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Abstract: This paper presents a reduced-scale physical model of a mine stope used to reproduce
the underground stope backfilling practiced in some Canadian mines. The objective is to study
the geomechanical behavior of the waste rock barricades in interaction with the mine backfill.
The instrumentations, along with visual observations and preliminary results, are presented.
The main results demonstrated that: (i) the stability of the barricade depends on its physical
properties (e.g., size, location, particles gradation and compaction) and the frictional behavior at the
barricade/drift walls interface, and (ii) for two backfill formulations, cemented and uncemented,
prepared with 70% of solid mass concentration, the volumetric strain due to self-weight consolidation
of the backfilled room was higher for uncemented backfill (16%) than for the cemented one (4.5%).
In addition, the results highlighted the importance of using shotcrete around the downstream face of
the barricade, mostly at the top, to close the gaps and bind the barricade particles, which improves
its stability.

Keywords: reduced-scale physical modeling; mine stope; mine backfill; waste rock barricade;
self-weight consolidation of the backfill; barricade failure mechanism

1. Introduction

The purpose of mining is to extract minerals from the crust of the earth, which in turn creates voids
that alter the existing stress field and lead to instability. Large quantities of waste rock and tailings are
produced and stored in waste rock dumps and tailings storage facilities during mining operations.
Acid mine drainage (AMD) or contaminated neutral drainage (CND) can occur when these wastes are
exposed to atmospheric conditions, resulting in potential pollution of the environment. Underground
backfilling offers important economic and environmental benefits for mining operations [1–4]. It also
offers a great deal of flexibility and enhances the strategic approach to running. The use of various types
of backfills has to do with technical requirements, operating methods, and strategic plans. In general,
the geometry of the ore deposit is what determines the method of extraction. The hard rock mining
methods that use backfilling as a secondary support system are Open Stope and Cut and Fill [3].
The need for backfilling is rising with deeper mining, as the critical span becomes smaller and smaller.
Using backfilling as a support strategy to support stope walls will allow reducing their potential
movement. Indeed, backfill enhances the stability of the fractured rock mass in two distinct ways:
first, restricts the opening of cracks and discontinuations, and second, reduces the convergence of the
openings and improves the regional stability [3]. Backfill systems are designed according to the required
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materials and functions, and each operation is regulated by the hydromechanical characteristics of
the backfill, the mechanical properties of the rock masses, and the extraction strategies. The paste fill
or the cemented paste backfill (CPB) is the most successful and popular of the three different types
currently in use in mining (rock fill, hydraulic fill, paste fill). This type of backfill is more homogeneous
and provides better strength according to the needs in ground control. The transport of the backfill
depends on its fluidity, which could affect its final mechanical performance. The cost of the binder
represents nearly 80% of the backfill operation costs.

The understanding of mine backfill requires a multidisciplinary approach, ranging from soil
mechanics to geomechanics through fluid mechanics, mineral processing, and other relevant topics.
Understanding the behavior of the barricades made of waste rock and that must retain the backfill
in place in the open stope is essential to ensure their safe use. The main backfill components
are full stream tailings (which have a variable source depending on the ore type), mixing water,
and binding agent. The tailings contain grains ranging from silt size to clay size and their
distribution affects the porosity, wet density, self-weight consolidation, and compressive strength of the
resultant CPB. The tailings mineralogy (e.g., presence of clayey particles) can affect the binder dosage,
water retention, and chemical/geochemical stability, which can weaken the backfill [5,6]. The binder
type and proportion also affect the backfill strength development over the curing time [3,7–10].
The chemistry of the mixing water can also influence the overall CPB strength, especially when they
contain dissolved sulfate salts such as sulfosalt [2–4,11]. Acidic water and sulfate salts damage the
cement bonds in the backfill, leading to loss of strength, durability, and long-term stability [3,12–14].
Underground backfilling of open stopes requires the construction of a barricade placed in the drift
(drawpoint) to retain the backfill in the filling chamber (open stope). Serious consequences can occur
if barricades fail, such as damage to mining equipment, injuries, or even death of mine personnel.
Depending on the type of backfill, the barricade is generally built of permeable brick fibercrete or
concrete (hydraulic fill), timber frame (hydraulic and paste fill), shotcrete (hydraulic and paste fill),
or waste rock (paste fill) [11]. Waste rock barricades are efficient and commonly used in several
underground mines since they are available through mining production [11]. These barricades are still
poorly documented [15,16] and must be properly designed to avoid any failure that could slow down
mining production. The study of the barricade stability requires a correct estimation of pore water and
total pressures in backfilled stopes and on barricades during and shortly after the backfilling [11,17].
After backfilling, the total pressures on backfilled stopes and barricades decrease significantly due
to several phenomena such as the development of the arching phenomenon, dissipation of pore
water pressure (PWP), and cemented backfill hardening [3,4,18–20]. Numerous analytical approaches,
predictive models, and in situ measurements have been suggested through the literature, in which
each investigation has its benefits and limitations, but further investigations are required to determine
the critical backfill pressure on the barricade and its design procedure. Several mine stopes were
implemented with in situ instrumentation [21–26] to evaluate the PWP and total/effective stresses
in stopes. Also, several reduced-scale physical models of mine stopes have been used to study
the distribution of vertical stresses [27–30] or to study the self-weight consolidation settlement of
the paste backfill in different drainage conditions (see Reference [18]). Numerical modeling is
another approach commonly used to evaluate the stress state in backfilled stopes and to study the
influence of different parameters, such as backfill properties, characteristics of the fill/wall interface,
the rate of the filling, and pores’ water pressures [31–52]. Designing waste rock barricade, however,
represents a significant problem, and more research is needed to determine the critical backfill pressure
on the barricade.

