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Numerical investigation of the stability of a base-exposed sill mat 
made of cemented backfill

Philippe Pagé, Li Li, Pengyu Yang , Richard Simon

Abstract: Sill mats are important supporting structures commonly applied in underground mines

for better recovery. They are used to help recover sill pillars in open stoping or to provide a safer 

workplace in underhand cut-and-fill mining. To fulfil these functions, the sill mat is typically cast 

with cemented backfill mainly consisting of mine tailings and binders. To ensure economic and 

safe mining, a critical issue is to estimate the required strength of the base-exposed sill mat

following underneath extraction. So far, a few analytical solutions have been proposed for this 

purpose by treating the sill mat as an isolated bending beam with two fixed ends. However, 

previous numerical analyses have indicated that the response of the sill mat can be significantly 

influenced by the rock wall closures due to underneath extraction. This aspect is ignored by the 

existing analytical models. In this paper, numerical models are used to evaluate the stability of sill 

mats upon the underneath excavation. The influence of rock wall closure on the stability and the 

minimum required strength of sill mats is analyzed. Simulation results indicate that the apparent 

failure mechanism of the sill mat is caving or rotation, while its actual failure mechanism is 

crushing or shearing. Accordingly, the required strength of sill mats increases as the variation of 

studied influencing factors tends to increase the horizontal stresses in the sill mats, including the 

increase in mine depth, rock pressure coefficients and sill mat stiffness. In contrary, the increase in 

the span or thickness of sill mat and rock mass stiffness tends to decrease the horizontal stresses in 

the sill mat, thereby leading to a reduction in the required strength of sill mats. It is also concluded 

that the stress increase does not always mean an improvement or deterioration of the stability of 

the sill mats.

Key-words: Sill mat; Cemented backfill; Minimum required strength; Numerical modeling; 

Stability
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1. Introduction
Stope backfilling has been widely applied in underground mines worldwide. This practice can 

not only help reduce the environmental impact of mining operations, but also serves to improve 
ground stability, provide a safer workspace, reduce ore dilution, and help control the airflow.1-3 A
sill mat made of cemented backfill is commonly used to recover sill pillars in open stoping methods 
or to provide a safer workplace in underhand cut-and-fill mining method.3,4-6 A critical issue is to 
correctly estimate the minimum required strength of cemented backfill used to construct the sill 
mat to ensure the stability of the sill mat upon base exposure due to subsequent undercutting.

This issue has been treated by Mitchell7, who considered a sill mat with an overlying 
cohesionless backfill confined by two stiff and immobile walls. Based on limit equilibrium 
analyses, Mitchell7 proposed a series of analytical solutions to evaluate the stability of an
unreinforced sill mat based on four types of failure mechanisms: sliding, rotation, flexure and 
caving. To verify his analytical model, Mitchell7 conducted a series of experimental tests with a 
centrifuge. The four failure modes assumed by Mitchell7 were observed in his centrifuge tests.
More details of the centrifuge model tests are recalled in the section of Discussion (see below).

Oulbacha8 evaluated the correctness of the Mitchell7 solutions using a limit equilibrium code.
His simulations results have shown that the Mitchell solutions cannot always provide good 
predictions on the stability of sill mats. For sliding failure, good correlations have been obtained 
between his numerical results and the Mitchell solution. For rotational failure, the numerical 
simulations performed by Oulbacha8 have shown that the Mitchell solution generally tends to 
underestimate the sill mat stability; similar results have been previously reported by Caceres9.
However, when the stope walls are not inclined enough from the vertical, Oulbacha8 has shown 
that the upper contact corner between the sill mat and the hanging wall has to be sheared before 
the occurrence of rotation failure. The stability of the sill mat is further underestimated by the 
analytical solution of Mitchell7. For flexural failure, Oulbacha8 has shown that the Mitchell solution 
is valid for stopes inclined within 20° from the vertical. Through numerical modeling with 
extremely high sill mat cohesion (c = 60 MPa), Caceres et al.10 further indicated that the Mitchell 
solution for flexural failure can be valid only if sill mats have very large span to thickness ratios 
(i.e., > 6.7). As for caving failure, Oulbacha8 has demonstrated that the Mitchell solution largely 
overestimates the stability of the sill mat in the case of large cohesion and slightly underestimates 
the stability of the sill mat in the case of low cohesion.

