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Abstract: This study aims to develop a novel mine backfill material called foam mine fill (FMF).
A cellular structure is achieved by incorporating a premade foam into the backfill mixture using
an air-entraining agent. FMF samples were prepared with copper-nickel mine tailings and normal
Portland cement. Experiments were designed to investigate the effect of binder dosage, volume
of entrained air, and foam mixing time on FMF unconfined compressive strength (UCS) and dry
density. Moreover, a qualitative microscopic assessment investigated the effect of foam mixing
time on air bubble structure. The pore size distribution and porosity of selected samples were
investigated through mercury intrusion porosimetry. Relative to reference samples without entrained
air, the UCS of FMF samples was 20–50% lower. However, the concomitant lower dry density (by up
to 360 kg/m3) could enhance the safety of the underground working environment, especially in
underhand cut-and-fill mining where miners and machinery work beneath the backfilled stope,
and lower-density fill material would minimize the adverse effects of potential backfill failure.
Prolonged foam mixing time led to a significant loss in UCS and total collapse of the air bubble
structure. Other potential applications for FMF are areas where there are tailings shortages and as an
alternative to hydraulic fill.
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1. Introduction

Backfilling in underground stopes is practiced by many mines around the world for environmental,
technical, and economic reasons. In general, the objectives of mine backfilling are to: Reduce tailings
storage on the surface by up to 50% and, thus, tailings exposure to the environment [1]; stabilize
underground operations; and maximize the volume of ore recovered [2,3]. Mine tailings are waste
products generated from mineral processing plants during ore concentration. The physical and
chemical properties of mine tailings can influence the mechanical properties of mine backfill and
should be considered in backfill design [4]. For example, mine tailings containing sulfide minerals
such as pyrite (FeS2) are susceptible to sulfate attack, whereby ettringite formation causes expansion
that reduces the backfill unconfined compressive strength (UCS) over the long term [5]. Binders
(typically cement) are added at low concentration (2–8 wt.% of dry materials) to enhance the mechanical
properties of the backfill mixture [4,5]. Supplementary cementitious materials such as pozzolans
(e.g., blast furnace slag and fly ash) often partially replace cement to protect backfill prone to sulfate
attack [5,6]. Moreover, the use of pozzolanic materials minimizes binder costs, which can range from
40 to 80% of operational costs in backfill plants. Many industrial wastes have pozzolanic characteristics
and are readily available at low cost [3,6–8].
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The three main types of mine backfill materials are hydraulic fill (HF), paste fill (PF), and rock fill
(RF). HF typically has a solids concentration of 60–75% by weight. Water is used to transport HF to
underground stopes through pipelines and for cement hydration [8]. Therefore, excess water must
be removed underground because inefficient drainage can pose high risk to miners and lead to fill
liquefaction or barricade failure [7,9]. PF is made with fine particles (at least 50% passing 20 µm);
thus, it has low permeability and behaves as a non-segregating slurry [7,10]. The higher solid content
and lower water content of PF (75–85% by weight) may require the use of a superplasticizer or a
high-range water reducer to ensure workable paste suitable for transportation through pipelines [11].
RF uses larger particles from waste rocks (typically ~16 mm) and is delivered underground through
boreholes where it may be mixed with cement slurry, depending on strength requirements [10]. RF has
several disadvantages such as the use of heavy equipment to transport crushed rock and the presence
of larger voids, which may increase binder consumption to ensure fill competence [10].

As part of an ongoing research program to overcome the shortcomings associated with conventional
mine backfill materials, this paper describes the development of a novel mine backfill called foam
mine fill (FMF), building upon preliminary work by the authors that demonstrated the feasibility of
FMF [12–15]. The concept of FMF is very similar to cellular concrete. A premade foam is added to the
backfill mixture to increase the porosity and lower the density. An air-entraining (foaming) agent and a
foam generator are required to produce micrometer-scale air bubbles. The foaming agent is a surfactant
that facilitates bubble creation by reducing the surface tension of water. Each surfactant molecule
consists of a hydrophilic polar head and a hydrophobic nonpolar tail [16]. Most foaming agents are
designed to be negatively charged in order to be electrostatically attracted to the positively charged
cement particles [17]. The two main types of foaming agents are protein-based and synthetic-based.
The use of protein-based agents results in closely spaced air bubbles with a cellular structure, whereas
synthetic-based agents expand the cellular structure, resulting in a lower density [18,19]. Protein-
and synthetic-based foaming agents are typically diluted with water to a specified volumetric ratio
and added to the foam machine, where air bubbles are generated with the help of an air compressor.
The entrained air voids—sometimes called macropores—can range in size from 50 µm to 1 mm [20].
They occupy up to 70% of the total volume of cellular concrete, resulting in a versatile material
that can be used in several civil applications such as void filling, thermal insulation, wall casting,
and screed floors [19,21]. Cellular concrete is highly flowable and self-compacted, with densities of
400–1800 kg/m3 [22]. The 28 days unconfined compressive strength (UCS) of cellular concrete can
range from 0.43 to 43 MPa [23]. UCS is a key mechanical property for mine backfill. For example,
in underhand cut-and-fill mining, a UCS of 1 MPa after 28 days is required to maintain ground
stability [8].

