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ABSTRACT

Stope backfilling is a commonly used in underground mines. In many cases, the backfill is initially
saturated with water to facilitate transportation from the surface to the underground openings. A
barricade is required at the base of the stope, near the drift entrance, to retain the backfill in place. An
increasingly popular practice is to use waste rocks to construct the barricade. Additional work is
however needed to investigate the hydro-geomechanical behaviour of such type of barricade. In this
report, the distribution of pore water pressure in barricades made of waste rocks is analysed. An
analytical solution, based on a combined artesian-gravity steady-state flow condition, is introduced and
applied to estimate the pore water pressure along the base of the barricade. Results from numerical
simulations are then used to assess the validity of the analytical solution and to evaluate the effect of
various influence factors. The results show that the proposed solution generally predicts well the
distribution of pore water pressure obtained from the numerical calculations. This analytical solution is
extended to evaluate the pressure along the full height of the barricade.

Key words: Mine backfill; Barricade; Analytical solution; Numerical simulations; Seepage; Pore water
pressure.

RESUME

Le remblayage des chantiers est une opération courante dans les mines souterraines. Dans la plupart des
cas, le remblai est initialement saturé en eau pour faciliter le transport de la surface vers les ouvertures
souterraines. La mise en place d’une barricade a la base du chantier est requise pour maintenir le
remblai en place. Une pratique de plus en plus populaire est d’utiliser les roches stériles pour construire
la barricade. Des travaux sont cependant nécessaires pour évaluer le comportement hydro-
géomécanique des barricades construites avec des roches stériles. Dans ce rapport, la distribution des
pressions interstitielles dans de telles barricades est analysée. Une solution analytique, basée sur une
condition d’écoulement stationnaire artésien et gravitaire, est introduite et appliquée afin d’estimer la
pression interstitielle le long de la base de la barricade. Des résultats de simulations numériques sont
ensuite utilisés pour évaluer la validité de cette solution analytique et I’effet de divers facteurs
d’influence. Les résultats montrent que la solution proposée prédit généralement bien la distribution des
pressions interstitielles obtenue par les simulations numériques. La solution analytique est généralisée
pour évaluer la pression interstitielle sur toute la hauteur de la barricade.

Mots clés: Remblai minier; Barricade; Solution analytique; Simulations numériques; Ecoulement
d’eau; Pression interstitielle.
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1. INTRODUCTION

Backfilling is commonly used in underground mines all over the world. More and more, the
backfill is made from waste rocks or tailings, as this practice can significantly reduce surface disposal
of waste materials and the related impact to local ecosystems (Aubertin et al. 2002; Bussiere 2007,
Benzaazoua et al. 2008). This environmental advantage is complementary to the main purpose of stope
backfilling, which is to improve rock mass stability and reduce ore dilution (e.g., Hassani and
Archibald 1998; Kump 2001; Jung and Biswas 2002).

In many cases, the backfill is initially saturated with water to facilitate its transport to the
underground stopes. Construction of a barricade in the drift, near the base of the stope, is then required
to retain the backfill in place. Over the years, a number of barricade failures have been reported
(Soderberg and Busch 1985; Grice 1998, 2001; Kuganathan 2001, 2002; Sivakugan et al. 2006q,
2006b; Helinski and Grice 2007; Yumlu and Guresci 2007); some of these can be attributed to a limited
understanding of the loads involved. Such failures can lead to serious consequences such as flooding of
the drifts, damage to equipment, and personnel injury or fatality. Thus, more attention must be paid to
the barricade analysis and design.