Over the years, the Mitchell7 solutions for the design of sill mats have recognized less 
applications compared to their very successful Mitchell et al.11 solution for designing the side-
exposed backfill, due probably to several over-simplified assumptions associated with the former.
For instance, a normal confining stress contained in the analytical solutions of Mitchell7 is 
undetermined. In addition, the sill mat was assumed as an isolated bending beam with two fixed 
ends. The effect of underlying excavation on the sill mat was not considered. In reality, the rock 
walls upon underneath excavation may deform and compress the sill mat. Numerical models 
conducted by Sobhi and Li12 have shown that the stress state within the sill mat and overlying 
backfill can be significantly altered by the wall closure induced by the underlying excavation.
Centrifuge tests performed by Dirige and De Souza13 also indicated that excavation width, wall 
roughness and wall closure influence the stability of sill pillars. It is thus important to take into 
account the effect of wall closure on the stability of sill mats. However, the closure of stope walls
depends on several factors, such as the mechanical properties of sill mats and rock mass, geometry 
of stope and sill mats, in-situ stresses, etc. It would be too time-consuming and expensive to 
evaluate the influence of these factors through physical model tests.
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Numerical modeling has been proven to be a useful and cost-effective tool to treat diverse 
complicated problems in geotechnical/mining engineering. For example, Brummer et al.14 used
FLAC 3D to estimate the required strength of sill mats as a function of the stope span for different 
stope inclinations, without the consideration of mine depth and wall closure. Caceres9 investigated
the stability of cemented rockfill sill mat with FLAC 2D. Design curves were developed by 
considering zero wall convergence and uniform vertical stresses along the top span of the stope. 
Hughes15 has numerically derived nine distinct design curves to represent the minimum required 
UCS (unconfined compressive strength) for a given span width by considering a factor of safety 
(FS) of 1.0. For simplicity, the convergences of rock walls were assumed to be 0, 5 and 15 cm,
respectively corresponding to mine depths of 400, 800 and 3000 m. The actual wall convergences
associated with the in-situ stresses and several influencing factors (e.g. stiffness of the rock mass, 
stope inclination, the thickness of the sill mat and the height of the overlying backfill) have been 
neglected. Additionally, the criterion used to judge the failure of the sill mat observed in numerical 
models was not clearly defined and presented.

To better understand the stability and the required strength of base-exposed sill mat (overlain 
by an uncemented backfill) submitted to diverse conditions, a series of numerical simulations have 
been done with Plaxis 2D.16 In this paper, a part of the numerical results is presented. The 
influences of the mine depth, stope and sill mat geometries, and mechanical properties of the sill 
mat and rock mass on the required cohesion of the cemented sill mat are analysed and discussed.

2. Numerical models
In this study, the finite element code Plaxis 2D16 is used to assess the stability of the sill mat 

upon excavation underneath. Its validation has been shown by Sobhi17 and Pagé18. Plaxis 2D has 
been used by the authors and others12,19 to investigate the mechanical behavior of mine backfill in 
various conditions. 

2.1 Model configuration
The schematic model of a sill mat with an overlying uncemented backfill and an underneath

excavation is illustrated in Fig. 1a. On the figure, W (m) is the width of the stope or span of the sill 
mat, H (m) is the height of the overlying backfill, e (m) is the thickness of the sill mat, and β (°) is 
the inclination angle (to the horizontal) of the stope walls. A void space (0.5 m high) is left on top 
of the uncemented backfill to simulate the case of poor contact between the backfill and stope roof.
In some cases, depending on the mining method, a void space with a height of drift (3 to 5 m high) 
can be necessary to allow the passage of vehicles and workers.

Fig. 1 also shows numerical models of a vertical (Fig. 1b) and an inclined (Fig. 1c) stope – sill 
mat system built with Plaxis 2D before the excavation of the underlying stope. Only half of the 
model is simulated by considering the plane of symmetry (x = 0) for vertical stopes (β = 90°) while 
full model is simulated in the case of inclined stopes (β < 90°). For both cases, the top boundary is 
set free to simulate the ground surface, while only vertical displacement is allowed along the two 
side outer boundaries. The lower outer boundary is fixed in all directions. The backfill and sill mat 
are modeled as elasto-plastic Mohr-Coulomb materials while the rock mass obeys the generalized 
Hoek-Brown criterion. Point X is marked as the bottom center of the sill mat.

The vertical stope along with the geometry and material property parameters shown in Fig. 1b 
is taken as the reference (base) case, in which the overlying backfill has a height H = 9.5 m, a 
Young’s modulus E = 250 MPa, a Poisson’s ratio μ = 0.3, a unit weight γ = 18 kN/m3, a friction 
angle ϕ = 25°, and a dilation angle ψ = 0°. The sill mat has a width W = 6 m, a thickness e = 3 m, 
a Young’s modulus Es = 1 GPa, a Poisson’s ratio μs = 0.3, a unit weight γs = 19 kN/m3, a cohesion 
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cs = 2000 kPa, a friction angle ϕs = 30°, and a dilation angle of ψs = 0°. Published works on 
laboratory tests have shown that the tensile strength of cemented fill is typically around 1/10 of the 
UCS.20,21 The following expression is then used to estimate the tensile strength σt of sill mat from 
the cohesion cs, based on the Mohr-Coulomb criterion:=  tan(45° + /2) (1)

With cs = 2000 kPa and ϕs = 30°, Eq. (1) gives a tensile strength of σt = 692 kPa in the reference 
case.

