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Abstract This paper reviews the design and appli-
cation of paste backfill in underground hard rock
mines used as ground support for pillars and walls, to
help prevent caving and roof falls, and to enhance
pillar recovery for improved productivity. Arching
after stope filling reduces vertical stress and increases
horizontal stress distribution within the fill mass. It is
therefore important to determine horizontal stress on
stope sidewalls using various predictive models in the
design of paste backfill. Required uniaxial compres-
sive strength (UCS) for paste backfill depends on the
intended function, such as vertical roof support,
development opening within the backfill, pillar
recovery, ground or pillar support, and working
platform. UCS design models for these functions
are given. Laboratory and backfill plant scale designs
for paste backfill mix design and optimization are
presented, with emphasis on initial tailings density
control to prevent under-proportioning of binder
content. Once prepared, paste backfill is transported
(or pumped) and placed underground by pipeline
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reticulation. The governing elements of paste backfill
transport are rheological factors such as shear yield
stress, viscosity, and slump height (consistency).
Different models (analytical, semi-empirical, and
empirical) are given to predict the rheological factors
of paste backfill (shear yield stress and viscosity).
Following backfill placement underground, self-
weight consolidation settlement, internal pressure
build-up, the arching effect, shrinkage, stope volume,
and wall convergence against backfill affect mechan-
ical integrity.
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1 Introduction

Underground cemented paste backfill (CPB) is an
important component of underground stope extrac-
tion, and is commonly used in many cut-and-fill
mines in Canada (e.g., Landriault et al. 1997; Naylor
et al. 1997; Nantel 1998). As mining operations
progress, paste backfill is placed into previously
mined stopes to provide a stable platform for miners
to work on and ground support for the walls of the
adjacent adits by reducing the amount of open space
that could potentially be filled by a collapse of the
surrounding pillars (Barret et al. 1978). Underground
paste backfill provides not only ground support to
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pillars and walls, but also helps prevent caving and
roof falls and enhances pillar recovery, thereby
improving productivity (Mitchell 1989a, b; Coates
1981). Thus, the placement of paste backfill provides
an extremely flexible system for coping with changes
in ore body geometry that result in changes in stope
width, dip, and length (Wayment 1978). The fill
delivery method depends on the amount of energy
required to deliver the backfill material underground,
which in turn depends on the distribution cone
(Arioglu 1983). Paste backfill is usually transported
underground through reticulated pipelines.

Paste backfill is composed of mill tailings gener-
ated during mineral processing, mixed with additives
such as Portland cements, lime, pulverized fly ash,
and smelter blast furnace slag, which react as binding
agents. Binding agents develop cohesive strength
within CPB so that exposed fill faces become self-
supporting when adjacent stopes are extracted. With
the current fluctuations in metal prices, the survival of
many mines depends on their ability to maximize
productivity while minimizing costs. Backfilling
costs in underground mining operations must be
critically examined to identify potential cost savings
(Stone 1993). Although paste backfilling is somewhat
expensive, it is indispensable for most underground
mines as it provides crucial ground support for mine
safety and mining operations. Therefore, the fill
should be cost-effective and capable of achieving the
desired ground support and stability.

An analysis of fill stability must consider the
geometric boundaries of the fill in terms of optimal
economic use of CPB. Mine openings and exposed
fill faces in large underground mines vary in shape
from high and narrow to low and wide. Additionally,
wall rock next to the backfill may be either steeply
dipping or relatively flat-lying. The extraction
sequence can be modified to reduce the number of
CPB-filled stopes, or the stope geometries could be
modified to reduce the required strength for CPB
exposure (Mitchell 1989a, b; Stone 1993).

This paper reviews the design and application of
paste backfill for underground ground support in
mining operations, from preparation to placement
underground. First, arching effects and their impor-
tance in filled stopes stability analysis is briefly
introduced. This is followed by an overview of the
design of required fill strength, from a review of
current design methods. Next, optimal CPB-mix
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design (to reduce costs and improve fill strength) is
discussed, followed by a discussion on the rheolog-
ical properties of CPB. Finally, CPB delivery systems
and underground placement are discussed.

2 Design of Horizontal Pressure on Filled Stope
Sidewalls

In general, since self-weight stresses govern backfill
design, the traditional design has been a free-
standing wall requiring a wuniaxial compressive
strength (UCS) equal to the overburden stress at
the bottom of the filled stope. In many cases,
however, the adjacent rock walls actually help
support the fill through boundary shear and arching
effects. Therefore, backfill and rock walls may be
mutually supporting (Mitchell 1989a). In backfilled
stopes, when arching occurs (which is the case in
many mines, depending on stope dimensions), the
vertical pressure at the bottom of the filled stope is
less than the weight of the overlying fill (overburden
weight) due to horizontal pressure transfer, some-
what like a trap door (Martson 1930; Terzaghi
1943). This pressure transfer is due to frictional and/
or cohesive interaction between fill and wall rock.
When the pillars or stope walls begin to deform into
the filled opening, the fill mass provides lateral
passive resistance. Passive resistance is defined as
the state of maximum resistance mobilized when
force pushes against a fill mass and the mass exerts
resistance to the force (Hunt 1986).

The pressure transferred horizontally to the side-
walls should be included in the required fill strength
design. Horizontal pressures affected by fill arching
are determined by five analytical or semi-analytical
solutions that account for cohesion at the fill-sidewall
interface and/or frictional sliding along the sidewalls.
These solutions are Martson’s model and its modified
version, Terzaghi’s model, Van Horn’s model and
our proposed model.

2.1 Martson’s Cohesionless Model

Martson (1930) developed a two-dimensional arch
solution to predict horizontal pressure (oy,) at the
bottom of an excavated trench (in kPa) along the
excavation sidewalls, as follows:
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B 2K, WH
_ 1 1
o = v { exp< B (1)

The corresponding vertical pressure o, at the
bottom of the excavation and the parameter K, are
given as follows:

ay = an /K, (2)
K, = tan®(45° — ¢/2) (3)

where y = fill bulk unit weight (kN/m?); B = stope
width (m); H = fill mass height
(m); ' = tan J = sliding friction coefficient between
fill and sidewalls (6 is the wall friction angle,
generally assumed at between ¢/3 and 2¢/3, and
ranging from 0° to 22°); ¢ = fill internal friction
angle (degree); and K, = active earth pressure.

2.2 Modified Martson’s Cohesionless Model

Aubertin et al. (2003) proposed a modified version of
Martson’s two-dimensional arch solution, originally
defined using active earth pressure (K,) and wall
sliding friction (u’). The modified version to predict
effective horizontal pressure (¢’,y) along pillar
sidewalls at a depth H corresponding to the stope
bottom is given as follows:

A B _ 2KHtan ¢y
Ot =5 7, [1 exp( — 5 (4)

Corresponding effective vertical pressure ¢/, at
the stope bottom is given as follows:

o' = oy /K (5)
where y = fill bulk unit weight (kN/m*); B = stope
width (m); H=fill height (m); ¢;=fill

effective internal friction angle (degree); and K =
earth pressure coefficient.

Earth pressure coefficient K corresponds to three
different states: K, (active), K, (at rest), and K,
(passive), given by the following relationships:

K = KO =1- sin(b’f
K = K, = tan?(45° — ¢/;/2) (6)
K = K, = tan?(45° + ¢/;/2)

where K, = earth pressure at rest or in place coeffi-
cient; K, = active earth pressure coefficient; and
K, = passive earth pressure coefficient.

InEq. 6, KyisJaky’s (1944) equation, generally used
for loose sand, and may also be determined using the
following relationship for perfectly elastic materials:

(7)

where v = Poisson’s ratio of the fill material, which
must vary from 0.3 to 0.4, but is difficult to obtain for
paste backfill materials.

According to Brooker and Ireland (1965), earth
pressure at-rest coefficient for normally consolidated
clays (i.e., plastic materials) is estimated by K, =
0.95 - sing’. Coefficient Ko must vary from 0.4 to
0.6; K, must vary from 0.17 to 1.0; and K, must vary
from 1.0 to 10. However, in a filled stope, the active
earth pressure condition (K,) seems improbable
because the paste backfill has insufficient internal
pressure to push out the stope walls. Thus, prevailing
earth pressure conditions will probably be at rest and
passive pressure only.

v
Ko =

1—v

2.3 Terzaghi’s Cohesive and Cohesionless
Material Models

Terzaghi (1943) also developed a two-dimensional
arch theory to predict horizontal pressure (gy,) along
pillar walls at the bottom of the excavation, given for
a cohesive material by:

on = m {1 —exp <— Mgan(bﬂ (8a)

and for a cohesionless material as:

Oh =5 tzi " {1 —exp <— 72KHBtan ¢>] (8b)

The corresponding vertical pressures o, at stope
bottom is given by:

oy = on/K 9)
and

B 1 + sin® ¢ B 1
~cos?¢p+4tan? ¢ 14 2tan? ¢

(10)

where K = earth pressure coefficient; y = fill bulk
unit weight (kN/m3 ); ¢ = fill cohesive strength (kPa);
B = stope width (m); H = depth below fill toe (m);
tan ¢ = fill internal friction coefficient; and ¢ = fill
internal friction angle (degree).
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2.4 Three-dimensional Predictive Models

Van Horn (1963) proposed a theoretical 3D solution
for vertical stress at a depth i below the surface in a
box of width B and breath L, in which the interface
friction angle between backfill and walls ¢ is
estimated by following equation:

_ 7 (BL Ph(B4L)
UV_Zkrtané(B_}_L) {1 exp( 2k tand oL

(11)

where 7y = fill bulk unit weight (kN/m?); h = fill
height in the stope below the surface (m); B = stope
width; L = stope strike length (m); and k. = on/0y;
0 = interface friction angle (°) between backfill and
stope wall.

