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Abstract Co-disposition of tailings and waste rocks 
in open pits in the form of a permeable envelope 
and/or waste rock inclusions (WRI) can efficiently 
prevent the transport of contaminants to the envi-
ronment. Such drainage paths could also accelerate 
tailings consolidation rate, similarly to WRI in tail-
ings storage facilities, and therefore improve tailings 
mechanical properties in the short term and maximize 
the volume of mine waste that can be disposed of. 
These geotechnical benefits have, however, not been 
demonstrated yet nor thoroughly investigated. In this 
research, three-dimensional models were performed 
to examine the evolution of tailings consolidation in 
pits under the influences of co-disposed waste rocks. 
Various disposal scenarios were investigated, includ-
ing the presence of a permeable envelop only and 
the addition of WRI as a central inclusion. The influ-
ences of operational and practical aspects such as the 
tailings filling rate, pit slope angles, waste rock and 

tailings hydro-geotechnical properties, and pit mor-
phology were investigated. Results indicated that a 
permeable envelope could promote the dissipation 
of excess pore water pressure (PWP) and accelerate 
tailings consolidation. The influence zone of the per-
meable envelope was relatively limited and around 2 
times the tailings height. Using a WRI combined with 
a permeable envelope could be geotechnically benefi-
cial for wide pits whose radius was larger than twice 
of its depth. Slope angles, filling rate and pit morphol-
ogy somewhat affected tailings consolidation rate, but 
their effect was relatively limited and decreased with 
the increase in the distance to the drainage paths.

Keywords Co-disposal · Permeable envelopes · 
Waste rocks · Tailings consolidations · Pit slopes · Pit 
morphology

1 Introduction

The continuously increasing demand for natural 
resources and minerals has induced a significant 
increase of the volume of tailings produced by min-
ing operations, therefore also increasing the risks 
for major failures events of surface tailings storage 
facilities (TSFs), and encouraging practitioners to 
find alternative approaches for tailings disposal (Vick 
1990; Blight 2010). Innovative integrated mine waste 
managements techniques include tailings dewater-
ing (Bolduc and Aubertin 2014; Bhuiyan et al. 2015; 
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Abdulnabi et  al. 2022), valorization and reuse of 
mine waste in cover systems (Pabst et al. 2018; Laro-
chelle et  al. 2019), or tailings and waste rocks mix-
ing (Wickland et  al. 2006; Aubertin 2013). Tailings 
can also be backfilled either in underground stopes 
(Li and Aubertin 2009; Cui and Fall 2016; Chai 
et  al. 2023) or disposed in open pits (Cameron and 
Dave 2015; Rousseau and Pabst 2022). Among them, 
in-pit disposal is considered an alternative deposi-
tion approach for surface mines, and presents many 
advantages both in terms of environmental, physical 
and social aspects (McDonald and Lane 2010; Auber-
tin 2013; Bhuiyan et  al. 2015; Cameron and Dave 
2015). For example, pit backfill can contribute to 
stabilize pit walls and reduce long-term management 
and maintenance costs compared to conventional sur-
face disposal sites (Cameron and Dave 2015; MEND 
2015). Once backfilled, the pit can also be reclaimed 
using engineered cover systems to prevent contami-
nated mine drainage generation and facilitate its inte-
gration into the surrounding landscape (McDonald & 
Lane 2010). Also, in pit disposal reduces the risk of 
dam failure (MEND 2015).

However, in-pit disposal is also facing several chal-
lenges and unknowns that somewhat limit its appli-
cations. Preventing environmental contamination, 
for example, can be complex when there is a direct 
contact between groundwater and backfilled wastes, 
especially because pit walls are usually strongly dis-
turbed by blasting during operations and therefore 
become relatively permeable (Cameron and Dave 
2015; Rousseau 2021). The concept of an engineered 

pervious envelope surrounding the tailings mass was 
thus proposed to control potential environmental 
contamination by directing the groundwater around 
the tailings (instead of flowing through them), thus 
limiting the interactions between groundwater and 
potential contaminants (e.g., processed pore water 
or reactive minerals) (Bhuiyan et  al. 2015; MEND 
2015) (Fig.  1). This can be achieved by placing a 
more permeable material compared to tailings around 
the perimeter and at the bottom of the pit (Bhuiyan 
et al. 2015). Such pervious surround is often made of 
sand or coarse materials (Cameron and Dave 2015) 
but using non acid-generating waste rock on site can 
be more advantageous in some cases. Indeed, waste 
rocks have adequate properties, and their valorization 
on site contributes to decrease the volumes of waste 
rock to be disposed of on the surface (thus also reduc-
ing costs and risks). The permeable envelope concept 
could also be geotechnically beneficial, and contrib-
ute to accelerate tailings consolidation rate, which 
might in turn reduce long-term displacements, maxi-
mize storage volume, and allow progressive reclama-
tion (McDonald and Lane 2010; Lévesque 2019).

Additional drainage pathways composed of waste 
rocks and integrated inside the backfilled pit could fur-
ther improve the hydrogeological behaviour of back-
filled tailings by reducing contaminant transport (Rous-
seau and Pabst 2022). These waste rock inclusions 
(WRIs), which were initially developed for surface 
TSFs, where they can promote dissipation of excess 
pore water pressure (PWP), accelerate tailings con-
solidations and improve static and dynamic stability 

Fig. 1  Permeable envelope concept. a Without a permeable 
envelope, regional groundwater is expected to flow through 
tailings disposed of in the pit, thus increasing the risk for con-
taminant transport to the environment. b With a permeable 

envelope, groundwater is diverted along the pit walls, and the 
contact with the tailings is minimized. (modified after (Rous-
seau 2021))
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of tailings dams (Aubertin 2013; Ferdosi et al. 2015). 
WRIs can increase the performance of a permeable 
envelope if these WRIs are built across the pit and in 
the same direction as the regional flow (Rousseau 
2021). The application of permeable envelope, poten-
tially integrated with WRI, might therefore facilitate the 
long-term management of mine wastes in pits.