Typical barricades are constructed with wood, bricks, concrete or shotcrete mesh (e.g., Sivakugan
et al. 2006a, 2006b; Grabinsky et al. 2008; Grabinsky 2010; Hughes et al. 2010). These techniques are
usually expensive and time consuming. In Canada, an increasingly popular practice is to use waste rock
to construct the barricade. Compared with other traditional methods, the advantages of waste rock
barricades include:

» The barricade material (waste rock) is available at little cost;
» The time for barricade construction is reduced, as the technique is simple and easy to implement;
» The environmental impact of waste rock can be lowered by further reducing the amount disposed

at the surface.
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However, there are presently few solutions available for defining the size of barricades made of
waste rock. Ongoing investigations indicate that barricade design requires the determination of several
parameters, including the backfill pressure in the stope, the forces applied to the barricade, and the
corresponding effective and total stresses distributions (e.g., Li et al. 2009; Li and Aubertin 2011). In
recent years, methods have been developed to assess the stress state in backfilled stopes (Aubertin et al.
2003; Li et al. 2003, 2005; Pirapakaran and Sivakugan 2007; Fahey et al. 2009; Li and Aubertin
2009a). Water flow in stopes has also been investigated (Traves and Isaacs 1991; Bloss and Chen
1998). A few studies have also been devoted to the stress distribution in the backfilled portion of the
drift near the base of the stopes (Ouellet et al. 1995; Li and Aubertin 20095, 2009¢; Thompson et al.
2009; Grabsinky 2010). Despite the progress, there is still a need to develop an engineering approach to
evaluate the distribution of pore water pressure within barricades, especially for those made of waste
rock. This topic is the focus of this report. In the following, the emphasis is placed on the typical
response of saturated backfill (such as paste backfill made with tailings) during the first few days after

filling of the stope, when water pressure has not yet dissipated.

2. PORE WATER PRESSURE IN BARRICADES

Figure 1 is a schematic view of a backfilled stope with a barricade in the drift, showing the various
dimensions. When analysing the pressure induced by the backfill on the barricade, the most critical
time is usually during and just after placement of the saturated fill, when it is still in a quasi-liquid
state, without cohesion. In these early times, before consolidation and excess pore water pressure (Au)
dissipation can occur, the effective vertical stress in the stope can be very low (o' = 0) as the pore
water pressure u may be close to the total vertical stress (u = o). After a certain period of time, pore
water pressure dissipation leads to Au = 0, and u may reach a pseudo-equilibrium condition (neglecting

head loss due to seepage) with u = vz ()%, 1s the unit weight of water, z is the water table height). The

2 Li and Aubertin



pore water pressure in the stope then decreases with the progressive lowering of the phreatic surface
during drainage of the backfill. Depending on the filling sequence, the pressure head 4 can thus exceed,

temporarily, the height of the drift before drainage diminishes the water pressure.

| __Moist (or wet) backfill

Waste rock
barricade  Water

_ \V
L / Retention

Z .
Saturated “/L/' Drift dike
Haaf | packfill

B Hy

<

/ Lp
Figure 1. A backfilled stope with an access drift and a waste rock barricade.

Figure 2 shows a simplified representation of water pressure head on both sides of the barricade
(shown here with an idealized geometry). On the upstream side, the pressure head %, corresponds to the
pore water pressure in the saturated backfill, without considering the effect of seepage in the fill
material. On the downstream side, the head %, can vary from 0 to Hy (the height of the drift), depending
on the geometry of the barricade and presence of a downstream reservoir with a retention dike — see
Fig. 1). The pore water pressure conditions inside the barricade share some similarities with those in
dams and dikes, for which the seepage has been widely investigated (e.g., Casagrande 1961;
Polubarinova-Kochina 1962; Bowles 1984; Cedergren 1997; Chapuis and Aubertin 2001). However,
there are two important distinctions between barricades and hydraulic dams:

[1] The barricade has a limited width, Ly (Figs. 1 and 2), so seepage through the barricade must be

analysed with a 3D representation (rather than in 2D).
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[2] The pore water pressure head may be higher than the barricade height on the upstream side (Figs.
1 and 2); this means that seepage may need to be treated as a confined flow in (part of) the
barricade.

