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Abstract: Voids (referred to as “stopes”) are generally created during underground mining activities and can lead to both local and regional
geotechnical instabilities. To assist in managing the stability of mining-related voids and improving the recovery of orebodies, tailing-based
backfill technology has been widely used around the world. In the design of tailing-based backfill strategy, the specific function and engineer-
ing requirements of the filling are intimately dependent on the stress distribution within the backfilled stope. In this paper, the main mechanics
involved in tailing-based backfill in underground mines, which include arching, consolidation, hydration process, and movement of surround-
ing rocks, are reviewed. Research on the safety of a barricade and stability of an exposed fill face are also presented. In conclusion, the back-
filling process should be performed on the basis of a better understanding of the complicated interactions of the mechanisms of filling, consol-
idation, and hydration process (when cement is added).
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1. Introduction

Extracting valuable minerals from the earth’s crust is the
essence of mining [1]. Mining activities generally result in
the creation of voids. Referred to as stopes, these voids vary
in size but can be as large as 30 m x 30 m in plan dimensions
and more than 100 m tall, leading to various environmental
impacts, such as ground surface settlement on both local and
regional scales [2-3]. To maintain geotechnical stability, sig-
nificant pillars of valuable ore must be left between stopes,
which can significantly reduce the quantity of ore recovered
[4].

To assist in managing the stability of mining-related voids
and improving the recovery of orebodies, backfilling has
been widely used in many mined stopes [5—6]. The types of
fill applied and their specific functions and engineering re-
quirements are intimately dependent on the mining methods,
mining strategies, and mining sequences.

The main types of mine backfilling include hydraulic fill,
in which high-density slurry is delivered through boreholes
and pipelines to the underground workings; paste backfill,
which is generated from full-stream tailings and is now a
widely accepted alternative means of mine backfilling; and
rock fill, which economically uses waste rock generated from
mining operations as the main component of the fill material.
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This paper mainly focuses on tailing-based backfill, which
includes both hydraulic fill and paste backfill. A key advant-
age of tailing-based backfill is its capability to transport the
material hydraulically. Given this characteristic, the material
handling and delivery costs of tailing-based backfill are relat-
ively low, whereas the establishment of the stress state in a
tailing-based backfill is complicated because of the existence
of water [7]. In cases where cement is added to the backfill
material, attempts to characterize the behavior of the fill dur-
ing deposition and subsequent hydration become even more
complicated [8-10].

Fig. 1 schematically shows the backfilling system in a
stope. At the bottom of the stope, an access tunnel (also
called “drawpoint”) is connected to the stope for the recov-
ery and removal of blasted ore. To enable filling of the stope,
at a certain location along the access tunnel, a containment
barricade is constructed to prevent the fill from flowing out of
the stope during and after backfilling.

In the design of the backfill strategy, the stress state in the
backfilled stope should be controlled such that it does not
present a risk to workers underground, e.g., if the full hy-
draulic head within a stope is imposed on a barricade, it can
result in rupture of the barricade, potentially causing an un-
derground mud rush. This needs to be avoided at all costs, as
it presents a serious risk to workers. However, limited know-
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ledge of the unexpected behavior of the fill can result in cata-
strophic consequences, such as the failure of containment
barricades or the failure of a fill mass during exposure.
Therefore, more insights into the stress distribution within the
backfilled stope are required to ensure the safety of tailing-
based backfill systems.

Fill deposition
point
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Barricade

| 10-30 m
[

Fig. 1. Schematic of a typical layout in a backfilled stope.

| Access tunnel
|

This paper presents an overview of the literature relevant
to the mechanics and safety issues in the mine backfilling
process. First, the non-geostatic stress state of “arching” in
mine backfilling is discussed. Then, consolidation theory and
cement hydration, the methodologies of fully coupling these
mechanisms, and the influence of the behavior of surround-
ing rock mass are addressed. Finally, previous approaches
used to analyze the stability of an exposed fill face and the
safety of a barricade are presented. For a detailed discussion
about the properties of the backfill body from the materials
science point of view, interested readers can refer to the com-
panion review paper from the same group [11].

2. Arching theory

In industry, the backfilling process is mainly divided into
two steps, namely, plug filling and residual filling. To monit-
or the stresses developed within the backfill or behind the
backfill barricades, some in situ monitoring operations were
conducted, where stress sensors were placed within the stope
[12—13]. In these monitoring programs, the initial stress mon-
itored by the bottom sensor increases with the filling opera-
tion, which is closely related to the self-weight stress or con-
solidation loads. However, after plug filling, the measured
stress slightly decreases. After residual filling, the measured
stress at the bottom exhibits a gradual increase, and the in-
crease rate is lower than the expected increase rate of the self-
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weight stress. This means that the total stress induced by the
overlying backfill body was mainly transferred to the sur-
rounding rock, and many scholars attribute this phenomenon
to the mechanism known as “arching” [14—17]. The essence
of arching within the backfilled stope is load transfer along
the wall/fill interfaces induced by the shear forces. Notably,
the “arching” in the backfilled stope is one of most important
concepts adopted in this paper because it may have a signi-
ficant impact on the stress state in the stope, thereby leading
to safety issues in the exposed vertical face and barricade of
the access tunnel. As a starting point, this section provides an
overview of existing methodologies to investigate the arch-
ing phenomenon and highlights a number of areas where fur-
ther research can improve the understanding of this phe-
nomenon.

The concept of stress arching has been discussed by many
different researchers over the years, including the pioneering
works of Janssen [18], Marston [19], and Terzaghi [20]. In
recent years, this theory has been applied to the development
of limit state solutions specific to the mine backfilling situ-
ation [14,21-23].

Marston [19] provided a specific analytical solution for
estimating the arching effect on a backfilled mine stope,
which takes into account the shearing forces along the
fill/rock interfaces. Fig. 2 shows the different force compon-
ents of the backfilled mine stope.
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Fig. 2. Schematic of the forces acting on a typical vertical
backfilled stope.