The geotechnical benefits of a permeable envelope 
combined with multi-drainage paths remain, however, 
theoretical and research on this aspect are still limited. 
The advantages and potential limitations of tailings co-
disposal with permeable envelope and/or WRI thus need 
to be evaluated in more details before it can be imple-
mented into practice. Also, the presence of multiple 
drainage paths could complexify their interactions with 
tailings thus requiring the use of a 3-D analysis. Several 
factors influencing the effectiveness of the technique 
also need to be considered, including the overall slope 
angles of the pit, variable tailings filling rate (the width 
of a pit increasing with its elevation, the filling rate will 
thus decrease during backfilling, assuming a constant 
production), tailings and waste rocks hydro-mechanical 
properties, WRI design, and the morphology of the pit.

The objective of this research was, therefore, to quan-
titatively evaluate the effects of a permeable envelope 
and various co-disposal scenarios on the evolution of 
tailings consolidation in an open pit using 3-D simula-
tions carried out with the code FLAC3D (Itasca 2021). 
In this paper, a series of 3-D hydro-geotechnical coupled 
models were first conducted to examine the interaction 
between tailings disposed of in a pit and a permeable 
envelope composed of waste rocks. Various disposal 
scenarios were investigated, including the addition of 
WRI across the pit. Finally, a parametric analysis was 
conducted to evaluate the influence of operational and 
practical constraints such as the pit depth, the pit wall 
slope angles, the tailings filling rate, the tailings hydrau-
lic properties and the pit morphology. Results in terms 
of PWP evolution and degree of consolidation were 
compared to give recommendations to optimize the 
approach.

2  Methodology

2.1  Conceptual Models

A 320 m wide × 620 m long × 60 m deep pit, inspired 
by a real pit in Quebec, Canada, was considered and 

simulated using FLAC3D (Itasca 2021). The pit usu-
ally exhibits somewhat circular corners in practice 
which was simplified as an orthogonal geometry in 
these models (i.e., parallelepipedal pit). The effect 
of this assumption would be discussed later. Consid-
ering the symmetry axes, only one fourth of the pit 
was modelled to reduce computational time without 
decreasing mesh size nor simulation precision (i.e., 
around 39,000 zones instead of almost 160,000 zones 
for a full-pit model) (Fig. 2). The domains were dis-
cretized using a hexahedral mesh resulting from the 
built-in blocks in the software. The angle of the pit 
wall was 51°, which was slightly smaller than usual 
slopes in practice (Utili et  al. 2022), but this value 
also aimed to increase the mesh size of the simu-
lated domain. The pit wall is usually constructed with 
several benches, yet the influences of these benches 
would be neglected in the case a permeable envelope 
was constructed, and these benches therefore were 
not simulated in the models.

Various disposal scenarios were simulated (Table 1 
and Fig. 2). Case 1 was the base case scenario, con-
sidering the regular deposition of 5 m thick saturated 
tailings in 12 layers over 12 years for a total height of 
60 m. Each layer was deposited instantly, i.e., 5 m at 
once every year. This was corresponding to a produc-
tion rate of about 1.3 million  m3 of tailings per year, 
which is somewhat similar to the rate from a mine 
with a high production rate (Blight 2010). The second 
case simulated the situation where tailings were co-
disposed with an 8 m wide permeable envelope made 
of coarse waste rock and placed progressively as the 
tailings were deposited. In the third case, a bottom 
drainage layer made of coarse waste rocks 5 m thick 
was added to the permeable envelope, thus represent-
ing the typical design of the method in practice. In the 
fourth case, a WRI alone was considered, placed in 
the centre of the pit. The WRI has the thickness of 
16 m with the same height as the tailings, and there 
was no interface element used between WRI, perme-
able envelope and tailings. For simplicity, WRI was 
represented as parallelepipeds instead of the typical 
trapezes usually constructed in practice. This assump-
tion had, however, no influence on the results and 
could actually contribute to reduce numerical insta-
bilities (Bolduc and Aubertin 2014).

Cases combining the permeable envelope, the bot-
tom drainage and the WRI were performed with the 
tailing thickness of 60 m, 65 m, 70 m, 75 m, and 80 m 
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corresponding to the case 5, 6, 7, 8 and 9 respectively. 
Rock wall and bottom drain were constructed first, 
while permeable envelope and WRI were constructed 
and raised at the same time with tailings. Comparison 
between deposition scenarios was conducted in terms 
of tailings consolidation rate, in particular along sec-
tion A–A′ (in the middle of the pit at y = 160 m) and 
section B–B′ (in the middle of the pit at x = 80  m) 
(Fig. 2).

Regarding the parametric analysis, the effects of 
benches would be negligible when the permeable 
envelope was constructed, but the overall slopes of 

the pit wall might affect the consolidation of tailings 
because of the changes in the length to the drainage 
paths (Fig. 2). The overall slope angles of the pit with 
the depth smaller than 100  m can reach up to 70° 
(Utili et al. 2022), simulations with slopes of the rock 
walls being 60° and 70° corresponding to cases 10 
and 11 respectively were, thus, performed to examine 
the effect of slope angles on the tailings consolidation 
when applying permeable envelope concept. Simula-
tions where layer thickness of the first two layers was 
7.5 and 10 m respectively (thickness of other follow-
ing layers were still 5 m) were also carried out (i.e., 

Fig. 2  General view of 
a one fourth of the pit; b 
and c cross section A–A′ 
and B–B′ respectively with 
monitoring points at various 
distances from the drainage 
paths

Table 1  Simulated 
disposition scenarios 
to investigate the effect 
of various co-disposal 
approaches

Permeable 
envelope

WRI Bottom 
drainage

Tailings 
thickness (m)

Pit slope 
angle (°)

Thickness of the 
first 2 layers (m)

Case 1 No No No 60 51 5
Case 2 Yes No No 60 51 5
Case 3 No Yes No 60 51 5
Case 4 Yes No Yes 60 51 5
Case 5 Yes Yes Yes 60 51 5
Case 6 Yes Yes Yes 65 51 5
Case 7 Yes Yes Yes 70 51 5
Case 8 Yes Yes Yes 75 51 5
Case 9 Yes Yes Yes 80 51 5
Case 10 Yes No No 60 60 5
Case 11 Yes No No 60 70 5
Case 12 Yes No No 60 51 7.5
Case 13 Yes No No 60 51 10
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cases 12 and 13 respectively). These rates were cho-
sen to investigate the potential effects of changes in 
the filling rate due to change in the pit surface on the 
evolution of consolidation of tailings.