The seepage in a barricade made of waste rock is assessed in the following by adapting a solution
developed for the two dimensional stationary seepage in an aquifer with combined artesian-gravity

flow.

Water
_ =28 0

AVAR

= Waste rock

barricade

Lg
h 1 LB 6
K4

R B hy

14: .

AR P x
Figure 2. Simplified representation of the pore water pressure head on the upstream and downstream
sides of the barricade.

2.1 Analytical solution for the pore water pressure along the base of the barricade
The flow in the barricade shown in Fig. 1 and 2 is analysed using a solution applied to combined
confined (artesian) and unconfined (gravity) steady-state flow (e.g., Vukovic and Soro 1997; Reddi

2003). The seepage rate through the barricade is expressed as (see Fig. 2 and 3):

2Hh —H; —h} y

[11  Q=k oL,

Ly

where Q is the (pseudo) stationary flow rate (m’/s) through the barricade, k is the saturated hydraulic
conductivity (m/s) of the waste rock, 4, is the hydraulic head (m) on the upstream side of the barricade,
h; is the hydraulic head (m) on the downstream side of the barricade, Hy is the barricade height (m), Ly

is the barricade length (m), and L is the width of the drift (m).
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AZ

VAR . .
= 1. Piezometric
! surface
|

[
h] I L
|k >

Hy

Iy

s X

Ly
Figure 3. Two dimensional view of the confined and gravity flow model.

By considering the flow rate across the vertical section within the confined (artesian) and

unconfined (gravity) flow portions of the barricade, the hydraulic head along its base can be expressed

as follows:
[2a] h=h-——>—(h-H,) for x < L, — L,
LB_ G
2 X—Ly( 2
[2b] h= hz—L—(Hd—hz) forx> L, — L,
G

where x is the distance from the upstream side of the barricade to the calculation point; Lg is the
distance from the downstream side to the location where the flow changes from artesian to gravity (Fig.

3). This length is given by:

LB(Hj _hzz)
[B] Lg= Y
2Hh —H? —h

As illustrated schematically in Fig. 3, Eq. [2a] represents the linear decline of the pressure head

along the confined flow portion, and Eq. [2b] gives the non-linear head variation in the unconfined

flow portion of the barricade. This latter component follows the typical trend (known as the Dupuit
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parabola) obtained from analytical solutions developed for the steady-state flow in water retaining
structures such as dams and walls (Vukovic and Soro 1997).
From Eq. [1], the seepage velocity v (in m/s) across the barricade can be expressed from Darcy’s

law as follows:

2H . —H; -k

[4a] v=k
2L,H,

fOI‘)CSLB -LG

2Hh —Hi —hy

4] v=k
[] v 2Lk

foerLB-LG

The Bernoulli equation can then be used to relate the pore water pressure, u, to the head 4 as

follows:
5] wu=p(h-2)
where % is the unit weight of water in N/m?, z is the elevation in m.

Equations [2] to [5] constitute the analytical solution proposed here for evaluating the pore water
pressure u along the base of a barricade (z = 0) made of waste rock. This solution indicates that the pore
water pressure distribution at the base of the barricade depends on the pressure head on both sides
(which are considered constant), and the barricade characteristics. A sample application of this solution
is presented in Figure 4. This figure illustrates how the pore pressure at the base of the barricade drops
along the direction of the flow, in the confined (linear distribution) and unconfined (non linear
distribution) portions. The calculations have been performed with the parameters given in the figure
caption. Various values of the saturated hydraulic conductivity & have been used; the results indicate

that the pressure head distribution does not depend on £.
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2.2 Numerical modelling of pore water pressure in barricades

To further analyse seepage, the water flow through three dimensional barricades is modelled in the
following using the finite difference code FLAC3D (Itasca 2006). Again, a steady flow is assumed
(which is usually a conservative assumption — see discussion below). A somewhat similar problem has
been solved numerically, with the finite element method, by Vukovic and Soro (1997), who simulated
the 2D unconfined flow through a thick wall (or vertical core in a dam). Their results are used below to

validate (in part) calculations performed with FLAC3D.