(a) (b)

(c)
Fig. 1. (a) Schematic view of an undercut below a sill mat overlain by an overlying uncemented backfill;

Numerical models of (b) a vertical and (c) an inclined stope - sill mat system built with Plaxis 2D.

For the reference case, the surrounding rock mass has a Young’s modulus Er of 62 GPa, a
Poisson’s ratio μr of 0.2, a unit weight γr of 27 kN/m3, a geological strength index GSI of 80, and a
damage index D of 0 (without disturbance). The Hoek-Brown parameters for the intact rock 
(extremely strong) are σci = 300 MPa (uniaxial compressive strength) and mi = 33 (s = 1 implicitly).
Such high strength values are used to ensure that the rock mass does not yield and the stability 
analyses are focused on that of the sill-mat. The mine depth is measured as z = 300 m between the 
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ground surface and mid-height of the sill mat. A typical stress regime of the Canadian Shield is 
applied to the rock mass with the lateral earth pressure coefficient Kr = 2.22 The horizontal natural 
stress is then twice the vertical in-situ stress that is equal to the vertical stress based on the 
overburden solution.

The sequence of excavation and backfilling performed in Plaxis 2D are identical for vertical 
(Fig. 1b) and inclined stopes (Fig. 1c). The first step is to establish an initial stress state within the 
rock mass, followed by the excavation of the upper stope. The induced displacements in the rock 
mass are reset to zero to simulate the release of the elastic and plastic deformations on the 
surrounding rock. A sill mat made of cemented backfill is then constructed, followed by adding a 
single layer of cohesionless backfill above the sill mat. The last step is to remove the underlying 
stope below the sill mat. Figure presentation of the excavation and filling sequence can be found
in Sobhi and Li12 and Pagé18. Table 1 summarizes the characteristics of all simulation cases 
performed in this investigation.

Table 1. Characteristics of the different simulations cases (with E = 250 MPa, μ = 0.3, ϕ = 25°, c = 0 kPa 
and γ = 18 kN/m3 for the uncemented backfill, γs = 19 kN/m3, μs = 0.3 and ϕs = 30° for the cemented sill 

mat, γr = 27 kN/m3, μr = 0.2, mi = 33, GSI = 80 and D = 0 for the rock mass).

Case Figures Stope geometry Sill mat Rock mass Backfill
β (°) W (m) e (m) Es (GPa) Er (GPa) Kr σci (MPa) H (m)

0 3 and 4 90 6 3 1 62 2 300 9.5
1 5 to 7 VAR 6 3 1 62 2 300 9.5
2 8 to 10 90 VAR 3 1 62 2 300 9.5
3 11a 90 6 VAR 1 62 2 300 9.5
4 11b 90 6 3 VAR 62 2 300 9.5
5 12a 90 6 3 1 VAR 2 300 9.5
6 12b 90 6 3 1 62 VAR 300 9.5
7 13 90 6 3 1 62 2 300 VAR

2.2 Instability indicator of the sill-mat
To determine the minimum (i.e., FS = 1) required strength of a sill mat, a series of numerical 

simulations are done by reducing its cohesion cs to a sufficiently low value so that the 
failure/instability of the sill mat can be observed. Until now, most numerical analyses evaluated 
the instability of a structure through the examination of yield state.9,10,14,15,23,24 When a massive 
material yielding occurs at critical places, one can pronounce with high degree of confidence that 
the structure becomes instable. In many cases, one may observe minor material yielding at punctual
and local places. It may be concluded that the structure becomes instable and would fail due to
possible development or propagation of yielding around the yield portions. Conversely, it may also 
be concluded that the structure remains stable as the yielding is only minor and local. The residual 
strength plays a role of stabilisation and the punctual and local yielded material does not affect the 
global stability of the structure. This concept has generally been accepted in slope stability 
analyses.25,26 These indicates that the evaluation of the stability of a structure based on yielding can 
sometimes be subjective.

Dirige and De Souza13 have shown that the displacement can sometimes provide useful 
information on the state of the backfill even though they did not evaluate the critical (minimum 
required) strength of sill-mat. Recently, Yang et al.27,28 and Liu et al.29 have shown that the 
subjectivity in assessing the stability or instability of structures (barricade and side-exposed 
backfill) can be reduced by monitoring the displacements at some critical points. In this study, the 
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total displacement at the bottom (center Point X for vertical stopes; see Fig. 1b) of the sill mat is 
monitored. Displacement at other points have also been monitored (see details presented in Pagé17).
It has been shown that the displacement of Point X represents the maximum value along the base 
of a sill mat, and thus deemed representative of the global stability.