2.2  Material Properties

The gold mine tailings simulated in this study were 
sampled from Malartic mine site, an open pit gold 
mine located in Quebec Province, and classified as 
low plasticity silts (ML) (ASTM D2487-17 2017) 
(Nguyen 2022). Malartic tailings were characterized 
in the laboratory (Table 2). Value of D60 (the diameter 
corresponding to 60% passing in the particle-size dis-
tribution curve) was around 0.04 mm, and the value 
of D10 (the diameter corresponding to 10% passing 
in the particle-size distribution curve) was around 
0.0035 mm, leading to a coefficient of uniformity Cu 
(Cu = D60/D10) around 11.5 (Fig. 3). Tailings dry den-
sity was 1.55  tones/m3. A friction angle of 38° was 
measured using triaxial test and tailings were consid-
ered cohesionless (Boudrias 2018). Initial porosity 
of tailings was 0.437, and Poisson’s ratio (estimated 
from internal friction angle) was 0.28.

Initial stiffness and hydraulic conductivity were 
estimated as 2.2 ×  10−7 m/s and this value was typical 
for hard rock mine tailings (Bussière 2007). However, 
stiffness and hydraulic conductivity of slurry tailings 
vary as their void ratio decreases and assuming con-
stant properties in the simulations might not be repre-
sentative of their actual non-linear behaviour (Somo-
gyi 1980; Schiffman 1982; Townsend and McVay 
1990; Morris 2002). Various mathematical formulas 
relating void ratio with effective stress and hydraulic 

conductivity with void ratio have been proposed for 
slurry tailings (Priestley 2011; Agapito and Bare-
ither 2018; Nguyen and Pabst 2023). In this study, the 
power function was chosen for its simplicity and good 
representativeness.

Linear elastic-perfectly plastic Mohr–Coulomb 
model (MC) was first assigned for tailings. Stiffness 
and hydraulic conductivity of tailings in Mohr–Cou-
lomb model were modified based on non-linear rela-
tions between e-σ’, k-e and Young modulus—effec-
tive stress obtained from compression column tests on 
the same tailings materials (Nguyen & Pabst 2020). 
Void ratio was updated based on effective stress fol-
lowing the equation of e = 0.814x��−0.058 , while the 
relation of hydraulic conductivity and void ratio was 
expressed as k = 1.24x10

−6
e
4.61 . Finally, Young’s 

modulus was updated based on the following equa-
tion E = 85.6x��0.74 . During the simulations, void 
ratio was updated every iteration based on the value 

Table 2  Properties of 
tailings and WRI used in 
the numerical models

Properties Malartic tailings 
(Boudrias 2018)

Westwood tailings 
(Lévesque 2019)

WRI 
(Boudrias 
2018)

Constitutive model MC MC MC
Unit weight (kN/m3) 19.5 18.7 –
Specific gravity 2.75 2.82 –
Dry density  (103 kg/m3) 1.55 1.39 –
Friction angle (degree) 38 36 –
Cohesion (kPa) 0 0 –
Poisson’s ratio 0.28 0.28 0.277
Young’s modulus (MPa) 85.6�

′0.74
35.0�

′0.91 500
Hydraulic conductivity (m/s) 1.2x10

−6
e
4.6 2.0x10

−7
e
3.7 2 ×  10–6

Fig. 3  Particle size distribution for Malartic (Nguyen and 
Pabst 2020) and Westwood (Lévesque 2019) gold tailings, and 
waste rocks (Essayad et al. 2018) used in this study



1598 Geotech Geol Eng (2024) 42:1593–1609

1 3
Vol:. (1234567890)

of effective stress, followed by an automatic update 
of hydraulic conductivity and stiffness. These modi-
fications on the Mohr–Coulomb constitutive mod-
el’s properties were executed via FISH in FLAC3D 
(Nguyen 2022).

The permeable envelope and WRI were assumed 
to be made of the same coarse waste rock and to have 
homogenous and similar properties in all the mod-
els. Waste rock materials were simulated using a 
simple linear elastic constitutive model with a high 
Young modulus to represent a very stiff material 
(E = 500 MPa) and a Poisson’s ratio of 0.277 (Bolduc 
and Aubertin 2014). Waste rocks were assigned a 
hydraulic conductivity of 2 ×  10−6 m/s (i.e., around 20 
times greater than that of tailings). This value is sig-
nificantly lower than the usual hydraulic conductivity 
of waste rocks which commonly ranges from  10−5 to 
 10−3 m/s (James 2009; Boudrias 2018), but was cho-
sen to reduce computational time. Indeed, a domain 
consisting of 2 types of materials with contrastive 
permeabilities in a model would significantly reduce 
the time step of the model (Itasca 2021). A limited 
parametric analysis was also conducted to evaluate 
the effect of reducing waste rocks’ hydraulic conduc-
tivity (see below).

2.3  Boundary and Initial Conditions

Displacement at the bottom of the pit was fixed at 
zero in all directions, and side boundaries of the mod-
els were fixed horizontally as competent rock mass 
was assumed for the bottom and wall sides of the 
open pits (Itasca 2021). Rock was considered rela-
tively impermeable (see above) so bottom and side 
boundaries were assumed impervious. Local ground-
water flowed around the pit and assumed to have no 
interaction with tailings, and thus was expected not 
to have much impact on the results (Rousseau and 
Pabst 2022). Zero PWP was assigned at the surface of 
tailings to represent the groundwater table therefore 
allowing upward movement of water from the tailings 
(Ferdosi et al. 2015).