300 =® .
R along the floor of the drift (z = 0)
R 2
250 A
R
® 13
= 200 =
=) ®
()
2 150 -
5 Ok= IE-01 m/s
S 1004 | Ok=1E02ms
~ k= 1E-03 m/s
50 A k= 1E-04 m/s
Xk=1E-05 m/s
0 T T . : |
’ : 2 3 x(m? 5 6

Figure 4. Distribution of pore water pressure in a barricade calculated with the proposed analytical
solution. The pressure is given along the floor of the drift for different & (hydraulic conductivity)
values. The parameters used in the calculations are: Ly = 6 m, Hg =5 m, &, = 30 m, and 4, = 1 m (with
Ls=0.53 m).

Figure 5 shows a clayey dam core seated on an impervious basis, with a hydraulic conductivity k&
of 2.5x10" m/s. Figure 6 shows the comparison between the pore water pressure heads calculated by
Vukovic and Soro (1997), with a finite element code, and those obtained with FLAC3D. It is seen that

the two simulations give almost identical results. It is interesting to note here that the calculated head at

the downstream boundary (i.e. piezometric line at the seepage face along the core), is higher (2 = 8 m)
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than the value imposed as a boundary condition outside the core (4, = 2 m); this aspect, which is

relevant for the analytical solution presented above, will be discussed further below.

Water table
/

Seepage face

17.5m

2m

12m
Figure 5. A clayey vertical dam core, with k =2.5x10™ m/s (adapted from Vukovic and Soro 1997).

B
= 8 - ¢ FLAC3D
6 1 ——Vukovicand Soro (1997)
4 -
2 -
0 T T T T T 1
0 2 4 6 8 10 12
x (m)

Figure 6. Comparison between the stationary pore water pressure heads calculated with a finite
element code (data from Vukovic and Soro 1997) and with the finite difference method (FLAC3D), for
the clay core problem defined in Fig. 5.

The flow rate has also been calculated with FLAC3D. A value of O = 2.62x10” m’/s/m (given per
meter of drift width), while Vukovic and Soro (1997) arrived at a value of 2.6x10” m?/s/m for the two

dimensional flow across this clayey core.
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These results (and others) tend to demonstrate that FLAC3D is well adapted to simulate the steady-
state flow across such type of water retaining structures. In the following, a series of simulations are
performed to help validate the analytical solution proposed above and to evaluate the seepage
characteristics across three dimensional barricades for different conditions. The selected reference
geometry is: Lg=5m, Lg =6 m, Hg =5 m, #; = 30 m, 4, = 0 m, while the properties of the waste rocks
are: k= 10" m/s and porosity n = 0.3. Additional model parameters, including the water bulk modulus
and waste rock dry density were also introduced into FLAC3D, but these do not influence the results

(see details in the manual from Itasca 2006).

2.3 Comparison between numerical and analytical solutions

The FLAC3D numerical model is used to assess the validity of the solution given by Egs. [1] to
[5], by evaluating if the latter correctly predicts the pore water pressure distribution and flow rate in
barricades.

Comparisons of pore pressure distributions at the base of barricades are shown in Figure 7 (for the
conditions given in the caption). It is seen that the correlation is very good for the entire barricade
length, except for a relatively small difference (~15%) downstream where the analytical solution tends
to overestimate somewhat the pore water pressure. This solution becomes more conservative (i.e. with
higher u values) when the upstream head /4, is increased.

Comparisons are also made between the flow rates calculated with the analytical solution and the
numerical simulations performed with FLAC3D. Results in Table 1 show the flow rate Q for the 4

cases described in Fig. 7; it is seen that the values are very close in all cases.
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Pore pressure (kPa)

300

250 A

150

along the floor of the drift (z = 0)

o FLAC3D
— Analytical solution

Figure 7. Pore water pressure distribution along the base of the barricade obtained from the analytical
solution (Egs. [1] to [5]) and numerical modeling results (with FLAC3D), for different upstream water
height /4;; the other parameters are: Lg=5m, Lg=6m, Hy=5m, i, =0m, k= 107 my/s.

