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Abstract: Tailing dams are commonly used to safely store tailings without damaging the environment.
Sand tailings (also called Sediment tailings) usually have a high water content and hence undergo
consolidation during their placement. As the sediment tailings are usually placed above the ground
water level, the degree of saturation and permeability of the sediment tailing is associated with
the unsaturated condition due to the presence of negative pore-water pressure or suction. Current
practices normally focus on the analyses saturated conditions. However, this consolidation process
requires the flow of water between saturated and unsaturated zones to be considered. The objective
of this study is to investigate the stability and consolidation of sediment tailings for the construction
of road pillars considering the water flow between saturated and unsaturated zones. The scope
of this study includes the unsaturated laboratory testing of sediments and numerical analyses of
the road pillar. The results show that the analyses based on saturated conditions overestimate the
time required to achieve a 90% degree of consolidation. The incorporation of the unsaturated soil
properties is able to optimize the design of slopes for road pillars into steeper slope angles.

Keywords: unsaturated soil; stability; consolidation; sediment

1. Introduction

Many major tailing dams have experienced failures in the past 30 years. Some re-
searchers [1,2] indicate that the failure of tailing dams have contributed to catastrophic
damages to environments. Several previous studies have indicated that the failures of tail-
ing dams are normally attributed to the concurrent factors, such as: slope stability problems,
bearing capacity failures, liquefactions due to earthquake and the effect of rainfall [3–8].
Some tailing dams are constructed using sand with high water content [3,9]. Hence, the
sand is hydraulically placed to build the containment dam. Based on soil mechanics theory,
sand as a coarse particle has high permeability under fully saturated conditions [10,11].
However, sand may have very low permeability under unsaturated conditions [12,13]. As
a result, there may be some delay in the draining process of water within the sand layer
during construction stages.

Sediment transport may be encountered during the water flow with high velocity
within the high permeability materials. Two-phase flow is usually subjected to a complex
mixture between the solid and fluid phases. It is complex to mathematically model, in
particular when one considers the unsaturated conditions of the sediments [14–16]. Seep-
age, consolidation and stability analyses for sand tailing have been performed historically
by either assuming that the soil to be completely dry, or the entire fill layer undergoing
consolidation [17]. Ito and Azam [18] developed a 1-D consolidation model to estimate the
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behavior of sand tailing during the filling process. However, this method does not take
into account the unsaturated soil mechanics principles during the construction of sand
tailing. The unsaturated state of these materials may develop as a result of them being
situated either above a water table or due to percolation of water down to the soil beneath
the tailing because of gravity force during construction stage. In both cases, an unsatu-
rated zone will be formed within the formation of the slope during the filling process [19].
In the unsaturated zone, the pore-water pressure within the soil becomes negative with
respect to the atmospheric pressure. The negative pore-water pressure or matric suction
contributes to the additional shear strength and improvement to the overall stability of the
slope [20,21]. However, the permeability will drop significantly and the unsaturated zone
will have very low permeability which delay the dissipation of excess pore water pressure
from the saturated zone.

The objective of this study is to investigate the stability and consolidation of sand
tailings road pillars constructed using the hydraulically deposited coarse sand tailings by
considering the flow of water between saturated and unsaturated zones. The scope of this
works includes (1) the experimental works in the laboratory to determine the saturated and
the unsaturated properties of the soils and materials used in this study; (2) the assessment of
the consolidation characteristics of the road pillars in order to determine the time required
for full settlement to occur using Seep/W and Sigma/W [22]; (3) the determination of the
design (slope angle) of road pillars to ensure the required factor of safety with respect to
the additional backfilling of sediment tailings adjacent to the already constructed road
pillars using Slope/W [23].

2. Saturated and Unsaturated Laboratory Testing

This study is part of the project to evaluate the feasibility of constructing road pil-
lars using hydraulically placed coarse sand tailings as part of the rehabilitation of the
Fingerboards Mineral Sands Project [24]. The road pillar is targeted to be constructed to a
height of 51 m in Glenaladale, Victoria, Australia. The project lies within the Glenaladale
Deposit that occurs within unconsolidated sediments and contains heavy minerals such
as zircon, rutile, ilmenite and rare-earth bearing minerals (monazite and xenotime). The
project represents the first phase of mineral sands production (up to 20 years) from the
Glenaladale Deposit. The project area, which targets what is known as the Fingerboards
resource area, is approximately 1675 ha and of this approximately 1250 ha is expected to
be mined.