Belem et al. (2004) proposed a three-dimensional
model that implicitly takes into account arching
effects to predict horizontal pressures at the stope
floor (oy,): both longitudinal pressure o (across ore
body) and transverse pressures oy (along ore body).
The model is given as follows:

ST P ) T

Corresponding vertical pressure o,(= g,) at the
stope bottom is given as follows:

ay =0.185yH<L) X |:l —exp(—z—H)] =g,
B+ L B
(13)

where ) = fill bulk unit weight (kN/m3 ); H = fill
height in the stope (m); B = stope width; L = strike
length of stope (m); and « = directional constant,
which is 1 for pressure across ore body (o}, = g5) and
0.185 for pressure along ore body (o}, = agy).

3 Paste Backfill Required Strength Design

The required strength for paste backfill depends on
the intended function. To provide adequate ground
support, the required uniaxial/unconfined compres-
sive strength (UCS) of the fill should be at least
5 MPa, whereas for free-standing fill applications,
UCS is commonly lower than 1 MPa (Stone 1993; Li
et al. 2002). A typical vertical exposure measures
4-6 m wide by 30-45 m high. A UCS of 100 kPa is
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commonly adopted as the liquefaction potential limit
(Grice 2001; le Roux et al. 2002). Required static
strength for paste without exposures may be arbi-
trarily selected at 200 kPa (e.g., Li et al. 2002).
Previous work indicates that fill mass UCS varies
from 0.2 MPa to 4 MPa, while surrounding rock
mass UCS varies from 5 MPa to 240 MPa (e.g.,
Grice 1998; Revell 2000).

3.1 Vertical Backfill Support

The mechanical effects of fill differ from those of
primary ore pillars. Research and in situ testing have
shown that fill is incapable of supporting the total
weight of overburden (g, = yH), and acts as a
secondary support system only (Cai 1983). The fill
modulus of elasticity varies from 0.1 GPa to 1.2 GPa,
while the surrounding rock mass elasticity varies
from 20 GPa to 100 GPa. As discussed by Donavan
(1999), we may assume that any vertical loading is a
result of roof deformation (Fig. 1), and that design
UCS can be estimated by the following relationship:

AH,
UCSdesign = (EPSP)FS = Ep <—H p> FS (14)
p

where E, =rock mass or pillar elastic modulus;
¢p = pillar axial strain; AH,, = strata deformation

Fig. 1 Schematic showing vertical loading on the backfill
block next to a pillar
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(m);H,, = strata initial height (m); and FS = factor of
safety.

When stope walls deform before backfilling,
maximum load probably never approaches total
weight of the deformed overlying strata (Donavan
1999), and design UCS can be estimated by the
following relationship:

UCSesign = k(7,Hp) FS (15)

where k = scaling constant, which must vary from
0.25 to 0.5; y, = strata unit weight (kKN/m>); Hy =
strata height below surface (m); and FS = factor of
safety.

Numerical modeling is also used to determine
the required stiffness or strength of CPB to prevent
subsidence due to roof deformation. Results are
very useful to indicate the required paste backfill
amount. Modeling is performed with either the
FLAC (2D and 3D) or Phase®” code. Physical
modeling, such as using a centrifuge, offers an
alternative to numerical modeling, but its applica-
tion is usually limited to simple gravitational
models without high tectonic or in situ horizontal
stresses (Stone 1993).

3.2 Development Opening Through Backfill
Mass

When a gallery has to be opened through the paste
backfill to access a new ore body (Fig. 2), safe design
criteria must be applied. A conservative design
considers a fill mass as more than two contiguously
exposed faces after blasting adjacent pillars or stopes.
Consequently, the walls confining the fill are
removed and the fill mass is subjected to gravity
loading similar to a laboratory sample subjected to
the uniaxial compression test (Yu 1992). Design UCS
is estimated by the following relationship:

UCSdesign = (Vfo>FS (16)

where 7y = fill bulk unit weight (kKN/m®); H; = fill
height (m); and FS = factor of safety.

3.3 Pillar Recovery

To maximize ore recovery, it is very common to
recycle mine pillar ore after primary ore recovery.

Fig. 2 Development opening through a backfill mass

During the process, large vertical heights of paste
backfill mass may be exposed. For delayed paste
backfill, as in open stoping operations, the fill must be
stable when free-standing wall faces are exposed
during pillar recovery (Fig. 3). In addition the fill
must have sufficient strength to remain free-standing
during and after the pillar extraction process by
resisting blast effects. Figure 3 illustrates a failure
mechanism that could potentially occur after a stope
blast. Depending on the mining schedule, moderate
CPB strength (UCS < 1 MPa) may be required in the
short term (Hassani and Archibald 1998).

In the absence of numerical modeling, many mine
engineers rely on two-dimensional limit equilibrium
analyses along with a calculated factor of safety (FS)
to determine fill exposure stability. The typical result
is an over-conservative estimate of limiting or critical
strength (Stone 1993), which increases backfill

Secondary
stoping

Fig. 3 Fill mass failure mechanism during secondary stope
extraction
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operational costs. In recent years, however, 2D- and
pseudo-3D empirical models have been developed to
account for arching effects, cohesion, and friction
along sidewalls (Mitchell et al. 1982; Smith et al.
1983; Arioglu 1984; Mitchell 1989a, b; Mitchell and
Roettger 1989; Chen and Jiao 1991; Yu 1992). These
design methods use the concept of a confined fill
block surrounded by wall rock.

3.3.1 Case of More than Two Exposed Faces

Equation 16 should be used if there are more than
two contiguously exposed faces after blasting adja-
cent pillars or stopes (Fig. 4).

3.3.2 Case of Narrowly Exposed Fill Face

This design method accounts for arching effects on
confined fill by adjacent stope walls (Fig. 5) using
Terzaghi’s arching model (Eq. 9). Based on 2D finite
element modeling, Askew et al. (1978) proposed the
following formula to determine design fill compres-
sive strength:

_1.25B 2c
- 2Ktan¢ "B

X {1 — exp(—w)}FS

ucs design
(17)
B

where B = stope width; K = fill pressure coefficient
(see Eq. 10); ¢ = fill cohesive strength (kPa); ¢ = fill
internal friction angle (degree); y = fill bulk unit

Fig. 4 Schematic of a fill mass showing three exposed vertical
faces
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Fig. 5 Schematic illustration of a stability analysis of a
narrowly exposed fill face

weight (kN/m?); H = fill height (m); and F'S = factor
of safety.

Fill cohesion (c¢) and its angle of internal friction
(¢p) are obtained from triaxial tests performed on
laboratory or in situ backfill samples.

3.3.3 Case of Exposed Frictional Fill Face

This design addresses an exposed fill where the two
opposite sides of the fill are against stope walls
(Fig. 6). Assuming shear resistance between fill and
stope walls due to fill cohesion, design UCS is
[estimated] by the following relationship (Mitchell
et al. 1982):

L

B i (H)LB
44 H | = block weight

Wall shear resistance

e
F SIS )|

Direction of sliding along
failure plane

Fig. 6 Confined block with shear resistance mechanism (from
Mitchell et al. 1982)
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yL —2 B
UCSqesign = % {H — Etan <45O + %)}

X sin (45° + %) FS

(18)

where 7 = fill bulk unit weight (kN/m?); ¢ = fill
cohesive strength (kPa); L = stope strike length (m);
B = stope width (m); H = total fill height (m); ¢
= fill internal friction angle (degree); and F'S = factor
of safety.

Again, fill cohesion (¢) and its angle of internal
friction (¢) are obtained from triaxial tests performed
on laboratory or in situ backfill samples.

3.3.4 Case of Exposed Frictionless Fill Face

The compressive strength of paste backfill is mainly
due to binding agents, and any strength contributed
by friction is considered negligible in the long term
(i.e., ¢ =~ 0). For a frictionless material (Fig. 7),
cohesion is assumed at half the UCS (¢ = UCS/2).
Thus, design UCS is determined by the following
relationship, proposed by Mitchell et al. (1982):

yL(H-8)  L(H-B)Fs\2
s+ (H=5) 2L+ (H-8)Fsv2
(19)

UCSdesign -

where 7y = fill bulk unit weight (kN/m>); ¢ = fill
cohesive strength (kPa); B = stope width (m); L =
stope strike length (m); H = fill height (m); and
FS = factor of safety (ca. 1.5).

L

5 /i (YHJLB
1 = block weight

No wall shear
resistance

Direction of sliding along
failure plane

Fig. 7 Confined block with no shear resistance mechanism of
frictionless fill (adapted from Mitchell et al. 1982)

The stability of free-standing backfill (Fig. 7) can
also be determined from physical model tests such as
centrifugal modeling tests. Mitchell (1983) proposed
a formula derived from Eq. 19, where B = 0 and FS =
\/ 2, and which is used to determine design UCS as
follows:

yLH yH

UCSdesin e
®OL+H  (1+1)

(20)

and for a factor of safety other than 1, Eq. 20 is given
as follows:

(JLH)FS _ (yH)FS
L+H — (1+4)
where 7 = fill bulk unit weight (kN/m?>); L = stope

strike length (m); H = fill height (m); and F'S = factor
of safety.