Table 1. Flow rates Q calculated with the analytical solution and obtained with FLAC3D (see Fig. 7

for details).
Analytical solution (Eq. [1]) FLAC3D

By (M) eemmmmmo oo
Qs (m’/s)  QOsp (m/day)  Qsp (m’/s)  QOsp (m*/day)

5 1.04E-03 90 1.04E-03 90

10 3.13E-03 270 3.12E-03 270

20 7.29E-03 630 7.30E-03 631

30 1.15E-02 990 1.15E-02 990

3. PORE WATER PRESSURE WITHIN THE BARRICADE

The comparison between the analytical and numerical solutions showed above indicates that the

proposed solution (Egs. [1] to [5]) predicts quite well the flow rate and pore water pressure along the

base of the drift (at z = 0).

Additional results obtained with the numerical simulations (presented below) also indicate that the

pore water pressure distribution in barricades made of waste rock varies almost linearly along the

10
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vertical profiles on the upstream portion (when x < Lg — Lg). Near the downstream part, the pore water
pressure is better represented by a nonlinear distribution along the vertical axis. Based on the analytical
solutions presented above for the pore water pressure at the base of the barricade, the following

relationships are proposed:

[6a] u=y Ah——>—(h—H,)-z forx < L, — L
LB_LG

1/2
[65] u}/w{hzz—szB (Hj—hf)} —z} forx>L, L,

G

Comparisons of pore water pressures calculated with the proposed solution (Eq. [6]) and obtained
from modelling for three vertical profiles are shown in Figure 8 (where pressure decreases from left to
right, due to seepage head loss). It can be seen that the correlation is very good in the upstream region
of the barricade, but that some differences exist in the downstream part, especially for a large head
upstream. Despite these (relatively small) discrepancies, the proposed solution is deemed satisfactory
for most purposes, and can thus be used to estimate the pore water pressure distribution in barricades

made of waste rock.

3.1 Parametric Analyses of Pore Pressure Distribution

In the following, various influencing factors that affect the pore water pressure distribution within
the barricade (over the full height of the drift) are investigated using simulations performed with
FLAC3D. Table 2 presents the details with the specific conditions and properties used, together with

the corresponding figures.
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Figure 8. Comparison between the pore water pressures calculated with the proposed analytical
solution (Eq. [6]) and with FLAC3D (in symbols) along different vertical profiles within the barricade,
for different upstream water height, 4;; the other parameters are: Lg=5m, Lg=6m, Hy=5m, h, =0

m, k= 10 m/s.

Table 2. Characteristics of the numerical simulations of steady-state flow in waste rock barricades

performed with FLAC3D.

Figures hy (m) hy (m) Lg(m) Hg(m) Lg (m) k& (m/s)
9and 10 var 0 5 5 6 1x10*
1land 12 30 var 5 5 6 1x10™
13 30 0 var 5 6 1x10™
14 30 0 5 var 6 1x10*
15 30 0 5 5 var 1x10*
16 30 0 5 5 6 var

Note: var = varying values
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3.1.1 Effect of boundary conditions