Two approaches to studying problems in geotechnical engineering are the instrumentation
of the actual site/structure and the use of small-scale models. The instrumentation of a full-scale
structure makes it possible to validate the results and design methods as well as the calibration
of numerical models. In real mining stopes, it is difficult to monitor the barricade–backfill
interaction as well as to study the mechanism of collapse of the waste rock barricades and their
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ultimate strength. Therefore, small-scale physical models seem to be the plausible way to study
such a case. Laboratory testing using these models facilitates the control or modification of material
properties and increases stress to failure. Scale model experiments have been conducted for a very long
time and under specified conditions. The model must fulfill such requirements to be able to transpose
its mechanical behavior to that of the full structure. The establishment of similarity laws is based on a
dimensional analysis, taking into account the invariance of the general equations of mechanics to the unit
change [53]. These equations are the general equations of dynamics, the mass conservation equation,
and the constitutive laws of various materials. Often, it is challenging to meet all these conditions
at the same time, forcing experimenters to settle for a wider similarity [54–56]. Physical modeling
can be classified, with regard to similarity conditions, into three main categories: (i) total similarity,
if the model simulates all the characteristics of the prototype (full scale), (ii) partial similarity, if the
model does not meet certain similarity conditions, in order to improve the prediction of certain aspects
of the behavior of the prototype, and (iii) qualitative similarity, if there is no similarity between the
model and the prototype, but with some analogy, the model can accurately predict the behavior of
the prototype. Our research project is classified in the third category, which deals with the qualitative
study of a complex phenomenon. In this study, a small-scale model is used to conduct qualitative
experiments (at 1/50th of scale length factor) on the stability and failure mechanisms of waste rock
barricades during paste backfill placement. This small-scale model, that is made from transparent
plexiglass for simulating underground backfilling, allows to visually observe the interaction between
the barricade and the backfill. The transparent model also allows the barricade to be monitored
during saturation, drainage, and at failure when additional external pressure is applied. This study
addressed different issues such as the effect of total pressure induced by the backfill on the barricade,
the effect of waste rock particles gradation on the barricade–backfill interaction, and the stability/failure
of waste rock barricades.

2. Small-Scale Model and Equipment Description

Figure 1 shows the small-scale model used with the associated measurement tools. This reduced
physical model is designed to simulate underground backfilling operations. A waste rock barricade
retains the paste backfill injected in the physical model (longitudinal-type stope) during the filling.
This model, with a length scale factor L* of 1/50 (L∗ = Lmodel/Lprototype), will mimic a typical mine
longitudinal stope in the Abitibi region in Quebec (Canada).

The small-scale model was built from acrylic glass or plexiglass ((Poly (Methyl Methacrylate) (PMMA)).
The PMMA plates of the model have smooth surfaces and may not well reflect the rock
wall–backfill interface. Therefore, this research does not address the arching effect phenomenon
that can affect the stress state in the backfill. The main feature of this type of PMM is its transparency,
which allows monitoring the barricade and its interaction with the backfill during and after placement.
The filling chamber (stope) has a horizontal section of 9 × 20 cm and a height of 38 cm (can be increased
by another 38 cm to a full height of 76 cm during placement of the second layer). The stope is connected
to a drift (called drawpoint), which has a vertical section of 9× 9 cm and a length of 63 cm. The pressure
induced by the backfill on the barricade is measured using mini-pressure sensors positioned at different
locations inside the model. The small-scale model is also equipped with a manual external loading
system (a piston) to increase the pressure on the barricade until the failure. The small-scale model
does not satisfy the first-order similarity due to cost constraints and the inability to achieve some
similarity conditions. A high-resolution camera was used to help analyze the barricade displacement
and its failure mechanism. A second camera was also used to capture the manipulations during
backfill placement (Figure 1). The barricade monitoring is recorded in 2D only through the transparent
walls of the drift, assuming that the particles at the core of the barricade will have the same behavior.
The pressure at different points in the reduced-scale model is measured using two types of pressure
sensors (strain gauge transducers) with a capacity of 100 kPa. Assuming that the total stresses are
equivalent to the pressures measured by the total earth pressure sensors (TEP), the pore water pressures
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sensors (PWP) are equal to those measured by the mini-piezometers, and the effective stresses are the
difference between their values (TEP – PWP). Two different type of sensors, according to their size
and properties, are used to measure the total earth pressure (model PS-D and model DMTY). The PWP
is measured using miniature pore water pressure gauge (model DMKY) attached to a data acquisition
system that has the same brand (Dan street Nanjing Electronic Technology Co., Nanjing, China; https:
//www.instrumentstrade.com/dmky-miniature-pore-water-pressure-gauge_p11337.html). The earth
pressure sensors are ideal for measuring the stress of the soil, mud, and sand. The strained full-bridge
circuit can eliminate the influence of temperature changes on the sensor. A high-precision full-bridge
strain gauge is pasted inside the sensor’s sensing membrane. When external pressure acts on the
surface of the sensing membrane, the membrane deforms, causing strain in the strain gauge. The DMKY
sensors are suitable for measuring the pore water pressure (osmotic pressure) inside or around the soil,
mud, sand, and model piles in the model test. Table 1 shows the characteristics of the sensors used in
the experimental tests conducted on the physical model.
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Figure 1. A small-scale model of a mine stope made of transparent plexiglass, including the
measurement tools.