The undrained condition with the generation of 
excess PWP development was first generated, fol-
lowed by a dissipation of PWP and consolidation of 
the materials (Itasca 2021). The convergence criteria 
for a node (i.e., the ratio of the current mechanical 

force ratio to the target force ratio of the node) is set 
to 1 (Itasca 2021).

3  Results

3.1  Effect of Permeable Envelope on Tailings 
Consolidation Performance

Case 1 and case 2 models were first compared to eval-
uate the effect of the permeable envelope on the con-
solidation rate of tailings. One year after the place-
ment of the  12th layer (i.e., t = 12 years), tailings at the 
bottom of the pit (z = 0 m) had not achieved full dis-
sipation in the case with tailings only (case 1), with 
a degree of consolidation not exceeding around 80% 
(Fig. 4a). In other words, the depth of the pit was so 
important that excess PWP did not have the time to 
dissipate to the surface of the tailings as it can usually 
be observed in simulations of TSFs (Jaouhar et  al. 
2013; Boudrias 2018; Lévesque 2019). Such situa-
tion would be unfavourable for reclamation of the 
pit as post-settlement could continue to occur after 
the construction of the cover system (McDonald and 
Lane 2010). The use of a permeable envelope, how-
ever, contributed to increase the degree of consoli-
dation of tailings (Fig.  4a). For example, consolida-
tion at z = 0 m and at a horizontal distance of 2, 12, 
and 32 m along the cross-section A–A′ were around 
98%, 95% and 90% respectively after 12  years. The 
degree of consolidation at X = 52  m was, however, 
smaller and around 84%, but it was still greater than 
the case without permeable envelope (= 80%). Simi-
lar results were observed throughout the entire pit 
and at all times (i.e., consolidation was always greater 
with a permeable envelope than without). A perme-
able envelope could therefore increase significantly 
the degree of consolidation of tailings, but this effect 
tended to decrease further away from the envelope or 
closer to the tailings surface. 3D effect of the perme-
able envelope at the corner of the pit on the accelera-
tion of the tailings consolidation would also be dis-
cussed in detailed in the discussion session later.

Not only did the permeable envelope contribute to 
increase the degree of consolidation, it also acceler-
ated the time required to dissipate excess PWP. For 
example, time to achieve 90% of consolidation, often 
noted t90, at 2 and 12 m from the permeable envelope 
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at the base of the pit (z = 0 m) 1 year after the place-
ment of the fifth layer (i.e., t = 5  years) was around 
42 and 70 days, respectively, that was 66 and 38 days 
faster than in the case with tailings only (Fig.  4b). 
The difference of t90 between the cases with and with-
out a permeable envelope 52 m from the permeable 
envelope was, however, much less significant, and 
less than 5%. The zone of influence of the permeable 
envelope (i.e., the zone where the permeable enve-
lope reduce t90 by at least 5%) was around 2 times the 
height of tailings filled (Fig. 4b) which was somewhat 
similar to that of a WRI in surface TSFs (Bolduc and 
Aubertin 2014). Similar results were obtained along 
section B-B’ (Fig.  4c). For example, the permeable 
envelope in the horizontal direction contributed to 
accelerate the dissipation of PWP after the placement 
of the  10th layer (i.e., 184  days and 77  days faster 
than without a permeable envelope at a distance of 

2  m and 32  m from the horizontal permeable enve-
lope, respectively). This positive effect, however, 
became negligible (i.e., less than 5% of difference) 
at a distance of 102 m from the permeable envelope 
(Fig.  4c). The zone of influence of the permeable 
envelope was therefore estimated around 102 m.”

The zone of influence of the permeable envelope 
after the placement of 60 m of tailings in the pit was 
therefore around 120 m and thus could not cover the 
entire width of the pit (i.e., which was around 160 m 
at its base). Models with combination of a perme-
able envelope with other drainage pathways (i.e., 
WRI and bottom drainage) with the aim of accelerat-
ing even more the consolidation of tailings were thus 
investigated.

Fig. 4  Degree of consolidation in the tailings with a perme-
able envelope (case 2) at various horizontal distances from the 
permeable envelope in the longitudinal direction (see Fig. 2) at 
the bottom of the pit along section A–A′ a after the addition 
of the  12th layer, b after the placement of the  5th layer and c at 

various distances from the permeable envelope in the horizon-
tal direction along section B–B′ after the addition of the  10th 
layer. Results with tailings only (case 1) are also presented for 
comparison
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3.2  Tailings Consolidation Under Various Drainage 
Paths

The use of a WRI alone has a similar effect to a per-
meable envelope and can also contribute to enhance 
tailings consolidation rate in the pit (case 3). All 
the results presented hereafter were simulated along 
section A-A’ but similar results were obtained else-
where in the model. t90 in the middle of the  1st layer 
(z = 2.5 m) after the placement of the  10th layer (i.e., 
t = 10  years) with only WRI ranged from around 
133 days (X = 2 m) to 340 days (X = 110 m) (Fig. 5a), 
which was significantly faster than in the case with 
tailings only (case 1), and somewhat similar to the 
case with a permeable envelope (case 2) (Fig.  5a). 
However, t90 4  m from the permeable envelope was 
somewhat greater than 4  m from the WRI (i.e., 
178 days compared to 133 days), which can be attrib-
uted to the difference in terms of geometry of these 
drainage paths (i.e., inclined envelope compared 
to the vertical WRI). However, these differences 
remained limited and usually did not exceed 40 days 
(25%).

In practice, a permeable envelope is usually com-
bined with a bottom drainage which can contribute 
to accelerate even more the dissipation of excess 
PWP and particularly in the bottom half of the pit 
(case 4). For example, t90 in the middle of the  1st 
layer (i.e., z = 7.5  m, which is 2.5  m above the bot-
tom drain which was 5 m thick) was around 280 days 
at horizontal position from 4 to 40 m, which is up to 

60 days faster compared to the case with only perme-
able envelope (Fig. 5a). This effect tended to decrease 
higher up and farther way from the bottom drain, 
where t90 then became similar to the case with perme-
able envelope only (see more discussion below).