Figures 9 and 10 show the pore water pressure distributions obtained with FLAC3D when the
water pressure head on the upstream side, /), varies from 5 to 30 m (other conditions remain
unchanged; see Table 2). Again on this (and other) figure, the pore water pressure along the x axis
decreases from left to right, according to the direction of the flow (due to head loss). It is seen that an
increase in upstream head increases the pore water pressure across the vertical profiles (Figs. 9a-c) and
along the floor of the drift (Fig. 9d). It is seen also that the water pressure distribution along the floor is
nonlinear when the upstream water pressure head 4, is small. The results also show that the rate of
pressure drop along the barricade rises with an increase of the /; value (Fig. 9d). When the upstream
water pressure head, 4, is equal to the height of the barricade, i.e. &1 = Hy (= 5 m), most of the upper
part of the barricade become unsaturated, or ‘dry’ in this case (Fig. 10a). It should be recalled here that
unsaturated water flow is not taken into account in these calculations (i.e. v =0 and u = 0 above the
phreatic surface); available methods to incorporate unsaturated flow conditions in numerical
simulations have been described elsewhere (e.g., Chapuis et al. 2001; Chapuis and Aubertin 2001) and
will not be addressed here.

The numerical results also show that when the upstream water pressure head 4, increases (> Hy),
the artesian pressure head rises in the barricade, as shown in Figure 10; this corresponds to a decrease
of the length Lg.

Table 1 already showed that the flow rate through the barricade increases significantly with a rise
in the upstream head 4.

The influence of the downstream water height, /4, on the pore water pressure distribution is shown
in Figures 11 and 12. It is seen that the pore water pressure near the base of the barricade is affected
(Fig. 11) only slightly when the downstream head /4, increases (from 0 to 3 m); this is accompanied by

a small size increase of the saturated zone in the barricade (Fig. 12). These results indicate that the
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addition of a retention dike downstream from the barricade does not affect its response (and design)
significantly. Nonetheless, an increase of the water head on the downstream side tends to decrease the

flow rate Q across the barricade, as indicated in Table 3. This table also shows that the analytical and

numerical values of Q are quite close to each other.
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Figure 9. Pore water distribution in the barricade for different upstream water pressure head, 4;: (a) to
(c) along vertical profiles; (d) along the floor (other parameters are given in Table 2).
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Table 3. Flow rates Q calculated with
downstream water head /,

the analytical solution and with FLAC3D for different

Analytical solution (Eq. [1])
hy (m)

FLAC3D

Osp (m’/s) Osp (m*/day)

Osp (m/s)  Osp (m’/day)

1.15E-02 990
1.14E-02 986
1.13E-02 976
1.11E-02 958

W N = O

1.15E-02 990
1.14E-02 987
1.13E-02 976
1.11E-02 957

3.1.2 Size of the barricade

Figure 13 shows the influence of the barricade width, L4, on the distribution of pore water pressure

along vertical profiles along its length (Fig. 13a), as well as on the floor along the drift axis (Fig. 13b).

It can be seen that, for the conditions imposed (i.e. constant pressure head and hydraulic gradient), the

drift width does not influence the pore water pressure distribution in the barricade. However, the flow

rate (see Table 4) directly depends on the width of the drift (as expected from Eq. [1]).
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Table 4. Flow rates Q calculated with analytical solution and numerical modeling FLAC3D with

different barricade width Lq4

Analytical solution (Eq. [1])

FLAC3D

L4 (m)
Osp (m’/s)

Osp (m*/day)

Osp (m’/s)

Osp (m*/day)

5 1.15E-02
10 2.29E-02
20 4.58E-02
40 9.17E-02

990

1980
3960
7920

1.15E-02
2.30E-02
4.58E-02
9.18E-02

990

1987
3957
7932
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Figure 11. Pore water pressure distribution in the barricade with different water height on the

downstream side 4,: (a) along vertical profiles; (b) along the floor (other parameters are given in Table
2).
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Figure 14 shows how the barricade height, H,, affects the pore water pressure distribution. It is

seen that u is not much affected by the height near the upstream boundary and along the floor of the

barricade (Fig. 14b6). However, in the downstream portion, the pore water pressure in the barricade at a

given elevation z tends to increase with the barricade height (Fig. 14a). Also, other conditions being

equal, the pore water pressure at the top of the barricade decreases with an increase of its height (Fig.

14a). With a higher barricade, the drainage condition can be improved because the flow rate increases

with an increase in height Hy, as shown in Table 5.