The construction of the road pillars is planned to use the mine sand from nearby area
using only hydraulically deposited sandy tailings [24]. The index properties of the sand
materials is presented in Table 1. In terms of ASTM D2487-10 [25], the classification of the
coarse sand in terms of the unified soil classification system (USCS) is “SC” which stands
for a clayey sand. The settling tests [26] were carried out using a sand slurry prepared at
70% solids. Two tests were used, the first with no drainage and the second with bottom
drainage provided. The final settled dry densities are 1.37 and 1.40 for the tests without
and with drainage, respectively. The tests show that the coarse sand settles within 4 h for
bottom-drained tests. The compaction test was also performed using standard proctor
method following ASTM D4253-00 [27] to obtain the maximum dry density (ρdry) and
the optimum water content (wopt) of the sand. The ρdry and wopt are 1.465 t/m3 and
20.5%, respectively.

The water retention curve was obtained using axis translation technique with pressure
plate supported with 15 bar ceramic disc following ASTM D6838-02 [28]. The laboratory
data best-fit line was fitted using the Fredlund and Xing equation [29]. The water retention
curve and the fitting parameter can be seen in Figure 1. The saturated volumetric water
content, the air-entry value, the residual suction and the residual volumetric water content
of the sand specimen are 0.5, 7 kPa, 40 kPa and 0.05, respectively.
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Table 1. Index properties of sand tailing.

Properties

USCS SC
Specific gravity, Gs 2.78

Gravel (%) 0
Sand (%) 69
Fines (%) 31

Bulk density (t/m3) 1.89
Water content (%) 36.4

Void ratio 0.96
Liquid Limit, LL (%) 41.6
Plastic Limit, PL (%) 19.9

Plasticity Index, PI (%) 21.7
Saturated permeability, ks (m/s) 5.78 × 10−6
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Figure 1. Water retention curve for sand.

The saturated permeability, ks (5.78 × 10−6 m/s as shown in Table 1) was determined
using a constant head laboratory method [30,31]. This is a lower permeability compared
with typical poorly graded coarse sand that can range from 10−4 to 10−5 m/s [10]. The
reason for this is the higher percentage of plastic fines contained in the sands of 31%.
The unsaturated permeability of the sand specimen (Figure 2) was determined using
statistical model following procedure presented in Satyanaga et al. [32]. The results from
the oedometer test is presented in Figure 3. As the soil is hydraulically filled, the over
consolidation ratio is assumed to be 1. The initial void ratio is calculated to be 0.96. The
lambda (λ) and Kappa (κ) are 0.0165 and 0.0026, respectively based on the formulas shown
in Equations (1) and (2).

λ =
cc

ln 10
(1)

κ =
cs

ln 10
(2)

In Equations (1) and (2), cc is defined as compression index whereas cs is defined as
swelling index. In Sigma/W, it is possible to simulate the variations in the Young modulus
(E′) as a function of effective stress using the elastic-plastic model (w/PWP Change) [18].
The Young modulus for incorporation in Sigma/W (under effective stress material model
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Elastic-Plastic) was obtained by first determining the coefficient of compressibility (mv)
from the oedometer test to determine the constrained modulus (Eoed) (Equation (3)).

Eoed =
1

mv
(3)
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In Equation (3), mv is defined as coefficient of compressibility. From the Eoed, E′ can be
calculated using Equation (4).

E′ = Eoed
(1 + ν)(1− 2ν)

1− ν
(4)

One set of the saturated oedometer testing with soil suction equals to 0 (Figure 3) and
three sets of the unsaturated oedometer testing under three different soil suctions (7 kPa,
17 kPa and 42 kPa) were performed on the sand specimen. For the saturated oedometer test
result, the effective stress is simply calculated from the applied load (σv) on each loading
step. Based on the unsaturated oedometer test results, the effective stress is calculated as
the applied load plus the applied soil suction. A spline function is then used to represent
(best fit) the four oedometer test results as shown in Figure 4. Consolidated undrained
triaxial test with pore-water pressure measurement was conducted to determine the shear
strength parameters of the soil. Based on the triaxial test results, the effective cohesion (c’)
is 0 kPa and the effective friction angle (ϕ’) is 34◦.
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3. Method of Analyses