Therefore, the advantageous physical and mechanical properties of cellular concrete triggered
this research program to investigate the potential development of FMF for application to underground
mines. The purpose of this study is to investigate the effect of: (1) Binder dosage and amount of air
entrained on the UCS of FMF; (2) amount of air entrained on dry densities and pore size distribution of
FMF; and (3) foam mixing time on the UCS, dry densities, and air bubble structure of FMF. Finally,
the results from this study will be used to explore the potential use of FMF in mine backfilling
applications and provide guidelines for further research in this field.

2. Experimental Materials

2.1. Mine Tailings

The tailings used in this study were provided by a copper-nickel mine in Canada where HF is
used as backfill at a solids concentration of 70 wt.%. The tailings mineralogy provided by the mine is
shown in Table 1. The tailings particle size distribution (Figure 1) was determined using a combination
of dry and wet sieving. A sample was oven-dried for 24 h at 100 ± 5 ◦C and sieved according to ASTM
C136/C136M-19 (ASTM International, 2019), and particles <75 µm were then wet sieved according
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to ASTM C117-17 (ASTM International, 2017). The physical properties of the tailings are shown in
Table 2. Based on the coefficients of uniformity (Cu) and curvature (Cc), the tailings are poorly graded.
Scanning electron micrographs show that the tailings particles have an angular shape and rough
surface texture (Figure 2).

Table 1. Experimental tailings mineralogy (% by weight).

Quartz Anorthite Albite Actinolite Biotite Muscovite Calcite Chlorite Pyrrhotite

21.53 21.08 18.69 10.27 8.38 6.07 5.78 4.27 2.32
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Figure 1. Particle size distribution of the experimental tailings [15].

Table 2. Physical properties of experimental tailings.

Color Specific Gravity D10
(µm)

D30
(µm)

D50
(µm)

D60
(µm)

D90
(µm) Cu

1 Cc
2

Grey 2.90 60.76 97.46 149.63 187.73 346.29 3.09 0.83
1 Cu = D60/D10; 2 Cc = (D30)2/(D10 × D60).
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Figure 2. Scanning electron micrograph of the experimental mine tailings at 456×magnification [15].

2.2. Binder

A general use cement with a specific gravity of 3.15 and a specific surface area of 3710 cm2/g was
used to prepare the FMF samples. The chemical composition of the cement was determined using
X-ray fluorescence analysis (Table 3).

Table 3. Chemical composition of general use cement (wt.%).

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3

19.39 4.61 2.01 61.13 3.30 0.71 2.03 2.27
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2.3. Water

Backfill can be prepared using water from different sources such as lakes, municipal drinking water
supplies, or processing plants [24,25]. Compounds in the water can affect both the yield stress of the
backfill and cement hydration. For example, Mahlaba et al. reported that using a salty brine decreased
the workability for a given binder content [26]. Further, elevated dissolved calcium (480 mg/L) and
magnesium (280 mg/L) concentrations have been found to contribute to the formation of hydration
products during cement hydration [27]. In this study, samples were prepared using tap water from the
Montreal region with a pH of 7.4. Table 4 summarizes the average content of the dissolved salts in the
tap water used in this study.

Table 4. Chemical composition of the tap water used to prepare backfill (mg/L) [28].