Finally, the combination of a permeable enve-
lope, a WRI and a bottom drainage was investigated 
(case 5). This configuration was the most efficient 
in terms of acceleration of excess PWP (Fig. 5). For 
example, t90 of tailings at the middle of the first layer 
(z = 7.5  m) was 215  days at X = 90  m, which was 
around 100  days faster than the case with only per-
meable (case 2), and 135  days faster than the case 
with no drainage pathway at all (Fig.  5a). The use 
of various drainage pathways, separately or together, 
however, depends on site-specific operational aspects 
which would be discussed later.

From the vertical profile of the degree of consoli-
dation, U, at X = 80 m along section A–A′ for model 
with only tailings, U was significantly lower com-
pared to that of a model with drainage paths (i.e., 
60% compared to around 87%, respectively in the 
middle of the first layer) 1  year after the placement 
of 80  m of tailings (i.e., case 9, see Sect.  6.4.1 as 
well) (Fig.  5b). These differences tended, however, 
to decrease closer to the tailings surface and were 
smaller than 5% at z = 60  m). Despite the presence 
of the bottom drainage paths, the degree of consoli-
dation, U, tended to decrease between z = 5 to 30 m 
(e.g., the lowest degree of consolidation was around 
85% at z = 20 m), and then increased as distances to 

Fig. 5  Time  t90 along the section A–A′ in the middle of the 
 1st layer (z = 2.5  m or 7.5  m for case without or with bot-
tom drain respectively) 1 year after the placement of the  10th 
layer (t = 10  years) for various co-disposal scenario (also see 
Table 1). a Combined effect of the permeable envelope, WRI 

and bottom drainage contributed to significantly increase 
excess PWP dissipation rate, and b vertical evolutions of 
degree of consolidation at X = 80 m (section A–A′) with drain-
age paths (case 9) 1 year after the placement of 80 m of tail-
ings
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the surface decreased (Fig.  5b). This therefore indi-
cated that there was an effect of the depth of the pit 
in the case of using bottom drain (i.e., distance to the 
drainage path in practice).

4  Parametric Analysis

Based on the results presented above, co-disposal of 
tailings with waste rock (either in the form of perme-
able envelope, WRI and/or bottom drain) contributed 
to significantly accelerate the dissipation of excess 
PWP, and thus contributed to the reduction of both 
post-settlement after closure and contact of tailings 
with local groundwater. Practical constraints that 
could potentially affect the effectiveness of this tech-
nique include the depth of the pit, the change of fill-
ing rate, the pit slope angles, the WRI hydraulic prop-
erties, the pit morphology, and the tailings properties.

4.1  Effect of the Pit Depth

The disposal scenario with the combination of per-
meable envelope, WRI and bottom drain at the same 
time produced the most effective performance in 
terms of consolidation rate enhancement, at least for 
the tested conditions. Results also shown, however, 
that the performance of the technique was strongly 
dependent on the distance to the drainage paths. The 
effect of pit depth, and tailings thickness, were there-
fore investigated.

Simulations showed that if the tailings thickness 
was greater than 80  m, there were some locations 
at the middle of the pit where excess PWP in tail-
ings might not fully dissipate after one year of filling 
(i.e., before the addition of the next layer; Fig. 6). For 
example, the maximum t90 in the middle of the  1st 
layer (i.e., 2.5 m above the bottom drain) was around 
260 days at X = 100 m after the placement of 60 m of 
tailings, around 310 days after the placement of 70 m 
of tailings, and above one year after the placement of 
80 m of tailings (degree of consolidation was around 
87% after one year) (Fig. 6).

From the above results when tailings thickness 
reached 80 m, some delay in tailings consolidation at 
the middle positions in the pit can be expected. One 
solution might be to install additional WRI so that the 
distance between the tailings and the nearest drainage 
path never exceed twice their thickness. Such solution 

would, however, significantly reduce the volume of 
tailings that can be stored in the pit (also see discus-
sion below).

4.2  Effect of Pit Wall Slope Angle

The pit wall slope usually depends on the distribu-
tion characteristic of the ore body and the stability 
properties of the rock pit wall (Hustrulid et al. 2013), 
and the pit walls for the pit with the depth of 100 m 
is usually inclined maximum 70 degrees (Utili et al. 
2022). In the previous simulations, the pit wall slope 
angle was 50°, and additional models with slope 
angles of 60° and 70° were conducted to evaluate the 
effect on tailings consolidation rate when using a per-
meable envelope (lower slopes were not considered 
because of operational reasons as it might not be eco-
nomical when a large amount of waste rocks might 
be generated). Excess PWP dissipation rates tended to 
slightly increase with the pit wall slope and this effect 
was more pronounced closer to the permeable enve-
lope (Fig. 7). For instance, the time required to dis-
sipate 90% of excess PWP 2  m from the permeable 
envelope at the bottom of the pit (z = 0 m) after the 
placement of the  5th layer was around 44 days for a 
model with a slope angle of 50° (base case), 37 days 
for a slope of 60°, and 31 days for a slope angle of 
70° (i.e., around 25% faster) (Fig.  7a). This differ-
ence decreased as the distance to the permeable enve-
lope increased and become insignificant (< 5%) after 

Fig. 6  Time  t90 along section A–A′ 2.5  m above the bottom 
drain (z = 7.5  m) 1  year after the placement of the  12th,  14th 
and  16th layers (i.e., corresponding to a tailings thickness of 
60, 70 and 80 m, respectively) in models with the combination 
of permeable envelope, WRI and bottom drain. Excess PWP 
was not able to fully dissipate in one year when the tailings 
thickness was greater than 80 m from horizontal positions of 
X = 80 m to X = 100 m (the line was cut off at these positions)
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around 20 m (Fig. 7a). A similar trend was observed 
after the placement of the  8th layer (Fig. 7b) and for 
the rest of the model. The radius of influence of the 
permeable envelope was also estimated and results 
indicated that slope angle essentially had no effect on 
the radius of influence. In conclusion, the slope angle 
could slightly affect the rate of consolidation close to 
the permeable envelope, but this effect was limited 
and decreases with the distance to the envelope.