As shown in Fig. 2, L and H are defined as the width and
height of the backfilled stope, respectively. A horizontal lay-
er element (at position #) is subjected to vertical compressive
forces F, and F, + dF,, a shearing force F, and a horizontal
compressive force F.. dW is the self-weight of the layer and
dh is the thickness of the layer. The average vertical stress at
the bottom (o7yy) is expressed as follows:
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—exp(—2KHtan 6/L) |

2Ktan 6 M
where 7y is the bulk unit weight of the fill, X is the earth pres-
sure coefficient, ¢ is the cohesion of the backfill, and § is the
interfacial friction angle.

Some useful modifications have also been made on the
basis of this solution to adapt to wide geometric boundaries
and external mechanical conditions. For example, Li and Au-
bertin [24] extended the analytical solution for “fully
drained” conditions to consider “hydrostatic” conditions, as
follows:

1
ow = (yL-2c)

—exp(—2KHtan 6/L) fu Q)
2Ktan ¢

where yq, and 7y, are unit weights of the saturated fill and

water, respectively, and u,, is the water pressure under hydro-

static equilibrium.

Rajeev et al. [25] and Widisinghe [26] extended the ana-
lytical expression of total stress to a three-dimensional scen-
ario, such as that of a cylinder, as follows:
—exp(—4KHtan 6/L) oy 3)

4Ktan ¢
where [, is converted into the diameter of the cylinder.

The calculated vertical stress of the analytical solution ex-
pressed in Eq. (1) is highly dependent on the interfacial fric-
tion angle ¢ and the earth pressure coefficient K. For Mar-
ston’s theory, three values of K have been considered [27].

(1) Pressure at rest, K

1
OvH = ((ysat - Vw)L - 26)

1
Ony = (ySat - ’YW)L

Ky=1-sin¢ 4)
(2) Active pressure, K;:
Ko = tan? (45 - %) )

(3) Passive pressure, K,:

K, = (1+sin ¢)/ (1 —sin ¢) 6)
where ¢ is the friction angle of the fill material. Different val-
ues of K (Kj or K,) have been used in previous researches
[14-28].

The expressions of Marston’s theory [19] and the exten-
ded theory are a useful and fast methodology for the prelim-
inary evaluation of stress distribution under some specific
and simplified conditions. However, as with the limit equi-
librium method, this method has the following internal limit-
ations: (1) It always assumes the full mobilization of shear-
ing stress at the fill/rock interfaces [16]. (2) It ignores the fun-
damental properties of cemented backfill that evolve with
time, as well as the possibility of material yield at the fill/rock
interfaces when large deformation occurs. (3) It assumes a
constant value for Rankine’s earth pressure coefficient, al-
though investigations clearly show that this coefficient tends
to vary with the location of a backfilled opening [15,29].

In conclusion, the previously mentioned investigations
found that, even under “fully drained” conditions, the degree

of arching is determined by the complicated interaction
between the mechanical properties of the fill. The behavior of
the fill is more complicated under “undrained” or “partially
drained” conditions when the mechanism of consolidation is
involved. As will be shown in the following section, neglect-
ing pore pressure in the calculation of the stress distribution
can lead to a gross oversimplification of the process.

3. Consolidation behavior of the fill

This section presents the current research on the complic-
ated interactions between the mechanism of stress arching
and the consolidation process during filling placement and
curing.

Fourie et al. [30] explained the significance of effective
stress to the analysis of the behavior of the fill. The adjective
“effective” is used to indicate that it is this stress, and not the
total stress, that dictates the strength and stiffness of unce-
mented soils; furthermore, it is this effective stress that pro-
duces the deformation of the soil “skeleton.” Therefore, a
thorough understanding of the mechanism of stress redistri-
bution to the surrounding rock mass is constructed on the
basis of the understanding of the effective stress. To under-
stand effective stress, an understanding of the consolidation
process is required.

3.1. Numerical consolidation analysis

Many numerical investigations have been conducted to
demonstrate the significance of consolidation on the arching
phenomenon in the fill mass [15,17,26,31].

Fahey et al. [15] undertook a series of numerical simula-
tions using a commercial code (Plaxis 2D), where the
Mohr—Coulomb constitutive model was chosen. In their
study, a stope with the height of 50 m and width of 20 m was
modeled. To determine the effect of consolidation on the
stress state, as well as the arching mechanism, they divided
these cases into either fully drained or saturated conditions:
(1) The fully drained case neglected the influence of pore wa-
ter pressure; thus, it can be considered a valid representation
of the “best case scenario.” Assuming that the water table had
been drawn to the bottom of the stope quickly and atmo-
spheric pressures existed throughout most of the fill mass, the
importance of elastic parameters was investigated. (2) In a
fully saturated backfill, the investigation was focused on the
differences in stress state (i.c., effective stress, total stress,
and water pressure) in the stope at the end of filling (EOF), at
the end of consolidation process (EOC), and at the end of wa-
ter table drawdown (EOD).

The corresponding curves of stresses in three cases (i.e.,
A, B, and C) that assumed a fully drained situation are repro-
duced in Fig. 3. The material properties adopted in this ana-
lysis included the bulk unit weight of 20 kN/m?, Poisson’s
ratio (v) of 0.2, Young’s modulus (£) of 10 MPa, angle of
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dilation () of 10°, and angle of friction (¢) of 45°. Case A
presented a plane strain stope with the width of 20 m, and
case C showed an axisymmetric stope with the diameter of
20 m. The stress distribution within a stope with the width of
10 m (case B), which is only half that of case A, was also in-
vestigated. To demonstrate the influence of the arching the-
ory, the overburden of fill without arching is shown in Fig. 3
denoted by a dashed line.
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Fig. 3. Vertical and horizontal stresses in three cases, that is,
fully drained (based on the study of Fahey ez al. [15]).

As shown in Fig. 3, the vertical stresses in the three cases
are lower than the overburden weight because of the arching
effect. The effect of the width of the stope is also clear: The
arching effect is significant when the stope is narrow, which
is consistent with the conclusion of the analytical approach of
Marston’s theory in Section 2.