UCSgesign = (21)

3.4 Ground Support

After passive resistance has been mobilized by the
fill, the strength increase in the surrounding pillars is
equal to the passive fill pressure. Thus, the main
stabilizing effect of the fill is to provide increased
lateral confining pressure to the pillars (Fig. 8).
Compressive strength of the pillar increases accord-
ing to the following formula (Guang-Xu and Mao-
Yuan 1983):

UCS., = UCSyp + [(y¢Hr)Ka—t] Kp—p (22)

and

il mass

Fig. 8 Schematic diagram of a pillar confined by the fill mass
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K, t = tan*(45° — ¢;/2) (23a)
K, = tan® (45° + ¢, /2) (23b)

where UCS,, = confined pillar compressive strength
(kPa); UCS,, = unconfined pillar strength before
stope filling (kPa); vy¢ = fill bulk unit weight (kN/
m3); H; = paste backfill (m); ¢ = fill internal friction
angle (degree); ¢, = pillar internal friction angle
(degree); K, = fill active pressure coefficient; and
K, , = passive pressure coefficient of the pillar.

3.5 Working Platform

For cyclic backfill operations, as in cut-and-fill
stoping, each fill must serve as a platform for both
mining equipment and personnel, and typically
requires high strength development in the short-term.
A standard bearing capacity relationship, developed
with civil engineering methods for shallow founda-
tion design, would be suitable for this type of backfill.
Fill top surface bearing capacity Qr (kPa) is deter-
mined using Terzaghi’s expression, modified by
Craig (1995), as follows:

Or = 0.4yBN, + 1.2¢N, (24)

Bearing factors N, (developed by Hansen 1968) and
N, are given by the following relationships:

N, =1.8(Ng— 1) tan ¢ (25a)
_ (Ng—1)
°= Tang (25b)
and
Ny = tan®(45° + ¢/2)exp(m tan ¢) (25¢)

where N, = unit weight bearing capacity factor;
N, = cohesion bearing capacity factor; Ny = sur-
charge bearing capacity factor; 7y = fill bulk unit
weight (kN/m3); c =fill cohesive strength (kPa);
B = width of square footing at surface contact
position (m); and ¢ = fill internal friction angle
(degree).

Equation 24 assumes that the backfill bearing is
supported by a square footing, which is reasonable
represented by the footprint of a mine vehicle tire
(Hassani and Bois 1992; Hassani and Archibald
1998). For mine vehicles (Fig. 9), contact width B
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Fill mass

Fig. 9 Schematic diagram of a working platform (adapted
from Hassani and Bois 1992)

corresponds to tire contact width, and is determined
by the following relationship (Hassani and Bois
1992):

Fy
B= \/; (26)

where F, = tire loading force (kN); and p = tire air
pressure (kN/mz).

4 Optimizing Paste Backfill Mix Designs

Once required strength has been determined, mix
variables are optimized to provide the desired mix
that achieves target strength and minimum cementi-
tious usage. Mix variables considered include binder
content Byq, (by dry mass of tailings) and binder
type, tailings particle size distribution (PSD) and
mineralogy, mix solids concentration by mass (Cyq,)
or volume (Cyq,), and mixing water geochemistry. To
design a certain uniaxial compressive strength
(UCS4esign), variables are adjusted to produce an
optimal mix design (Stone 1993; Benzaazoua et al.
1999, 2000, 2003; Benzaazoua et al. 1999, 2000;
Benzaazoua and Belem 2000; Fall and Benzaazoua
2003; Kesimal et al. 2003; Yilmaz et al. 2004).

The other essential requirement is that the backfill
must be economical. Typical backfill costs vary from
$2 CDN/m’ to $20 CDN/m® for paste backfill,
depending on the service required. These costs wield
a significant impact on the mine’s operating costs.
Paste backfill costs alone are typically between 10%
and 20% of total mine operating costs, with binder
agents accounting for up to 75% of backfill costs
(Grice 1998; Fall and Benzaazoua 2003).
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4.1 Laboratory Optimization of CPB Mix
Designs

Optimizing CPB mix designs reduces binder usage
and offers significant cost savings (e.g., Benzaazoua
and Belem 2000; Benzaazoua et al. 2002; Fall and
Benzaazoua 2003). Figure 10 shows the main com-
ponents affecting the final quality of paste backfill
such as binding agents, tailings characteristics (spe-
cific gravity, mineralogy, particle size distribution),
and finally, mixing water chemistry and geochemistry
(sulphate concentration, pH, Eh, Electrical conduc-
tivity). Each component plays an important role in
backfill transportation and delivery, placement, and
long-term hardening (Benzaazoua et al. 2002).

4.1.1 Binder Types and Content

Hardening of CPB occurs as bonds are formed
between fill particles at grain contact points. Several
types of binding agents are used, but the most
common is ordinary Portland cement (CEM I, OPC,
Type 10, or Type I). Sulphate resistant Portland
cement (SRPC, Type 50, or Type V) is sometimes
used, although it is much more expensive than OPC.
Admixtures with pozzolanic materials are often used
to curb costs by reducing the amount of Portland
cement needed for hardening. Pulverized fly ash
(PFA) and smelter ground granulated blast furnace
slags (GGBFS) are the most popular pozzolans used
as admixtures (e.g., Douglas and Malhotra 1989).
They can be used alone or blended with OPC
(binding agent = x*OPC + (1 — x)*Admixture) to
activate reactivity.

Tailings

Sulphides content
Grain size distribution

Binding agents
(Si0,+AL,O,)/
(CaO+MgO)

Mixing water
SO,%, pH, Eh
soluble lime

Density, specific gravity

Solid mass concentration

Binder %  (78% < Cis <85%)

(3 Wt.% —7 Wt.%)

Water content
(expected slump 6"-10")

Paste backfill
(70% < Cw% < 85%)

Fig. 10 Schematic diagram of various paste backfill compo-
nents (adapted from Benzaazoua et al. 2002)

Typical binder content By (= 100 X Mbpinder/
Mry—ilings) Varies from 3 wt.% to 7 wt.% (by dry
mass of tailings). Solids mass concentration
Cywo(Wt.%) is given as follows:

100 x M. solid
Mwater + Msolid
_ 100 x (Mdryftailings + Mdryfbinder)
B Mwater + Mdryflailings + Mdryfbinder

Cw% =
(27)

where M = mass of the substance (in g, kg, or tonne).

Corresponding volumetric binder content By, (v/
v%) and solids concentration Cyq, (v/v%) are given as
follows:

Voi ‘
Bug = 22 % 100 = Bysg (” “) (28)
tailings Ps—b
and
Visoli _
Cyo = 22 5 100 = P91 100 (29)
Viuik Ps—f

where Vpinger = volume of binder; Vijiings = volume
of dry tailings; Vg = volume of dry tailings and
binder; Vi, = volume of pastefill; B, = binder
content (wt.%); ps. = specific density of tailing
grains; pgyp = specific density of binder grains; pq.
¢ = dry density of pastefill; and ps¢ = specific density
of pastefill grains. Volumes are in cm’ or m?;
densities are in g/cm’, kg/m’ or tonne/m’.

From the known solids concentration by mass of
paste backfill (Cy¢), the corresponding anhydrous
binder concentration (%binder) and tailings grains
concentration (%tailings) are calculated using the
following formulae:

Bye
%binder = cw%( e ) (30a)

100 + By,
and
%tailings = _ Cwe x 100 = Cyq, — %binder
100 + By, W

(30b)

where Cyq, = solids concentration by mass of CPB
(%); and By = binder content by dry mass of
tailings (wt.%).

Numerous laboratory test results have reported
that, for a given curing time, paste backfill strength is
proportional to binder content By (Fig. 11).
However, this relationship is specific to each mine
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4500 7 [Binder type:
4000 | |20% cement + 80% slag| 11g_gay

: 5
Q 56-day
ey 2500 T
8 2000 1
1500 1 28-day
1000 A
503 A O P 14—day

1.5 3 4.5 6 75
Binder content B, (wt.%)

Fig. 11 Typical variation of UCS with binder content at
different curing times (from Benzaazoua et al. 2000)

(e.g., Benzaazoua et al. 1999, 2000; Belem et al.
2000; Benzaazoua and Belem 2000; Benzaazoua
et al. 2002, 2004). Recent results have shown that the
hardening process within paste backfill material is
due not only to binder hydration but also precipitation
of hydrated phases from the paste pore water
(Benzaazoua et al. 2004).

4.1.2 Mixing Water and its Quality

Water is required to ensure proper hydration of the
binding agents. Without adequate binder hydration,
the fill cannot meet required strength and stiffness.
Moreover, since additional water is usually required
to pump the paste backfill underground, the volu-
metric water content of paste backfill is always far
in excess of the OPC hydration requirements (as is
the case for blends of OPC with SRPC, PFA or
GGBEFS). The main concern is therefore the water’s
pH and sulphate salts content. Acidic water and
sulphate salts attack cementitious bonds within the
fill, leading to loss of strength, durability, and
stability (e.g., Mitchell et al. 1982; Lawrence 1992;
Wang and Villaescusa 2001; Benzaazoua et al.
2002, 2004).