Fig. 2a shows the variation of the displacement at Point X (negative values indicate the 
downward displacements) as a function of the sill mat cohesion cs. When the value of cs reduces 
from 2 MPa to 500 kPa, the numerical calculations converge to small and almost constant 
displacements, indicating a stable sill mat. The displacement starts to significantly increase as cs is 
reduced to 400 kPa and increases dramatically once the value of cs is below 400 kPa, indicating an 
unstable sill mat. The critical (minimum) required cohesion should be a value between 400 
(unstable) and 500 kPa (stable) based on the full curve of the displacement as the sill mat cohesion 
varies from 2 MPa to 71 kPa. However, if one examines the displacement curve as the sill mat 
cohesion changes from 2 MPa to 300 kPa, one can conclude that the critical cohesion should be a 
value between 500 kPa (unstable) and 1 MPa (stable). The monitoring of the displacement alone 
does not allow a clear and objective determination of the critical cohesion cs.

(a)

(b) (c)
Fig. 2. (a) Variation of the vertical displacements at the bottom center (Point X, Fig. 1a) of the sill mat as a 

function of its cohesion cs upon base exposure; Iso-contours of total displacements of the stope-sill mat 
system after removing the underlying stope for (b) cs = 2000 kPa and (c) cs = 72 kPa. (Table 1, Case 0 

with z = 300 m).

Fig. 2 also shows the displacement contours of the stope – sill mat system for the reference case 
when the cohesion cs changes from 2000 kPa (Fig. 2b) to 72 kPa (Fig. 2c). One sees that the sill 
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mat changes from a stable state at cs = 2000 kPa to an instable state at cs = 72 kPa with the formation 
of a triangular wedge (indicating larger displacement). The latter tends to indicate the caving failure 
mechanism of the sill-mat. However, if one observes the yield state of the sill mat, it will be shown 
below that the actual failure mechanism is horizontal crushing or shearing due to the horizontal 
compression associated with the rock wall closure upon base exposure of the sill mat.

Fig. 3 shows the yield states of the sill mat for the reference case when the cohesion cs changes 
from 2000 kPa (Fig. 3a), 500 kPa (Fig. 3b), 400 kPa (Fig 3c) to 72 kPa (Fig. 3d). One notices that 
points of plasticity due to shear yield start to propagate through the sill mat when the cohesion cs
is reduced to 500 kPa. This propagation increases as the cohesion cs is further decreased from 400 
kPa to 72 kPa with the appearance of tension failure. For sill mat design, the cohesion of 500 kPa 
can be considered as the minimum required cohesion for the sill mat considered in this case. The 
displayed failure is caving with a falling wedge, but the governing failure mechanism is shear yield
due to crushing of the backfill by the horizontal closure of the rock walls. This failure mechanism 
was not considered in the Mitchell7 model.

Fig. 3. Propagation of the plasticity points through the sill mat for a variation of the critical cohesion 
cs from (a) 2000 kPa; (b) 500 kPa; (c) 400 kPa and (d) 72 kPa for the sill mat located at a depth of z =

300 m for the reference case (Case 0 in Table 1).

Attempt has also been done by considering the distribution of displacements and stresses along 
the vertical centerline and walls of the sill mat. Sobhi and Li12 have shown dramatic falls of stresses 
from the elastic (intact) zone to the yielded (failed) zone by considering zero tension cut-off for the 
cemented backfill in their numerical models. This is however not the case here probably due to the 
non-zero tension cut-off for the cemented sill mats.

In the following sections, the minimum required cohesion of the cemented sill mat is determined 
by considering the total displacement monitored at the base center of the sill mats combined with 
their yield states. The iso-contours of total displacements across the sill mats, which are always 
taken as the absolute values of total displacements, are only used to show the shape of failed zones 
of the sill mats.
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3. Numerical results 
 
3.1 Effect of the stope geometry

In this sub-section, the influence of the wall inclination angle and stope width W on the critical 
(minimum required) cohesion of sill mat will be investigated.

Fig. 4 presents the variation of the critical cohesion cs of the sill mat as a function of the stope 
depths z for different stope inclination angles β. One sees that the value of cs increases as the angle 
β decreases. The minimum required cohesion for inclined stopes can thus be underestimated by the 
solutions established for vertical stopes. Also, for a given inclination angle, the minimum required 
cohesion cs increases exponentially with the mine depth. This indicates that neglecting the mine 
depths can lead to over- or under- estimation of the required strength for sill mats.

Fig. 4. Variation of the critical cohesion cs of the sill mat as a function of the mine depths z for different 
stope inclination angles β (Case 1 in Table 1).