Chlorides
Cl

Sulfates
SO42−

Nitrites + Nitrates
NO2− + NO3−

Sodium
Na+

Calcium
Ca2+

Potassium
K+

Magnesium
Mg2+

26.88 24.15 0.26 14.57 30.97 1.50 7.88

2.4. Foaming Agent and Foam Generator

The goal in choosing a foaming agent is to achieve evenly distributed air bubbles throughout the
FMF [13]. The Stable Air® system (Vatne Concrete Systems Ltd., Beaconsfield, QC, Canada) consists of
two components: The foaming agent and the foaming machine. The foaming agent is a proprietary
admixture of synthetic materials designed to comply with ASTM C260/C260M-10a and C869/C869M-11
(ASTM International, 2016a, 2016b). Table 5 summarizes the properties of the foaming agent.

Table 5. Properties of Stable Air® foaming agent.

Solubility in Water Specific Gravity Odor Form Color pH

100% 1.1 Organic Liquid Brown 8

The portable foaming machine (Model M100) has an air output of 0.0047–0.0057 m3/s,
a programmable digital timer, and water and air pressure gauges (Figure 3). To obtain the desired foam
consistency (density 69 kg/m3) per the manufacturer’s recommendation, the foaming agent is poured
into the tank inside the machine, which is then connected to a water supply with a hose to achieve a
water pressure of 0.48 MPa (70 psi). The water is used to dilute the foaming agent at a volumetric ratio
of 1:120 (i.e., 1 L foaming agent to 120 L water). The machine is also connected to an air compressor to
supply an air pressure of 0.38 MPa (55 psi). The blend of foaming agent, water, and compressed air
generates the foam with a cellular structure to be incorporated into the backfill mixture.
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2.5. FMF Composition

The FMF composition was calculated using Equations (1)–(4):

Binder dosage (%) =
MB

MB + MT
(1)

Solids concentration (%) =
MB + MT

MB + MT + MW
(2)

Volume of foam
(
m3
)
= VT ×Ae (3)

Mass of foam (g) = V f oam × ρ f oam (4)

where MB, MT, and MW are the mass of binder, tailings, and water, respectively (g), VT is the targeted
total volume of backfill (m3), Ae is the desired percentage of entrained air, Vfoam is the foam volume,
and ρfoam is the foam density (69 kg/m3). The binder dosage and solid concentration were simply
calculated on a mass basis, as shown in Equations (1) and (2). The mass of foam to be added to the
mixture was calculated using Equation (4) because it is not practical to add the foam by volume. Thus,
it was necessary to predetermine the targeted Vt and Ae to calculate Vf using Equation (3).

2.6. Experimental Design

The solids concentration in all mixtures was held at 78% (Table 6) because the foam tended to
segregate when the slurry was thin (solids concentration < 78%), and air bubbles tended to collapse
when the mixture was too stiff (solids concentration > 78%). The foam mixing time was also held
constant at 2 min unless it was varied in selected samples, to investigate the effect of foam mixing time.
The binder dosage and the amount of air entrained were varied at three levels each. Samples with 0%
entrained air served as reference samples.

Table 6. Foam mine fill (FMF) mixtures tested.

Mixture ID Solids Concentration
(%)

Binder Dosage
(%)

Volume of Entrained Air
(%)

Foam Mixing Time
(Min)

5B0A 78 5 0 -
5B10A-2M 78 5 10 2
5B20A-2M 78 5 20 2

7B0A 78 7 0 -
7B10A-2M 78 7 10 2
7B20A-2M 78 7 20 2

9B0A 78 9 0 -
9B10A-2M 78 9 10 2
9B20A-2M 78 9 20 2

2.7. Sample Preparation

FMF samples were prepared using a KitchenAid® 5 Professional Plus Series mixer with a 4.73 L
stainless steel bowl (Figure 4a). Mixing was done in three stages (Figure 4b):

1. Tailings and binder were mixed for 2 min at 75 rpm.
2. Water was gradually added and the slurry mixed at 75 rpm for 5 min to obtain a homogeneous slurry.
3. Premade foam was added to the slurry and mixed for 2 min at 58 rpm. The lower mixing speed

prevented the air bubble breakage observed at higher mixing speed.