The numerical analyses in this study consist of 1-D consolidation and 2-D consolida-
tion analyses using Sigma/W, seepage analyses using Seep/W and slope stability analyses
using Slope/W [33,34]. Sigma/W is a finite element software for analyzing deformation of
soils whereas Slope/w is a limit equilibrium software for analyzing stability of slope. The
finite element mesh had a mesh size of approximately 0.01 m in order to obtain accurate
results from deformation and transient seepage analyses. The pore-water pressures vari-
ations from Seep/W were exported to Slope/w to obtain factor of safety for every time
increment in the analyses. The pore-water pressures were calculated in Seep/W for every
time step at each node of the finite element mesh.

1-D (coupled stress) consolidation analyses were conducted to calibrate the numerical
model and parameters before proceeding with 2-D analyses; to estimate the settlement
and the rate of consolidation due to the dissipation of excess pore-water pressure and due
to the generation of soil suction; and to determine appropriate filling rate. Three sets of
parametric studies were carried based on 1-D analyses as summarized in Table 2. The
modified cam clay model was selected in the analyses since it can simulate the actual
nonlinear stress-strain behavior of the soil [35].

Table 2. Parametric studies carried out based on 1-D analyses.

Case Condition Model Duration of Analyses

1 Unsaturated
Modified Cam Clay

model with pore-water
pressure/PWP change

1 days for every 5 m filling; 10 days for the
last 6 m filling; total = 19 days for 51 m filling

2 Unsaturated Modified Cam Clay
model with PWP change

Analyses were conducted until pore-water
pressure change reaches equilibrium

3 Saturated Modified Cam Clay
model with PWP change

Analyses were conducted until pore-water
pressure has been dissipated

In the beginning of the unsaturated analyses in Cases 1 and 2, the placement of the
filling materials generated the excess pore-water pressures. As the water flowed to the
in-situ soil materials, the pore-water pressure dissipated and slowly became negative as
the top of fill material was located above the ground water table which is assumed to be
at the ground level. The settlement was then contributed due to consolidation settlement
(when the excess pore-pressure dissipated to 0 kPa) and shrinkage settlement (when the
pore-water pressure goes below 0 kPa). In Sigma/W, both consolidation and shrinkage
settlement were calculated based on effective stress principle. The saturated analysis in
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case 3 was carried out to understand the contribution of soil suction in determining the
rate of settlement of the filling materials.

The numerical model only allowed instantaneous placement of filling materials. There-
fore, the road pillar model (51 m high) was divided into 10 layers to understand the char-
acteristics of pore-water pressure changes with time for every 5 m filling materials. Two
different scenarios were used to determine the time step for every 5 m filling materials.
In the first scenario, 1 day was required to complete every 5 m filling process except it
is required 10 days for the last filling process. In the second scenario, every 5 m filling
materials were consolidated until the pore-water pressure reached hydrostatic condition.
Settlement analyses were carried out by first obtaining the settlement at the node located at
the top of the filling materials at each stage. The total settlement is equal to the summation
of the settlement obtained from the top node at each filling stage (the settlement of the
node after the next filling stage was ignored).

The 2-D deformation and stability analyses were conducted with the following ob-
jectives: to investigate the effect of slope angle on the settlement of the road pillar and
to analyse the stability of the road pillar under different slope angle. The width of the
crest of the road pillar is maintained at 63 m for different inclinations of road pillar. This
study focuses on the construction of road pillar with the following slope angles: 25◦and
30◦. For both geometries, the stability analyses were performed with the assumption of the
presences of tailing materials at one side of the road pillar.