Figure 12 illustrates that, when using blended
Portland cement/GBFS binder with the same tailings
sample mixed with three different waters, CPB
hardening is slow for all three waters at 14-day
curing. Beyond that curing time and at 28-day curing,
UCS reaches a maximum value for sulphate-free
waters (tap and lake water), or 600 kPa higher than a
mix with sulphate-rich Mine A process water
(Benzaazoua et al. 2002).
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Fig. 12 Effect of mixing water on strength development
within paste backfill mixtures with mine A tailings (from
Benzaazoua et al. 2002)

4.1.3 Binder Hydration Process

According to dissolution test data performed on the
general use Portland cement (OPC or Type I) and
blast furnace slag binders (Benzaazoua et al. 2004), a
linear regression equation was derived for the calcu-
lation of percentage (by weight, wt.%) of dissolved
binder D, as a function of water-to-cement ratio
(wlc): Dp(wt.%) = 3.125 x (w/c) + 3.3125 (Belem
et al. 2007). Figure 13 is a schematic illustration of
the hydration process in cemented paste backfill
materials. This figure illustrates that paste backfill
hardening occurs in two main stages: dissolution/
hydration, dominated by the dissolution and
hydration processes, and hydration/precipitation,
characterized by the precipitation process and direct
hydration of binding agents (Benzaazoua et al. 2004).

Figure 14 presents a diagram of all possible stages
in the hydration process of a paste backfill with
tailings containing sulphide minerals (pyrite, pyrrho-
tite) and the mix solution containing sulphates. It
reveals that, immediately after paste mixing with the
binding agent, OH™ anions are released, which buffer
the solution at a pH varying between 12 and 13.
Consequently, the dissolution/hydration and hydra-
tion/precipitation phases take place successively.
This hardening process first involves the formation
of primary ettringite, followed by portlandite forma-
tion. At mid- and long-term hydration, C—S—H phases
are formed, which largely contribute to paste backfill
strength development. Depending on initial sulphate
content, the formed portlandite could possibly react
to gypsum.
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Fig. 13 Schematic diagram
of volumetric proportions in
hardening process of paste
backfill having w/c = 7
(adapted from Benzaazoua Water
et al. 2004)

Unhydrated binder

Capillary Water Capillary water

- ======—=—=——— Dissolved binder
oo ARLE SRR RS9 Precipitates

Unhydrated binder

Hydrates

Stage 0

(before hydration)

Bellmann et al. (2006) demonstrated that portlan-
dite reacts to gypsum at a minimal sulphate
concentration of approximately 1,400 mg/l (pH =

12.45). Their results suggest that, at common
moderate concentrations of up to 1,500-3,000 mg/l
of sulphate, gypsum formation is either not possible
or cannot lead to damage, since supersaturation and
swelling pressure are very low. At low sulphate
concentrations, minor amounts of alkali ions already
present in the pore solution act to protect the
microstructure from the destructive process of gyp-
sum formation.

Sulphide mineral (pyrite, pyrrhotite, arsenopyrite)
oxidation has been shown to produce increased acidity
(pH drops), metal remobilisation, sulphate ions
release, and dissolution of formed hydrates. For
example, when pH < 12 (stability limit of portlan-
dite), potential outcomes are partial or total dissolution
of portlandite (Ca(OH),), release of calcium from the
formed hydrates (decalcification of C—S—H phases),
and increased micro and mesoporosity.

The presence of sulphates in the mixture plays
various other roles, depending on concentration
(Benzaazoua et al. 2004). When sulphate content is
between 200 and 8,000 mg/l, an inhibition stage of

Stage 1
(after few hours)

Stage 2
(after many days)

paste backfill hydration is likely. For sulphate
concentrations  ranging between 8,000 and
10,000 mg/l, precipitation of secondary gypsum is
probable, and contributes to develop paste backfill
strength. For sulphate content higher than
10,000 mg/l, sulphate attack, characterized by mas-
sive and harmful precipitation of secondary gypsum
and ettringite (swelling phases), is expected. This
excess volume is unable to fill capillary pores, as
gypsum and ettringite crystals become much larger
than the pores, which leads to expansion and
microcracking of cured paste backfill. The outcome
is loss of initially developed strength.

4.1.4 Paste Backfill Mixing Procedure

As mentioned above, a quantity of water is added to
the tailings and binding agent and mixed for approx-
imately 5-7 min in a concrete mixer. Due to the wide
variety of tailings types, the resultant paste backfill
mixture typically contains between 63 wt.% and
85 wt.% solids concentration by mass Cy,q,, depend-
ing on initial tailings solid particles density

Fig. 14 Schematic diagram
of paste backfill hydration

Fresh mixture of sulphide-rich
and sulphate-rich

process

IfpH < 12

cemented paste backfill \

Portlandite
Ca(OH),

(2.8<p,_<4.7), binder content (Byg), and
OH-ions release
12<pH<13
Dissolution / hydration
Hydration/precipitation e
....... If su;phideS

Primary @

Gypsum -
CaS0,.2H,0
Ettringite @ seogn(_!flf!_ ______
3CaS0,.3Ca0.AL0,32H,0 |« — ~

Silica gels formation ;
i (C-S-H decalcification)
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water-to-cement ratio (W/C), given by the following
relationships:

100 x (100 + Byg )

Cyop = 31la
“ 7100 4 By (1 +5) (31a)
and
K _ w(%) (100 L) = 100 — C,,% 100 41
C 100 \Byg Cw By
(31b)

where Cyq, = solids concentration by mass of CPB
(%); Bwo, = binder content by mass (wt.%); W/
C = water-to-cement ratio; w(%) = water content of
the final backfill mix (in percent), given by:

100 X Myater
W(%) Mdry—solid (32)
Considering the range of variation in Cyq (from
63 wt.% to 85 wt.%) and Byq (from 3 wt.% to
7 wt.%) encountered in the mining industry, W/C
varies from 2.7 to 20.2 (compared to the approxi-
mately 0.5 W/C used in the concrete industry).
Figure 15 presents a typical variation of water-to-
cement ratio W/C for four different binder contents
commonly used in the mining industry. The equiv-

alent volumetric solids concentration C,q 1is
calculated by the following formula:
100
Cyvs = 100(1 — n) = 33
= 100(1 =) = 7= (33)

and for backfill solids concentration by mass (Cyo,)
as follows:

Fig. 15 Typical variation
of water-to-cement ratio w/ i
¢ with paste backfill final | '

n n
o N
¥ !

mix solids concentration by 18 1

mass (Cyg,) for four

different binder contents 167 B
(Bwa) commonly used in 14

the mining industry

—
N
+

Water-to-cement ratio (w/c)
>

n B~ o o)
' ' ’

W'

By=7wt% el

Cos = Curt (pbulk—f 100

Ps—t ) 1+ (%—1) x Gt

St

(33b)

where ppuks = pastefill bulk density (kg/m3); Ds-
¢ = pastefill solid particles (tailings + binder) specific
density (kg/m3); n = CPB porosity (Vyoia/Vouk); € =
CPB voids ratio (Vyia/Vsolia); Gs.r = pastefill specific
gravity; S, = pastefill degree of saturation (varying
from O to 1).

Figure 16 shows a typical variation of volumetric
solids concentration (C,q,) with solids concentration
by mass (Cy,q,) for five CPB mixes using five different
tailings and one binding agent (0.3 X OPC + 0.7 X
GGBFS) at 4.5 wt.%. The resultant paste backfill
mixtures were poured into plastic moulds 10.125 cm
(4 inches) in diameter and 20.5 cm (8 inches) in height
or 7.62 cm (3 inches) in diameter and 15.24 cm
(6 inches) in height, sealed, and cured in a humidity-
controlled chamber at approximately 90-100% RH
and 25°C (similar to underground mine working
conditions). CPB samples were then subjected to
compression tests at different curing periods.

4.2 CPB Preparation at a Backfill Plant

Figure 17 shows a typical flow chart for a backfill
plant (Cayouette 2003). Final mill tailings are first fed
into a high-capacity thickener to increase solids

concentration from 35 wt.% to approximately
Bw% =3 wt.%
e
\"
=45 W% >
- _
B, = 5 W% \.‘\.. Paste backfill systems

63 65
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Fig. 16 Typical variation 70 1
in volumetric solids
concentration (Cygq,) with

solids concentration by 60 - §=1
weight (Cy¢,) for five CPB
mixes using five different 55 A

tailings and one binding
agent (OPC-GGBFS) at
4.5 wt.% and 100% water
saturation

50 T

45

40 A
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Fig. 17 Paste backfill plant
flow sheet at the Louvicourt
mine, Canada (from
Cayouette 2003)

Final tallings from
flotation cl

55-60 wt.% by mass. Flocculent is added to aid
filtration. The thickened tailings are then pumped
from the thickener to a high-capacity holding tank
(after cyanide destruction). From the surge tank, the
thickened tailings are gravity-fed to disc filters
operating alone or in parallel to produce filter cake
with a solids concentration of approximately 70—
82 wt.%. The filter cake is then discharged onto a belt
(or reversible) conveyor and fed to a screw feeder for
weighing. Finally, filter cake batches are mixed in a
spiral (or screw) mixer with binder and water added
for about 45 s to produce a paste with a specified
consistency or slump height value S.

4.3 Importance of Controlling Tailings Density

Since binder proportion Byg, in the mix is calculated
from tailings dry mass, the slightest variation in

Underground
mine

Polishing Pond

tailings grain density p, produces an excess or loss-
of-profit in binder proportioning. This variation of pg_
may be due to mineralogical changes in the ore body
during stope extraction. Using a regression analysis
on data taken from Benzaazoua and Bussiere (1999)
and Benzaazoua et al. (2000), and knowing total
sulphur content %S (in percent), tailings grains
specific density ps, (in g/cm?) is estimated using
the following regression equation:

19.5674

= R =0.9999
1 +6.0094 x exp(—0.0072 * %S)

Ps—t
(34)

where pg is in g/em®; %S = tailings total sulphur
content (wt.%).

