - Munmixed (1)

To evaluate the individual influence of each parameter, a controlled experimental
strategy was adopted. In each test series, only one parameter was varied while all other
parameters were maintained at predetermined values. This one-factor-at-a-time approach
allowed the independent effect of each parameter on the maximum allowable waste rock
mass to be assessed. The overall experimental program is summarized in Table 1.

Table 1. A summary of the experimental program used to investigate the factors affecting the max-

imum allowable waste rock mass.

Paste Backfill Waste Rock Stop Width
Case Dwm (cm)
Cw (%) Hp (cm) dmax (mm) H: (cm)

1 63,66.5 68,70,74 7 4.75 35 15

2 70 2,7,10,13, 20 4.75 35 15

3 70 7 2,3,4.75,8, 10 35 15

15, 35, 50, 75, 100,
4 70 7 4.75 120, 150, 200 15
5 70 7 4.75 35 10, 15, 35
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2.4. Test Results
2.4.1. Effect of Solids Content of Paste Backfill, Cw

Figure 5 illustrates the distribution of waste rock within paste backfill of different
solids contents along a vertical center section. At a solids content of 63%, waste rock oc-
cupies a large volume throughout most of the sample. In contrast, at a solids content of
74%, the waste rock is mainly concentrated in a V-shaped zone. These observations indi-
cate that a lower solids content facilitates natural mixing, allowing a larger volume of
waste rock to be dumped into the paste backfill without substantial non-mixing between
the two materials.

For the sample with a solids content of 63%, the paste backfill exhibited a relatively
fluid behavior, allowing waste rock particles to penetrate deeply into the material. The
waste rock reached the bottom of the mold and extended to the side walls, producing a
dense internal texture structure resembling that of concrete with a relatively uniform par-
ticle distribution. Strictly speaking, at such a low solids content, the uncemented paste
backfill would be more appropriately classified as thickened tailings rather than paste
backfill. Similar considerations may apply to mixture with solids content up to approxi-
mately 66.5%.

The distinction between thickened tailings and paste backfill remains a subject of dis-
cussion. According to commonly cited criteria in mining backfill handbooks [35,40], paste
backfill should not exhibit bleeding upon deposition. However, as noted by Zheng and Li
[41], complete elimination of bleeding is only possible when the backfill is unsaturated.
Consequently, additional water is generally required to ensure adequate flowability dur-
ing transportation. For this reason, materials that do not fully satisfy the traditional no-
bleeding criterion are still widely referred to as paste backfill in the mining industry.

When the solids content increased to 66.5%, the paste backfill became more viscous
and resistant to particle penetration. Under these conditions, the maximum allowable
waste rock mass decreased to 1000 g. Although the waste rock particles still penetrated to
the bottom of the mold, some regions remained free of waste rock particles.

At the highest solids content of 74%, the paste backfill exhibited the greatest con-
sistency and strongly resisted particle penetration. Most of the waste rock remained near
the surface, and only a limited quantity was able to penetrate into the paste backfill. As a
result, the maximum allowable waste rock mass decreased to only 69 g.

These observations are consistent with the findings reported by Zhang and Li [36],
who showed that the degree of natural mixing between dumped waste rock and paste
backfill decreases as the solids content of the paste backfill increases. Their study demon-
strated that lower solids contents promote deeper particle penetration and greater mixing
efficiency, whereas higher solids contents restrict waste rock penetration. The present re-
sults therefore confirm the critical role of paste backfill solids content in controlling the
natural mixing behavior between waste rock and paste backfill.
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Figure 5. The internal texture structure of waste rock—paste backfill mixtures obtained with paste
backfill solids contents of 63%, 66.5%, and 74% (from left to right); the experimental conditions cor-
respond to Case 1 in Table 1.

Figure 6 shows the variation in the maximum allowable waste rock mass as a func-
tion of paste backfill solids content. The maximum allowable waste rock mass decreases
markedly with increasing solids content. When the solids content increased from 63% to
74%, the maximum allowable waste rock mass decreased from 2891.8 g to 69 g. The re-
peated tests (orange markers) follow the same curve trend as the primary tests, confirming
the repeatability and reliability of the experimental results (the rationale for the repeated
tests is provided in Appendix B).

The trend can be explained by the rheological behavior of paste backfill. Increasing
the solids content generally increases both the yield stress and viscosity of the material,
thereby reducing the ability of waste rock particles to penetrate into the paste backfill. At
lower solids contents, the paste backfill behaves more like a fluid, allowing waste rock
particles to sink more easily and mix with the surrounding material. In contrast, at higher
solids contents, the paste backfill behaves as a stiffer material that resists particle penetra-
tion and limits the degree of mixing between the two materials.
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Figure 6. The variation in the maximum allowable waste rock mass as a function of paste backfill

solids content; the experimental conditions correspond to Case 1 in Table 1.