Table 1. Geometric characteristics of the three types of stress sensors used on the reduced model.

Sensor Total Earth Pressure (TEP) Sensors Pore Water Pressure (PWP) Sensor

Manufacture (brand) KYOWA Dan street Nanjing Electronic Technology Co.,
Model Type PS-D DMTY DMKY

Capacity 50 kPa 100 kPa 100 kPa
Size 6 × 0.6 12 × 4.2 mm 15.8 × 21 mm

Rated Output 500 × 10−6 strain 400 × 10−6 strain 400 × 10−6 strain
Overload 150% 120% 120%

Input/output resistance 350 Ω 350 Ω 10,000 Ω
Exciting voltage 2 V 2 V 2 V

https://www.instrumentstrade.com/dmky-miniature-pore-water-pressure-gauge_p11337.html
https://www.instrumentstrade.com/dmky-miniature-pore-water-pressure-gauge_p11337.html
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Before using pressure sensors in any application, they must be calibrated under the same
conditions as their intended use, and it is important that the sensors are recalibrated periodically
to check their response under external loading. Usually, earth pressure cells are calibrated under
a uniform loading condition, called fluid calibration, where a special type of arrangement is used
to apply oil pressure only over a cell’s sensing area, and this type of calibration is done by the
manufacturers [57]. Pressure applied to calibrate the sensor is ideally conducted in two cycles of
amplitude (loading/unloading). It requires good linearity and a small difference in sensor response
between charge and discharge (hysteresis).

In this work, a graduated column of water was used to calibrate the sensors used in the
experimental tests. The water pressure on the sensors is calculated by multiplying the unit weight of
the water by the height of the column. To calibrate the sensors used, they were fixed to a horizontal
plate holding a vertical ruler within a deep-water tank to measure the water column (Figure 2).
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Figure 2. Experimental protocol and arrangement: (a) strain gauge data acquisition system
(20 channels), (b) all pressure sensors used are installed on a plate before calibration, (c) pressure
sensors attached to a plate at the base of a bucket for the calibration, (d) calibration procedure of
the pressure sensors using water, and (e) dimensions of the model and the different locations of the
pressure sensors.

The pressure recorded by the sensors was compared to the pressure of the water column inside
the bucket. A calibration factor was calculated for each sensor to correct the pressure measurement.
A valve was installed at the base of the tank to empty the water. This procedure allows the pressure
on the sensors to increase and decrease during calibration. Appendix A shows the calibration of the
sensors by pouring water until 71 cm height, and the results were satisfactory (pwater = γw × hw =

9.81 kN/m3
× 0.71 m = 6.96 ≈ 7.0 kPa).
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The sensors were positioned at various locations to measure the maximum backfill pressure
(vertically and laterally) at the base of the stope and above the drift level. The barricade was also
instrumented to determine the backfill pressure (especially on the upper part), and to study the
change in stress state during drainage. Several pressure sensors were placed at the base of the model,
four sensors at the base of the stope, and two in front of the barricade. Four total earth pressure sensors,
E1 to E4 (model DMTY), were used to measure the total backfill pressure (horizontal and vertical) and
two pore water pressure sensors, W1 and W2 (model DMKY), were used to measure the water pressure.
On the second level (20 cm above the base of stope), four total earth pressure sensors (E5 to E8) and
one pore water pressure sensor (W3) were installed. Other types of total pressure sensors, E9 to E14
(model PS-D from KYOWA), have been attached to the face of the barricade to measure the backfill
pressure on the barricade (Figure 2e).