For a given constant binder content By, (Wt.%),
increase in pg, produces an increase in volumetric
binder content B,q, (v/v%), and a reduction in p
produces a reduction in B¢, , as described by Eq. 28.
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4.3.1 Calculation of Adjusted Binder Content

To take into account the variation in tailings solid
grains specific density p;_ in the mix design, adjusted
binder content By,g aqj (i.€., actual binder proportion
used, not constant binder content, By _ini) must be
calculated using the following formula:

_ Ps b\ Bwio—init X (Ps_t)inic
Bwo—adj = Byvoo—init| —— | = 0
s—t

s—t

(35)

where  Byg_i,: = initial constant volumetric binder
content (v/v%), corresponding to initial constant
binder content by dry mass of tailings (Bwa—init);
By —init = initial constant binder content by dry
mass (wt.%); ps. = current tailings solid particles
density; psp = anhydrous binder particles density;
and (p,_,);,;; = initial tailings solid particles density.
Densities are in g/cm3, kg/m3 or tonne/m”>,

Figure 18 presents a typical variation in adjusted
binder content By,g,_oqj With tailings grains density pg_,
varying from the initial assumed value ((0s init =
3.85 g/cm’). It shows that a decrease in tailings solid
grains initial density p,, produces a lack of binder
content (loss-of-profit) with respect to adjusted binder
content (Byg.-aqj), Which leads in turn to under-propor-
tioning of the binding agent in the final paste backfill
mix. In contrast, an increase in p,, produces excess
binder content with respect to the adjusted binder
content, which leads to over-proportioning of the binding
agent, and therefore cost inefficiencies. However, under-

proportioning of the binding agent causes the greater

Fig. 18 Typical variation

Lack binder usage

damage of reducing paste backfill strength development,
while over-proportioning affects profits alone.

4.3.2 Calculation of Differential Binder Contents
and Economic Implications

If adjusted binder content Byq,_,q; is not considered,
the result may be erroneous interpretation of the
hypothetical influence of tailings solid grains density
ps On paste backfill compressive strength develop-
ment (e.g., Fall et al. 2004, 2005). Differential binder
content (AByg) due to variations in tailings grains
initial density p,_ (increase or decrease) is calculated
with the following formula:

AByq = (Bw%-init — Bwo—adj)

— Boo i (pg—t_(pg—t)lmt> (36)
— Dw%—init
Ps—t

where By_inii = initial binder content (wt.%);
ps = current tailings solid particles density; and
(ps-Dinic = 1nitial tailings solid particles density.
Densities are in g/cm?®, kg/m® or tonne/m”.

From Eq. 35, note that AByg may be positive
(AByg > 0) or negative (AByg <0), depending on
current tailings grains density pg

ABw%( > 0) = Bw%fexcess
ABw%( <0) = Bw%—]ack

if po > (Ps_inic
if ps <(Ps—0)init
(37)

where By,g,-cxcess = €Xcess binder content (wt.%);
Byo1ack = lack of binder or loss-of-profit binder

10 T+ Excess binder usage

;\?
in adjusted binder content M. (stability concerns) s (money to save)
Buyar—aai(Wt%) with tailings e < 97
grains density p,_,, varying Lack N g g |
from the initial assglmed H 8 F B, =7wt%
value of 3.85 g/cm” and for == vy
three different binder . sl T ——— Excess
contents (3, 4.5, and el . L T v
Lack  TTeeo_
7 wt.%) [t ST °> 1 Bu=45wt%
R e Excess
;Lack ................................................................... 2 By, =3wt% 77"
2 4
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content, i.e., under-proportioned binding agent in the
final mix.

Figure 19 presents typical variations in differential
binder content (AByg) with tailings grains density
(ps.), varying from the initial assumed value of
3.85 g/cm®. As shown, increased pq., produces excess
binder proportioning, while reduced p,, produces
under-proportioned (loss-of-profit) binder in the paste
backfill mix.

Excess binder content (Byg,cxcess) May be con-
verted into savings (if Bg.aqj i considered in the
mix design) or loss (if Bye.aqj is not considered in the
mix design), and annual savings or loss may be
calculated as follows:

($ /year) saved /lost

_ Mdryflailings (tOHne/year) X Byop—excess (38)
100
x ($binder/tonne)

where ($/year)guyeqioss = money saved or lost per year
if initial binder content is lower than the excess
binder proportion; Mgry-ailings = total mass of dry
tailings used per year (tonne/year); Byo-excess =
excess binder content (wt.%); and ($binder/
tonne) = current cost of the binding agent.

To illustrate, consider an underground hard rock
mine that uses 6 x 10’ tonnes/year of total dry
tailings having an initial solid grains density (0s_¢)init
of 3,800 kg/m3 (3.8 tonnes/m3). Fixed constant
binder content Byg.inie 1S 4.5 wt.% and solids
concentration of the final mixes Cyq, is 78%. The
binder type used is a blended OPC-GGBES at a ratio
of 70:30 at a cost of 126.5 $/tonne. Assuming a 7%
increase in tailings solid density over the initial value

Fig. 19 Typical variation
in differential binder
content ABy,q with tailings
grains density p,_,varying
from the initial assumed
value of 3.85 g/cm® and for
three binder contents (3, 4.5
and 7 wt.%)

AByo, = Byeyinit = Buei-adi

(i.e., pst = 4,050 kg/m?), savings would amount to
about $211k/year. With an approximately 16%
increase (i.e., ps.= 4,400 kg/m3), savings would
amount to about $466k/year (Fig. 20).

5 Paste Backfill Transportation

As defined above, paste backfill consists of the full
size fraction of the tailings stream prepared as a high
slurry density. The slurry behaves as a non-Newto-
nian fluid, meaning that it requires an applied force to
commence flowing (Fig. 21). For example, tooth-
paste, a commonly used non-Newtonian fluid, must
be squeezed (yield stress or applied load) to get the
toothpaste out of the tube (Clark et al. 1995). Since
backfill paste has higher viscosity, it exhibits plug
flow when transported through a pipe. The outer
portions of the slurry shear against the sidewall of the
pipe while the central core travels as a plug (Grice
1998). Paste backfill flow in pipelines is entirely
governed by its rheological properties. Rheology is
the science of the flow and deformation of matter.

5.1 Rheological Models for Paste Backfill

The main method to achieve paste backfill flow in
pipelines is the full-fall. Full-pipe occurs when the
flowing paste forms a continuum with no air-filled
gaps or discontinuities (vacuum “holes™) in the
pipeline segment under consideration (Li and Moer-
man 2002). The most fundamental relationship in the
rheology of a non-Newtonian fluid is between shear
rate, 7 (s~!') and pipe wall shear stress, t,, (Pa). Once

@
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Fig. 20 Example of money $1,300 1
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this relationship is known, fluid behaviour in all flow
situations can be deduced (e.g., viscosity and yield
stress). The most frequently used fundamental non-
Newtonain models to describe simple flow behaviour
are the power law model, the Bingham model, and
the Herschel-Bulkley model.

5.1.1 Power-law or Ostvald-de Waele Model

Many non-Newtonian materials undergo a simple
increase or decrease in viscosity as shear rate
increases. One of the most widely used forms of the
general non-Newtonian constitutive law is a power-
law (or Ostvald-de Waele) model, or two-parameter
model, expressed as:

dv\* a
Tw = Napp <dr> = napp(y) (39)

where 1, = wall shear stress (Pa); 7, = shear yield
stress (Pa); n,pp = non-Newtonian apparent viscosity

Hopper Hopper

Pressure
(2 MPa)

Pressure
(3 MPa)

(b) Flow
(Vertical head
> yield stress)

(a) No flow
(Vertical head
= yield stress)

Fig. 21 Schematic diagram of yield stress in paste backfill
flowing through a pipeline (from Revell 2000)
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defining fluid consistency (Pas); (dV/dr) =79 =
shear rate (s™!) or velocity ratio V (m/s); a point
on the velocity profile r (m); and a = power-law
model constant indicating the degree of non-Newto-
nian behaviour (the greater the departure from unity
the more pronounced the non-Newtonian properties
of the fluid). This model does not account for yield
stress. If a < 1, a shear-thinning (or pseudoplastic)
fluid is obtained, characterized by a progressively
decreasing apparent viscosity with increasing shear
rate. If @ > 1, a shear-thickening (or dilatant) fluid in
which apparent viscosity increases progressively with
increasing shear rate is obtained. When a =1, a
Newtonian fluid is obtained.

5.1.2 Bingham Plastic Model

Some materials exhibit infinite viscosity until a
sufficiently high stress is applied to initiate flow
(yield stress). Above this stress, the material shows
simple Newtonian flow. One of the simplest models
covering viscoplastic fluids exhibiting such yield
response is the ideal Bingham model (Fig. 22),
expressed by the following two-parameter model:

av .
Tw = Ty g = Ty ) (40)

where 1, = shear yield stress (Pa); 1z = Bingham
plastic viscosity (Pas); and 7§ = shear rate (s7!).
Basically, the Bingham model describes the viscosity
characteristics of a fluid with yield stress when
viscosity is independent of shear rate (constant).
Therefore, the Bingham plastic model cannot account
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Bingham plastic

ny

Wall shear stress 7, (Pa)

Shear rate Y (1/s)

Fig. 22 Rheograms for time-independent fluids

for the shear-thinning characteristics of general non-
Newtonian fluids. Many concentrated particle sus-
pensions and colloidal systems, such as mortar,
concrete and possibly pastefill, show Bingham
behaviour at low shear rates.