2.4.2. Effect of Paste Backfill Thickness Hp

Figure 7 illustrates the internal texture structure of the waste rock—paste backfill sam-
ples observed along a vertical central section for paste backfill thickness (H,) of 2 cm, 10
cm, and 20 c¢m, respectively.

Figure 7. The internal texture structure of waste rock—paste backfill samples observed along a ver-
tical central section for paste backfill thickness (Hp) of 2 cm, 10 cm, and 20 cm (from left to right),
respectively; the experimental conditions correspond to Case 2 in Table 1.
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For the sample with a paste backfill thickness of 2 cm, the available space for waste
rock penetration was very limited. Under this condition, the waste rock particles rapidly
reached the bottom of the mold, which restricted further penetration into the paste back-
fill. As a result, the maximum allowable waste rock mass was relatively low.

When the paste backfill thickness increased to 10 cm, a larger volume became avail-
able for waste rock penetration. The waste rock particles were able to sink deeper into the
paste backfill and reach the bottom of the mold, resulting in a higher maximum allowable
waste rock mass.

A further increase in paste backfill thickness to 20 cm provided an even greater space
for particle penetration, allowing more waste rock particles to enter the paste backfill.
However, owing to the relatively high solids content of the paste backfill (C,, = 70%), the
material exhibited a relatively stiff consistency. Consequently, the waste rock particles did
not reach the bottom of the mold and were mainly distributed within the upper and mid-
dle portions of the paste backfill layer.

Figure 8 shows the variation in the maximum allowable waste rock mass as a func-
tion of paste backfill thickness. The maximum allowable waste rock mass increases with
increasing paste backfill thickness. This trend is expected because a thicker paste backfill
layer provides a longer penetration path for waste rock particles driven by their kinetic
energy before reaching the bottom of the mold. As a result, a larger quantity of waste rock
can penetrate into the paste backfill and become mixed with it.
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Figure 8. The variation in the maximum allowable waste rock mass as function of paste backfill

thickness; the experimental conditions correspond to Case 2 in Table 1.

2.4.3. Effect of Maximum Particle Size (Dmax) of Waste Rock

Figure 9 illustrates the internal texture structure of waste rock—paste backfill samples
observed along a vertical central section. For the sample containing waste rock with a
maximum particle size (dmax) of 2 mm, the particles mainly accumulated in a cone-shaped
zone directly beneath the dumping point. In contrast, for the sample containing waste
rock with a maximum particle size of 8 mm, the particles penetrated much deeper into the
paste backfill and extended toward the bottom of the mold, occupying most of the lower
portion of the sample. In both cases, some regions near the side walls remained free of
waste rock particles.

These observations are consistent with the findings reported by Zhang and Li [32],
who showed that larger waste rock particles penetrate deeper into paste backfill and en-
hance the degree of natural mixing between the two materials.
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Figure 9. The internal texture structure of waste rock—paste backfill samples containing waste rock
with maximum particle sizes (dmax) of 2 mm (left) and 8 mm (right); the experimental condition
correspond to Case 3 in Table 1.

Figure 10 shows the variation in the maximum allowable waste rock mass as a func-
tion of the maximum particle size of the waste rock. As the maximum particle size in-
creased from 2 mm to 8 mm, the maximum allowable waste rock mass increased from
approximately 202.5 g to about 711 g. The repeated tests (orange markers) follow the same
trend as the primary tests, demonstrating the good repeatability and reliability of the ex-
perimental results.

This trend can be explained by the kinetic energy of falling waste rock particles.
Larger particles possess greater mass and therefore higher kinetic energy upon impact
with the paste backfill surface. The increased kinetic energy enables the particles to over-
come the resistance of the paste backfill more effectively and penetrate deeper into the
material, thereby increasing the quantity of waste rock that can mix with the paste backfill.
However, when the maximum particle size increased from 8 mm to 10 mm, the maximum
allowable waste rock mass increased only slightly, from approximately 711 g to 7184 g.
This result suggests that beyond a certain particle size, the influence of maximum particle
size on the maximum allowable waste rock mass becomes relatively limited.

To better understand the nearly constant maximum allowable waste rock mass ob-
served when the maximum particle size increased beyond 8 mm, it is useful to consider
the truncated cone-shaped distribution of waste rock shown in Figure 9. This geometry
was formed by the accumulation of dumped waste rock particles, similar to that observed
in angle-of-repose tests. Using the same waste rock material as that employed in the pre-
sent study, Zhang et al. [34] showed that the angle of repose is essentially independent of
the maximum particle size, provided that the quantity of waste rock is sufficiently large.
Since the base dimension of the stope model remained constant, the volume of the trun-
cated cone-shaped waste rock zone changed only slightly with increasing maximum par-
ticle size. Consequently, the nearly constant maximum allowable waste rock mass ob-
served for particle sizes greater than 8 mm can be reasonable explained.

https://doi.org/10.3390/min16070676
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Figure 10. The variation in the maximum allowable waste rock mass as a function of the maximum

particle size of waste rock; the experimental conditions correspond to Case 3 in Table 1.