The final mixture was cast into 50.8 × 101.6 mm, single-use plastic molds that comply with ASTM
C31/C31M-19a (ASTM International, 2019) (Figure 4c).
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A total of 144 samples were prepared (Table 7). For UCS testing, 9 molds were prepared for
each mixture design and cured in a curing chamber (Figure 5) for 7, 14, and 28 days at 25 ± 2 ◦C and
90 ± 2% relative humidity to simulate underground conditions (Table 7). Additional samples were
prepared to evaluate the effect of foam mixing time on UCS, dry density, and air bubble structure
after 28 days of curing. Pilot testing showed that the optimal foam mixing time to obtain consistent
mixtures for the experimental batch volumes was 2 min. It has been reported in the literature that
prolonged mixing can lead to loss of air content in foam concrete [29,30]. However, foam concrete
is usually mixed inside a concrete drum mixer unlike this study, where FMF was mixed with a flat
beater blade (Figure 4a). In step 3 above, triplicate samples were prepared for UCS testing and for
dry density testing by mixing foam for 5, 8, 15, 25, and 45 min (ID 9B20A-5M, -8M, -15M, -25M, -45M,
respectively; Table 7). For mercury intrusion porosimetry (MIP) tests, two additional molds were
prepared for mixtures 9B0A and 9B20A-2M.

Table 7. Number of FMF samples prepared for each test.

Mixture ID UCS
(7 Days)

UCS
(14 Days)

UCS
(28 Days)

Dry Density
(28 Days)

MIP
(28 Days)

Microscopic Analysis
(28 Days)

5B0A 3 3 3 3 - -
5B10A-2M 3 3 3 3 - -
5B20A-2M 3 3 3 3 - -

7B0A 3 3 3 3 - -
7B10A-2M 3 3 3 3 - -
7B20A-2M 3 3 3 3 - -

9B0A 3 3 3 3 1 -
9B10A-2M 3 3 3 3 - -
9B20A-2M 3 3 3 3 1 1
9B20A-5M 3 3 - -
9B20A-8M - - 3 3 - 1
9B20A-15M - - 3 3 - -
9B20A-25M - - 3 3 - 1
9B20A-45M - - 3 3 - 1

Total 27 27 42 42 2 4
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3. Testing Methods

3.1. Unconfined Compressive Strength Test

To conduct UCS tests, samples were extruded from the molds using air pressure. The tops of the
samples were trimmed to obtain flat surfaces (Figure 6). Sample height and diameter were measured
using a Vernier caliper to an accuracy of 0.01 mm. All samples met the height-to-diameter ratio of 2:1
to 2.5:1 in accordance with ASTM D2166/D2166M-16 (ASTM International 2016c).
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Figure 6. Trimmed samples of FMF.

UCS tests were conducted after ASTM D2166/D2166M-16 (ASTM International 2016c) using the
Wykeham Farrance 100 kN stepless loading machine equipped with a 50 kN load cell and linear
variable displacement transducer for axial deformation measurement (Figure 7). The loading rate was
1 mm/min. On curing days 7, 14 and 28, the test was conducted on triplicate samples for each of the
nine mixtures listed in Table 5, and the mean UCS was calculated for each mixture each day.
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3.2. Mercury Intrusion Porosimetry Test

The MIP test is a widely accepted test to characterize the pore structure of cement-based materials
such as cement pastes, mortars, and concretes [31]. It is a suitable method to characterize pores greater
than 5 nm [20]. Briefly, the MIP test involves forcing mercury at high pressure into the test material
using a porosimeter. The pressure required to overcome the surface tension of the liquid and force the
liquid into a pore provides an indicator of pore size. Equation (5) developed by Edward W. Washburn
in 1921 was used to calculate pore radius [32]:

Pore radius (µm) = −
2γcosϕ

P
(5)

where γ is the surface tension of mercury (485.5 mN/m), ϕ is the mean contact angle of mercury (140◦),
and P is the pressure exerted (Pa).

Two samples were chosen for the MIP test: 0% and 20% entrained air with 9% binder (9B0A and
9B20A, respectively; Table 7). To conduct the test, a small sample was loaded into a model 920-61711-00
penetrometer (Figure 8a), and the penetrometer was then loaded onto a Micromeritics 9320 Poresizer®

machine (Figure 8b).
Once the test was started, mercury was forced to intrude into the sample as the pressure increased

until the sample was saturated. The unit was equipped with a data acquisition system. Readings were
recorded and transferred to Microsoft Excel for analysis.

Minerals 2020, 10, x FOR PEER REVIEW 8 of 16 

 

was 1 mm/min. On curing days 7, 14 and 28, the test was conducted on triplicate samples for each of 
the nine mixtures listed in Table 5, and the mean UCS was calculated for each mixture each day. 

 
Figure 7. Experimental setup for unconfined compressive strength test showing linear variable 
displacement transducer (LVDT) for axial deformation measurement. 