5.1.3 Herschel-Bulkley Model

The Herschel-Bulkley model is a three-parameter
model used to describe viscoplastic materials exhib-
iting yield response with a shear-thinning relationship
above yield stress (Fig. 22). This generalized model
is a combination of the power law (Eq. 39) and
Bingham models (Eq. 40), and is expressed by the
following relationship:

avy” N1
TW - Tapp + napp <;> = Tapp + r’dpp(y) (41)

where 7,,, = constant, interpreted as apparent shear
yield stress (Pa); #,,, = consistency index or appar-
ent viscosity (Pas); 7 = shearrate(s”!); and
n = flow parameter indicating the degree of non-
Newtonian behaviour (the greater the departure from
unity the more pronounced the non-Newtonian prop-
erties of the fluid). When n =1, the Herschel-
Bulkley model is reduced to the Bingham model
(Eq. 39). If n < 1, a pseudoplastic (or shear-thinning)
fluid is obtained. If n > 1, a dilatant (or shear-
thickening) fluid is obtained. The Herschel-Bulkley
model is better fitted for many biological fluids, food
products, and cosmetic products. Since this model
tends to more realistically predict flow over a wider
range of conditions than the Bingham model, it is

often applied to industrial fluids to specify design
conditions for processing plants.

Since paste backfills are considered non-Newto-
nian fluids, their rheology is time-independent during
pipeline transport. Most paste backfills show appre-
ciable yield stress, and are therefore treated as
Herschel-Bulkley fluids (Eq. 41). Some paste back-
fills are Bingham plastic in limited shear rate ranges.
Others are yield pseudoplastic or yield dilatant, with
the former more common than the latter (Li and
Moerman 2002). Shear or apparent yield stress t, or
Tapps Apparent viscosity #,pp, and flow parameters a
and n are obtained by fitting Eqs. 39, 40 and 41 to a
given flow curve or rheogram (shear rate-shear stress
curve) obtained from rheometer tests (capillary,
extrusion or rotational rheometer) using different
tool geometries (vane, concentric cylinder, cone and
plate, parallel plate, etc.).

5.1.4 Model for Plastic Fluid Flow Through a Pipe

For a Bingham plastic fluid such as pastefill, the
relationship between pseudo shear rate 8V/D and
shear stress at the pipe wall t,, is given by:

_APD
™EIL

1%

SV A ALy Lt
~ B 3\"arp) "3\ " APD

where 1, = shear yield stress (Pa); ng = Bingham
plastic viscosity (Pa s); AP = pressure drop through a
section of circular pipe of length L (Pa); D = pipe
inner diameter (m); L = pipe length (m); and V =
paste laminar velocity (m/s). Effective pipe inner
diameter (D) for paste backfill transport ranges
between 10 cm and 20 cm (4 and 8 inches). Paste
flow velocity varies from 0.1 m/s to 1 m/s. The
practical pumping distance of paste can reach 1,000 m
longitudinally (L;) and is unlimited vertically.

(42)

5.2 Standard Measurements of CPB Rheological
Factors

In practice, it is not easy to obtain the true rheological
properties of pastes, due to the complexity of the
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experimental devices (rheometer tests). This makes it
difficult or even impossible to determine or predict
paste viscosity, which depends on several factors.
Due to its simplicity, the standard slump test (used in
the concrete industry) is widely used to determine
paste backfill consistency. Slump is a measure of the
drop in height of a material when released from a
truncated metal cone that is open at both ends and
sitting on a horizontal surface (Fig. 23). Slump
determination allows characterizing the material’s
consistency in terms of transportability (Clark et al.
1995). According to Landriault et al. (1997), the
optimum paste backfill slump to facilitate under-
ground pumping is between 150 mm (6 inches) and
250 mm (10 inches).

Solids concentration Cyg, is often used to compare
mix compositions, particularly batches. To achieve
mix consistency across batches, consistency can be
measured by monitoring the electrical power used by
the motor that turns the mixer paddles. The mixer is
started and water is added until the power required by
the motor reaches target for the mix consistency
desired (Brackebusch 1994; Landriault and Lidkea
1993). The only requirement is that slump must be
correlated to consistency and consistency correlated
to power. Once the correlation between slump and
pressure loss has been established, produced pressure
gradient can be predicted.

5.3 Alternate Methods for Measuring
Rheological Factors

To accurately define the rheology of paste backfill,
both shear yield stress (t,) and viscosity (x) must be
measured. Most current tests measure only one
rheological factor (i.e., slump height). The relation-
ship between the factor measured and either of the

Fig. 23 Paste backfill
consistency measurement
by slump tests: (a) slump
cone mould; (b) schematic
view of the slump test
(adapted from Ferraris and
de Larrard 1998)
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two fundamental rheological parameters is not
obvious (Ferraris 1999). In most cases, 7, and u
cannot be calculated from the measured factor, and
are only assumed to be related. According to
Ferraris (1999), slump, penetrating rod, and K-slump
tests are related to shear yield stress (ty), since they
measure the paste’s ability to start flowing. The
remoulding test, LCL apparatus, vibrating testing
apparatus, flow cone, turning tube viscometer, filling
ability, and Orimet apparatus are related to viscosity
because they measure the paste’s ability to flow
once applied stress (vibration or gravity) exceeds
yield stress.

Slump height, an empirical measure of consis-
tency, is dependent on both material yield stress
and density, which are in turn dependent on
chemical composition, particle specific gravity,
and particle size. In the minerals industry, these
factors may vary with changes in ore origin and
processing. As a result, using slump height as the
single parameter of consistency for paste backfill
distribution systems potentially leads to problems
(Clayton et al. 2003). Therefore, yield stress, a
unique material property, is the preferred indicator
of consistency. If slump height can be related to
yield stress, the slump test offers a simple and ideal
technique for on-site yield stress measurement
(Clayton et al. 2003).

5.3.1 Direct Measurement of Yield Stress

Nguyen and Boger (1983, 1985) have suggested
adapting the laboratory vane shear test to measure
material yield stress (ty). Test results allow obtaining
a torque-angular deformation curve of material,
where peak corresponds to maximum torque (Mj).
Using the peak torque value and vane geometry

Before
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parameters, yield stress is calculated by the following
relationship (Nguyen and Boger 1983, 1985):

My

nTD3 (% + m-ll—3>
where t, = paste yield stress (Pa); M, = maximum
peak torque (N m); D = vane diameter (m); H = vane
height (m); and m = constant describing stress
distribution over the cylinder (end effect): uniform
distribution (m = 0) and non-uniform distribution (m
> (0). Nguyen and Boger (1985) verified that the
assumption of uniform stress distribution (m = 0) is
valid.

Coussot and Boyer (1995) proposed a method to
determine yield stress from the inclined plane test.
The inclined plane used was a 1-m-long (D) channel
with width L varying between 5 cm and 25 cm and
slope (i) varying between 10° and 30°. The bottom
surface was plywood. The authors demonstrated that
wall slip is negligible for mud flows on this surface
type, and they successfully compared measured
uniform flow depths (#) with theoretical predictions
(based on rheometrical tests). They also observed no
flow depth change when using surfaces with different
roughness. Asymptotic depth (hg), corresponding to
at rest state (final position or equilibrium), leads to
the determination of yield stress:

1y = pghg sin(i) (44)

Ty = (43)

where p = material bulk density (kg/m?); g = grav-
itational acceleration (m/sz); ho = final height of
material (m); and i = inclined plane slope angle.

Ulherr et al. (2002) developed a novel and simple
method for measuring yield stress using a cylindrical
penetrometer. Basically, static equilibrium of a
falling penetrometer in a yield stress fluid (partial
immersion) is measured, and uniform shear stress
acting on the entire penetrometer surface is assumed.
Yield stress is simply determined by a balance of
forces acting on the penetrometer, as follows:

. 8lmy — pnd® (3 + )]
Y nd(l-i—%d)

(45)

where g = gravitational acceleration (m/s); my =

total mass of the penetrometer (kg); p = fluid bulk
density (kg/m3); and d and [ are the diameter (m) and
immersed length (m) of the cylindrical section of the
penetrometer.

Equation 45 indicates that yield stress is a
function of the weight and dimensions of the
immersed penetrometer. Thus, yield stress is readily
determined by measuring equilibrium depth in the
fluid for a penetrometer with known weight and
diameter.

5.3.2 Analytical Models of Yield Stress and Slump

A number of analytical models have been devel-
oped to relate slump to a corresponding yield stress
in order to predict slumping behaviour. The first
analysis was made by Murata (1984), followed by
Christensen (1991), who corrected a simple inte-
gration error made by Murata. Rajani and
Morgenstern (1991) and Schowalter and Christen-
sen (1998) further investigated the conical test. The
slump test was first adapted to a cylindrical
geometry by Chandler (1986) for application to
the aluminium industry. Chandler realised there was
a relationship between slump height and flow
behaviour of the bauxite residue he was testing,
but did not analytically relate the two. Pashias et al.
(1996) developed a model for cylindrical geometry,
for a favourable comparison of model and static
vane test results. They also investigated slump
height sensitivity to sample structure, material,
aspect ratio, lift rate, and measurement time, and
found slump measurement to be essentially inde-
pendent of these factors.

These results were successfully validated by
Clayton et al. (2003), Iveson and Franks (2003),
Gawu and Fourie (2004), and Saak et al. (2004) for
cylindrical moulds. Recently, Roussel and Coussot
(2005) proposed an analytical correlation between
spread and yield stress of cement pastes for the
ASTM mini cone test, based on the work of Coussot
et al. (1996). Roussel et al. (2005) correlated yield
stress to slump or spread over a large range of yield
stresses for any conical geometry. In addition, they
quantified the influence of secondary phenomena
such as surface forces, flow inertia, and initial cone
shape on test meaningfulness.