3. Material Characteristics

3.1. Mine Tailings

Figure 3a presents the grain size distribution (GSD) curve of the tailings used (LaRonde mine
tailings) for the preparation of the backfill. The GSD curve was determined on a homogenized tailing
sample using a Malvern Mastersizer S 2000® (Malvern Panalytical, Malvern, UK) laser particle analyzer.
The GSD analysis showed that about 46% of the tailings sample are finer than 20 µm (i.e., ultrafine
particles content or P20µm). The specific gravity of the tailings (Gs) was determined to be 3.32 using a
helium pycnometer (AccuPyc 1330, MicroMeritics, Norcross, GA, USA).
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Figure 3. Material characteristics: (a) grain size distribution (GSD) curve of the mine tailings sample,
(b) particles’ size distribution curves of the waste rock barricade, and (c) barricade total or bulk density
as a function of the particle size distribution curve number (from #1 to #7).

In addition, other analyses (mineralogical analysis, total sulfur, and carbon content)
were conducted. All characteristics of the mine tailings are presented in Table 2.
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Table 2. Characteristics of the mine tailings used in the experimental tests (LaRonde mine tailings).

Physical Characteristics
Mineralogical Analysis

Semi-Quantitative Mineralogical
Analysis by X-ray Diffraction

Parameter (Units) Values Mineral Values

Specific gravity, Gs
Ultrafine content P20µm (%)
D10, effective particle size (µm)
D30, size of 30 % passing (µm)
D50, average particle size (µm)
D60, size of 60 % passing (µm)
D90, size of 90 % passing (µm)
CU = D60/D10, coefficient of uniformity
CC = D30

2/(D60 × D10), coefficient of curvature
Unified Soil Classification System (USCS)

3.32
46%
4.16
11.25
21.75
29.18
76.35
7.02
1.04
ML (low plastic silt)

Quartz
Pyrite
Chamosite 1M
Paragonite 1M
Albite
Muscovite 2M 1
Orthoclase
Labradorite
An65
Microcline
Chalcopyrite
Sphalerite
Gypsum

44.84%
25.73%
4.38%
2.98%
2.10%
9.61%
1.56%
3.09%
3.66%
0.45%
0.16%
1.45%

Total sulfur analysis and carbon by induction furnace
Ctotal % p/p

(method detection limit, MDL = 0.05) 0.256 Stotal % p/p
(MDL = 0.009) 15.9

3.2. Waste Rock Barricade

It is not easy to obtain accurate gradations of waste rock. Different methods, such as sampling and
laboratory measurements, in situ determination, and image analysis of photographs (e.g., WipFragTM),
can be used to estimate the particle size distribution [58]. Typical waste rock shows a wide gradation
curve (from silt to boulders size) with a coefficient of uniformity (CU = D60/D10) of 20 or more [59,60].
The typical angle of repose of waste rock is near to 37◦ (±3◦), which may differ with the physical
characteristics of the waste rock [61]. The size of the waste rock particles can range from 75 µm to
about 10 cm and above [62]. Throughout construction phases, the design of rock waste barricades
to maintain fresh paste backfill columns must be carried out carefully (building and forming a
pile of waste rocks, compaction using a scoop equipped with a push-plate, and placement of a
shotcrete layer) [11,63]. The barricade capacity (resistance) depends on the material used, shape, sizes,
and construction quality. The materials used for the construction of the waste rock barricades are the
development of waste rocks that are also used for rockfill preparation underground. An experienced
operator needs fewer attempts to raise the material and plug the gaps between the barricade and the
gallery roof [63]. It is difficult to evaluate the strength of the waste rock barricade in the drawpoint
after the construction. In addition, little information is available on the characteristics of the waste
rock barricades (e.g., grain size distribution, shear strength, friction angle, etc.) for an appropriate
design purpose. In practice, a layer of shotcrete is used to close the top gap after the barricade
construction to avoid any risk of the backfill spill [11,63].

For this study, seven grain size distribution (GSD) curves were established, but only three
gradations (#1, #2, and #5) were presented in this paper (Figure 3b). These different proposed GSD
were based on visual and experimental observations in the laboratory in order to study the behavior,
strength, and failure mechanisms of the barricade. The barricade particle diameter varies from 0 to
8 mm in the reduced-scale model, assuming that this particle diameter varies between 0 and 400 mm
in the actual-size barricade. The GSD #1 curve represents a barricade made of fine materials (50%
smaller than 1 mm), while the GSD #5 curve represents a barricade without fine particles (minimum
diameter of 3.35 mm) and other GSDs are in between.

The volume of the trapezoidal barricade used is 1304 cm3 (25 cm base length, 7.2 cm top length,
height = width = 9 cm). The waste rock apparent dry density ranges from 1.5 to 1.9 g/cm3 (increases
with the increase in fine materials, Figure 3c).
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4. Experimental Setup and Program

Five steps are required to perform the small-scale model testing: (i) setting up the reduced-model,
the instruments, and the materials, (ii) calibrating the pressure sensors and verifying the measurements,
(iii) starting the test according to the scenario, the material properties, and backfill sequences,
(iv) measuring the induced pressures and displacements of the barricade during backfilling,
and (v) analyzing the results and varying the particles gradation of the waste rock barricade or
the backfill properties for the next test.