Fig. 5 shows the total displacement vectors and iso-contours of the stope-sill mat system at 
failure when the stope is located at z = 300 m and the stope inclination angle β varies from 90°
(Fig. 5a), 75° (Fig. 5b), 60° (Fig. 5c) to 45° (Fig. 5d). Apparently, the failure mechanism is 
generally governed by caving for sub-vertical stopes (i.e., β or combined rotation and caving 
for more inclined stopes (i.e., β < 75°).

Fig. 6 illustrates the states of the sill mats located at z = 300 m at critical cohesion cs when the 
stope inclination angle β changes from 90° (Fig. 6a), 75° (Fig. 6b), 60° (Fig. 6c) to 45° (Fig. 6d). 
One sees that the actual governing failure mechanism is shear yield due to crushing of the backfill 
by the horizontal closure of the rock walls. The same observations have been obtained for sill mats 
at any depth between 100 m and 500 m (see more details given in Pagé17).

Fig. 7 shows the variation of the critical (minimum required) cohesion of the sill mat as a 
function of the stope depths for different values of sill mat (and stope) widths W. For a given stope 
width, one sees that the minimum required cohesion cs increases slightly with the depth W at 
shallow depth and significantly increases as the depth further increases. For a given stope depth, 
the critical cohesion cs decreases as the stope width W increases. This result is counterintuitive, in 
particular if the governing failure mechanism is flexure, sliding or rotation. It becomes 
straightforward once crushing or shearing by compression is recognized as the governing failure 
mechanism of the sill mat. With wider stope, the compression strain due to the horizontal closure 
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of rock walls associated with the underneath excavation will be smaller, resulting in lower 
horizontal stresses and more stable sill mat.

Fig. 5. Vectors and iso-contours of total displacement of the stope-sill mat system (at failure) located at z = 300 
m for different stope inclination angles: (a) β = 90°; (b) β = 75°; (c) β = 60°; (d) β = 45° (Case 1 in Table 1).

(a) (b)  (c) (d)
Fig. 6. States of the sill mats located at z = 300 m at critical cohesion cs for different stope inclination 

angles: (a) β = 90°; (b) β = 75°; (c) β = 60°; (d) β = 45° (Case 1 in Table 1).

Fig. 7. Variation of the critical cohesion cs of the sill mat as a function of the mine depth for different 
stope widths W (Case 2 in Table 1).
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Fig. 8 demonstrates the iso-contours of the total displacement of the sill mats at critical cohesion 
located at z = 300 m when the stope width W varies from 4 to 12 m. Once again, caving is the 
apparent failure mechanism of the sill mats while shearing or crushing due to the horizontal closure 
of walls remains the actual governing failure mechanism, as shown in Fig. 9. Subsequently, as the 
stope width increases, the horizontal strain associated with the wall closure diminishes. The 
horizontal stresses within the sill mat decreases. The sill mat becomes less prone to crushing failure. 
The required cohesion diminishes. This also explains well the increase of the required cohesion as 
the mine depth z increases.

These results could be very different from those predicted by the Mitchell7 model when the two 
walls are considered as immobile and the controlled failure mechanism is sliding, flexure or 
rotation. 

Similar results have been obtained for other cases presented in the following sections. Due to 
space limitation, the iso-contours of displacements and states of sill mats at critical cohesion will 
not presented; more details can be found in Pagé.17

Fig. 8. Iso-contours of total displacement of the sill mats at critical cohesion located at z = 300 m for
stope width (not in scale): (a) W = 4 m; (b) W = 8 m; (c) W = 10 m; (d) W = 12 m; other parameters given 

in Table 1, Case 2.

(a) (b)  (c)  (d)
Fig. 9. State of yield state of the sill mat with the critical cohesion at a mine depth of z = 300 m: (a) W

= 4 m, c; (b) W = 8 m; (c) W = 10 m; (d) W = 12 m; other parameters given in Table 1, Case 2.
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3.2 Effect of the sill mat thickness and modulus
As stated in previous section, the apparent failure mode can change from one to another, but the 

actual governed failure mechanism of the sill mat is always crushing or shearing due to the closure 
of the rock walls. Therefore, it is not necessary to present the iso-contours of displacements and 
the states of sill mats at the critical cohesion. In the following, only the variation of the required 
cohesion with different influencing factors will be presented.

Fig. 10 shows the variation of the critical (minimum required) cohesion cs of the sill mat as a 
function of stope depths z by considering different thicknesses e (Fig. 10a; Case 3 in Table 1) and 
Young’s modulus Es (Fig. 10b; Case 4 in Table 1) of sill mats. For a given stope depth, the 
minimum required cohesion decreases as the thickness e increases from 2 to 8 m. This trend 
corresponds well to that shown in the abacus of Pakalnis et al.30 With an increased thickness e, the 
horizontal stress magnitude decreases in the sill. The crushing or shearing failure due to the closure 
of the rock wall becomes less possible, resulting in a decreased demand the cohesion. For a given 
thickness e, the critical cohesion cs increases with depth as the horizontal stresses in the sill mats 
increase with the mine depth z.