It is also noted that the slope of the pit in this study 
had only one bench, while the pit slope was usually 
composed of several bench levels in practice. How-
ever, these benches would be eventually covered by 
the construction of the permeable envelope along the 
perimeter of the pit, and they would essentially have 
no effect on the drainage of tailings materials. More 
details on the bench effect will also be discussed later.

4.3  Effect of Decreasing Filling Rate with Time

The increase of the surface area of the pit as tailings 
backfilling progresses could lead to the decrease of 
the filling rate if the production rate remains constant. 
Simulations of models with layer thickness of the first 
two layers being 7.5 and 10 m respectively (thickness 
of other succeeding layers were still 5 m) were thus 
carried out to model these changes in the filling rate. 
Greater thickness of tailings layers closed to the pit 
bottom led to the increase of the time for excess PWP 
to dissipate (Fig. 8). For example, the time required to 
dissipate 90% of excess PWP at the bottom (z = 0 m) 
after the placement of the  2nd layer 2 m from the per-
meable envelope was around 9  days for 5  m thick 

layers, 18 days for 7.5 m thick layers and 31 days for 
10  m thick layers, respectively (Fig.  8a). The effect 
of the thickness layer was similar father away from 
the envelope. For example, t90 22  m from the enve-
lope was around 21 days for the 5 m thick layer and 
65  days (i.e., around 3 times longer) for the 10  m 
thick layer (Fig.  8a). The increase in the t90 can be 
attributed to the increase of the excess PWP and the 
length of drainage paths when tailings layer became 
thicker due to the increase of the filling rate. A simi-
lar trend was also observed after the placement of the 
next layers, but the effect of the filling rate tended to 
decrease with the increase of the tailings thickness. t90 
22 m from the envelope after the placement of the  5th 
layer, for example, was 80 days for 5 m thick layers, 
and 130 days for 10 m thick layers (i.e., around 1.6 
times longer) (Fig. 8b). The change in the filling rate, 
thus, influences on the consolidation rate of tailings.

The corresponding ratio of t90 value between mod-
els with tailings only and with the permeable enve-
lope, Rt90, after the filling of the  2nd layer was some-
what higher for model with larger filling rate (i.e., 3.3 
for the 10 m thick layer compared to 2.6 for the 5 m 
thick layer models at the position of 2 m at pit bot-
tom) (Fig. 8c). These differences tended to decrease 
and become essentially identical for various filling 
rate as distance to the permeable envelope increased 
(Fig.  8c) and as tailings thickness increased (e.g., 
after the filling of the  5th layer) (Fig. 8d). Results thus 
indicated that filing rates of tailings somewhat had 
an effect on the performance of the permeable enve-
lope at locations close to the permeable envelope, 
and permeable envelope performance then became 

Fig. 7  Time  t90 at the bottom of the pit (z = 0 m) for models with various slope angles after the placement of the a  5th layer and b  8th 
layer. Distance is measured from the permeable envelope
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independent to the filling rates at locations far away 
from the permeable envelope and as the tailings 
thickness increased.

4.4  Effect of Hydraulic Conductivity of the 
Permeable Envelope

A permeable envelope is often made of coarse waste 
rocks (MEND 2015), which hydraulic conductiv-
ity typically ranges from  10−5 to  10−3  m/s (James 
and Aubertin 2009). The natural rock mass might 
also be damaged by the blasting operations during 
the production, sometimes leading to an increase of 
their hydraulic conductivity up to  10−2  m/s (Rous-
seau and Pabst 2020). The hydraulic conductivity 
of the permeable envelope in this study was around 
2 ×  10−6  m/s which was not representative of actual 
waste rocks but was necessary to reduce the com-
putational time. The effect of this choice was evalu-
ated by conducting some models where the conduc-
tivity of the of permeable envelope was increased to 
4 ×  10−6 m/s and 6 ×  10−6 m/s.

Simulations indicated that using a reduced value 
of hydraulic conductivity for the permeable enve-
lope had only a limited influence on the results, and 
mostly close to the drainage paths. The effect of the 
hydraulic conductivity of the waste rocks was, how-
ever, negligible further than 22  m from the enve-
lope. For example, the time needed to dissipate 90% 
of the excess PWP in the first layer (z = 0 m) after 

the placement of the  3rd layer 2 m from the perme-
able envelope was around 12  days when the waste 
rock hydraulic conductivity was 6 ×  10−6  m/s and 
around 18  days when it was 2 ×  10−6  m/s (Fig.  9). 
This (small) difference of t90 tended to decrease 
with the distance from the permeable envelope, 
and was less than 5% 22 m from the envelope. This 
effect can be attributed to the fact that farther from 
the permeable envelope, the drainage of water is 
mostly controlled by the tailings hydraulic con-
ductivity and not so much by that of drainage path. 
The same trend was observed for WRI (Case 3) and 
bottom drain (Case 4). A similar effect was also 

Fig. 8  Evolution of excess 
PWP at the pit bottom 
(z = 0 m) as a function of 
the filling rate (tailings layer 
thickness) and distance to 
the permeable envelope 
after the placement of the 
a  2nd layer and b  5th layer, 
corresponding ratio of rate 
of  t90 between models with 
tailings only and with the 
permeable envelope,  Rt90, 
for various filling rates 
after the placement of the 
c  2nd layer, and d  5th layer. 
Distance is measured from 
the permeable envelope

Fig. 9  Time  t90 as a function of the distance to the permea-
ble envelope and waste rock hydraulic conductivity in the  1st 
layer (z = 0  m) after the addition of the  3rd layer. Distance is 
expressed from the permeable envelope
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observed in surface TSF with WRI (Bolduc and 
Aubertin 2014).