4.1. Setting Up the Waste Rock Barricade

Three steps were used for shaping the barricade in the drawpoint: (i) manufacturing various sizes
of trapezoidal molds for use in building barricades made of crushed waste rock, (ii) placing the mold
in the access drift (drawpoint) and then filling it with crushed waste rock (in two compacted layers,
each layer is tamped 25 times with a 600 mm-long bullet-nosed metal rod measuring 16 mm in diameter)
in accordance with a particle diameter scale factor of 1/50 (d∗ = dmodel/dprototype), and (iii) lifting the
trapezoidal mold after shaping the waste rock barricade. For some test scenarios, several thin,
transparent silicone lines are attached to the base of the drift to increase the frictional resistance of
the barricade, and to prevent the barricade from sliding. A three-dimensional (3D)-printed plastic
frame (Figure 2b) was used for attaching the pressure sensors facing the barricade. This frame contains
six sensors placed on three levels (at 2.7, 4.5, and 6.3 cm from the base of the model).

4.2. CPB Mix Design and Preparation

The required quantities of water and binder to be added to the wet tailings should be calculated
before preparing the backfill. The cemented paste backfill ingredients (water, binder, and tailings)
can be calculated after knowing the expected backfill volume (V f ) for filling the reduced scale model,
the required binder ratio (Bw), and the targeted final solid mass concentration of the CPB (Cw− f ).
The first step is to determine the specific density (ρs−t) of the tailings and their water content (wt) on
arrival at the lab. Next, the backfill mix design and proportioning can be done using several equations
(see Appendix A).

Backfill ingredients are mixed using the Hobart mixer (Figure 4a) at a low speed for about 15 min.
At the end of mixing, the backfill consistency is determined through the slump test by using the
standard Abrams’ cone. The backfill was prepared with a 70% solids percentage (except for the
final test, Cw− f = 76%) and 5% binder (general use Portland cement, or type GU) to allow proper
control and easy filling by hand. The fresh backfill is a heavy fluid-like material after mixing, and the
measured slump was about 275 mm (10.8 inches).
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After backfill preparation and shaping the barricade in the drawpoint (Figure 4b), the model is
filled with the backfill mixture (8136 cm3 volume) over a short period (approximately 5 min maximum).
The stress state of the backfill is recorded during the self-weight consolidation (Figure 4c). For the
tests conducted to study the failure mechanism of the barricade, the external loading system (piston)
is installed once the model is filled. The backfill pressure on the barricade is increased until its
collapse (failure or sliding). During this stage, the behavior of the barricade is monitored using the
high-resolution cameras.

4.3. Experimental Program

Two series of tests were performed to study the geomechanical behavior of the waste rock
barricades made up of two different particle size distributions (#1 and #5). The GSD #1 and #5
barricades were examined, and three tests on each gradation were carried out for different purposes.
The objective of the first two tests is to study the stress state during a sequential backfill placement in
two layers (Cw = 70%). The first backfill was an uncemented backfill (tailings slurry only), while the
second backfill contains 5% of Portland cement (GU). The third test was performed to study the
strength and failure mechanism of the waste rock barricade by increasing the pressure externally and
manually at the top of the stope using the hand piston. Also, only one test was conducted on the GSD
#2 to study its mechanism failure and compare it with the GSD #1 and #5. The amount of drainage
water collected was determined and the corresponding vertical or volumetric strain of the backfill due
to self-weight consolidation (settlement) were calculated.

5. Results

5.1. Stress State after the CPB Placement in the Small-Scale Model

5.1.1. Uncemented Backfill

The first test is aimed at studying the influence of the barricades’ particles gradation (GSD #1
and #5) on the stress state of an uncemented backfill (Cw = 70%) sequentially placed in two layers
(one layer every two days). The two types of sensors (TEPs and PWPs) give a pressure equivalent
to that of the overburden after the backfill placement, and then the pressures change due to the
dissipation of the pore water pressure. The backfill behaves like a heavy fluid during this short phase,
and the stress increases linearly with depth (no arching effect). The barricade is usually placed in a
dry state in the drawpoint. The barricade containing fine material (GSD #1) started drainage after it
was fully saturated, whereas, with the GSD #5 barricade (no fine material), drainage began before
full saturation.

The backfill pressures varied in the different locations in the model. It was observed that for
both barricade configurations (GSDs #1 and #5), the pore water pressure dissipates rapidly in the
middle of the stope and near the barricade (PWPs 2 and 3), compared to the pressure at the base of the
stope (PWP 1). For the GSD #1 barricade, the values of water pressures converged after the second
layer placement, while pressures for the GSD #5 barricade remained at the same interval (Figure 5).

During the sequential placement of the backfill layers, the placement of each last layer induces
an excess of PWP in this newly added layer. After the PWPs are dissipated, the stresses become
significantly lower than those calculated from the overburden, particularly near the base of the stope.
When enough time is allotted before a new layer is added, drainage leads to more pronounced
dissipation of PWP, which can then become negative (i.e., suction).