Some interesting results for drained filling were also
provided: (1) Poisson’s ratio (v) is important in modeling be-
cause it determines the values of the constrained modulus
(M) and shear modulus (G). (2) When the fill becomes in-
compressible (v — 0.5), there is insufficient settlement of the
fill to mobilize the shear force at the fill/rock interfaces;
hence, no arching would occur. (3) Compared with the plane
strain model, the axisymmetric model has shown more arch-
ing effect. The main reason is that the two-dimensional mod-
el could not represent the three-dimensional arching (termed
“doming”) in the axisymmetric case.

Notably, in the lower 5 m of the stope, there are different
degrees of steeper increase in total vertical stress. This phe-
nomenon has also been observed in other works [32-33].
This finding can be attributed to the reduction of settlement
toward the stiff base of the stope. Thus, less shear strain is
mobilized at the interface. As a result, less stress redistribu-
tion or “arching” occurs toward the base.

Apart from the results of “drained” cases, the most im-
portant aspect of the research of Fahey ef al. [15] is the in-
vestigation of the significance of consolidation on the overall
arching development.
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Fig. 4 shows the curves of the total horizontal and vertical
stresses at three stages of the filling process, namely, EOF,
EOC, and EOD. The water table was initially set at the top
during consolidation and then drawn down to the base. The
material properties used are the same as those in the “fully
drained” case. Moreover, effective cohesion ¢’ is 0 and per-
meability & is 1 x 10~ m/d.
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Fig. 4. Undrained filling: total vertical and horizontal stresses
at EOF, EOC, and EOD (based on the study of Fahey ez al. [15]).

At EOF, the total horizontal and vertical stresses were al-
most equal to the overburden stress; this situation is called
“almost undrained.” If the backfill strategy is applied to the
stope, where the filling rate is quick and the permeability of
the fill material is low, then the “almost undrained” or even
“completely undrained situation” may occur.

As explained in Section 2, to mobilize any shear stress at
the fill/rock interfaces, shear strains are required. To gener-
ate shear strain, the material must settle. However, under “al-
most undrained” conditions, the compressive stiffness of the
bulk material is that of water, which is high. Thus, only slight
settlement occurs. If all of the self-weight stresses are sup-
ported by the water phase, then the total horizontal stress will
be equal to the total vertical stress. It is not until water is
squeezed out of the fill mass that soil compression (settle-
ment) can occur and shear strains at the interface can occur,
generating the “arching” effect. With the progress of consol-
idation, the vertical stress decreases and the horizontal stress
becomes obviously lower than the vertical stress at the same
depth (curves at EOC).

At EOD, the stress was further reduced, reaching the
“fully drained” state. Notably, in the study of Fahey et al.
[15], permeability was assumed to remain constant.
However, in practice, permeability will decrease with the
compression of the backfill.

The study of Fahey et al. [15] derived an important con-
clusion: The arching can only develop within a backfilled
stope with the progress of consolidation because of the shear
stress in the fill/rock interfaces that is induced by the com-
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bined effects of the settlement of the fill and development of
effective stress. This conclusion is verified by in situ monit-
oring projects [12]: Hydrostatic loading at the bottom of a
stope was measured for more than 20 h, and the results indic-
ated that no arching occurred in the early filling stage, after
which the backfilling operation was stopped and the meas-
ured pressures decreased with the progress of consolidation.

3.2. Analytical consolidation modeling

Gibson [34] proposed an analytical expression for the cal-
culation of consolidation in a deposit of saturated soil where
the thickness of the deposit increases with time. The derived
solution is a relationship between the development of excess
pore pressure (i), the coefficient of consolidation (c), the
current thickness of the deposit (%2(¢)), and the time that
filling has been ongoing (¢) in a one-dimensional situation (x
is the elevation above the base), as follows:

0Ue i DR
“ora T Tor  or

The Gibson theory is well suited to the case of paste back-
fill and hydraulic fill placement into the stope. Notably, both
permeable and impermeable boundary conditions at the base
were analyzed by Gibson [34]. In most cases, the floor strat-
um of rock is often considered impermeable, whereas the
barricade constructed at the end of the drawpoint is con-
sidered free draining (although this is often not ensured in
practice). Moreover, the flow area of the drawpoint is often
significantly smaller than that of the stope. As a result, it may
be more appropriate to ultimately assume an impermeable
condition at the base.

Another point that might be argued is that the one-dimen-
sional solution cannot strictly describe the behavior of the fill
in a stope, as it neglects the potential effect of arching
between rock and fill. Therefore, Gibson’s theory can
provide a reasonable representation of the consolidation pro-
cess in the early stage of placement when arching has not oc-
curred [15].

(7

4. Cementation hydration process of cemented-
tailing-based backfill

When cement is added to the fill and the cement particles
undergo hydration, a number of chemical reactions occur.
These reactions result in the growth of hydrates that effect-
ively act to connect the particles. The hydration process of
cement has a significant influence on the strength, consolida-
tion, and many other characteristics of backfill behavior
[35-39]. Notably, the current review paper focuses on the
mechanics of cemented-tailing-based backfill. In contrast to
investigations from the materials science point of view, the
mechanical behavior of cemented-tailing-based backfill has
not been well investigated. Some variables (i.e., binder type
and dosage) that influence the backfill properties are con-

sidered and simplified in the investigation of its mechanical
behavior. For a detailed discussion about the backfill proper-
ties, readers can refer to the paper of Qi and Fourie [11]. In
the following sections, an overall picture of the cementation
hydration process of cemented-tailing-based backfill is
provided from the mechanics point of view.

4.1. Maturity of the hydration process

During the placement of cemented backfill, the material
initially behaves in accordance with the characteristics of un-
cemented material. However, as cement hydrates, the beha-
vior of the material changes. To represent the cementation
process, the maturity functions used in previous research are
reviewed in this section.