3.2. Mercury Intrusion Porosimetry Test 

The MIP test is a widely accepted test to characterize the pore structure of cement-based 
materials such as cement pastes, mortars, and concretes [31]. It is a suitable method to characterize 
pores greater than 5 nm [20]. Briefly, the MIP test involves forcing mercury at high pressure into the 
test material using a porosimeter. The pressure required to overcome the surface tension of the liquid 
and force the liquid into a pore provides an indicator of pore size. Equation (5) developed by Edward 
W. Washburn in 1921 was used to calculate pore radius [32]: 

Pore radius (μm) =    (5)

where 𝛾 is the surface tension of mercury (485.5 mN/m), 𝜑 is the mean contact angle of mercury 
(140°), and P is the pressure exerted (Pa). 

Two samples were chosen for the MIP test: 0% and 20% entrained air with 9% binder (9B0A and 
9B20A, respectively; Table 7). To conduct the test, a small sample was loaded into a model 920-61711-
00 penetrometer (Figure 8a), and the penetrometer was then loaded onto a Micromeritics 9320 
Poresizer® machine (Figure 8b). 

  
(a) (b) 

Figure 8. Mercury intrusion porosimetry test: (a) A sample loaded into the penetrometer, and (b) test 
setup with Micromeritics 9320 Poresizer. 

LVDT 

Figure 8. Mercury intrusion porosimetry test: (a) A sample loaded into the penetrometer, and (b) test
setup with Micromeritics 9320 Poresizer.



Minerals 2020, 10, 564 9 of 16

3.3. Dry Density

To analyze the effect of air entrainment, triplicate samples were oven-dried overnight at 100 ± 5 ◦C
and weighed. Sample heights and diameters were measured with a Vernier caliper to an accuracy of
0.01 mm. The dry density was calculated by dividing the sample dry weight by the cylinder volume.

3.4. Microscopic Analysis

To investigate the effect of foam mixing time on the evolution of air bubbles, samples subjected to
foam mixing times of 2, 8, 25 and 45 min were thin-sectioned (24 mm wide × 46 mm long × 30 µm
thick) to visualize air bubbles under a Celectron® digital microscope II with a built-in 5 megapixel
camera and a magnification of 40× (Figures 9 and 10).

Minerals 2020, 10, x FOR PEER REVIEW 9 of 16 

 

Once the test was started, mercury was forced to intrude into the sample as the pressure 
increased until the sample was saturated. The unit was equipped with a data acquisition system. 
Readings were recorded and transferred to Microsoft Excel for analysis. 

3.3. Dry Density 

To analyze the effect of air entrainment, triplicate samples were oven-dried overnight at 100 ± 5 °C 
and weighed. Sample heights and diameters were measured with a Vernier caliper to an accuracy of 
0.01 mm. The dry density was calculated by dividing the sample dry weight by the cylinder volume. 

3.4. Microscopic Analysis 

To investigate the effect of foam mixing time on the evolution of air bubbles, samples subjected 
to foam mixing times of 2, 8, 25 and 45 min were thin-sectioned (24 mm wide × 46 mm long × 30 μm 
thick) to visualize air bubbles under a Celectron® digital microscope II with a built-in 5 megapixel 
camera and a magnification of 40× (Figures 9 and 10). 

 
Figure 9. Thin sections of selected samples. 

 
Figure 10. Experimental setup for microscopic investigation. 

4. Results and Discussion 

4.1. Unconfined Compressive Strength 

Binder dosage and air entrainment had opposing effects on UCS. Increasing the binder dosage 
from 5 to 9% led to a higher UCS, but increasing the air entrained from 0 to 20% led to a lower UCS 
(Figure 11). Thus, the highest UCS (2.1 MPa) was achieved on samples containing 9% binder and 0% 

Figure 9. Thin sections of selected samples.

Minerals 2020, 10, x FOR PEER REVIEW 9 of 16 

 

Once the test was started, mercury was forced to intrude into the sample as the pressure 
increased until the sample was saturated. The unit was equipped with a data acquisition system. 
Readings were recorded and transferred to Microsoft Excel for analysis. 

3.3. Dry Density 

To analyze the effect of air entrainment, triplicate samples were oven-dried overnight at 100 ± 5 °C 
and weighed. Sample heights and diameters were measured with a Vernier caliper to an accuracy of 
0.01 mm. The dry density was calculated by dividing the sample dry weight by the cylinder volume. 