Table 5. Flow rates Q calculated with analytical solution and numerical modeling FLAC3D with

different barricade height Hy

Analytical solution (Eq. [1]) FLAC3D
Hy (m)
Osp (m’/s) Osp (m*/day)  Osp (m/s)  Osp (m’/day)
3 7.13E-03 616 7.12E-03 615
4 9.33E-03 806 9.34E-03 807
5 1.15E-02 990 1.15E-02 990
6 1.35E-02 1166 1.35E-02 1166
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Figure 14. Pore water distribution in the barricade with different height, Hy: (a) along vertical profiles;
(b) along the floor (other parameters are given in Table 2).

The influence of the barricade length, Lg, on the distribution of pore water pressure is shown in
Figure 15. It is seen that the shape of the pore water pressure distribution along the floor remains
unchanged (Fig. 15b). However, there is no clear tendency regarding the effect of Lz on the vertical
profiles (Fig. 15a). For example, the pore water pressure along the vertical profile at x = Lp/2 tends to
increase when the barricade length Ly goes from 2 m to 6 m, but u seems to decreases when Lg exceeds

6 m. On the other hand, the flow rate decreases linearly with the barricade length Lg (Table 6; see also

Eq. [1]). Thus, a longer barricade may slow down drainage of the stope.

Table 6. Flow rates Q calculated with analytical solution and numerical modeling FLAC3D with

different barricade length Ly
Analytical solution (Eq. [1])

FLAC3D

Lg (m)
Osp (m’/s) Osp (m*/day)  Osp (m/s)  Osp (m’/day)
2 3.44E-02 2970 3.44E-02 2972
4 1.72E-02 1485 1.72E-02 1486
6 1.15E-02 990 1.15E-02 990
8 8.59E-03 743 8.60E-03 743
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3.1.3 Hydraulic conductivity

Figure 16 shows the pore water pressure distributions when the saturated hydraulic conductivity k&
is increased from 10” m/s to 10 m/s. It is seen that varying the & value does not affect the distribution.

It does however affect the flow rate O through the barricade; this rate increases from 1.15x107 m’/s to

11.5 m*/s when k goes from 10™ m/s to 10" m/s (see Table 7) - the change is thus directly proportional

as expected from Eq. [1].

Table 7. Flow rates Q calculated with analytical solution and numerical modeling FLAC3D with

varying hydraulic property of the barricade material &
Analytical solution (Eq. [1]) FLAC3D

k (m/s)
Qs (m*s) Qs (m/day) Qs (m’/s) Qs (m’/day)
10” 1.15E-03 99 1.15E-03 99
10 1.15E-02 990 1.15E-02 990
102 1.15E-01 9900 1.15E-01 9901
10 1.15E+00 99000 1.15E+00 99014
10! 1.15E+01 990000 1.15E+01 990144
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Figure 15. Pore water distribution in the barricade with different length, Lg: (a) along vertical profiles;

(b) along the floor (other parameters are given in Table 2).
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In this case, as in all the other cases analysed here, the flow rate calculated with the analytical
solution (Eq. [1]) correlates very well with the value obtained from FLAC3D (see Tables 1, 3 to 7).
This good agreement further confirms the validity of the calculation approaches adopted here

(considering the assumptions presented above and discussed further below).

4. DISCUSSION

The 3D analytical solution presented above was obtained by adapting a two dimensional steady-
state flow solution developed for aquifers with both confined and unconfined conditions (e.g., Vukovic
and Soro 1997; Reddi 2003). This solution can be applied for assessing the pore water pressure, which

is a requirement for the design of barricade made of waste rock (as shown in Li and Aubertin 2011).
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Figure 16. Pore water distribution in the barricade with different saturated hydraulic conductivity, &:
(a) along vertical profiles; (b) along the floor (other parameters are given in Table 2).