4. One Dimensional (1-D) Numerical Analyses

The soil model was divided into 11 regions. The first region represented the in-situ
soil material while the other 10 regions represented the filling materials. Every region
had 5 m height except the last region had 6 m height. Thus, the total height of the filling
materials was 51 m as shown in Figure 5a. The filling materials were placed in stages, on
top of each other and the whole soil column was constrained laterally at the side while
it was fixed at the bottom. The in-situ soil consists of gravel layer with Young modulus
(E′) equal to 200 MPa as obtained from Oedometer testing data [24] and high permeability.
Therefore, no excess pore-water pressure was generated in the in-situ soil.
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Steady state condition was first generated using Seep/W based on steady state analy-
ses. In the steady state analyses, zero pressure boundary condition (pressure head equals
to 0 kPa) was simulated at the top of the in-situ soil (Figure 5b). Afterward, in-situ analyses
in Sigma/W were conducted to generate the initial stress of the in-situ soil. Coupled stress
analysis was conducted using Sigma/W to simulate the hydraulic filling process. As the
hydraulic boundary condition, potential seepage face with review (to simulate the runoff
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on the surface of the soil) the was applied at the top of the soil layer while zero pressure
was applied at the top of the in-situ soil as shown in Figure 5c. In the saturated analyses
under case 3, the hydraulic boundary condition for steady state analyses was the same as
the unsaturated analyses in cases 1 and 2. However, zero pressure boundary condition was
applied at the top of the filling material (instead of seepage review) and at the top of the
in-situ soil during the filling stage.

In numerical analyses of case 1, a 1-day time step was applied on the simulation of
each fill layer while 10- day time steps was applied on the simulation of the last fill layer.
This is to ensure that the total settlement has reached equilibrium condition. The total
settlement of the entire fill materials at each step is shown in Figure 6. It is shown that at
the end of the filling stage, the settlement is 2.68 m with the final distribution of pore-water
pressure is shown in Figure 7. It can be seen that the excess pore-water pressure near the
surface (within 40–50 m) has dissipated quickly since the negative pore-water pressure
was developed within this layer due to the flow of water into the deeper layer.

Fluids 2021, 6, x FOR PEER REVIEW 7 of 17 
 

Steady state condition was first generated using Seep/W based on steady state anal-

yses. In the steady state analyses, zero pressure boundary condition (pressure head equals 

to 0 kPa) was simulated at the top of the in-situ soil (Figure 5b). Afterward, in-situ analyses 

in Sigma/W were conducted to generate the initial stress of the in-situ soil. Coupled stress 

analysis was conducted using Sigma/W to simulate the hydraulic filling process. As the 

hydraulic boundary condition, potential seepage face with review (to simulate the runoff 

on the surface of the soil) the was applied at the top of the soil layer while zero pressure 

was applied at the top of the in-situ soil as shown in Figure 5c. In the saturated analyses 

under case 3, the hydraulic boundary condition for steady state analyses was the same as 

the unsaturated analyses in cases 1 and 2. However, zero pressure boundary condition 

was applied at the top of the filling material (instead of seepage review) and at the top of 

the in-situ soil during the filling stage. 

In numerical analyses of case 1, a 1-day time step was applied on the simulation of 

each fill layer while 10- day time steps was applied on the simulation of the last fill layer. 

This is to ensure that the total settlement has reached equilibrium condition. The total 

settlement of the entire fill materials at each step is shown in Figure 6. It is shown that at 

the end of the filling stage, the settlement is 2.68 m with the final distribution of pore-

water pressure is shown in Figure 7. It can be seen that the excess pore-water pressure 

near the surface (within 40–50 m) has dissipated quickly since the negative pore-water 

pressure was developed within this layer due to the flow of water into the deeper layer. 

 

Figure 6. Total settlement of the fill materials for case 1. 

 

Figure 7. Final distribution of pore-water pressure at the last filling stage for case 1. 

Numerical analysis in case 2 was carried out to determine the required time for the 

negative pore-water pressure to reach the equilibrium condition. The node under scrutiny 

H
e
ig

h
t 

(m
)

Pore-water Pressure (kPa)

-80 -60 -40 -20 0 20 40 60

-10

0

10

20

30

40

50

60

Figure 6. Total settlement of the fill materials for case 1.

Fluids 2021, 6, x FOR PEER REVIEW 7 of 17 
 

Steady state condition was first generated using Seep/W based on steady state anal-

yses. In the steady state analyses, zero pressure boundary condition (pressure head equals 

to 0 kPa) was simulated at the top of the in-situ soil (Figure 5b). Afterward, in-situ analyses 

in Sigma/W were conducted to generate the initial stress of the in-situ soil. Coupled stress 

analysis was conducted using Sigma/W to simulate the hydraulic filling process. As the 

hydraulic boundary condition, potential seepage face with review (to simulate the runoff 

on the surface of the soil) the was applied at the top of the soil layer while zero pressure 

was applied at the top of the in-situ soil as shown in Figure 5c. In the saturated analyses 

under case 3, the hydraulic boundary condition for steady state analyses was the same as 

the unsaturated analyses in cases 1 and 2. However, zero pressure boundary condition 

was applied at the top of the filling material (instead of seepage review) and at the top of 

the in-situ soil during the filling stage. 