Rajani and Morgenstern (1991) proposed a model
to predict plastic yield stress 7, from the ASTM C-
143 slump cone height, based on both 2D (Tresca
criterion) and 3D (von Mises criterion) yield criteria,
as follows:
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_ pg(H —hy— )
YETT T e

)
where p = material bulk density (kg/m’); g = gravi-
tational acceleration (m/sz); ho = height of unyielded
material (m or mm); H = height of the ASTM C-143
slump cone (H = 300 mm); S = slump height (mm or
m); and f§ = constant depending on the yield criterion.
p= \/ 3 (von Mises) or 2 (Tresca). It should also be
mentioned that hy = H — hy — Sand ho = H - hy — S.

Helmuth et al. (2006) developed a slump model
based on geometric constraints for the standard
ASTM C-143 concrete slump cone. Yield stress
was calculated based on Murata’s (1984) force
balance approach, as follows:

(46)

pgVe
Ty = 2nr2 (47a)
and
336
=3 —1 47b
" ( (12=5) 3) (470)

where p = material bulk density (kg/m’); g = grav-
itational acceleration (m/sz); V. = cone or mould
volume (m3); rs = the radius of the slumped material
base (m); and S = slump height (m).

Pashias et al. (1996) adopted the slump test as a
simple means to determine yield stress (ty). They
showed that slump height (s) measured by the
modified slump test using an open-ended cylinder
with an aspect ratio of 1 (diameter =
height = 200 mm) could be directly related to yield
stress, using the theory originally suggested by
Murata (1984) and corrected by Christensen (1991).
The relationship between slump height s and yield
stress is given by (Pashias et al. 1996):

2 2
i:l—i[l—ln(i)} (48a)
H pgH pgH
or
§=1-27, [1 - 1n(2r’y)] (48b)

where p = pastefill bulk density (kg/m’); g = gravi-
tational acceleration (m/sz); s’ = s/H = dimensionless
slump; s = cylindrical slump height (m); 7, = shear
yield stress obtained by the vane method (Pa);
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H = cylinder height (m); and
dimensionless shear yield stress.
Iveson and Franks (2003) demonstrated that shear
yield stress (ty) of a paste-like suspension can be
predicted by the modified slump method (Pashias

T; =1y/pgH =

etal. 1996), using the following analytical
relationship:
pgH s
=——1—4/= 49
Ty 2 ( H) ( )

where p = paste-like suspension bulk density (kg/
m®); g = gravitational acceleration (m/s®); H = slump
cylinder height (m); and s = cylinder slump height
(m).

Clayton et al. (2003) proposed a general model
relating slump height (S) and yield stress (ty) to cone
geometry. Thus, cylinder and cone geometries for
slump measurement of the same material were
compared. Predicted yield stress for the related
cylinder model (Eq.45) and cone model were
compared to yield stress, determined using the well-
established vane method (Nguyen and Boger 1983,
1985). The general cone model is given by:

1+57-1
s'=1—hy—27In % (50a)
1+%) -
with
o I 1
ooy .
)y
and
R
o= 0 (50c¢)
Ru— Ry

where o = dimensionless quantity relating the top
(Rop) and base (Ry) radii of the cone (when
Ry =2Ry, o=1, which is the case for the
ASTM C-143 cone); h(] = dimensionless height
of unyielded material;‘c; = 1,/pgH = dimensionless
shear yield stress; p = material bulk density (kg/
m3); and g = gravitational acceleration (m/sz).

Saak et al. (2004) proposed a generalized model to
determine yield stress by slump height from either
cylindrical or conical geometries. This model may be
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thought of as a combination of the Pashias et al. H_s
(Eq. 48) and Clayton et al. models (Eq. 50). T, = pg(H — 8 — zar) (54a)
V3
s =1t _
H orH H (51a) Or in dimensionless form (z., = 0, valid for small
s'=1—hy—hj slump &' < 1 only):
/
with 7= (1-5) (54b)
, Y opgH 3
(2H1y) . . . .
ho = 2Ht, + p +a—n (51b) For an intermediate flow regime (L =~ h): von Mises
243 N yield criterion
H H H
hy = (2H7:'y) [Ln<—> —|—1n<—2 + 30 [H + J)] S W
ho h§ + 3hJho + Ry S = 0= W —pB {1 +In (—)] (55)
(51¢) B
Effect of tested fluid surface tension and contact
angle.

|| 1} + 16(H1y)? +\/h |1+ 32(H7,)’|

a =

2
(51d)
ht:H( d ) (51e)
g —r
And the dimensionless yield stress is given by:
! (h)’
r’:( ) ho+h) ————— (52
» = \en )| (ho + o)’ )

where r, = radius at the slump cone top; ry = radius
of the slump cone bottom; h, = height of the top
cone section (untruncated cone); r =1,/pgH =
dimensionless shear yield stress;H = slump cylinder
height (m); p = material bulk density (kg/m3); and
g = gravitational acceleration (m/s?).

Roussel and Coussot (2005) proposed analytical
models relating shear yield stress to slump or spread
over a large range of yield stresses for conical and
cylindrical geometries. The models were defined for
three asymptotic flow regimes: pure shear flow (7 <
L), pure elongation flow (L < h), and intermediate
flow regime.

For the pure shear flow (h < L)

s | 2.
O =21 -5 =y (53a)

And as a function of spreading distance L, as follows:

225pgV?
_ b
YT 282215 (53b)

For pure elongation flow (L < h): von Mises yield
criterion

For low shear yield stress, surface tension is non-
negligible, and Eq. 53b can be rewritten to take into
account surface tension and contact angle via a
coefficient A (&~ 0.005), as follows:

1.747pV? L?
Ty = T — ;LV (56)
where # = H— s (m) and L = final sample height

and radius (m); 1, =shear yield stress;
1, = 1y/pgH = dimensionless shear yield stress;H =
slump cylinder height (m); s = slump height;
S’ = dimensionless slump height (m); p = material
bulk density (kg/m?); g = gravitational acceleration
(m/sz); V = sample volume (m3); Zor = critical flow
stoppage height (m); 4’ = dimensionless final height;
and f§ = \/ 3 (von Mises yield criterion).

5.3.3 Empirical and Semi-empirical Models of Yield
Stress and Slump

Hu et al. (1996) found a semi-empirical correlation
between yield stress 1, (Pa) measured using a
concrete rheometer, concrete bulk density p, and
slump height S (mm) for the ASTM C-143 slump
cone, as follows:

300 —-S
= 57
v=(*55") (57)
where p = concrete bulk density (kg/m’); S = final
slump height (mm); and 300 = height of the ASTM

C-143 slump cone (H = 300 mm). For paste backfill
application, constant 270 must be calibrated.
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Ferraris and de Larrard (1998) proposed a semi-
empirical model between yield stress and slump
height. From this model, shear yield stress (ty) is
calculated from final slump (S), using the following
semi-empirical equation:

300 — S
Ty = p( ) +212 (58)

347

where p = concrete bulk density (kg/m’); S = final
slump height (mm); and 300 = height of the ASTM
C-143 cone (H = 300 mm). For paste backfill appli-
cation, constants 347 and 212 must be calibrated.

Roussel (2006) proposed a semi-empirical model
based on three-dimensional numerical simulations
using a computational fluid dynamics Flow3D code.
However, from the numerically predicted results, a
simple linear approximation for slumps between 5
and 25 cm was proposed, as follows:

S =255 17.6T—py (59)

where 1, = shear yield stress (Pa); p = concrete bulk
density (kg/m3); S = final slump height (mm); and H/
2 =255, or half height of the mini cone
(H = 50 mm). For paste backfill application, constant
17.6 must be calibrated.

5.3.4 Correlation between Yield Stress and Solids
Concentration

Gawu and Fourie (2004) determined yield stress
values on four thickened mineral tailings (with Gy
varying from 2.74 to 2.84) at varying solids concen-
trations by mass Cyq, (from 20% to 72%), using the
slump cylinder test proposed by Pashias et al. (1996),
the rheometer test, and the miniature vane technique.
An empirical relation developed from the slump
cylinder test results appears to predict reasonably
accurate yield stresses up to about 200 Pa, compared
to vane and rheometer results. As a first approxima-
tion, they proposed a general regression equation
describing change in yield stress (to) with solids
concentration by mass (Cyq), represented by the
exponential relation:

To = Ao exp(bOCW%) (60)
where a, (Pa) and b, are experimentally determined

constants. This exponential relation was also found in
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recent laboratory research on mineral tailings and paste
backfill samples (Clayton 2003), where the constant
by was found to vary in the range 0.09 < b;< 0.96.

Clayton (2003) in Grice (2005) proposed a power
law model for paste backfill material made from gold
tailings, as follows:

1, = a(Cy,)’ (61)

where o (406 x 10°< o < 136 x 10%) and f (20< f <
25) are experimentally determined material con-
stants; and C,, = backfill solids concentration by
mass (in decimal).

5.3.5 Determination of Plastic Viscosity from the
Modified Slump Test

Recently, a modified version of the standard slump
cone test was developed to calculate concrete paste
yield stress and viscosity (Ferraris and de Larrard
1998). As mentioned above, the standard slump test
can only be correlated with shear yield stress (ty).
The modification consists of measuring not only final
slump height (S), but also slumping time for the
concrete (or CPB). The method consists of measuring
the time (7) for a plate resting on the top of the
concrete (or CPB) to slide down with the concrete (or
CPB) a distance of 100 mm (Fig. 24).