The self-weight consolidation process of a sequential filling in each newly added layer follows a
similar trend as the one observed for the instantaneous filling. The volumetric strain (εv = ∆V/V0) of
backfills of the uncemented backfill (Cw = 70%) was about 16.3% for each layer. The mixing water
bleeds to the top of the filling chamber after each backfilling installation: this step is accompanied
by consolidation and backfill settlement (Figure 6). The barricade gradually saturates, and the water
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level at the stope top drops through drainage. Although pore water pressure sensors indicate a slight
pressure and drainage stoppage after four days, the backfill near the barricade remains saturated and
can flow if additional pressure is applied. This result highlights the importance of using the binder in
the backfill, especially for the first layer.
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Figure 5. Measurement of pore water pressure of uncemented fill at three locations in the model:
(a) for the GSD #1 barricade, and (b) for the GSD #5 barricade.
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Figure 6. Uncemented backfill tests: (a) pouring of the second layer of backfill, (b) the model after
self-weight consolidation of the second layer, (c) backfill bleeding water at the top of the filling chamber
after each placement of the backfill, and (d) the state of the backfill near the barricade after four days
(two layers were continuously poured, once every two days).
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The pressure measured by the sensors attached to the base of the model decreases with
water dissipation, while the lateral sensors indicated a slight reduction in pressure after backfilling and
remained constant even with water dissipation during drainage (Figure 7). Drainage tends to reduce
these pressures and increase the frictional resistance along the walls. As drainage occurs, the phreatic
surface level (where u = 0) drops within the stope, creating an unsaturated zone in the upper part.
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Figure 7. The measurement of the backfill pressure at the base of the stope: (a) for the GSD #1 barricade,
and (b) for the GSD #5 barricade.

The pressure sensors are affected by atmospheric pressure and air entering during drainage, which
can result in negative pressures. The negative pressure value means that the atmospheric pressure
around the sensors has been reduced, maybe due to the suction development within the unsaturated
zone, compared to the pressure before the test (zero offset point). The lateral sensors used to measure
the backfill pressures in the middle of the stope also indicated a slight decrease in pressure relative
to the pore water pressure (Figure 8). This result can be attributed to the progressive increase in the
density of the fill during the self-weight consolidation process. The lateral pressure does not remain
stable for a long time during the consolidation process, where it decreases with the dissipation of pore
water pressure.

The pressure applied to the barricade after the placement of the first layer was equivalent to the
overburden pressure, then gradually dropped due to barricade saturation (Figure 9). The slope of the
decreasing pressure after the second placement of the backfill is different because the barricade has
become saturated. The barricade made of fine materials (GSD #1) slowly desaturates from top to bottom
so that after the pore water has dissipated, the pressure becomes negative. Whereas the barricade made
up of coarse materials (GSD #5) allowed air to enter once the drainage ceased. This observation showed
that the characteristics of the barricade would influence the stress state of the backfill after placement.
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Figure 8. The backfill pressure at 20 cm above the base stope: (a) for the GSD #1 barricade, and (b) for
the GSD #5 barricade.
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Figure 9. The pressure of the backfill on the barricade: (a) for the GSD #1 barricade, and (b) for the
GSD #5 barricade.
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The drainage water collected and the sensors located in front of the barricade have shown that the
barricade that does not contain fine materials (i.e., GSD #5) accelerates the drainage of the backfill water,
which rapidly reduces backfill pressure after placement (Figure 10). Two days after backfill placement,
the pore water pressure at the base of the filling chamber was reduced by 75% and was null on
the barricade.
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Figure 10. The drainage water collected during the tests.

5.1.2. Cemented Backfill

This section shows the influence of the grain size distribution of the barricades (GSD #1 and #5) on
the stress state of a cemented paste backfill containing 5% of the GU binder (Cw = 70%). The first case
for a CPB placed in a single sequence (height of the filling chamber = 76.6 cm and barricade GSD #1),
but the measurement was stopped after 5 h due to a power failure. The test presents the backfill stress
measurement only in the first few hours after placement. It seems that the pressures of the cemented
fill on the barricade have the same value after backfilling and then differ during drainage (Figure 11).
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Figure 11. The backfill pressure measurement on the upstream side of the barricade.

The sensors (PWPs and TEPs) indicated a pressure equal to that of the overburden after backfill
placement (Figure 12), except for PWPS3 (above the drift), which was slightly larger.
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Figure 12. Backfill pressure measurement: (a) at the base of the stope, and (b) at 20 cm above the base
of the stope.