Iliston et al. [40] simulated the rate of hydration of the
four main compounds that make up cement paste. Their work
indicated that the individual compounds react at vastly differ-
ent rates.

Other researchers have developed empirical relationships
to represent the rate of hydration of the overall cement
product [37,41]. These authors call the rate of hydration “ma-
turity” and essentially fit various curves to the development
of cement-related characteristics (maturity) against time.

The exponential relationship proposed by Rastrup [41]
was adopted to represent the maturity of cement throughout
this paper. This simple exponential relationship between ce-
ment hydration and time can be expressed as follows:

m= exp( :;té) ®)

where m is the maturity degree (from 0 at the beginning to 1
at the end of the chemical reaction); d is a constant, d:; and r*
is the time since the initial set #y, d.

Investigations, which will be presented later in this paper,
indicate that the rates of change of strength, stiffness, per-
meability, and volume due to the hydration process can all be
appropriately represented using the same maturity relation-
ship.

4.2. Mechanism of “self-desiccation”

The mechanism of “self-desiccation” has been well docu-
mented with respect to its significant influence on the behavi-
or of tailing-based backfill [2,37,42].

The essence of the “self-desiccation” process is that net
volume loss will occur after the hydration reaction. Prior to
cement hydration, per unit volume of cemented backfill is as-
sumed to contain a certain volume of cement (V). After the
hydration process, the increased volume of cement is ex-
pressed as AViyg = Ve — Veu, where Vg, is the volume of hy-
drated cement. However, the increased volume AV, is less
than the volume of used water (V) in this process. There-
fore, the total loss of volume in this enclosed system is de-
noted as AVy, (the “chemical shrinkage” volume).

Helinski et al. [37] proposed the following analytical
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model for the incremental change in pore pressure (Au) and
shrinkage volume (AVy,) using the principles of stress equi-
librium and strain compatibility:
AVy, KK AV K,

SV Vi (K, Ve K[V Vi (n+K,/V)
where Vr represents the total volume of the combination of
water and soil, V,, represents the total volume of the pore wa-
ter, K, and K represent the stiffnesses of water and soil, re-
spectively, and n represents the porosity of the fill.

In conventional concrete masses, the water content is rel-
atively lean. To derive the expression of shrinkage volume
(AVy,, cm®), Powers and Brownyard [43] experimentally de-
termined the relationship between AV, and the mass of
chemically combined water (W,, g) for a cement paste in a
fully hydrated system:

AVg, =0.279W, (10)

Empirically, the mass of cement contained in most Gener-
al Portland cements is W, = 0.23W,, where W, is the mass of
unhydrated cement. Therefore, the empirical expression for
the shrinkage volume and original mass of cement is as fol-
lows:

AVg = 0.064W, (11)

It should be noted that this empirical expression applies

Au = )

only to General Portland cements. For each particular ratio of
cement and tailings, the variable E}, can be adopted [37]:
AVSh = EhWC (12)

In combination with the “maturity model” for cement hy-
dration (Eq. (8)), Helinski et al. [37] proposed an expression
to represent the volume of chemical shrinkage at a given time
(t). Then, the rate of change of water volume was derived as
follows:

5(AVw) 1 d —d
ot E] o

Walske [44] compared the chemical shrinkage determ-
ined using Eq. (13) with that measured in laboratory tests.
Their results indicated that, with the fitted values of E}, and
W,, Eq. (13) can favorably represent the experimental chem-

du e o0
oup,_ e o9 /
{m[ K. 5o (oo )
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ical shrinkage data.

Notably, different from conventional concrete masses,
tailing-based backfill slurries typically have higher initial wa-
ter content and lower cement content. Thus, only a small por-
tion of water will be involved in the hydration process. Des-
pite this, these volume changes still have a significant influ-
ence on the pore pressure changes and the stress state in the
backfill [2].

4.3. Coupled analysis model of the cemented backfilling
process

4.3.1. One-dimensional consolidation and hydration model-
ing
Gibson et al. [45] derived the large-strain consolidation

equation by combining the equilibrium of the soil and water
phases using Darcy’s law to represent flow. By combining
these equations and maintaining continuity, they derived the
following governing equation to represent the one-dimen-
sional large-strain consolidation of uncemented slurry:

o) gl )5 8-
j; de Blyw\1+e ) 0B| 0B \6}-/
(A) (B) (©) (D)

(14)
where o, and o7, are total and effective vertical stress, re-
spectively, ey is the initial void ratio, e is the void ratio at time
t, B is a Lagrangian coordinate, and k is the permeability.
Term D represents the rate of application of total stress,
which results in the rate of reduction of pore pressure (term
A); term C is the volumetric strain, which contains the cur-
rent permeability of the fill; and term B is the current stiff-
ness of the fill.

In cemented backfill, the impacts associated with cement
hydration, which include the development of cement-in-
duced stiffness and strength, the reduction in permeability,
and the mechanism of “self-desiccation,” need to be con-
sidered. Therefore, Helinski [33] modified a constitutive
equation that considers the impacts of the hydration process
to obtain the following expression:

o0, , O [k(ees) [1+eg) dul Ok(ees)
T e e

5 ) 5 5 (B)
O-:/ ’ Vsh(t,cc) _ Oy
{ 5o BCoe0) —5 }_ 51
N——
) D

where e represents the effective void ratio. The terms cor-
respond to the relevant terms in Eq. (14). Term A4 (the change
in pore pressure) accounts for K,, and the matrix stiffness
(00y/de), which depends on the void ratio (e), cement con-
tent (C.), and vertical effective stress (o7,). In term C (volu-
metric strain), k is dictated by the effective void ratio (e.g),

© (15)

which is influenced by the cement gel developed in the void.
Term E accounts for the volumetric change Vj, associated
with the mechanism of “self-desiccation.”