For a range of concrete paste slump values (130-
250 mm), viscosity is determined from the 100 mm
slumping time (7), using an empirical equation
developed by Ferraris and de Larrard (1998):

n=oapT (62)

where 1 = plastic viscosity (Pa s); o = material con-
stant (= 0.025 for concrete); p = paste bulk density
(kg/m*); and T = slumping time (s).

5.4 Underground CPB Delivery Systems

According to Thomas et al. (1979), three possible
systems may be used to transport material from a
point on the surface to underground stopes, as shown
in Fig. 21: gravity/pumping, gravity, and pumping/
gravity systems.

e The gravity/pumping system has the advantage of
being fully contained underground, thus causing
no disruption to surface activities. Furthermore,
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Fig. 24 Schematic
diagrams of the modified
slump cone test based on
measured slumping time 7
(from Ferraris and de
Larrard 1998)

e

Start

the vertical to horizontal distance ratio (V/H) is
usually so favourable that little or no pumping
energy is required.

e The gravity system (Fig. 25) has the advantage of
progressively converting the vertical head to
horizontal pressure, allowing shorter and lighter
pipes to be used. Since take-off point pressures
are moderate, line failures, if any, do not disrupt
the main shaft or main operational level. The
circuit can be developed progressively as the
mine expands.

e The pumping/gravity system (Fig. 25) has the
advantage of easy installation, inspection, and
maintenance, with no special underground level
requirements or disruption of the main shaft.
However, the filling operation depends on a
pumping operation with a long borehole for
underground fill application, which requires a
high-pressure take-off point.

5.5 Pipeline Flow of Paste Backfill

When paste backfill is delivered by pipeline to the
disposal point in the stope, the friction factors

Backfill plant
O [ ] i
. Pump/gravity
Pump system ~
= SN NN N RN NN
. Gravity
Gravity / system
pump system
Open stope

Pump ? P P

Paste
backfill

Fig. 25 Basic configurations for paste backfill distribution
systems (adapted from Thomas et al. 1979)

Partial Slump Final Slump

generated require high-pressure pipelines to transport
the pastefill. Pressure is typically about 5 MPa for
this type of laminar flow system. Early systems used
high-pressure reciprocating pumps, but experience
has shown that pastefill can be readily transported by
gravity alone, provided that the reticulation geometry
is favourable (Grice 1998).

5.5.1 Paste Backfill Flow-loop Tests

For a given mine, paste backfill flow-loop tests using
fully instrumented pipes must be performed to
determine paste transport characteristics. Usually,
an instrumented, closed-circuit pipeline system pow-
ered by a diesel engine positive-displacement pump
is used. The instrumentation on the paste flow-loop
tests provides essential engineering data such as flow
rate (Q), friction head loss per unit length of pipe
(j = H/L), shutdown and restart capabilities, and the
power consumption required for full-scale pipeline
designs. Figure 26 shows an example of paste flow-
loop tests performed at the USBM’s Spokane
Research Center (Clark et al. 1995).

Calculation of friction head loss (j) allows deter-
mination of the running pressures of the paste
distribution system: volumetric displacement pump
type, choice of pipe diameter (D), flow rate (Q), and
paste flow velocity (V). For a Bingham plastic fluid
flowing in laminar regime (paste backfill), friction
head loss or pressure gradient (j) is given by the
following relationship:

. 32Vng
J = 4
41y Ty
Dg<1 —ei(2) )

where j = friction head loss or pressure gradient (Pa/
m); ng = Bingham plastic viscosity (Pa s); T, = yield

(63)
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Fig. 26 Pastefill flow-loop
tests and pressure
monitoring locations (from
Clark et al. 1995)

stress (Pa); t,, = wall shear stress in Pa (1, ~
D;AP/4L);D; = pipe diameter (m); and AP =
pressure drop (Pa).

It was observed that the pressure gradient (j) is
higher for uncemented tailings than for paste backfill.
This behaviour is directly related to tailings particle
size distribution and pipe diameter. It was also
observed that a decrease of half the Dsy value for
initial tailings material could lead to a decrease of
more than 45% of the pressure gradient (Clark et al.
1995). In addition, a substantial change in slump
corresponds to a marginal variation of pastefill solid
mass concentration, especially in the range 78—
85 wt.%. Clark et al. (1995) observed that an
increase of 45% in slump (increase of 5 cm) involved
a decrease of 1% in solid mass concentration Cy,q,
and 78 wt.% in pressure gradient.

As a rule of thumb, the pressure gradient for
vertical flow or full-fall (j,e.) is approximately 66%
of the pressure gradient measured during the flow
loop test (jioop). It is also assumed that the pressure
gradient of a loop test is equal to j during material
pumping.

The use of rheological models such as Eqgs. 3943
and 63 requires a priori knowledge of apparent
viscosity (#app) Or Bingham plastic viscosity (yg),
which is very difficult to predict, since it depends on
several factors. It is therefore important to relate
slump to plastic viscosity, as in Eq. 62 proposed by
Ferraris and de Larrard (1998). Commonly used pipe
diameters vary between 100 mm (4 inches) and
200 mm (8 inches). For example, paste backfill with
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Total length 171 m

180-mm (7-inch) slump can be gravity fed at a flow
rate of 100 tons/hour in a borehole/pipe system with a
150 mm (6 inches) diameter (Landriault et al. 1997).

5.5.2 Maximum Horizontal Flow Distance

The horizontal flow distance (L;) generated by a
standing column of material is obtained by dividing
the pressure at the bottom of the standing column
(Pvottom) by the frictional pressure gradient or
pressure loss (Clark et al. 1995). The pressure at
the bottom of a standing column is obtained by taking
the difference between the pressure imparted by
gravity and pressure lost through the frictional
pressure gradient, so that the horizontal transport
distance (L) is given by the following relationship
(Fig. 27):

Paste flowing in the pipe

/

L, (horizontal distance)

A bottom

Fig. 27 Schematic diagram of calculated horizontal distance
of paste flow
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Lh _ Phbottom

o ORI _p(2-1) (64)
J J J

where 7 = fill bulk unit weight (kN/m?); 7 = maxi-
mum free-fall height of the paste in the pipe (m); and
J = friction head loss or pressure gradient (Pa/m). The
maximum horizontal flow distance (L) and maxi-
mum vertical depth of the stope levels (L,) define
what is called the paste backfill distribution (or
influence) cone.

6 Paste Backfill Placement in a Stope

Once all the transport parameters have been accu-
rately determined, the paste backfill is delivered to
underground openings through pipelines. Figure 28
presents a typical backfilled stope and the various
components (fill mass, barricade, jointed rock mass,
adjacent filled stope) as well as the stress field
distribution.

After the stope is backfilled with CPB, the
mechanical integrity can be threatened by several
macroscopic factors (in opposition to the hydration
process) that influence the mechanical strength of the
CPB and the structural stability of the filled stope.
These factors, which result from interactions between
the CPB and rock walls (Aubertin et al. 2003; Li
et al. 2003, 2005; Belem et al. 2004, 2006, 2007), are
self-weight consolidation settlement of the fill due to
partial drainage (Belem et al. 2006, 2007), stope
volume, stress field distribution within the backfill
mass (pressures at the stope floor and on the
barricade), wall convergence against the fill mass,

Rock
mass

Oh_pillar ™%

¢ O, ”
— o, h_filled
h_fill

stope
Rock pile

I v 0
barricade

Oh_fil

Fig. 28 Schematic diagram of backfilled stope components
and stress field distribution

shrinkage, and arching effects (Aubertin et al. 2003;
Li et al. 2003; Belem et al. 2004).

Drainage and settlement are conducive to CPB
hardening (Belem et al. 2001, 2002, 2006). On the
other hand, the fill mass achieves stability due to the
development of arching effects, depending on stope
dimensions.

When excessive, pressures at the stope floor and
on the barricade exert a harmful effect on the stability
of the filled stope. Consequently, the factors that
influence stope stability must be understood to ensure
better ground control (Belem et al. 2004). Knowledge
of the magnitude of pressures on the barricade allows
better planning of the extraction sequences. Knowl-
edge of the stress field within the fill mass facilitates
the stability analysis when either one face is exposed
or when a gallery to access a new ore body must be
excavated through the CPB mass.

7 Conclusions

This paper provides an overview of the design and
application of paste backfill in underground hard rock
mines. When applying paste backfill, the limiting
strength and pressures that develop in the fill mass
must be determined according to the geometry of the
opened stopes and initial stress conditions. To meet
these criteria, laboratory optimization of paste back-
fill mix design is essential to determine the optimal
mixture to achieve the desired limiting strength. In
addition, before beginning stope filling, the rheolog-
ical properties of the fill material must be known. To
do so, a rheological model of paste backfill behaviour
(Bingham or Pseudo-plastic) can be selected to
determine two essential parameters: yield stress (zy)
and plastic viscosity ().

Paste backfill pumpability can also be determined
using standard or modified ASTM slump tests.
Modified tests allow relating slump and slumping
time (T) to yield stress (ty) and plastic viscosity (1).
Depending on the mine’s distribution system (e.g.,
gravity, pumping, etc.), paste flow-loop tests are
required to estimate the friction head loss or pressure
gradient (j) to be used to design and implement
pipeline reticulation in order to better control oper-
ating pressures. Moreover, knowing the pressure
gradient j, maximum horizontal distance for paste
flow with no additional pressure (flow distribution or
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influence cone) can be calculated. Once the paste
backfill is transported underground by pipeline to the
open stopes, it interacts with the stopes and pillar
walls, and the initial physical and mechanical prop-
erties evolve during curing.
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