A pore water sensor was placed inside the barricade (PWPS 4) to measure the water pressure
inside the barricade during drainage. The pressure measured inside the barricade increased during its
saturation to only about 6% of the pore water pressure at the base of the stope (after 5 h; Figure 13).
At the end of the CPB self-weight consolidation in the filling chamber (stope), the calculated total
volumetric strain was approximately 4.6%. This value is similar to that already observed in situ and
during column (physical model) tests [18].
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Figure 13. The pore water pressure at the base of stope (PWPS1), at 20 cm above the stope (PWPS3),
and under the barricade (PWPS4).
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The second case is a backfill placed in two sequences (one layer every two days, GSD #5 barricade).
The TEP sensors attached to the walls and on the barricade recorded an increase in pressure after
half of the day, while the PWP sensors indicated a decrease in pore water pressure (negative values,
with the suction development, near the barricade and in the stope middle (PWPS 2 and 3)). When
the second layer of backfill was placed, the PWP sensors indicated a jump in pressure values (from
negative to positive), while the TEP sensors showed a slight jump and continuing pressure increase
as the first layer. The TEP at the base of the stope did not record this pressure increase, and the pore
water pressure sensor at this location (PWPS 1) remained positive compared to those placed near the
barricade and the stope mid-height (Figure 14). These results may require further investigations, but
they can be interpreted tentatively by the cement hardening and suction development. It appears
that the drainage and the cement hydration consume the water from the backfill, which explains the
negative PWP values and the increase in pressure in the TEP sensors after several hours of the backfill
placement. These measurements can be useful only in the first few hours after backfilling because
the sensors used may be affected by several factors, such as cement hydration, suction, and chemical
attack on the sensor surfaces.
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Figure 14. Total pressure measurements: (a) The pore water pressure at the base of stope (PWPS 1),
in front of the barricade (PWPS 2), and at 20 cm above the stope (PWPS 3). (b) The total pressure at the
base of the stope. (c) The backfill pressure measurement on the upstream side of the barricade.
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5.2. Stability and Failure Mechanism of the Waste Rock Barricades

In order to study the strength and failure mechanism of the waste rock barricades during
backfilling, an uncemented backfill (water and tailings mixture with Cw = 70%) was used, assuming that
cement hydration does not play any role immediately after backfilling. Barricades with the grain
size distributions #1 and #5 were tested. The model was immediately filled up to the top of
the stope, and a manual piston was then used to apply vertical pressure until the barricade collapsed.
The barricade–backfill interaction was recorded while increasing the pressure on the barricade.
The pressure measured by all sensors (earth and pore water pressure sensors) were varied in different
locations inside the model. The test conducted on a barricade made of grain size distribution #1
showed that the fine particles prevent the backfill from penetrating into the barricade pores but seem
to give a low shear resistance (internal friction) (Supplementary, Video S1). For this type of fine-grain
configuration (d < 1 mm), a shear failure was observed when the recorded pressure, using the sensors
placed in front of the barricade, reached 120 kPa (Figure 15). Several factors can change the shear
strength of the barricade during the test, such as the degree of saturation of the barricade before the
pressure increase using the piston, the rate of pressure increase, etc. The use of the piston to apply extra
pressure strongly pushes the backfill water into the barricade pores (like an injection under pressure).Minerals 2020, 10, x FOR PEER REVIEW 17 of 23 
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Figure 15. The failure mechanism of a waste rock barricade made of GSD #1: (a) the different pressure
values in the model at failure, (b) the barricade before the failure (the top largely moved), and (c) the
barricade after the collapse.

For the second test (barricade made of GSD #5), the barricade did not contain any fine materials
(there are no particles of d < 1 mm), which allowed the backfill to penetrate into the pores of the
barricade (see Figure 16). When the backfill water reached the downstream part of the barricade,
the particles began to drift and fall (Supplementary, Video S2). It appears that the frictional resistance of
the barricade was sufficient to withstand the pressure, but the drifting of the particles gradually reduces
the resistance of the barricade to a value where the pressure can cause the collapse. The pressure at the
middle of the stope was lower than that measured in front of the barricade at failure. By comparing
this result with the previous test, it can be observed that the barricade made of the fine materials
drains slowly, which in turn accumulated the pressure in the stope middle when the piston was used.

An intermediate case, between the last two configurations, was tested (GSD #2, 30% of particles of
d < 1 mm). The barricade has shown good resistance to pressure and backfill penetration (Figure 17).
This barricade (GSD #2) has been able to withstand the same pressure as the last test (GSD #5).
The barricade did not collapse, but the backfill has been able to flow over the barricade, confirming
the need for the application of a shotcrete layer to support the downstream side of the barricade
(Supplementary, Video S3), or increasing the top length of the barricade. It should be emphasized that,
in these tests, the barricades were placed on a number of thin, transparent silicone bars that were fixed
at the base of the drift only to increase the frictional resistance between the barricade and the drift.
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Future tests are needed to confirm the results by using rough and homogeneous interior surfaces to
study the behavior of the barricade.
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Figure 16. The failure mechanism of a barricade made of GSD #5: (a) the different pressure values in
the model at failure, (b) the barricade before the failure, (c) the hand piston pushes water from the
backfill into the pores of the barricade, and (d) the barricade after using the hand piston.
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Figure 17. Failure mechanism of a barricade made of the GSD #2: (a) after the filling, (b) during the
increase of the pressure using the hand piston, and (c) at failure (at the end of the test).