(a) (b)  
Fig. 10. Variation of the minimum required cohesion of the sill mat as a function of the mine depth by 

considering: (a) different sill mat thicknesses e (more details given in Table 1, Case 3); (b) different 
Young’s modulus Es (Case 4 in Table 1). 

On the other hand, when the Young’s modulus Es of the sill mat increases, the sill mats are ready 
to take more charges, resulting in higher stresses in the sill mats. Higher cohesion is needed to 
avoid the crushing or shearing of the sill mats by the closure of the rock walls. This results in a 
requirement of higher critical (minimum required) cohesion cs. For a given modulus, it is 
straightforward to observe that the required cohesion increases with the stope depth z.

3.3 Effect of the rock mass properties and rock stresses
Fig. 11 illustrates the variation of the critical cohesion of the cemented backfill sill mat at 

different depths by considering different rock mass properties (Fig. 11a) and rock stresses (Fig. 
11b). When the Young’s modulus Er varies from 62 GPa to 82 GPa (Table 1, Case 5), Fig. 11a
shows that the critical cohesion cs decreases. This is quite straightforward. When the rock mass is 
stiffer and less deformable, the wall closure can be smaller and the resulting stresses in the sill mats 
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are smaller. The crushing or shearing failure is less possible, resulting in decreased minimum 
required cohesion. On the other hand, when the mine depth increases, the horizontal stresses in the 
sill mats increases. Higher cohesion is necessary to counter the crushing or shearing failure, 
resulting in higher critical cohesion for the cemented backfill.

(a) (b)  
Fig. 11. Variation of the critical cohesion of the cemented backfilled sill mat at different depths by 

considering different rock mass properties: (a) for different Young's modulus Er (Case 5 in Table 1); (b) 
for different rock pressure coefficients Kr (Case 6 in Table 1).

When the rock pressure coefficient Kr increases from 0.5 to 2, the initial horizontal stresses 
present in the rock mass would largely increase. Accordingly, the final horizontal stresses in the 
sill mats following the undercut would also undergo a large rise. As illustrated in Fig. 11b (Table 
1, Case 6), when the value of Kr increases from 0.5 to 2, the value of the required cohesion cs has 
to be increased due to the increased crushing or shearing exerted on the sill mats by the rock walls.

3.4 Effect of height of the overlying backfill
Fig. 12 shows the variation of the critical (minimum required) cohesion cs of the sill mat as a 

function of stope depths z for different values of the backfill height H (Case 7 in Table 1). For a 
given stope depth, the minimum required cohesion cs increases significantly as the backfill height 
H increases from 9.5 to 28.5 m. This is also straightforward. With a higher overlying stope, more 
confining stresses along the overlying stope are released. More rock stresses are then transferred
on the sill mats, resulting in higher horizontal stresses in the sill mats. Higher strength is necessary 
to avoid crushing or shearing failure of the sill mats.

 
Fig. 12. Variation of the minimum required cohesion of the sill mat as a function of the mine depths for 

different height of the backfill H (more details given in Table 1, Case 7).
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4. Discussion
Numerical simulations have been conducted to evaluate the stability of a sill mat exposed at 

base with an overlying uncemented backfill upon undercut. A non-zero tension cut-off is used to 
represent the tensile strength of the cemented fill. The critical cohesion cs of the exposed sill mat 
was assessed by considering the displacements and yield state of the sill mats. An unusual failure 
mode is revealed by the numerical models, which is the crushing or shearing yield of the sill mats 
by excessive horizontal stresses associated with the closure of rock walls. With this mechanism of 
failure, the increase of a stress in the sill mat does not always mean an improvement or deterioration 
of the stability. An increase of the horizontal stress tends to decrease the stability if the controlled 
failure mechanism is horizontal crushing but increase the stability if the flexural failure governs. 
Similarly, the increased vertical stresses (exercised by the overlying uncemented backfill) tend to 
destabilize the sill mats if the flexure controls the stability, while the increased vertical stresses 
tend to stabilize the sill mats in the case of horizontal crushing as they play a role of confining 
pressure. Accordingly, the variations in stresses and displacements (see details presented in Pagé17)
do not provide more useful information to help identify the transition from an intact state to failure 
state of the sill mats.