2.4.4. Effect of Falling Height of Waste Rock, Hs

Figure 11 illustrates the internal texture structure of waste rock-paste backfill samples
observed along a vertical central section for different waste rock falling heights. At a fall-
ing height of 50 cm, the waste rock particles mainly penetrated vertically toward the bot-
tom of the mold but did not reach the side walls. A similar penetration pattern was ob-
served at a falling height of 100 cm, where the particles remained concentrated within a
relatively localized zone beneath the dumping point.

When the falling height increased to 150 cm, the waste rock particles penetrated
deeper into the paste backfill and spread closer to the mold walls compared with the sam-
ples prepared at lower falling heights. At the highest falling height of 200 cm, the particles
reached the mold walls and occupied a much larger area within the paste backfill. Never-
theless, some regions of the sample remained free of waste rock particles.

As the quantity of waste rock penetrating into the paste backfill increases, a larger
volume of the paste backfill becomes occupied by waste rock particles, resulting in a
thicker mixed zone between the waste rock and the paste backfill.

5 “H=200 cm_
RN

P

Figure 11. The internal texture structure of waste rock—paste backfill samples observed along a ver-
tical central section for waste rock falling heights of 50 cm, 100 cm, 150 cm, and 200 cm (from left to
right), respectively; the experimental conditions correspond to Case 4 in Table 1.

Figure 12 shows the variation in the maximum allowable waste rock mass as a func-
tion of waste rock falling height. In general, the maximum allowable waste rock mass in-
creases with increasing falling height, which is consistent with the observations reported
by Zhang and Li [32].

More specifically, the maximum allowable waste rock mass initially increased and
then tended to remain nearly constant as the falling height increased from 15 cm to 100
cm. This behavior can be explained by the increase in the kinetic energy of the falling
waste rock particles. At relatively small falling heights, increasing the falling height in-
creases the impact velocity and kinetic energy of the particles, thereby promoting deeper
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penetration into the paste backfill and allowing a larger quantity of waste rock to become
mixed with the paste backfill.

As the falling height continues to increase, the falling velocity gradually approaches
its terminal value because the drag force acting on the particles increases with velocity.
Once the drag force becomes comparable to the gravitational force, further increases in
falling height result in only limited increases in particle velocity and kinetic energy. Con-
sequently, the maximum allowable waste rock mass tends to stabilize.

However, a marked increase in the maximum allowable waste rock mass was ob-
served when the falling height exceeded approximately 100 cm. The reliability of this
trend is confirmed by the repeated tests, represented by the orange markers in Figure 12.
Examination of the internal structure shown in Figure 11 indicates that, for falling heights
of 100 cm or less, the waste rock particles were mainly concentrated near the center of the
paste backfill surface. In contrast, for falling heights of 150 cm and above, the particles
spread over a much larger area before penetrating into the paste backfill.

Therefore, the additional increase in the maximum allowable waste rock mass ob-
served at falling heights greater than 100 cm can be partly attributed to the increase in the
waste rock receiving area on the surface of the paste backfill. A larger receiving area al-
lows a greater quantity of waste rock to penetrate into the paste backfill without causing
substation non-mixing. The influence of the receiving area on the maximum allowable
waste rock mass is further discussed in Section 5.
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Figure 12. The variation in the maximum allowable waste rock mass as a function of waste rock

falling height; the experimental conditions correspond to Case 4 in Table 1.

2.4.5. Effect of Stope Dimensions Dwm

Figure 13 illustrates the internal texture structure of waste rock—paste backfill sam-
ples observed along a vertical central section for different stope dimensions. The waste
rock distributions in samples with mold dimensions of 15 cm and 35 cm exhibit very sim-
ilar patterns. In both cases, most of the waste rock particles penetrated downward toward
the bottom of the mold and did not reach the side walls. Consequently, increasing the
mold dimensions had little influence on the waste rock penetration and distribution with
the paste backfill. Since the waste rock particles did not reach the mold boundaries, the
effect of stope dimensions on the mixing behavior remained limited under the rested con-
ditions.
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Figure 13. The internal texture structures of waste rock—paste backfill samples observed along a
vertical central section for different stope dimensions; the experimental conditions correspond to
Case 5 in Table 1.

Figure 14 shows the variation in the maximum allowable waste rock mass as a func-
tion of mold dimension. Despite the substantial increase in the volume of the paste backfill
associated with the larger mold cross-section area, the maximum allowable waste rock
mass remained nearly constant. This result indicates that the quantity of waste rock that
can penetrate into and mix with the paste backfill is not significantly affected by the stope
width within the tested range. This observation can be explained by the nearly constant
waste rock receiving area obtained for different mold dimensions, as illustrated in Figure
15, as well as by the similar internal waste rock distributions observed in Figure 13. Since
the waste rock penetration zone occupied only a limited portion of the mold cross-section,
increasing the mold dimensions did not significantly alter the extent of waste rock pene-
tration or the resulting maximum allowable waste rock mass.