4.5  Effect of Tailings Hydro-Geotechnical Properties

As observed in the previous section, tailings hydrau-
lic conductivity has a significant effect on excess 
PWP dissipation rate, especially far from the drainage 
paths. Therefore, another type of gold tailings was 
also used in the parametric analysis using a permea-
ble envelope, a WRI and bottom drainage at the same 
time (Case 5). Properties of Westwood gold tailings 
were obtained from Lévesque (2019) (Table 2). West-
wood tailings were finer and less permeable than 
Malartic tailings, which would induce a slower rate 
of consolidation. For example, t90 in the middle of the 
first layer (z = 7.5 m) of Westwood tailings 90 m from 
the inclusion was around 113 days after the placement 
of the  5th layer compared to around 98 days of Malar-
tic tailings (Fig.  10). Similar trends were observed 
elsewhere in the pit. For example, t90 in the same 
position after the addition of the  10th layer was around 
240 days for Westwood tailings and around 215 days 
(10% faster) for Malartic tailings (Fig. 10). The radius 
of the influences was also estimated and identical for 
these 2 types of tailings. These results the consolida-
tion rate of Westwood tailings was somewhat slower 
than that of Malartic tailings. Accordingly, the appli-
cation of drainage paths would be more important to 
dewater finer tailings with low hydraulic conductiv-
ity, and more WRI might be needed to enhance the 

consolidation rate depending on the site-specific 
operational requirements.

5  Final Remarks and Discussion

5.1  Numerical Considerations

An orthogonal corner pit was chosen to simulate pit 
geometry, which is not necessarily representative of 
real pit geometries in practice where somewhat cir-
cular corner is observed. The practical geometry of a 
pit was also modelled by Priestley (2011) and Rous-
seau and Pabst (2022). The geometry of the pit was 
simplified in this study because of the limitation of 
the built-in blocks which were used to create the pit 
geometry. The results are however deemed to reli-
able when other advanced mesh generation tools are 
applied. Smaller conceptual models of the pit with 
orthogonal and circular corners were, therefore, 
simulated to investigate the potential effect of the 
geometry on the results. A section near the corner of 
the pit representing a circular corner with a bottom 
radius of 40  m and a top radius of 60  m was mod-
elled (Fig. 11a) and compared with a model with an 
orthogonal corner (Fig.  11b), similar to the geom-
etry used in this study. Tailings were filled in 6 layers 
of 30 m height over 6 years (i.e., filling rate of 5 m/
year). An 8  m wide permeable envelope was simu-
lated along the pit walls.

Materials properties and boundaries were other-
wise identical to previous models presented above. 
Consolidation rate of model for orthogonal corner 
was faster than that of the circular corner and the 
difference was insignificant at locations far away 
from the permeable envelope. For example, t90 after 
the placement of the  6th layer at 5  m from the per-
meable envelope (section C–C′) at the bottom of the 
pit was around 59  days for the circular corner pit, 
while that of the orthogonal corner pit was around 
47  days (Fig.  12). The difference then decreased as 
the distance to the permeable envelope increased and 
become negligible after around 26 m (Fig. 12). Thus, 
the assumption of an orthogonal corner pit somewhat 
affected the rate of tailings consolidation, but this 
effect was limited and only close to the permeable 
envelope (i.e., 20 m from the permeable envelope).

The simulations of tailings consolidation using 
FLAC3D for the case of co-disposal in a pit took 

Fig. 10  Time  t90 for Westwood and Malartic tailings in the 
middle of the  1st layer (z = 7.5 m) after the placement of the  5th 
and  10th layers with both permeable envelopes, WRI and bot-
tom drainage. Results for Malartic tailings in the same condi-
tions are shown for comparison
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around 2 weeks to run. It was also noticed that the 
contrastive hydraulic conductivity of tailings and 
waste rocks significantly increased the computa-
tional time for the coupled analysis as discussed in 
the Sect. 4.4. From a mesh sensitivity analysis, the 
mesh size in this study was also chosen to ensure a 
balance of the accuracy of the results and the com-
putational time. Tailings was filled instantaneously 
in this model instead of progressive placement, yet 

this assumption has a negligible effect on the calcu-
lated results (Nguyen and Pabst 2023).

5.2  Discussion

Results presented in this article showed that using 
drainage paths composed of waste rocks can contrib-
ute to accelerate the consolidation of tailings when 
co-disposal technique was applied in an open pit. 
However, some limitations and simplifications must 
be considered before extrapolating these results to 
other sites and conditions.

First, relations used to update tailings stiffness 
and hydraulic conductivity derived from column 
tests (Essayad and Aubertin 2021; Nguyen 2022), 
and were, therefore, valid only for the simulated tail-
ings. In practice, these equations will depend on tail-
ings properties and will vary from one site to another. 
Experiments and characterization are thus recom-
mended for each application. However, trends and 
general conclusions regarding pervious envelope and 
drainage paths are deemed applicable for most hard 
rock mines.

Only one WRI was simulated in this study, but 
depending on the pit diameter and the available waste 
rock, several parallel and/or orthogonal inclusions 

Fig. 11  Numerical model 
of a a pit with a circular 
corner and b an orthogonal 
corner and c section views 
C–C′ and D–D′ at the 
diagonal of the domain with 
various monitoring points at 
the bottom of the pit

Fig. 12  Simulated  t90 at the bottom of the pit 1 year after the 
placement of the  6th layer for models with circular and orthog-
onal corner
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could be used (Aubertin et  al. 2016). Also, the pit 
geometry was simplified to focus on the general 
behavior of WRI and the pervious envelope. Field 
application would require a mode precise and site-
specific model, together with more advanced mesh 
generation tools (e.g., Griddle).

Interactions between the tailings, the permeable 
envelope and the local environment should also be 
evaluated. For example, fluxes to the surface, WRI 
and permeable envelope should be monitored to bet-
ter calibrate simulations by monitering water lux in 
the modesl. Such parameters would also represent 
valuable input for field application (e.g., precisely 
predicting the quantity of water flowing through the 
drainage paths—pervious envelope and WRI—would 
help design water management systems).