Helinski et al. [46] incorporated the constitutive model de-
scribed previously into a finite element program (Ce-
MinTaCo) to conduct a full analysis of cemented backfill.
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4.3.2. Coupled consolidation and hydration analysis with the
finite element numerical program

Helinski [33] developed a plane strain finite element nu-
merical program (called “Minefill-2D”) to predict the beha-
vior of cemented backfill. The program has been verified to
provide an accurate prediction of the behavior of the fill
within the backfilled stope [47]. Furthermore, being a self-
developed program, the Minefill-2D exhibits unique scalab-
ility and evolution capability. The description of the govern-
ing equations and numerical formulations developed and ma-
terial models adopted in the Minefill-2D program are presen-
ted in this section.

(1) Governing equations.

In cemented filling, once the time reaches f,, the cement
hydration process begins to influence the material behavior.
Thus, the cement hydration process should be coupled with
the consolidation process. According to Helinski [33], the in-
fluence of the hydration process is most significantly associ-
ated with the following parameters: (1) Stiffness. The dens-
ity of the fill, evolution of cement hydration, and damage to
the cement bonds caused by excessive strain can influence
the stiffness of the fill, which is reflected in the time-evolved
constitutive matrix [D’], and therefore, the global stiffness
matrix [Kg]. (2) Strength. The strength of the fill is influ-
enced by cement hydration, as well as by the destruction of
cement bonds due to excessive stress, as indicated by the
change of the constitutive matrix [D’] and the global stiffness
matrix [Kg]. (3) Permeability. The permeability matrix [Dg]
interacts with material density, particle size distribution, and
cement hydrate growth. (4) Self-desiccation. This refers to
the volume changes that occur during the hydration process
and can be taken into account through the internal sink term Q.

To take account of the cement hydration process during
the consolidation process, the functions of time, material state
(void ratio), and cement content should be incorporated into
the relevant terms of the governing consolidation equation, as
follows:

[ [Kc(t,e,Co)] [Lc] ] [ {Ad}yg ] _
[Lc]" - At[Dg(1,e,Co)] {Aufe |
[ {ARG} ]
([ng(t,e,Co)]+ O(t,e,Co) + [Pg(t, e, Co) Hubyg) At

(16)
where [Lg] is volume matrix, [ng] is flow due to gravitation-
al forces, {ARg} is the change of boundary stresses, {Ad},q is
the vector of displacement increments, and {Au}, g is the vec-
tor of total pore pressure increments.

The behavior of both uncemented and cemented fill ma-
terials and the numerical models used to characterize such
behavior adopted in Minefill-2D are discussed in the follow-
ing sections.

(2) Strength and stiftness, [Kg(z, e, C.)].

According to Helinski [33], a power law has been suc-

cessfully applied to the compression behavior of uncemented
mine tailings. Hence, this function was adopted to relate the
void ratio to the applied effective stress, taking the following
form:
e = a.(c)” (17)
where o~ is the mean effective stress and a. and b, are curve-
fitting constants.

By differentiating Eq. (17) and combining the result with
well-known elastic relationships, the uncemented shear stiff-
ness G uncem) can be derived as follows:

00 (e+1) _ (e+D) (e (/b1) 8
de 2(1+v)  2acb.(1+v)\a. (1%)

The Mohr—Coulomb failure criterion is applied as the ma-
terial model in Minefill-2D, where the size of the yield sur-
face is governed by the state of the material and hydration de-
gree [2]. The shear stiffness is dependent on the mobilized
stress and the size of the yield surface.

In cemented filling, the cohesive strength increases as a
result of cement hydration and decreases due to damage
caused by yield stress, which can be expressed as follows:

, O0Hyd 0D
0c’ = Y - a_gls) (19)
where 0¢’ is the change in the effective cohesion, dHyd/d¢ is
the change of ¢’ with time due to hydration, and 0D/ 0}, is
the degradation of ¢’ with time due to plastic shear strain
(@D

In Minefill-2D, the rate of development of cohesion with
time can be expressed as follows:

o 1( d —d XC.+C —e
E‘z(—m)w)exp(ﬁ)‘*”xp(—m+w ) (20

where A., X, Z, and W are curve-fitting constants and C, is
the cement content.

If the material is strained beyond yield, then progressive
breakdown of the bond strength can occur. This mechanism
has been accounted for by reducing ¢’ linearly as a function
of the plastic shear strain &%, (i.e., the 0 D/ deg term in Eq. (19)).

G(uncem) -

The cement-induced component of stiffness is assumed to
be linearly related to ¢, with a constant friction angle. This
assumption is convenient for modeling in Minefill-2D: By
evolving the cohesive intercept in accordance with Eq. (20),
the cement-induced component of stiffness can be linearly
related to this value in accordance with a constant rigidity term.

To represent the pre-yield response, a nonlinear stiffness
function was adopted. This function degrades the material
tangential stiffness linearly as the shear stress approaches
yield in accordance with the following equation:

Tmo
Gt(cem) = GO(cem) |:1 _f( > ):| (21)

Tmax

where 7,0, 1S the mobilized shear stress, 7., is the yield
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stress, Gycem) 1S the contribution of cement to the tangential
shear stiffness, Goem) 1 the cement component of the small
strain shear stiffness, and f is a curve-fitting constant. The
actual value of f can be experimentally derived from a triaxi-
al stress—strain curve.

(3) Permeability, [@(t,e,C.)], [na(t,e,Co)].

Permeability can have a significant influence on the over-
all consolidation behavior. As shown in Eq. (16), [©¢] rep-
resents the permeability submatrix.

In uncemented filling or before the initial set time #, in ce-
mented filling, the void volume of the fill reduces with com-
pression, which can lead to a reduction in permeability. Car-
rier et al. [48] developed a relationship that has been shown
to provide a good representation of the relationship between
void ratio and permeability of fill materials. This function
was adopted in Minefill-2D, as follows:

cple)®
k= Too (22)
where ¢, and d,, are constants.
To account for the growth of cement solids, the void ratio
term e in Eq. (22) is modified to be the effective void ratio
(ect)- Therefore, the permeability function is modified to de-

rive the following expression:

_ Cp(eeﬂ‘)dp

 l+e

(4) Self-desiccation, Q(t,e,C.)