450
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Figure 14. The variation in the maximum allowable waste rock mass as a function of mold dimen-

sion; the experimental conditions correspond to Case 5 in Table 1.
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Figure 15. Top-view photograph of waste rock—paste backfill samples observed with mold dimen-

sions of 10 cm (left) and 35 cm (right); experimental conditions correspond to Case 5 in Table 1.

3. Proposed Solution

Based on the experimental results presented in Section 2, an empirical equation was
developed to estimate the maximum amount of waste rock that can naturally mix with
paste backfill:

M. =aexp (bCy + cHp)(d dpax + €)(fHp + g) (2)

where M is the maximum allowed waste rock mass (g), Cw is the solids content of the
paste backfill (-), Hp is the paste backfill thickness (cm), Ht is the waste rock falling height
(cm), and dmax is the maximum particle size of the waste rock (mm). The coefficients a, b,
¢, d, e, £, and g are empirical constants determined through a curve-fitting procedure using
the experimental data presented in Section 2:

a=1,345,996.74, b =-30.4, c=0.0098, d = 41.88, e =-4.97, f =137.22, and g = 668.15.

Equation 2, together with the above constants, constitutes the proposed solution for
estimating the maximum allowable waste rock mass that can be dumped onto paste back-
fill without causing substantial non-mixture between the two materials.

Figure 16 compared the measured and calculated values of the maximum allowable
waste rock mass as a function of paste backfill solids content (Figure 16a), paste backfill
thickness (Figure 16b), maximum particle size of the waste rock (Figure 16¢), and waste
rock falling height (Figure 16d). The calculated values were obtained using the proposed
solution (Equation 2 with a = 1,345,996.74, b = -30.4, ¢ = 0.0098, d = 41.88, e = -4.97, f =
137.22, and g = 668.15). Overall, the proposed solution provides a good representation of
the experimental data and successfully captures the influence of the investigated param-
eters on the maximum allowable waste rock mass.

Although the agreement between the proposed solution and the laboratory data is
satisfactory, its predictive capability cannot be assessed solely using the data employed
for model development. Independent experimental results are therefore required to eval-
uate the predictive performance of the proposed solution.
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Figure 16. Comparison between measured and calculated values of the maximum allowable waste
rock mass as a function of (a) paste backfill solids content, (b) paste backfill thickness, (c¢) maximum
particle size of the waste rock, and (d) waste rock falling height. The calculated values were obtained

using the proposed solution (Equation (2)).

Table 2 presents a series of additional laboratory tests conducted using waste rock
with a maximum particle size (dmax) of 4.75 mm. The comparison between the predicted
and measured values of the maximum allowable waste rock mass is shown in Figure 17.
The predictive performance of the proposed solution was evaluated using the coefficient
of determination (R?), defined as follows:

_ ity —9)°

iz (Vi —9)?

The predicted values show excellent agreement with the measured experimental re-
sults, yielding an R? value of 0.997. This result demonstrates the strong predictive capa-
bility of the proposed solution within the range of conditions investigated in this study.

RZ=1 (3)

Table 2. Additional laboratory tests used to evaluate the predictive performance of the proposed

solution (waste rock with dmax = 4.75 mm).

Test Ht (cm) H, (cm) Cw (%)
1 20 7 70
2 35 4 70
3 35 7 72
4 165 7 70
5 35 7 64
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Figure 17. Comparison between the predicted and measured values of the maximum allowable

waste rock mass obtained from the additional laboratory tests.

4. Large-Scale Tests

During the small-scale tests, tailings and waste rock available in our laboratory from
other research projects were used. The waste rock samples were prepared using the dou-
ble-scalping technique, in which both undersized fine particles and oversized coarse par-
ticles were removed. Consequently, the waste rock used in the small-scale tests may not
be fully representative of waste rock generated underground in mining operations.

To evaluate the applicability and predictive capability of the proposed solution
(Equation (2) with a =1,345,996.74, b = -30.4, c = 0.0098, d =41.88, e =-4.97, f = 137.22, and
g = 668.15) under conditions more representative of field practice, additional large-scale
tests were conducted using both tailings and waste rock supplied by an underground
mine

4.1. Test Materials

The paste backfill was prepared using a mixture of 75% non-sulfidic tailings and 25%
sulfidic tailings obtained from Mine A, an underground mine located in Quebec, Canada.
Figure 18 shows the two types of tailings delivered from the mine and stored in separate
containers.

To ensure homogeneity, each type of tailings was first mixed separately to obtain a
uniform material. The solids content of each tailings batch was then adjusted so that both
materials had the same solids content. Subsequently, the two tailings were blended to
produce a paste backfill containing 25% sulfidic tailings (Figure 18a) and 75% non-sulfidic
tailings (Figure 18b), representative of the backfill used at Mine A.