In the sample calculations presented above, the analytical solution was applied for constant water

pressure head (4, and 4,) on the upstream and downstream sides. In practice, /; is expected to change

over time, following backfilling, consolidation, and drainage within the stope. For instance, during the
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deposition sequence, when the fill is initially placed in the stope, addition of ‘layers’ of saturated
backfill usually leads to a temporary build up of excess pore pressure, which in turn leads to very small
effective stresses (o' = 0 as u = o, ). There is no arching effect in the stope and drift under these
conditions, at these early times, as the backfill behaves like a viscous liquid. In such cases, the pore

water pressure head on the upstream side of the barricade can be calculated as (for z =0):

[7] hl = &Hsat
Vv

Once consolidation has progressed enough, the excess pore water pressure, Au, in the backfill
becomes nil. The backfill then gains its frictional shear strength (as o'y > 0), while the water pressure
head 4, tends toward Hg,. But the water pressure head /; continues to decrease over time due to further
water drainage from the stope, across the barricade. This type of behaviour, which has been observed in
the field (Grabinsky 2010), has recently been assessed using numerical simulations (E1 Mkadmi et al.
2011a,b) that illustrate how pressures evolve during and after fill placement in stopes. The solutions
proposed above can be used to estimate the pore water for these different conditions (or difference
stages) during consolidation and drainage. The analytical solution can thus be quite useful to assess, in
a preliminary manner, seepage in the barricade.

Some additional works are nonetheless required to further improve the solutions. For instance, in
the downstream part of the barricade, comparisons between analytical and numerical results have
shown that the pore water pressure could be better evaluated with the former. This could be
accomplished by considering the true seepage free surface, which is higher than the water pressure
head 4, on the downstream side of the barricade, as shown schematically in Figure 17. Similar
reservations have been raised for unconfined flow conditions associated with seepage in clay core of
dams and in a vertical-wall partition (e.g., Vukovic and Soro 1997). The need to make such a

correction was addressed by Chapman (1956), Polubarinova-Kochina (1962) and Reddi (2003).
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Another correction that could help improve the analytical solution would be to consider the
nonlinearity of the vertical pore water pressure distribution within the barricades. Unsaturated flow
conditions (i.e. Chapuis et al. 2001; Chapuis and Aubertin 2001) could also be taken into account,
although this is not expected to be a major factor for seepage in coarse-grained waste rock (but it is
certainly a key aspect for the fine-grained backfill response — as will be shown elsewhere). And
because barricades made of waste rock are usually trapezoidal, instead of rectangular, the solution
could be adapted to a more realistic geometry. These aspects, and others, are part of the ongoing
investigation being conducted by the Authors (and co-workers) on the development of simple and
practical analytical solutions. The present study also includes simulations of the transient behaviour of
backfilled stopes and drift, considering the effect of filling rate, consolidation, drainage, and
cementation on the evolution of pore water pressure and stress state near and inside the barricade; these
results will also be presented elsewhere. Nonetheless, despite these limitations, the solutions presented
here are deemed satisfactory (i.e. conservative) for most engineering applications on the analysis and

design of backfilled stopes and barricades.
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Figure 17. A representative piezometric surface; s is the height of the free surface above the water
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5. CONCLUSION

A steady-state solution has been proposed for estimating the flow rate in barricades made of waste
rock and the pore water pressure distribution at the base and within the barricade. The results from
sample calculations with the analytical solution show that the pore water pressure varies linearly with
the distance from the upstream side, at a given elevation, in the confined (artesian) flow part of the
barricade. The variation becomes nonlinear in the unconfined (gravity) flow section, near the
downstream face of the barricade. These results are confirmed by those obtained from numerical
calculations performed with FLAC3D. The results further show that the hydraulic conductivity of the
waste rock does not influence the pore water pressure distribution, but it affects (linearly) the flow rate
in the barricade. The various comparisons between results obtained with the analytical solution and
from the numerical simulations further demonstrate that the proposed solution can be used to assess the

pore water pressure distribution and flow rate in barricades.
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