In numerical analyses of case 1, a 1-day time step was applied on the simulation of 

each fill layer while 10- day time steps was applied on the simulation of the last fill layer. 

This is to ensure that the total settlement has reached equilibrium condition. The total 

settlement of the entire fill materials at each step is shown in Figure 6. It is shown that at 

the end of the filling stage, the settlement is 2.68 m with the final distribution of pore-

water pressure is shown in Figure 7. It can be seen that the excess pore-water pressure 

near the surface (within 40–50 m) has dissipated quickly since the negative pore-water 

pressure was developed within this layer due to the flow of water into the deeper layer. 

 

Figure 6. Total settlement of the fill materials for case 1. 

 

Figure 7. Final distribution of pore-water pressure at the last filling stage for case 1. 

Numerical analysis in case 2 was carried out to determine the required time for the 

negative pore-water pressure to reach the equilibrium condition. The node under scrutiny 

H
e
ig

h
t 

(m
)

Pore-water Pressure (kPa)

-80 -60 -40 -20 0 20 40 60

-10

0

10

20

30

40

50

60
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Numerical analysis in case 2 was carried out to determine the required time for the
negative pore-water pressure to reach the equilibrium condition. The node under scrutiny
is the top node of the fill as this node has the highest negative pore-water pressure. The
degree of consolidation (Uz) is commonly used to determine appropriate time to determine
when the consolidation has been completed (Equation (5)).

Uz(%) =

(
1− ∆uw

∆u0

)
100% (5)
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where ∆u0 is the initial excess pore-water pressure due to the applied load, ∆uw is the cur-
rent excess pore-water pressure. The applied load always caused the pore-water pressure
at the top node to reach zero and then slowly went to pore-water pressure at equilib-
rium/hydrostatic condition (ueq) (Equation (6)).

ueq = (GWL− z)γw (6)

where GWL was the ground water level which was set to zero in the numerical model and
γw is the unit weight of water (9.81 kN/m3). ∆u0 was defined for the node located at the
top of the fill (Equation (7)). ∆uw can be defined using Equation (8).

∆u0 = u0 − ueq (7)

∆uw = uw − ueq (8)

where u0 is the pore-water pressure after application of load which was always equals to
zero for the top node while uw is the pore-water pressure for the node which was changing
with time.

Figure 8 shows the example of changes in pore-water pressure of the top node on
different filling stage. It can be seen that a reasonable waiting time can be achieved for
0–5 m fill (95 days to reach Uz = 95%) and 5–10 m fill (2.5 years to reach Uz = 95%). However,
for 10–15 m fill, it required 10 years to reach Uz = 80% and 32 years to reach Uz = 95%. At
the final fill layer (45–51 m), it requires 1600 years to reach Uz = 80% and 3400 years to
reach Uz = 95%. Based on this analysis, it was not reasonable to wait for the pore-water
pressure to reach equilibrium prior to applying the next load.
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The settlement from case 2 can be considered as the final total settlement, the average
degree of consolidation (Uave) can be calculated using Equation (9).

Uave(%) =
scase1

scase2
(9)

where scase1 is the total settlement at case 1 while scase2 is the total settlement at case 2. The
Uave of case 1 is 85%.

In order to fully dissipate all excess pore-water pressures, every filling stage duration
in case 3 was extended for two days. Figure 9 shows the comparison of total settlement
between cases 1, 2 and case 3. It can be seen that case 3 has the least settlement due to
ignoring the effect of negative pore-water pressure which contributing to the additional
settlement. The comparisons of analyses time for cases 1, 2 and 3 are presented in Table 3.
Based on the three simulation results from 1-D consolidation analyses, the model used in
the unsaturated analyses of case 1 was used in 2-D numerical analysis. In addition, the
filling stage was decided to be 5 m/stage with every stage being completed in 1 day.
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Table 3. Analyses time for each stage in Case 1, Case 2 and Case 3.