Before each test, the final tailings mixture was blended for approximately 30 min
prior to placement in the mold to ensure material uniformity. This extended mixing pe-
riod was necessary because the large-scale tests required a relatively large volume of paste
backfill, and the tailings stored in a paste-like state may have undergone partial sedimen-
tation and consolidation before testing.

Figure 18. Photographs of the (a) sulfidic tailings and (b) non-sulfidic tailings used to prepare the
paste backfill for the large-scale tests.

The waste rock was also supplied by Mine A and delivered in several barrels. Since
the particle size distribution could vary among barrels, all waste rock was first thoroughly
mixed together. As illustrated in Figure 19, the combined material was then quartered,
that is, divided into four equal portions. This procedure ensured that the final waste rock
sample used for testing had a representative and uniform particle size distribution.
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A sieve analysis was subsequently performed to determine the PSD. Figure 20 pre-
sents the PSD curves of both the waste rock and the paste backfill used in the large scale-
tests. The maximum particle size of the waste rock was 50 mm.

Unlike the small-scale tests, the fine fraction of the waste rock was retained in the
large-scale tests to better represent the gradation of underground-generated waste rock
under field conditions. This choice was important because removing fine particles may
alter both the PSD and the mechanical property of the waste rock. Such changes may in-
fluence the spreading of waste rock on the paste backfill surface, particle penetration
depth, and the resulting mixing pattern between waste rock and paste backfill. Retaining
the fine particles therefore allowed the laboratory conditions to better reflect field condi-
tions.

Compared with the paste backfill used in the small-scale tests, the paste backfill pre-
pared from the mixture of non-sulfidic and sulfidic tailings had the same maximum par-
ticle size but contained a substantially greater proportion of fine particles.

Figure 19. The waste rock supplied by Mine A and prepared for the large-scale tests using the quar-
tering method.

100
90 —— Waste rocks
g 80 ~——— Paste backfill
g’ 70
g 60
Py 50
< 40
g 30
3 20
10
0
0.001 0.01 0.1 1 10 100

Particle size (mm)

Figure 20. PDS curves of the waste rocks and paste backfill used for the large-scale tests.

4.2. Test Setup

Figure 21 illustrates the large-scale experimental setup. Figure 21a presents a sche-
matic representation of the system, while Figure 21b shows a photograph of the physical
model.

A rectangular mold with internal dimensions of 80 cm x 50 cm x 100 cm (length x
width x height) was used to simulate a mine stope at a larger scale. The mold was con-
structed from reinforced wooden panels to ensure structural stability. A drainage system
consisting of several holes located at the bottom of the mold and covered with a geotextile
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filter layer was incorporated to allow excess water to drain during testing, thereby facili-
tating sample curing and drying.

A bucket with a base diameter of 24 cm and a height of 30 cm was positioned above
the mold to allow controlled dumping of waste rock. The bucket was supported by two
rigid vertical supports fixed to the mold frame. This large-scale setup made it possible to
evaluate the scalability of the observations from the small-scale tests.

(@) ——

30cm

Waste rocks

Bucket

Mold

Paste boackfill

e

Figure 21. The large-scale physical model used to investigate the natural mixing of waste rock

80cm

dumped onto the paste backfill: (a) a schematic presentation of the experimental setup; (b) a photo-
graph of the physical model.

4.3. Test Procedure

The same experimental procedure used in the small-scale tests was adopted for the
large-scale tests. The primary difference was the curing period required before exposing
the waste rock—paste backfill mass. A longer curing time was necessary because the larger
samples required more time to develop sufficient strength for safe exposure and exami-
nation. Table 3 summarizes the large-scale test program conducted using waste rock with
a maximum particle size (dmax) of 50 mm.

Table 3. Large-scale experimental program using waste rock with maximum particle size (dmax) of

50 mm.
Test Ht (cm) H, (cm) Cw (%)
1 100 30 72
2 80 40 66
3 100 35 70

4.4. Test Results

Figure 22 presents the internal texture structure of the large-scale samples after 30
days of curing, when the samples had become sufficiently hard and dry for sectioning and
examination.

For Test 1 (Table 3), the waste rock penetrated into the paste backfill in a V-shaped
pattern, reaching the bottom of the mold but not extending to the side walls. For Test 2
(Table 3), the waste rock penetrated more extensively, reaching the bottom of the mold
and partially contacting the side walls.
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Figure 22. The internal texture structure of the large-scale test samples after sectioning through the
center: Test 1 (left) and Test 2 (right).

Figure 23 compares the measured values of the maximum allowable waste rock mass
with those predicted using the proposed solution (Equation (2) with a = 1,345,996.74, b =
-30.4, ¢ =0.0098, d = 41.88, e = -4.97, f = 137.22, and g = 668.15). The strong agreement
between measured and predicted values, reflected by an R? value of 0.985, further demon-
strates the ability of the proposed solution to estimate the maximum allowable waste rock
mass that can be dumped onto paste backfill without causing substantial non-mixing be-
tween the two materials.
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Figure 23. Comparison between the predicted and measured values of the maximum allowable

waste rock mass obtained from the large-scale tests.