3.4. Microscopic Analysis 

To investigate the effect of foam mixing time on the evolution of air bubbles, samples subjected 
to foam mixing times of 2, 8, 25 and 45 min were thin-sectioned (24 mm wide × 46 mm long × 30 μm 
thick) to visualize air bubbles under a Celectron® digital microscope II with a built-in 5 megapixel 
camera and a magnification of 40× (Figures 9 and 10). 

 
Figure 9. Thin sections of selected samples. 

 
Figure 10. Experimental setup for microscopic investigation. 

4. Results and Discussion 

4.1. Unconfined Compressive Strength 

Binder dosage and air entrainment had opposing effects on UCS. Increasing the binder dosage 
from 5 to 9% led to a higher UCS, but increasing the air entrained from 0 to 20% led to a lower UCS 
(Figure 11). Thus, the highest UCS (2.1 MPa) was achieved on samples containing 9% binder and 0% 

Figure 10. Experimental setup for microscopic investigation.

4. Results and Discussion

4.1. Unconfined Compressive Strength

Binder dosage and air entrainment had opposing effects on UCS. Increasing the binder dosage
from 5 to 9% led to a higher UCS, but increasing the air entrained from 0 to 20% led to a lower UCS
(Figure 11). Thus, the highest UCS (2.1 MPa) was achieved on samples containing 9% binder and 0%
air entrainment after 28 days of curing (Figure 11). More hydration products are formed at higher
binder content [24]. The UCS increased with curing time from 7 to 28 days across all nine mixtures
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(Figure 11). This is expected because of the progressive formation of cement hydration products as
curing proceeds.
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Figure 11. Unconfined compressive strength for cylindrical FMF samples prepared with 10 and 20% air
entrainment compared to reference samples with 0% air entrainment.

Closer examination of samples cured for 28 days shows that the negative relationship between
UCS and entrained air is not linear (Figure 12). This phenomenon can be explained by the fact
that air entrainment can also enhance dispersion of cement grains through electrostatic and steric
repulsion [33]. Cement grains tend to agglomerate in response to van der Waals forces once water is
added to the mixture [33]. However, once a chemical admixture with a plasticizing effect is added,
agglomerated cement grains disperse [34–36]. The foaming agent is considered to have a plasticizing
effect because it contains surfactant molecules. The hydrophilic heads of the surfactant molecules
adsorb onto the cement grains, resulting in the formation of a charged layer, while the hydrophobic
tails increase the hydrophobicity of the cement grains [37]. The cement grains are dispersed because of
electrostatic repulsion caused by the charged layer. This action helps to improve the flowability of the
mine backfilling material and facilitate its transport through pipelines.
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Figure 12. Unconfined compressive strength versus amount of entrained air for FMF samples prepared
at three binder dosages and cured for 28 days.
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The UCS of FMF samples decreased exponentially as foam mixing time increased (Figure 13).
For example, the UCS value dropped considerably from 1.1 MPa for the 2 min mix to 0.3 MPa in the
45 min mix (Figure 13). Moreover, the densities decreased linearly from approximately 1600 kg/m3

for the 2 min mix to about 1250 kg/m3 in the 45 min mix. This means that as the foam mixing time
increases, the samples become more porous and, hence, density and UCS decrease. This will be further
investigated in Section 4.4.

Minerals 2020, 10, x FOR PEER REVIEW 11 of 16 

 

The UCS of FMF samples decreased exponentially as foam mixing time increased (Figure 13). 
For example, the UCS value dropped considerably from 1.1 MPa for the 2 min mix to 0.3 MPa in the 
45 min mix (Figure 13). Moreover, the densities decreased linearly from approximately 1600 kg/m3 
for the 2 min mix to about 1250 kg/m3 in the 45 min mix. This means that as the foam mixing time 
increases, the samples become more porous and, hence, density and UCS decrease. This will be 
further investigated in Section 4.4. 

 
Figure 13. Effect of mixing time on the unconfined compressive strength (UCS) of FMF samples 
prepared using 9% binder and 20% entrained air. 