Case 1 2 3 4 5 6 7 8 9 10

Case 1 (day) 1 1 1 1 1 1 1 1 1 10
Case 2 (year) 1 9.5 90 190 241 602 1506 2410 3012 6025
Case 3 (day) 2 2 2 2 2 2 2 2 2 2

2-D Numerical Analysis

Figure 10 shows the 2-D finite element model of the road pillar. Stability analysis of
the 2-D model was carried using simplified Bishop model in Slope/W. No tension crack
was considered, and the slip surface was determined based on grid and radius method [11].
The results of the consolidation and stability analyses of the road pillar with different
inclinations are presented in this section. The slope stability analysis was carried out for
every time step to consider the effect of PWP dissipation in the stability of the fill layer.
This analysis models the road pillar in both X and Z directions and seepage can flow in two
directions, vertically and laterally. For each of the three geometries, three scenarios were
considered in the 2-D stability analyses. In scenario 1, the stability analyses were carried
out to investigate the stability of road pillar only. In scenario 2, the stability analyses were
conducted to study the stability of road pillar with the assumption of the presences of
tailing materials at one side of the road pillar. In scenario 3, the stability analyses were
performed to investigate the stability of road pillar with the assumption of the presence
of 4.5 m high of water at one side of the road pillar. The numerical models for scenario 1,
scenario 2 and scenario 3 are presented in Figure 10.
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Figure 10. 2-D finite element model for analyses of (a) scenario 1; (b) scenario 2 and (c) scenario 3.

Consolidation settlements at the midpoint and edge of the model based on scenario
1 (Figure 10a) were compared with the results from the 1-D consolidation analyses. The
finite element model was separated into the in-situ soil and the filling material. The filling
material soil was separated into 11 regions which are 0–5 m, 5–10 m, 10–15 m, 15–20 m,
20-25 m, 25–30 m, 30–35 m, 35–40 m, 40–45 m, 45–51 m and 51–56 m. The soil model and
properties of in-situ soil and fill soil followed those used as input in 1-D consolidation
analysis of case 1. Every filling layer was consolidated for 1 day with 10 time steps and
2.4 h for each step. The in-situ soil was fixed at horizontal and vertical directions as shown
in Figure 10. The zero pressure boundary condition was applied at the interface between
the in-situ soil and the fill soil while the potential seepage face with review was applied at
the slope surface of the fill layer as shown in Figure 10.

The total settlement at the end of the construction located at the edge and the mid of
the crest for the three geometries are summarized in Table 4. The results present that the
differential settlement is around ±0.01m for all cases. The settlement at the middle and the
edge of the crest of the fill layer for the three geometries were compared with the one from
1-D analysis as shown in Figure 11. The results of the 1-D and 2-D consolidation settlement
analyses are comparable as they follow similar trends. In addition, all the final pore-water
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pressures at the middle of the model at the end of stage 11 or after 56 m filling have become
negative for all geometries (Figure 12).

Table 4. Summary of the total settlement from 2-D numerical analyses.

Case Mid (m) Edge (m)

Geometry 1 (20◦) 3.13 3.13
Geometry 2 (25◦) 3.13 3.13
Geometry 3 (30◦) 3.13 3.15
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Figure 12. Pore-water pressure profiles at the end of stage 11 for geometry 1, geometry 2 and
geometry 3.

The results from stability analyses of scenario 1 are presented in Figure 13. It is shown
that the critical condition is observed when the fill layer has just been placed. As the
pore-water pressure dissipated, the factor of safety slowly increases. It is shown that
geometry 3 has lower factor of safety compare to other geometries. The lowest factor of
safety is observed when the first fill is just placed (0–5 m) with factor of safety = 1.15. The
factor of safety increases to 1.73 within 2.4 h. For the rest of the simulations, all factor of
safety values are higher than 1.3. The final factor of safety of the road pillar is 1.344 which
considered to be the minimum in terms of the design acceptance criteria [36].
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Figure 13. Variations of factor of safety with time based on stability analyses of scenario 1 for (a)
geometry 1; (b) geometry 2 and (c) geometry 3.