5. Discussions

In this study, the natural mixing behavior between dumped waste rock and paste
backfill was investigated through a series of laboratory experiments. The results showed
that the maximum allowable waste rock mass is influenced by the solids content and
thickness of the paste backfill, as well as by the maximum particle size and falling height
of the waste rock. In contrast, it was found to be relatively insensitive to variation in the
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horizontal cross-sectional dimensions of the stope. Based on these key parameters, an em-
pirical solution containing several fitting coefficients was developed to estimate the max-
imum allowable waste rock mass that can naturally mix with paste backfill.

The validity and predictive capability of the proposed solution were evaluated using
additional independent experimental data obtained from both small-scale and large-scale
tests. The results demonstrated that the proposed solution can be used to estimate the
maximum allowable waste rock mass that may be dumped into a stope being filled with
paste backfill without causing substantial non-mixing between the two materials.

Despite these promising results, several limitations of the present study should be
acknowledged.

For example, the experimental results showed that the receiving area of waste rock
particles on the paste backfill surface can significantly influence the maximum allowable
waste rock mass. This effect was particularly evident in Case 4, which examined the influ-
ence of waste rock falling height. As the falling height increased beyond 100 cm, the re-
ceiving area of the waste rock particles on the paste backfill surface increased substan-
tially, leading to a marked increase in the maximum allowable waste rock mass.

At a falling height of 15 cm, the waste rock particles landed within a relatively small
and concentrated area near the center of the mold. In contrast, at a falling height of 150
cm, the particles were distributed more widely and randomly across the paste backfill
surface, resulting in a much larger receiving area. Consequently, a greater quantity of
waste rock was able to penetrate into the paste backfill through a larger cross-sectional
region, thereby increasing the maximum allowable waste rock mass (Figure 24).

Figure 24. Top-view photographs of samples formed with waste rock falling heights of 15 cm (left)
and 150 cm (right); the experimental conditions correspond to Case 4 in Table 1. The difference in
color between the two samples is due to the time at which the photographs were taken. The photo-
graph on the right was taken immediately after the dumping operation, whereas the photograph on
the left was taken four days later.

The effect of receiving area parameter has been implicitly incorporated into the pro-
posed solution (Equation 2 with a =1,345,996.74, b = -30.4, c = 0.0098, d = 41.88, e = -4.97,
f=137.22, and g = 668.15) as long as waste rock is dumped from a single location. When
spreading equipment, such as a slinger truck, is used to increase the receiving area, the
maximum allowable waste rock mass can be expected to increase significantly. Further
research is therefore required to explicitly incorporate the receiving area into the proposed
equation.

In the present study, the experimental procedure was simplified to represent a con-
trolled single-point dumping condition. The paste backfill was first placed in the mold,
after which waste rock was incrementally dumped at a single location on the paste backfill
surface. This configuration represents only a single-stage, single-point dumping scenario
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onto a static paste backfill layer. However, field backfilling operations may involve more
complex placement sequences. For example, waste rock may first be placed into the stope,
following by the pouring of paste backfill, allowing the paste backfill to flow through
waste rock mass. Additional studies are required to investigate the mixing behavior be-
tween in-place waste rock and poured pulp paste backfill under such conditions. The pro-
posed solution cannot be applied to these situations. Further work is needed to estimated
the maximum allowed thickness of waste rock or to evaluate the degree of mixing between
waste rock and paste backfill.

In underground stopes, paste backfill and waste rock may be placed in several stages
(multiple lifts). Part of the unmixed waste rock remaining on the surface after one dump-
ing stage may subsequently be covered by a new layer of paste backfill. In addition, waste
rock may be dumped from several locations or spread over the paste backfill surface using
equipment such as conveyors or slinger-projectors. These placement methods increase the
receiving area and may allow a larger quantity of waste rock to penetrate into and mix
with the paste backfill. In general, as reported by Kazemi [42], the maximum allowable
waste rock mass increases almost linearly with the receiving area. Additional research is
therefore required to evaluate the effects of multi-stage dumping, multi-point placement,
and equipment-assisted spreading, and to incorporate these effects into the proposed em-
pirical solution.

Nevertheless, the proposed solution can be adapted to multiple-lift operations by
updating the thickness of the paste backfill layer and the waste rock falling height for each
lift. Similarly, the solution may be applied multiple dumping locations, provided that the
dumping points are sufficiently far apart. Further investigation is required to determine
the minimum spacing between dumping locations that would allow the total maximum
allowable waste rock mass to be estimated by summing the contributions from individual
dumping points.