6. Concluding Remarks

The results obtained on the small-scale model demonstrated that: (i) the stability of a waste rock
barricade depends upon numerous factors, such as the waste rock particles gradation and degree
of compaction, as well as the frictional resistance between the barricade and the drawpoint sidewalls,
and (ii) for two different types of backfill, cemented and uncemented with 70% of solid, the volumetric
strain due to self-weight consolidation of the backfill was 4.5% and 16%, respectively. The consequence
of these observations is that a progressive backfilling of the stopes is preferable to dissipate the pore
water pressure and to ensure the stability of the barricade.

The use of cameras, as well as other remote monitoring devices, should be considered to supervise
the quality of barricades, breather pipes, and paste backfill inlet pipes. The use of binder in the
backfilling of the first layer (in the plug), the sprayed concrete layer (behind and around the barricade),
and the barricade compaction are essential issues in backfilling operations.

The results presented here have helped to better understand the behavior of waste rock
barricades and backfills’ (cemented or uncemented) interaction in a stope. Although these analyses
are based on several simplified assumptions, it is desirable to improve future work by using a
more realistic filling rate, other types of barricades, and rough inner plexiglass surfaces for the
small-scale model. The interior walls of the model will be provided with the appropriate roughness to
represent the interface friction of the rock walls. This study will be pursued in different directions:
(i) experimental tests on the same reduced model but using high-quality soil pressure transducers
(BEC-A 200 kPa, KYOWA), and on an intermediate scale model to study the scale effects and validate
the results, (ii) numerical modeling using SIGMA/W code in GeoStudio 2021 suite (version 11.0.1.21429,
GEOSLOPE International Ltd., Calgary, AB, Canada), and (iii) a review of previous in situ studies to
be compared to the experimental and numerical parts.
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Appendix A. Pressure Sensors’ Calibration Using Water

The figures below present the calibration of the sensors of pressure used in the experimental tests.
These sensors were calibrated before each test (in loading/discharging) to check the hysteresis of the
sensor and correct the calibration factor.
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Figure A1. Calibration of the pore water pressure sensors (DMKY).
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Figure A2. Calibration of the sensors of the total earth pressure (DMTY).
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Figure A3. Calibration of the sensors of the total earth pressure at the face of the barricade (PS-D).

Appendix A. Cemented Paste Backfill Preparation

The required total mass of dry tailings (Mt) in the backfill mixture is given by:

Mt =
M f

1 + w f

[ 1
1 + Bw

]
(A1)

where M f = the fill mass (g or kg), w f = the fill water content (decimal; wf = [1/Cw-f − 1]), and Bw =

(Mbinder/Mtailings = Mb/Mt) = the binder rate used (in decimal).
The final solid mass concentration, Cw-f, of backfill is given as follows:

Cw− f =
Mt + Mb

M f
(A2)

The fill mass to be placed in the model is given as follows:

M f = V f × ρh− f (A3)

where ρh− f = ulk or wet density of the fill that is given by the following relationship:

ρh− f =

[Cw− f

ρs− f
+

1−Cw− f

ρw

]−1

(A4)

where Cw− f is in decimal, ρw = density of water (1 g/cm3), and ρs− f = the specific density of the
backfill which is given as follows:

ρs− f = (1 + Bw)

[
1
ρs−t

+
Bw

ρs−b

]−1

(A5)

where ρs−t is the specific density of the tailings solid grains (in g/cm3 or kg/m3) and ρs−b is the specific
density of the binder solid grains.

In mine backfill practice, several types of binding agents are used, but the most common is
general use Portland cement (GU), which is usually fractionally replaced by mineral additives with
pozzolanic effects, such as fly ash (FA) and smelter ground granulated blast furnace slags (GGBFS) [4].
In this case, the binder solid grains density (ρs−b) is given as follows:

ρs−b =

[
p1

ρs−GU
+

p2
ρs−FA

+
p3

ρs−GGBFS
+ . . .

]−1

(A6)

where p = the proportion of each binder component (1, 2, 3, . . . ).
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The mass of binder (Mb) is given as follows:

Mb = Bw ×Mt (A7)

To achieve a final target value of Cw-f, the total amount of water in the backfill mixture (Mw) is
given as follows:

Mw =

(
1

Cw− f
− 1

)
(Mt + Mb) = M f − (Mt + Mb) (A8)

Taking into account the amount of water already present in the tailings before the
backfill preparation, the amount of water that should be added to the mixture (Mw−add) is given
in the following relationship:

Mw−add = Mw −Mt ×wt (A9)

At the beginning of the backfill preparation, the water and the binder are first mixed to obtain a
slurry before progressively adding the wet tailings (Mt-wet = Mt (1 + wt)).
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