The mechanism of “self-desiccation” has a significant ef-
fect on the overall behavior of cemented-tailing-based back-
fill [38]. This relationship was implemented in Minefill-2D
as an internal sink term and expressed as follows:

(23)

1 d —d
O(te,C.)= _EEhWC(W)eXP(ﬁ) (24)

The rate of hydration (d) and hydration efficiency (E,) are
fundamental properties of the fill and can be obtained experi-
mentally with each cement and tailings combination.

4.3.3. Multiphysics modeling

The coupled multiphysics analysis is well documented in
the literature on cemented backfill [49—51]. Among these
studies, Cui and Fall [42] proposed a thermo—hydro-mechan-
ical-chemical (THMC) model to conduct a fully coupled
analysis of cemented backfill.

00w 0S dey, (1-n) 0p;
nS or P 8[+Spw( or 0s at)
nsmhydr = _V(nSpwvrw) (25)
004 0S dey, (1-n) 0p;
n(l1-5) 5 Py +( S)pa( T o o1
S )
%mhydr) = —Vl’l(l _S)Pavm (26)
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V(%)+ 8((1—n)ps+nSpW+n(l—n)Pa)g:O 27)

ot ot

((1 _n)pscs +nSprw +l1(1 _S)paca)(%)"'

Qad + Ocd = Onyar (28)
where S is the saturation degree; p,, pw, and p; represent the
densities of air, water, and solid, respectively; &, is the volu-
metric strain; myyq, is the reduction rate of water volume in
the hydration process; v and v* are the apparent velocities
of water and air in the fill, respectively; g is the acceleration
of gravity; C,, Cy, and C; represent the specific heat capacit-
ies of air, water, and solid, respectively; Q.4 and Q.4 repres-
ent the advection and conduction heat transfer, respectively;
and Qhyar is the generated heat due to the chemical reaction.

The proposed model was implemented in the commercial
finite element program COMSOL. This coupled analysis has
been validated against laboratory and in sifu measured data.
Furthermore, an evolutive elastoplastic model has been in-
corparated to consider the interaction between fill and rock
mass [52].

A detailed comparison of existing works on coupled ana-
lysis described previously is provided in Table 1.

5. Influence of the deformation and movement
of surrounding rock mass

The previous sections have discussed the research on the
stress state in a backfilled stope with a rigid boundary condi-
tion. However, the influence of the deformation and move-
ment of surrounding rock mass has not yet been thoroughly
investigated [53].

Falaknaz et al. [53] verified that the stress state in a stope
can be significantly influnced by the excavation of the neigh-
boring stopes. However, an anomalous stress increase within
the fill mass undisturbed by mining operations has been cap-
tured in some in situ monitoring projects [13,54—55]. The un-
expected increase of stress reduces the consistency of the
predicted and measured behavior of the fill, thus comprom-
ising the stability of the fill mass and retaining structures. For
example, for 80 d, more than 100 kPa of increasing stresses
was recorded by Thompson et al. [13] in the absence of any
further filling.

The reason for the anomalous stress increase has been dis-
cussed extensively. Thompson et al. [12] arributed this phe-
nomenon to the temperature increase casued by the hydra-
tion of cement. However, in a monitoring program conduc-
ted in Australia, a similar stress increase was also observed,
but with only a measured temperature increase of 6°C [54],
indicating that other factors may cause the anomalous stress
increase. Fig. 5 shows the measurement of the anomalous
stress increase in a backfilled stope [56].

Qi and Fourie [56] proposed that this anomalous stress in-
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Table 1. Summary and comparison of existing works on coupled analysis of cemented-tailing-based backfill
Coupled analysis Mechanical model Program Remarks Source
One-dimensional Self-developed finite (1) Incorporate a large-strain forml'llatlon;
. Structured Cam Clay (2) Take account of cement hydration;
consolidation and model element program (3) Account for development of a partially saturated [46]
hydration analysis (CeMinTaCo) . P P Y
matrix.
(1) Capture the strain and chemical hardening
behavior;
. (2) Incorporate the “arching” mechanism;
Two-dimensional Mohr-Coulomb Self-developed finite (3) Incorporate a self-desiccation model;
Sy . element program . [2]
consolidation analysis model . (4) Account for water accumulation above the fill
(Minefill-2D)
surface;
(5) Strain softening of the fill mass due to interface
shear during filling.
(1) Capture the strain hardening/softening behaviour;
(2) Consider mechanical behavior of the fill and
Commercial finite walls;
Three-dimensional THMC Evolutive (3) Incorporate a self-desiccation model;
element program [38]

multi-physics analysis

elastoplastic model

(COMSOL)

(4) Consider the thermal deformation (expansion or
contraction);

(5) Varies mixture recipe and curing condition on
binder hydration.

80 /
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Fig. 5.

Time /d

ted from Qi and Fourie [56].

Measurement of the anomalous stress increase. Adap-

crease is closely related to the movement of surrounding rock
mass. Although the surrounding rock mass of a backfilled
stope has been considered in previous studies [2,29], it has
been invariably represented as a rigid boundary. However,
the influence of the behavior of surrouding rock on the fill
mass is a time-dependent process. Therefore, Qi and Fourie
[56] incorporated the creep behavior of the rock mass
(CBRM) of the stope and demonstrated the influence of the
time-dependent deformation of the rock mass on the stress
distribution within the stope.

The constitutive laws can be expressed as follows:

{ ey = +éf
— ;K -M -P
e,-j—el.j+el.j +eij

;K .M

where é*, &

(29)

, €%, and é° are the Kelvin, Maxwell, plastic, and

elastic strains, respectively, and ¢;; and é, are deviatoric and
volumetric components, respectively.

In addition, the relationships between viscoelastic com-
ponents can be expressed as follows:

Kelvin: s;; = 277Ké.,’.§ +2G%ef;

_ S S
S 2GM M
where s;; is the deviatoric component, GX and GM are the
Kelvin and Maxwell shear moduli, respectively, and n¥ and
™ are the Kelvin and Maxwell viscosities, respectively.