The experiments conducted in this study were limited to the case where a uniform
paste backfill layer was placed in the stope and rapidly followed by waste rock dumping.
In practice, however, a stope is rarely filled instantaneously. Self-weight consolidation and
cementation may occur during paste backfill placement. Consequently, the solids content
of the in-place paste backfill may increase before waste rock is dumped. It is therefore
important to use the solids content of the paste backfill at the time of waste rock dumping
rather than its initial solids content. Otherwise, application of the proposed solution may
overestimate the maximum allowable waste rock mass, leading to a non-conservative de-
sign.

The results also showed that mold width did not directly affect the maximum allow-
able waste rock mass under the tested conditions. In these experiments, the selected com-
binations of solids content, falling height, paste backfill thickness, and waste rock particle
size produced a relatively limited penetration zone, and the waste rock particles did not
reach the mold side walls. Consequently, the direct influence of the mold boundaries on
the mixing behavior was negligible. However, mold width may still exert an indirect in-
fluence on the mixing behavior through its interaction with other parameters. For exam-
ple, lower solids content, greater falling height, larger paste backfill thickness, or larger
waste rock particles may increase both the penetration depth and lateral spreading of
waste rock. Under such conditions, the waste rock may reach the side walls, and the mold
boundaries may then influence the final mixing pattern. For this reason, mold width is not
included as a direct parameter in the proposed empirical solution. Nevertheless, its po-
tential influence should be further investigated through additional tests covering a wide
range of experimental conditions.
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Because of the above-mentioned limitations, the proposed solution should not be
used to evaluate the maximum allowable waste rock mass solely on the basis of ratio be-
tween the total quantity of in-place paste backfill and dumped waste rock. A significant
portion of the paste backfill may not participate in the mixing process, particularly in
stopes with large horizontal cross-sectional area. Consequently, using the total quantity
of in-place paste backfill may lead to an overestimation of the maximum allowable waste
rock mass.

The large-scale validation tests were designed to evaluate whether the proposed em-
pirical solution could provide reliable predictions under conditions that differed from
those of the small-scale tests and more closely resembled field conditions. Accordingly,
the large-scale tests involved greater paste backfill thickness, larger waste rock particle
sizes, and broader PSDs. The paste backfill was prepared using a mixture of non-sulfidic
and sulfidic tailings containing a higher proportion of fine particles than the tailings used
in the small-scale tests. Both the waste rock and paste backfill were representative of those
encountered under actual field condition at the mine site. Despite the encouraging results,
additional validation tests using tailings and waste rock from various mining operations
are recommended to further assess the general applicability of the proposed solution
across a broader range of conditions.

In this study, uncemented paste backfill was used to facilitate sample cutting after
drying and to allow visual observation of the internal distribution of waste rock particles.
However, cemented paste backfill is commonly used in underground mining operations,
particularly in primary stopes. The presence of binder may influence the rheological and
mechanical properties of the paste backfill, including yield stress, viscosity, stiffness,
bonding behavior, and early-age strength development, which may in turn affect waste
rock penetration and mixing behavior. Nevertheless, before significant cementation and
strength development occur, the proposed empirical solution may still provide a prelim-
inary estimate of the maximum allowable waste rock mass for early-age cemented paste
backfill. Additional experimental studies using cemented paste backfill are required to
evaluate the effects of binder content, curing time, and paste rheology on the mixing pro-
cess and to validate, calibrate, or improve the proposed solution.

Although the large-scale tests extended the range of experimental conditions inves-
tigated, the dimensions of the experimental setup remained considerably smaller than
those of actual underground mine stopes, which typically extend several to tens of meters
in both vertical and horizontal directions. Consequently, larger-scale laboratory and field
trials are required to further assess the applicability of the proposed solution under real
mining conditions.

Another limitation of this study is the lack of a quantitative assessment of mixing
quality. While the maximum allowable waste rock mass was evaluated, the spatial distri-
bution and homogeneity of the resulting mixture were not systematically quantified. Fu-
ture research is therefore needed and is currently underway to develop method for as-
sessing the quality of mixing between dumped waste rock and in paste backfill.

6. Conclusions

In this study, the natural mixing between dumped waste rock and paste backfill was
evaluated through a series of small- and large-scale laboratory tests. An empirical solution
was proposed to estimate the maximum allowable waste rock mass that can naturally mix
with paste backfill without causing substantial non-mixing between the two materials.

The results showed that increasing the solids content of the paste backfill decreases
the maximum allowable waste rock mass, whereas increasing the paste backfill thickness
increases the maximum allowable waste rock mass. In contrast, the horizontal dimensions
of the mold did not significantly affect the maximum allowable waste rock mass under
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the tested conditions. The results also demonstrated that the maximum allowable waste
rock mass increases with increasing waste rock falling height and maximum particle size.