The failure of sill mat by crushing or shearing yield has also been reported by Hughes15 for the 
simulated cases when the mine depth is greater than 800 m. For stopes at depth less than 400 m, 
however, rock wall convergence was considered as zero by Hughes.15 This study showed that rock 
wall convergence takes place at any mine depth and crushing or shearing is the actual failure 
mechanism. The increased critical cohesion with increased mine depth and decreased stope width 
can readily be understood through this new failure mechanism. 

4.1 Comparisons with the abacus of Pakalnis et al.30

Pakalnis et al.30 have made use of an abacus proposed by Stone31 to determine the required UCS
as a function the stope span for different thicknesses of sill mats by considering a factor of safety 
of 2. The influence of mine depth is not considered by the abacus of Pakalnis et al.30

Fig. 13a presents a comparison between the required UCS obtained with the abacus of Pakalnis 
et al.30 and those obtained by numerical modeling with Plaxis 2D for the case of sill mats having a 
thickness e of 3 m. The critical cohesions cs of the numerical results were converted to UCS through = 2  tan(45° + /2). The Pakalnis et al.30 abacus requires higher strength with wider sill 
mat while the numerical model shows a general decrease of the required strength with larger stope 
span. Again, this difference is attributed to the fact that the abacus of Pakalnis et al.30 was 
established by considering flexure failure of sill mats without considering the wall closure while 
the numerical modeling presented in this study accounted for the closure of rock walls and the 
governing failure mechanism of the sill mats is crushing and shearing. The required UCS based on 
the abacus of Pakalnis et al.30 are underestimated for narrow stope and overestimated for wide 
stope.

Fig. 13b presents another comparison between the required UCS obtained with the abacus of 
Pakalnis et al.30 and those obtained by numerical modeling with Plaxis 2D for the case of sill mats 
having a span W of 6 m. One can see that the Pakalnis et al.30 abacus and the numerical models 
predict smaller required UCS as the thickness e increases. Again, the abacus of Pakalnis et al.30

does not consider the influence of mine depth. It generally underestimates the required strength for 
thick sill mats. With sill mats having relatively small thickness, the abacus of Pakalnis et al.30 tends 
to underestimate the required strength when the mine depth is large and overestimate the required 
strength when the mine depth is small. 
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(a) (b) 
Fig. 13. Comparisons between numerical results obtained with Plaxis 2D and curves of Pakalnis et al.30 in 

terms of required UCS implying a FS = 2: (a) for a 3 m thick sill having different widths W; (b) for sill 
mats having a span of 6 m. Calculations made with ϕs = 30° and with the critical cohesion values found in 

Figs. 7 and 10a.

4.2 Comparisons between numerical models and laboratory tests
The validation of Plaxis 2D has been first checked against analytical solutions proposed for the 

problem of a cylinder hole.32,33 The applicability of the numerical model is further tested by
reproducing some centrifuge tests performed by Mitchell.7

Two centrifuge model tests (named as C2 and C3 by Mitchell7) performed on unreinforced 
cemented sill mats were reproduced. The stope walls are inclined at an angle of 70 to the 
horizontal. The sill mats have a thickness e and a width W, overlain by an uncemented fill with a
thickness of at least 250 mm. The third dimension of the sill mat (perpendicular to the paper plane) 
is estimated as 1.2 times the thickness e. Table 2 shows the characteristics of the two simulated
centrifuge model tests. The small ratios of the third dimension of the sill mat to its width (about 
0.5) indicate that the 2D numerical models are not very appropriate for simulating these two 
centrifuge model tests, if the frictions between the backfills and the front and back walls are not 
negligible.

In the physical model of Mitchell7, a scale factor λ is defined as the ratio of the centrifugal 
acceleration a over the gravitational acceleration g, with λmax indicating the scale factor at failure. 

In the numerical models with Plaxis 2D, the scale factor λ is considered by attributing a density
of λ to the backfill; where is the actual density of the backfill. The cohesion c, the UCS, and the 
tensile strength σt were given in Mitchell7 for each model. Several try, and error tests have been 
done to find the necessary but unknown parameters. The Young’s modulus for the sill mat in model 
C2 and C3 are respectively estimated to be 900 MPa and 140 MPa. The uncemented backfill 
overlying the sill is estimated to have a Young’s modulus of 70 MPa for all models. The angle of 
friction for the uncemented backfill was set at 33° while the angle of friction for both sill C2 and 
C3 was set 35° for both sill model C2 and C3. The interface properties along the hanging wall and 
foot wall were estimated to be ci = 90 kPa and ϕi = 25° for model C2 and ci = 420 kPa and ϕi = 14° 
for model C3. 

Fig. 14a illustrates the variation of total displacements at the middle bottom of the sill mat as a 
function of the scale factor λ for the model test C3. It can be observed that the total displacement 
increases with the numerical scale factor λ up to 120. Beyond this value, there is a sudden increase 
in the total displacements until λ = λmax = 124, indicating the failure of the sill mat. This value is 
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very close to the experimental results of λ = λmax = 125. Similar results were obtained for model 
tests C2 with the scale factor at failure of 36 for model test and 35 in the numerical modeling.