Simulations have also shown that the corner of the 
pit could reasonably affect the PWP dissipation rate 
of tailings. However, this effect is relatively local and 
becomes negligible above around 20 m from the cor-
ners. In other words, 2D models might be sufficient 
to evaluate co-disposal approaches for large pit with 
great longitudinal dimensions. However, 3D simula-
tions are recommended for pit with small dimensions.

Pit slopes might be composed of several benches, 
yet the construction of the permeable envelope would 
cover and ease the effect of benches. The construction 
of permeable envelope might then be related to the 
repose angle of the waste rocks to ensure the overall 
stability of the envelope if waste rocks were dumped 
from the pit crest (Maryam 2016). The effect of the 
benches might be more pronounced when the frac-
tured pit wall was used as a natural permeable enve-
lope or when the aim of the mine site is to increase 
the steepness of the slope, the permeable envelope 
would then be constructed in a bench by bench man-
ner and was constructed from the bottom of the pit 
with the same angle as the benches of natural pit 
slope (Lévesque 2019). All of the effects of these fac-
tors are, however, out of the scope and not simulated 
in this paper.

Interactions between the tailings, the permeable 
envelope and the local environment should also be 
evaluated. For example, fluxes to the surface, WRI 
and permeable envelope should be monitored to bet-
ter calibrate simulations by monitering water lux in 
the modesl. Such parameters would also represent 
valuable input for field application (e.g., precisely 
predicting the quantity of water flowing through the 

drainage paths—pervious envelope and WRI—would 
help design water management systems).

Finally, intermediate laboratory tests and/or field-
scale tests are recommended to validate these 3-D 
models and capture potential unknowns that can 
affect the performances of the technique. Scale effect 
in particular should also be further studied. The 
range of loading applied in the compression tests 
indeed usually vary from around 10  kPa (Bhuiyan 
et al. 2015) to around 200 kPa (Essayad and Auber-
tin 2021; Nguyen 2022). Loads from the placement 
of the tailings in a pit could be much higher because 
of the large depth of the pit. These range of loadings 
used in the laboratory tests should reasonably reflect 
the practical conditions (i.e., loads from large tailings 
thickness) to obtain a better constitutive model for 
tailings properties.

6  Conclusion

In-pit disposal has been demonstrated to be an 
encouraging mine waste management approach and 
can offer various environmental and geotechnical 
advantages compared to the conventional approaches. 
Unknowns in terms of behaviour of tailings consoli-
dation under the influences of waste rocks either in 
the form of permeable envelope and/or inclusion, 
effects of pit morphology and hydro-geotechnical 
properties of the materials remained challenging. The 
objective of this article was to address these above 
uncertainties to ensure a successful mine waste man-
agement. 3-D models were carried out to evaluate 
the consolidation behaviour of tailings co-disposed 
with waste rock in an open pit. Various co-disposal 
approaches such as a permeable envelope, WRI and 
bottom drain were evaluated. The effect of filling rate, 
slope angles, and waste rock properties were also 
considered. Based on these results, the following con-
clusions can be made.

A permeable envelope along the pit walls can 
contribute to accelerate tailings consolidation, thus 
reducing faster their hydraulic conductivity, and 
limiting contacts of tailings with the surrounding 
environment and regional groundwater. The tailings 
consolidation rate with a permeable envelope was 
up to 184 days faster than that without a permeable 
envelope.
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The zone of influence of the permeable envelope 
appears to be around 2 times the tailings thickness. 
The use of only a permeable envelope might, there-
fore, not always be sufficient, especially for wide pits 
whose radius is greater than 2 times of the tailings 
depth in case the main objective was to reduce the 
post-deposition settlement as well as potential differ-
ential settlement.

Additional drainage pathways such as a WRI or 
a bottom drain can contribute to further accelerate 
the consolidation rate of tailings. Consolidation time 
in the middle of the pit with the combination of all 
drainage paths (permeable envelope, WRI and bot-
tom drain) was between 110 and 230 days faster (i.e., 
1.5 to 3  times faster) than with a permeable enve-
lope only. Steeper slope angles can also result in a 
25% faster consolidation rate close to the permeable 
envelope.

The increase in the filling rate somewhat con-
tributed to decrease the tailings consolidation rate, 
increased the radius of influence of the permeable 
envelope and this effect was negligible as tailings 
thickness increased (i.e., t90 for the 10 m thick layer 
model might be 3 times higher than that of model 
with layer thickness of 5  m after the placement of 
the second layers, while this ratio was only 1.6 after 
the placement of the fifth layer). The hydraulic con-
ductivity of the permeable envelope affected the tail-
ings consolidation rate (for example, increasing the 
hydraulic conductivity of waste rock by 3 resulted in 
a 50% faster consolidation rate), yet this effect was 
insignificant as distances increased. Tailings hydro-
geotechnical properties have an important effect on 
the rate of consolidation of tailings, and more WRI 
might be required to enhance dissipation rate of 
fine tailings materials. Finally, the assumption of an 
orthogonal corner pit used in this model was deemed 
reasonable and have little effect on the calculated 
results.

The application of permeable envelope concepts 
during in-pit disposal with the combination of WRI 
and bottom drainage drains therefore appears to be 
beneficial both in terms of reducing contaminant gen-
eration and differential settlement. There might be 
less space for disposing tailings because of the pres-
ence of an envelope and WRI but that could be com-
pensated by other advantages such as the elimination 
of the need of construction waste rock piles and the 
prevention of potential contaminants from acid mine 

drainage when the waste rocks were stored under the 
water table. These results should be useful for practi-
tioners and contribute to propose efficient codisposal 
in surface mines. Further research, in particular in the 
field of complex co-dispose configuration as well as 
stability analysis of the inclusions could contribute 
to further optimize in-pit codisposal of tailings and 
waste rock.
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