In the stability analyses of scenario 2, the tailing sediment was assumed to be present
at one side of the embankment. Given that the tailing material was assumed the same as
the road pillar material, the tailing material was considered to be instantaneously placed at
one side of the road pillar and then consolidated for 1 year based on 12 time steps. Constant
total head was applied at the boundary between road pillar and tailing materials to model



Fluids 2021, 6, 423 13 of 16

the groundwater table in the numerical analysis (Figure 10). The stability of the opposite
side of road pillar is checked using the same method used for checking the stability of 56 m
of road pillar only. In this model, the pore-water pressure of the tailing sediment can be
negative as shown in Figure 14. Essentially, the backfilled tailings is allowed to dewater and
therefore both the road pillar and the tailings becomes unsaturated. Figure 15 shows the
variations in safety factor with time for scenario 2. The difference was not significant over
1 year duration and the most critical condition was generated from the stability analysis of
slope with 30o slope angle with factor of safety is about 1.34 to 1.35.
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Figure 14. Distribution of pore-water pressures due to the placement of tailing material without zero
pressure boundary condition applied on top of the tailing material (Approach 2).
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In the anticipation of climate change, the additional stability analyses under extreme
rainfall conditions were carried out. A 4.5 m water flooding above the pit floor event is
assumed at one side of road pillar in the model. This rainwater is sufficient to model a 1%
annual exceedance probability (AEP) 72 h rainfall event (421 mm of rainfall) on a slope of
5% with a bund at the toe and 100% runoff coefficient [24]. A constant total head of 4.5 m is
applied at one side of the road pillar over 1 year duration. Figure 16 shows the variations
in factor of safety based on the stability analyses for Scenario 3. Geometry 3 (30◦ slope
angle) shows the most critical condition which has a factor of safety around 1.35.
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Figure 16. Variations of factor of safety with time based on stability analyses for scenario 3.

Based on the numerical analyses results, it is shown that ignoring the effect of negative
pore-water pressure will underestimate the settlement of the fill materials. However, it is
not reasonable to wait for the entire pore-water pressures to reach equilibrium since it took
a very long time (>6000 years). In addition, based on case 1 simulation, 1 day waiting time
for each of the filling stage was sufficient for the degree of consolidation to reach 85% and
thus the model based on case 1 was recommended. The filling of 51 m contributes to a total
settlement of 3.1 m. Hence, the final elevation of the road pillar based on 1-D analyses is
51 − 3.1 m = 47.9 m.

The results from stability analyses indicate that the incorporation of unsaturated soil
properties help to optimize the design of slope. The slope still has high factor of safety
although the inclination is increased to 30◦ slope angle which has been evaluated under
three different conditions, without rainfall and tailing sediment, with tailing sediments and
with rainfall loading. The lowest factor of safety of slope with 30◦ slope angle is around
1.35 under maximum rainfall loading.

It can be seen the factor of safety of 30◦ slope angle (1.35) in Figure 16 is lower than that
from Figure 13c (1.82). The factor of safety of of 25◦ slope angle (1.70) in Figure 16 is lower
than that from Figure 13b (2.13). The factor of safety of of 20◦ slope angle (2.10) in Figure 16
is lower than that from Figure 13b (2.50). The comparisons of factor of safety between
Figures 13 and 16 indicate the importance of maintaining the unsaturated conditions of the
slope. If there is potential of flooding next to the road pillar, it is recommended to provide
the appropriate drainage within the structure itself, such as: horizontal drains; geodrain
and surface drain to ensure the water can be drained out properly in the case flooding
occur due to the effect of climate change.

5. Conclusions

The key conclusions can be summarized as follows:

• Laboratory testing has shown that the coarse sand tailings has a 34% (by mass) of
medium plastic fines (<0.075 mm), This is higher than conventional coarse sand



Fluids 2021, 6, 423 15 of 16

tailings and has resulted in the sand having a lower permeability and lower shear
strength then normal poorly graded coarse sand.

• Numerical consolidation modelling using both 1-D and 2-D showed that despite the
higher fines content, the hydraulically deposited coarse sand tailings will be able to
consolidate very rapidly and that a degree of consolidation of 85% is achievable within
days. The results from numerical analyses also indicated that it is important to incor-
porate the unsaturated soil mechanics principles in the consolidation analyses. The
ignorance of the unsaturated soil mechanics principles will generate less settlement in
the consolidation analyses.

• In terms of the stability modelling, the minimum FOS for embankment slope angles
up to and including 30◦ is 1.35. This value is higher than minimum factor of safety of
1. It shows that the hydraulically placed method to stack the fill materials in the road
pillars naturally can achieve a higher slope angle if the unsaturated soil properties is
included in the analyses.

• The appropriate drainage should be provided within the embankment to maintain
the unsaturated condition and to ensure the stability of the embankment under heavy
rainfall loadings.
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