A plane strain stope was modeled with the finite element
code FLAC to estimate the interaction between the fill mass
and the CBRM in backfilled stopes. Its consistency with the
engineering applications indicates that the proposed model
can potentially explain the anomalous stress increase during
the backfilling process.

Notably, in practice, after the stope is created, there is of-
ten a rest time before starting the filling operations. Thus, the
main convergence of surrounding walls was assumed to have
finished during this period and the rock walls are assumed to
be rigid and totally fixed. However, this is definitely an inter-
esting topic that could be investigated in future works, partic-
ularly in mines where the deformation of rock strata or the
disturbance from nearby mining operations is significant.

(30)

Maxwell: é}‘f

6. Strength of the cemented-tailing-based back-
fill and stability of the exposed fill face

6.1. Analytical solutions of the stability of the exposed fill
face

When adjacent stopes are extracted, the confining stress is
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reduced, which in turn reduces the stability of the fill mass
and imposes the need for the exposed fill faces to become
self-supporting (as shown in Fig. 6 [57]). If the fill mass has
insufficient cohesive strength, then fill failure can occur, res-
ulting in the dilution of the ore being mined in the adjacent
stope. Therefore, a critical safety issue in the backfilling sys-
tem is the evaluation of the stability of an exposed backfill

Fig. 6.
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face [5].

The traditional solution requires that the unconfined com-
pressive strength (UCS) of the fill be more than the maxim-
um overburden weight in the stope and is expressed as fol-
lows:

[olucs = YH (3D
where [0 ]ycs is the required UCS.

Schematic of the creation of the vertical exposed fill face in a typical backfilling scenario. Reprinted by permission from

Springer Nature: Int. J. Miner. Metall. Mater., An analytical solution for evaluating the safety of an exposed face in a paste backfill
stope incorporating the arching phenomenon, X. Zhao, A. Fourie, and C.C. Qi, Copyright 2019.

If the shear forces between the fill/rock interfaces are not
considered, then the traditional solution may result in a con-
servative design of the backfill strategy [58].

In practice, Mitchell’s solution is widely used to predict
the stability of an exposed fill face [59]. This solution ana-
lyzes the stress equilibrium of the potential sliding fill mass
and takes account of the shearing effects between backfill
and surrounding rocks (Fig. 7 [57]).

According to the model of Mitchell’s solution (Fig. 7), the
safety factor (F) can be expressed as follows:
Wacos a tan ¢ + cLB/cos « _

W,sin a -
tan ¢ N 2cL
tana  H*(yL—-2c,)sin(2a)

where ¢ and c are the internal friction angle and apparent co-
hesive strength of the backfill, respectively; a represents the
angle of the potential sliding plane, taken as 45°+¢/2;
H* = H—-(Btan ) /2 is the equivalent height of the wedge
block; B represents the length of the stope; and c;, is the ad-
hesion strength along the fill/rock interfaces.

A number of useful modifications have been proposed on
the basis of this solution [58,60—62]. Some interesting points
discussed here are what the contact strength between the
fill/rock interfaces could be and how it may be influenced by
other mechanisms. In the expression derived by Mitchell
et al. [59], the interface is cohesive and its contact strength
(adhesion strength cy) is equal to that of the fill. Therefore,

F =

(32

before estimating the stability of the exposed fill face, pre-
dicting the shear behavior of the fill/rock interfaces and the
cohesive strength of the fill is important.

Zhao et al. [57] proposed a three-dimensional solution to
evaluate the safety of an exposed fill face, which is based on
Morgenstern’s method [63] and the modified differential
slice method [64]. For a vertical face of exposed paste back-
fill, this solution divides the entire wedge block of fill into
differential vertical slices, considering the arching effect.

H @, //i G 7
/
i 2 {
s
// : g L f
// 5 |

Fig. 7. Confined wedge block model of Mitchell’s solution.
Reprinted by permission from Springer Nature: Int. J. Miner.
Metall. Mater., An analytical solution for evaluating the safety
of an exposed face in a paste backfill stope incorporating the
arching phenomenon, X. Zhao, A. Fourie, and C.C. Qi, Copy-
right 2019.
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This solution is also suitable for the nonuniform distribution
of cohesive strength.

6.2. Factors influncing the strength of the fill

During the filling process, the development of shear
strength is dependent not only on material properties [65] but
also on other mechanisms, such as boundary conditions,
filling rate, and consolidation [33,66]. Many tests have been
conducted to evaluate the shear characteristics of the fill
[67-70]. In addition, it has been documented that in situ
backfill strengths are influenced by settlement and drainage
and often significantly greater than those measured in the
laboratory [71-72].

Fahey et al. [73] pointed out that the cohesive strength of
in situ cemented backfill is also influenced by the curing (ef-
fective) stress acting on the backfill, with the process of con-
solidation through drainage and the mechanism of “self-de-
siccation” The final strength of the fill specimen is affected
by different stresses applied at different curing stages. There-
fore, first, a coupled analysis taking account of the arching,
consolidation, and cement hydration mechanisms is required
to determine the development of the effective stress acting on
the fill; then, the strengths representative of the in situ condi-
tions can be obtained using the curing protocols for laborat-
ory specimens proposed by Fahey et al. [73].

In conclusion, to improve the understanding of the stabil-
ity of the exposed fill face, the final properties of mine back-
filling need to be determined. To determine the final material
properties, a thorough understanding of the interaction of
arching, consolidation process, and cement hydration is re-
quired.

7. Safety of a barricade

Barricades are constructed across the access tunnel to re-
tain the paste backfill during filling operations and while the
fill cures. However, barricade failures still occur in recent
years, imposing considerable danger to miners located deep
in the mine [46,74-75].