4.2. Porosity 

The pore size distribution and porosity of FMF prepared with 9% binder were strongly 
influenced by the volume of entrained air. If air entrainment was 0%, the samples had a high 
frequency of pore sizes between 1 and 10 μm (Figure 14a), but at 20% air entrainment, samples had 
a high frequency of pore sizes between 1 and 50 μm. The total porosity was higher for the sample 
with 20% entrained air (41%) than 0% entrained air (32%; Figure 14b). This difference in porosity 
explains the lower mean UCS for sample 9B20A-2M (1.06 MPa) relative to sample 9B0A (2.13 MPa). 
It should be noted that MIP may have underestimated the porosity by failing to capture pore sizes 
larger than the threshold diameter (i.e., at which mercury started intruding the samples) shown as a 
vertical line in Figure 14b. Regardless, MIP is still considered an acceptable test to characterize the 
pore structure of cement-based materials. 

  

(a) (b) 

Figure 14. (a) Volume of mercury intruded and (b) cumulative porosity of FMF samples containing 
9% binder and 20 or 0% entrained air. 

0 10 20 30 40 50
0.0

0.5

1.0

1.5

Foam mixing time (min)

28
 D

ay
s U

C
S 

(M
Pa

)

R2 = 0.9699

y = -0.233 ln(x) + 1.1787

0.001 0.01 0.1 1 10 100 1000
0.0

0.1

0.2

0.3

0.4

0.5

Pore diameter (μm)

Vo
lu

m
e 

of
 m

er
cu

ry
 in

tru
de

d 
(m

l/
g)

 9B20A2M

9B0A

0.001 0.01 0.1 1 10 100 1000
0

10

20

30

40

50

Pore diameter (μm)

C
um

ul
at

iv
e 

po
ro

sit
y 

(%
)

9B20A2M

9B0A

Threshold diameter 

Figure 13. Effect of mixing time on the unconfined compressive strength (UCS) of FMF samples
prepared using 9% binder and 20% entrained air.

4.2. Porosity

The pore size distribution and porosity of FMF prepared with 9% binder were strongly influenced
by the volume of entrained air. If air entrainment was 0%, the samples had a high frequency of pore
sizes between 1 and 10 µm (Figure 14a), but at 20% air entrainment, samples had a high frequency of
pore sizes between 1 and 50 µm. The total porosity was higher for the sample with 20% entrained air
(41%) than 0% entrained air (32%; Figure 14b). This difference in porosity explains the lower mean UCS
for sample 9B20A-2M (1.06 MPa) relative to sample 9B0A (2.13 MPa). It should be noted that MIP may
have underestimated the porosity by failing to capture pore sizes larger than the threshold diameter
(i.e., at which mercury started intruding the samples) shown as a vertical line in Figure 14b. Regardless,
MIP is still considered an acceptable test to characterize the pore structure of cement-based materials.

Minerals 2020, 10, x FOR PEER REVIEW 11 of 16 

 

The UCS of FMF samples decreased exponentially as foam mixing time increased (Figure 13). 
For example, the UCS value dropped considerably from 1.1 MPa for the 2 min mix to 0.3 MPa in the 
45 min mix (Figure 13). Moreover, the densities decreased linearly from approximately 1600 kg/m3 
for the 2 min mix to about 1250 kg/m3 in the 45 min mix. This means that as the foam mixing time 
increases, the samples become more porous and, hence, density and UCS decrease. This will be 
further investigated in Section 4.4. 

 
Figure 13. Effect of mixing time on the unconfined compressive strength (UCS) of FMF samples 
prepared using 9% binder and 20% entrained air. 

4.2. Porosity 

The pore size distribution and porosity of FMF prepared with 9% binder were strongly 
influenced by the volume of entrained air. If air entrainment was 0%, the samples had a high 
frequency of pore sizes between 1 and 10 μm (Figure 14a), but at 20% air entrainment, samples had 
a high frequency of pore sizes between 1 and 50 μm. The total porosity was higher for the sample 
with 20% entrained air (41%) than 0% entrained air (32%; Figure 14b). This difference in porosity 
explains the lower mean UCS for sample 9B20A-2M (1.06 MPa) relative to sample 9B0A (2.13 MPa). 
It should be noted that MIP may have underestimated the porosity by failing to capture pore sizes 
larger than the threshold diameter (i.e., at which mercury started intruding the samples) shown as a 
vertical line in Figure 14b. Regardless, MIP is still considered an acceptable test to characterize the 
pore structure of cement-based materials. 

  

(a) (b) 

Figure 14. (a) Volume of mercury intruded and (b) cumulative porosity of FMF samples containing 
9% binder and 20 or 0% entrained air. 