The experimental data were used to calibrate the empirical coefficients of the pro-
posed solution. The applicability and predictive capability of the proposed solution, to-
gether with the calibrated coefficients, were successfully validated using new and inde-
pendent small-scale and large-scale experimental data. The proposed solution can there-
fore be used to estimate the maximum allowable mass of waste rock that can be dumped
onto paste backfill without causing substantial non-mixing between the two materials.

Further studies are required to explicitly account for the effect of the waste rock re-
ceiving area and to evaluate, calibrate, and validate the proposed solution under full-scale
field conditions.
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Appendix A. Quality Control and Improved Procedure

Figure Al illustrates the initial small-scale physical model used to investigate the
natural mixing of waste rock dumped onto paste backfill. Figure Ala presents a schematic
representation of the experimental setup, while Figure Alb presents a photograph of the
laboratory model.
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Figure A1. The initial small-scale physical model used to study the natural mixing of waste rocks
dumped onto paste backfill: (a) a schematic presentation; (b) a photograph.

A series of preliminary experiments were conducted using this physical model to
investigate the influence of paste backfill solids content on the maximum allowable waste
rock mass. Figure A2 shows the variation in the maximum allowable waste rock mass as
a function of paste backfill solids content. The results did not exhibit a consistent trend.
As the solids content increased, the maximum allowable waste rock mass initially in-
creased and then decreased sharply following a relatively small increase in solids content.
Such behavior was not physically reasonable and suggested the presence of experimental
uncertainties.
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Figure A2. Relationship between paste backfill solids content and maximum allowable waste rock

mass obtained from preliminary tests.

This irregular behavior was attributed to limitations of the initial experimental setup.
At the beginning of the study, the funnel used to pour the waste rock was not fixed to the
support frame and was held manually during the testing (Figure Al). Consequently, small
hand movements could occur, resulting in variations in either the waste rock falling height
or the pouring location. These variations affected the test conditions and reduced the re-
liability of the results.

To reduce this source of error, the experimental setup was improved by rigidly fixing
the funnel to the support frame. This modification ensured that the funnel position re-
mained stable throughout each test and that the waste rock falling height remained con-
stant. The improved setup is shown in Figure A3, including a schematic representation
(Figure A3a) and a photograph of the laboratory model (Figure A3b). Following this mod-
ification, the experiments were repeated under controlled conditions.
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Figure A3. Improved experimental setup with funnel rigidly fixed to support frame: (a) schematic
representation; (b) laboratory photograph.

Following this improvement, the results exhibited a clearer trend, with the maximum
allowable waste rock mass decreasing as the paste backfill solids content increased. How-
ever, the repeatability of the results remained limited, as repeated tests conducted under
identical conditions produced different values (Figure A4). Further investigation revealed
that this variability was mainly caused by inconsistencies in the pouring location. In some
tests, the waste rock was not poured exactly at the center of the mold, resulting in non-
uniform waste rock distribution within the paste backfill (Figure A5).
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Figure A4. The relationship between paste backfill solids content and maximum allowable waste
rock mass after the first improvement in the experimental setup, showing the variability observed

in repeated tests conducted under identical conditions.

Figure A5. Top-view photographs illustrating centered and off-centered waste rock pouring.

To address this issue, a second improvement was introduced. The exact center of the
mold was clearly marked, and the funnel was carefully aligned with this point before each
test. This ensured that the waste rock was consistently poured at the center of the mold in
all experiments (see Figure 3b). By controlling both the waste rock falling height and the
pouring location, the experimental conditions were further stabilized, allowing a more
reliable evaluation of the influence of paste backfill solids content on the maximum al-
lowed waste rock mass.

It should be noted that all experimental results presented in this study were obtained
using this final improved procedure.
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Appendix B. Verification of Experimental Repeatability

Figure A6 presents the preliminary results obtained for the influence of paste backfill
thickness on the maximum allowable waste rock mass. A sudden increase in the maxi-
mum allowable waste rock mass was observed at a paste backfill thickness of 13 cm. This
behavior was unexpected because the paste backfill, with a solids content of 70%, did not
exhibit highly fluid behavior.

To verify the reliability of these observations and eliminate the possibility of experi-
mental errors, all data points in the paste backfill thickness series were repeated two ad-
ditional times under the same controlled conditions. As shown in Figure 8, all experi-
mental results were successfully reproduced except for the test conducted at a paste back-
fill thickness of 13 cm.

2500
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1500 |
1250 |
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750 |
500 r
250
O 1 1 1 1 1 1 J

0 2 4 6 8 10 12 14
Paste backfill thickness (cm)

Allowed waste rock (g)

Figure A6. The relationship between paste backfill thickness and maximum allowable waste rock

mass observed from preliminary tests; experimental conditions correspond to Case 2 in Table 1.

To further assess the repeatability and reliability of the experimental program, a total
of 14 additional repetition tests were conducted at arbitrarily selected testing conditions.
These repeated tests are presented in Figures 6, 8, 10, and 12 and demonstrate the overall
consistency and repeatability of the experimental results.
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