Table 2: Characteristics of the centrifuge model tests, performed by Mitchell7, reproduced numerically 
with Plaxis 2D.

Test β
(°)

e
(mm)

e/W Scale factor at failure λmax Failure modes in
tests

Failure modes in 
Plaxis 2D

Test Plaxis 2D

C2 (20/11) 70 35 0.43 35 36 Caving, cracking Caving, cracking
C3 (7/11) 70 25 0.4 125 124 Sill rotation Sill rotation

                   Note: 1: ratio of dry tailings to cement; λmax: scale factor at failure.

(a)

(b) (c)
Fig. 14. (a) Variation of displacements with the scale factor λ for the model tests C2 and C3; Yield states 
of the sill mat and the overlying uncemented backfill obtained from numerical simulations for model (b)

C2 and (c) C3 (see Table 2 for details).

Figs. 14b and 14c show the yield state of the sill mats and uncemented backfill, obtained by the 
numerical simulations for model tests C2 and C3. For both cases, caving by tension is observed
near the bottom of the sill mat. Tension along the sill-hanging wall interface indicates that the 
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detachment of the backfill is possible. The initial failure mode should be caving and rotation. When 
the caving portion falls, the failure can propagate upward and throughout the sill mat, as observed 
during the model tests performed by Mitchell7. The numerical models can thus be considered as 
partly verified by the laboratory test results of Mitchell7.
 
4.3 Limitations

The numerical modeling has been done without considering interface elements between the sill 
mat (and overlying backfill) and stope walls. For most cases, the rock walls are irregular and rough 
due to production blasting. The consideration of interface elements is not necessary.34 In the case 
of planar walls, the non-consideration of interface elements implies the anchorage of sill mats to 
the stope walls. Otherwise, interface elements must be considered in the numerical models.35

The numerical models presented in this paper are based on a 2D numerical code by considering 
plane strain condition. The results are valid for the case of very long stopes in the third dimension. 
In the future, 3D numerical modeling is necessary to evaluate the impact of the third dimension.

In this study, the elastoplastic Mohr-Coulomb model was used to represent the backfill. The 
Mohr-Coulomb criterion has been extensively used in geotechnical engineering, mostly due to its 
simplicity.23,28,36,37 However, it is not always fully representative of cohesive geomaterials, such as 
cemented backfill, when dealing with tensile or high compression stresses.15 More elaborated 
constitutive models should be used to better investigate the behavior of cemented backfill.38,39

5. Conclusions
The stability of a sill mat was analyzed by the pioneer Mitchell, who considered stiff and 

immobile walls in both the analytical model and physical tests. No wall closure was considered. 
Four failure mechanisms of the sill mat were identified: sliding, flexure, rotation, and caving. In 
this study, the sill mat upon base-exposure is numerically analyzed with Plaxis 2D. Mine depth and 
the effect of the excavation below the sill mats were considered. The critical cohesion cs was 
determined by jointly considering the displacements at critical points and yield states of the sill 
mat. The numerical results show that the sill mats can apparently have different modes of failure,
but the actual failure mechanism controlling the stability of sill mats is the crushing or shearing 
due to the closure of rock walls associated with the excavation of the underneath excavation. When 
this failure mechanism along with the Mitchell’s failure mechanisms are considered, the increase 
of a stress in the sill mat does not always mean an improvement or deterioration of the stability of 
the sill mat. An increase of the horizontal stress tends to decrease the stability if the failure 
mechanism is horizontal crushing, but increases the stability if the flexural failure governs. 
Similarly, the vertical stresses (exercised by the overlying uncemented backfill) tend to destabilize 
the sill mats if the flexure controls the stability, while it plays a role of confining stress and thus 
stabilizes the sill mats in the case of horizontal crushing.

As the stability of the sill mat upon base-exposure is governed by the mechanism of crushing or 
shearing associated with the wall closure, it is straightforward to see an increase in the critical (or 
minimum required) cohesion as the mine depth z or rock stress ratio Kr increases. Results also 
showed that the critical cohesion increases as the stope width W or inclination angle β decreases.
With higher uncemented backfill above the sill mat, one should expect larger critical cohesion cs
for the sill mat. With a thicker sill mat, the critical cohesion decreases. This trend corresponds well 
to that shown in the abacus of Pakalnis et al.30, which does not consider the effect of mine depth. 
An increase in the Young’s modulus of the sill mat Es leads to an increase in the critical cohesion 
cs, while an increase in the Young’s modulus of the rock mass Er leads to a decrease of the critical 
cohesion cs.
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