0 10 20 30 40 50
0.0

0.5

1.0

1.5

Foam mixing time (min)

28
 D

ay
s U

C
S 

(M
Pa

)

R2 = 0.9699

y = -0.233 ln(x) + 1.1787

0.001 0.01 0.1 1 10 100 1000
0.0

0.1

0.2

0.3

0.4

0.5

Pore diameter (μm)

Vo
lu

m
e 

of
 m

er
cu

ry
 in

tru
de

d 
(m

l/
g)

 9B20A2M

9B0A

0.001 0.01 0.1 1 10 100 1000
0

10

20

30

40

50

Pore diameter (μm)

C
um

ul
at

iv
e 

po
ro

sit
y 

(%
)

9B20A2M

9B0A

Threshold diameter 

Figure 14. (a) Volume of mercury intruded and (b) cumulative porosity of FMF samples containing 9%
binder and 20 or 0% entrained air.
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4.3. Dry Densities

Higher amounts of entrained air were associated with lower dry densities at all three binder
dosages (Figure 15). For example, the mean dry density linearly decreased from 1878 kg/m3 at 0%
air entrainment by approximately 18 kg/m3 for every 1% increase in the amount of entrained air.
A linear decrease in density was also observed (Figure 16) as mixing time was increased from 2 min
(1600 kg/m3) to 45 min (1250 kg/m3). More porous samples had more empty pores occupying the
sample volume. These results show that FMF is considerably less dense relative to the reference
samples. As mentioned previously, a less dense fill material may be desirable in some mining methods
like underhand cut-and-fill mining to ensure a safer working environment.
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Figure 15. Dry densities of FMF samples made with three binder dosages and three entrained air
dosages after 28 days of curing.
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4.4. Bubble Morphology

Photomicrographs of thin sections of FMF samples made with four foam mixing times indicate
that FMF underwent three transitional stages as foam mixing continued:
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1. 2 to 8 min: Small air bubbles (red in Figure 17a) coalesced to form large bubbles (blue in Figure 17b)
2. 8 to 25 min: The shearing action of the mixer caused more air bubbles to coalesce and form

irregular shapes (red in Figure 17c)
3. 25 to 45 min: The air bubble structure collapsed (red in Figure 17d)
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foam mixing should be optimized to maintain an isotropic air bubble structure in the FMF.

5. Conclusions

The development of FMF suitable for application to underground mining applications was
documented through a series of laboratory-scale tests. The conclusions drawn from this study are
summarized as follows:
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1. The solids concentration for the backfill mixture should be optimized to avoid either foam
segregation or loss of air bubbles.

2. The UCS was strongly negatively influenced by the amount of entrained air. As the amount of air
increased from 0 to 10%, the UCS fell by approximately 50%. However, it decreased less sharply
(approximately 20%) when increasing the amount of entrained air from 10 to 20%.

3. The foaming agent appeared to have a plasticizing effect, which can help enhance the flowability
of the filling material. Further investigations are encouraged to investigate the rheological
properties of FMF.

4. The amount of entrained air strongly influenced the porosity of the filling material. As the amount
of air increased, the porosity increased due to the induced air bubbles. The increase in porosity
led to a considerable decrease in the dry density. Relatively light FMF can be used to promote a
safer working environment, for example, beneath the backfilled stope.

5. Foam mixing time must be optimized for the volume of the FMF batch being prepared. Prolonged
foam mixing had a significant adverse effect, causing the air bubbles structure to collapse.

6. This study indicates that there is a strong potential for FMF to replace HF at the collaborating mine
site at a higher solids concentration (78%) than is currently used in the mine (70%). This means
more tailings will be used in backfill and less will be stored in storage facilities. Moreover,
air bubbles may be used to aid transportation of the backfill and avoid the water drainage
requirements of HF. More investigation is recommended in this field.

7. One of the advantages of FMF is that it can be used in mines where the mill output of tailings is
low and does not meet the backfill production requirement. The volume can be increased by this
mechanism of air entrainment.

8. Finally, field trials are required to investigate the feasibility of implementing FMF in practice.
Further field studies are encouraged, including: (1) Evaluating methods for FMF preparation
and placement; (2) quantifying potential air bubble losses during transportation from the
preparation plant to the delivery point; (3) optimizing pipeline layout to protect air bubbles, and
(4) investigating the potential use of foam as a lubricant layer to reduce pipe wear.

6. Patents

This work has resulted in a patent granted in Australia [14].
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