Current research indicates that many of the failures oc-
curred because of the bending failure caused by the large
pressures imposed on the barricade by paste backfill [76].
Moreover, the bending of a barricade is directly related to the
lateral pressure imposed by the fill in the stope. Generally,
barricade displacements are relatively small and these dis-
placements are affected by engineering factors, such as in situ
global rock mass stresses, barricade construction techniques,
and mining activities, resulting in larger displacements than
those caused by the fill-generated lateral pressure alone. Con-
sequently, it is difficult to verify the barricade’s strength and
the pressure induced on the barricade, as well as to provide
efficient design guidance for mining operations. To solve
these problems, some underground mining operations have

implemented instrumentation programs that monitor the
backfill-generated pressures and resulting deformation of the
barricade. However, knowledge of the damage mechanism of
the barricade is still limited in the field of mine backfilling.

To prevent failure, the industry typically designs and
builds barricades using conservative filling pressures, which
means unnecessary cost for underground mines. In addition,
to reduce the pressure applied to the shotcrete barricade,
many mines apply the discontinuous paste filling strategy, in
which stopes are poured in multiple stages, which causes in-
creased stope cycle times [77]. Therefore, the value of pres-
sure exerted on the barricade and the pressure that the de-
signed barricade can withstand are the prerequisites for a
complete and rational methodology for the design of barri-
cades in backfilled stopes [78]. Given the importance of the
loading pressure, considerable emphasis has been placed on
investigating the pressures exerted on a barricade.

Li and Aubertin [16] presented a three-dimensional ana-
lytical solution of horizontal stress imposed on the barricade,
which takes into account the interaction between backfill and
walls of access drift in a “fully drained” situation. In particu-
lar, this solution considers the influence of the drift length on
the barricade pressure. This solution was expanded to hydro-
static conditions [79]. The limitations of this solution are the
same as those of Marston’s theory [19], that is, the influence
of the consolidation and hydration processes is ignored, thus
resulting in uncertainty of the barricade’s safety.

Thompson et al. [12] conducted a comprehensive field in-
strumentation project to obtain in situ data in two stopes at
the Cayeli Mine in Turkey, where total pressure cells were
installed at the barricades. Some interesting phenomena were
observed: (1) The stope with low filling rate and high binder
content of cemented paste backfill showed a rapid departure
from hydrostatic loading, and thus relatively low barricade
pressures. (2) Conversely, long hydrostatic loading and high
barricade pressures were observed in the stope with high
filling rate and low binder content of cemented paste backfill.
After plug filling, the backfilling operation was stopped and
the pressures decreased, probably because of the consolida-
tion and “‘self-desiccation” processes. (3) The arching effect
was observed, with pressures decreasing significantly with
the increasing of the drift length. These observations illus-
trate the effects of filling rate, cement hydration, and geo-
conditions (such as height of brows and length of the drift) on
the barricade pressures.

Although real-time pressure monitoring of paste backfill
barricades could provide useful information, the measured
stress of earth pressure cells are typically lower than the true
values, called “under-registration” [33]. The degree of under-
registration is related to the relative stiffness between the cell
and the cemented fill. As hydration proceeds, the stiffness of
cemented soil increases significantly; thus, the degree of un-
der-registration in such circumstances could also change.
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Therefore, the pressure exerted on the mine backfilling
barricades is a complex problem in the mining industry and
there is a need for more research in this area. Some pioneer-
ing works have shown that a comprehensive investigation of
this area should incorporate the consolidation process, the
hydration process dominated by “self-desiccation,” and the
influence of arching [33,47,52].

To date, considerable research has focused on investigat-
ing the first question. However, to the author’s knowledge,
there are only a few studies where a comprehensive safety
evaluation of a barricade has been incorporated into the ana-
lysis of the mine backfilling process. In the mining industry,
an empirically derived value for the maximum barricade
loading pressure is 100 kPa, which was developed through
experience at a number of sites. These “rules of thumb” can
result in a successful outcome; however, the validity of these
rules of thumb is still questionable because pressure can and
does vary dramatically from one operation to another [1].
Revell and Sainsbury [75] investigated the sensitivity of bar-
ricade performance to material and geometric characteristics
that were likely to vary in the field. In addition, field instru-
mentation projects of the deformation of barricades were
conducted [12].

Currently, the bending behavior of a shotcrete or concrete
barricade subjected to fill pressure has been widely simu-
lated as a two-dimensional beam restrained against axial de-
formation under uniform pressure [80-81]. Comparisons
with the experimental results have shown that the beam mod-
el predicts the maximum vertical deflection at the mid-span
of reinforced concrete beams well. Thus, this simpler and
faster two-dimensional analysis could be performed for a
given barricade in lieu of a more complex three-dimensional
analysis [81].

In conclusion, a comprehensive safety evaluation of a bar-
ricade needs to be incorporated into the analysis of the mine
backfilling process. Specifically, the in-depth analysis of bar-
ricade safety is suggested as a topic for future research.

8. Conclusions

This paper presented an overview of the literature of the
mechanics of and safety issues in tailing-based backfill. On
the basis of the findings obtained from the literature, the fol-
lowing conclusions are drawn: (1) The stress distribution
within a stope is significantly influenced by the degree of
arching that occurs in the stope. (2) The consolidation pro-
cess during backfill is verified to be essential in attempting to
determine the stress distribution within a stope. (3) The ce-
ment hydration process can significantly influence the beha-
vior of the fill. All of these mechanisms should be incorpor-
ated into the understanding of the tailing-based deposition
process. (4) The deformation of rock strata or the disturbance
from nearby mining operations may significantly change the
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stress state in the backfilled stope. (5) The safety of the barri-
cade and exposed fill face is directly related to the stress state
in the backfilled stope. Meanwhile, more research efforts
should be focused on the strength of the fill and the behavior
of the barricade.

As outlined in this paper, the cemented mine backfilling
process involves the interaction of a number of complex
mechanisms. To obtain the desired outcome of stress distri-
bution, more research efforts should be dedicated to under-
standing the influence of each of mechanism via effective ap-
proaches. Most importantly, a coherent and rational proced-
ure for mine backfilling analysis, which fully couples these
mechanism and relevant safety issues, can pave the way for
academic research and potential practical use in the mining
industry.
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