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ABSTRACT: The presence of potentially liquefiable deposits in tailing dams represents a serious
hazard, as is now increasingly clear that liquefaction triggering may occur in unanticipated ways.
For legacy dams in which this hazard is already present, intervention alternatives are sought to
mitigate the associated risks of liquefaction failure. One interesting possibility is to use targeted
ground improvements of tailings within the structural zone of the dams, so that they become non-
liquefiable. Liquefaction remediation technologies that are relatively gentle would be preferable,
as the possibility of triggering liquefaction during the ground improvement operation itself cannot
be lightly discarded. Permeation grouting is a classical soil improvement technology that has been
renovated with the apparition of new permeating agents, such as colloidal silica suspensions (CS).
Permeation grouting of CS consists in low-pressure injections leading to CS treated soils charac-
terized by a significantly reduced liquefaction potential. CS grout has a complex rheology that is
best described by a Bingham model whose parameters change in time. This paper presents design
tools that incorporate this complexity and allow both a safer and more realistic design of perme-
ation treatments. As an application example, we study a case based on the Merriespruit tailing
dam, which failed by static liquefaction. It is concluded that CS permeation could realistically
offer a potential solution to reduce instability risk of some tailing storage facilities (TSF).

1 INTRODUCTION

Many existing active and legacy tailing storage facilities (TSF) contain materials that are suscep-
tible to liquefaction. The presence of such materials increases the risk of brittle failure modes and
the impact or consequence of failures. The recent ICMM Good Practice Guide (International
Council for Mining and Metals; ICMM, 2021) advises to avoid liquefiable materials on the struc-
tural zone of upstream TSF and to use lower bound strengths (i.e. liquefied undrained strength) in
stability analyses involving those materials. If potentially liquefiable materials are already present
in the structural zone, it is likely that the risks will be deemed unacceptable without some inter-
vention. Most interventions for stability improvement take the form of section modification via
buttressing, but there may be also circumstances in which alternative solutions to buttressing may
be sought.

In earthquake-prone areas, there is a large body of experience in dealing with seismic-induced
liquefaction risk for civil infrastructure and buildings. One of the key elements of that practice
(e.g. JGS, 2018) is the resource of ground improvement technologies to modify susceptible soils,
so that liquefaction may not occur under design seismic loads. However, it is not always straight-
forward to translate that experience to TSF flow liquefaction susceptibility remediation.

Ground improvement for seismic liquefaction remediation is most frequently performed in soils
with a moderate amount of fines, at depths that rarely exceed 15 m and in level ground conditions.
Those characteristics are unlikely to be present at TSF that may benefit from ground improvement.

59



Proceedings Tailings and Mine Waste 2022 | Denver, Colorado, USA | November 6-9, 2022

There is also the issue of intervention risk. In most circumstances where seismic liquefaction re-
mediation is sought in civil infrastructure applications, there is no fear that the ground treatment
itself might trigger widespread liquefaction failure, even if some of the most frequently employed
remedial technologies, like densification through dynamic compaction, vibro-flotation or vibro-
replacement, actually operate by liquefying the ground temporarily around the treatment zone
(Han, 2015; Kirsch & Kirsch, 2017). The situation may be very different for a TSF where material
susceptible to static liquefaction has been located in a structural zone. Several large-scale TSF
failures involving flow liquefaction, like Merriespruit (Fourie et al., 2001; Ménica et al., 2021) or
Brumadinho (Arroyo & Gens, 2021) appear to have been triggered by initial failure at a relatively
small zone. Any remedial technique predicated on liquefying the ground, even if in a relatively
small and contained area, would thus need to consider the risk of uncontained liquefaction prop-
agation destabilizing the structure.

Ground improvement via permeation grouting is one of the gentler liquefaction remedial tech-
nologies. In permeation grouting, indeed, a fluid carrying a binder enters the soil voids under low
and controlled pressure. The binder sets and cures in the ground, thereby creating a treated soil
with larger strength and stiffness and reduced permeability. Permeation grouting is not only one
of the oldest technologies in ground improvement, but also one with a fast pace of technological
improvement, due to the apparition of new binders (Spagnoli, 2021). Permeation grouting is fre-
quently associated with cohesionless soils (e.g. gravel and sand; Grassi, 2022), but the boundary
of applicability of the technique has gradually shifted towards finer materials. For instance, Frac-
cica et al. (2022) show that binders based on colloidal silica suspensions (CS) are able to success-
fully permeate soils with as much as 70% silt content.

In seismic liquefaction remediation, CS passive permeation was pioneered by Gallagher et al.
(2002; 2007) as a treatment technique well adapted for sites that were difficult to access (e.g.
liquefiable soils underlying existing buildings). Passive permeation relies on natural groundwater
flow to transport the CS in place before solidification. This is a process that poses some difficulties
from the quality assurance viewpoint and large-scale application examples are still scarce. Lately,
there has been increased interest in more controlled alternatives, which involve “active” permea-
tion of CS at selected treatment points. Applications in underpinning and tunnel treatments are
well documented (Rasouli et al., 2016; Spagnoli et al., 2021). It is then reasonable to ask if these
applications may be potentially extended to help remediating liquefiable materials in TSF. The
objective of this paper is to obtain some preliminary answers for that question.

The paper is organized in two main sections. Section 2 presents the essential background infor-
mation, including key aspects of permeation grouting technology and of CS grout rheology as
well as the methodological tools necessary for designing a potential treatment. These include some
newly developed simplified design formulae that, given some grout and soil characteristics, allow
to evaluate the dynamics of key injection features (e.g. applied pressure, extent of treatment).
They also include some auxiliary criteria, necessary for overall treatment sizing. Section 3 applies
the previous concepts to an idealized, but realistic, case based on the well-known Merriespruit
tailing dam (South Africa), which failed by overtopping-induced liquefaction. Different potential
CS stabilization treatments are considered, examining their effects on the stability of the dam and
evaluating the time required for the treatment.

2 BACKGROUND

2.1 Fundamentals of permeation grouting

In most field applications of permeation grouting, injection takes place using the tubes-a-man-
chette technique (Warner, 2004). An oversized hole is drilled, a PVC pipe with sleeve-ports is
inserted and a cement-bentonite grout is used to fill the annular space between pipe and borehole
wall. Injection then takes place in sequence from several port holes, spaced at fixed intervals
ranging from 0.3 to 0.6 m. A faster and simpler treatment process, however, is possible in soft
soils where the steel injection pipe may be just pushed in place. Injection then takes place only
through holes located close to the pipe tip, as the pipe is lifted backwards.

The geometry of the treated area at any injection point may be approximated by a sphere, as-
suming radial grout seepage from each injection source (Han, 2015; Boschi et al., 2022b). Once
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the effective radius of injection is estimated, the vertical spacing between injection points (S:) as
well as the spacing in plan (S;, S)) between perforations (or treatment points for pushed-in tubes)
are specified to define the overall treatment geometry.

Permeation grouting is, as already mentioned, a low-pressure injection technique. If the fluid
pressure is raised and the permeation gradients are increased, the mechanics of injection change,
and phenomena such as hydraulic fracturing, a.k.a. “claquage”, or grout cavity expansion, a.k.a.
“compaction” grouting, are expected. This is here avoided by strictly limiting injection pressure
pinj (Han, 2015; Boschi et al., 2020; Boschi et al., 2022), so that pin; < pimmax. More precisely, the
injection usually proceeds with a constant flow rate (Q), whose value is selected so that both piy;
< pimi.max and a desired radius of injection is attained within a certain injection time Z;.

2.2 Grouting with colloidal silica suspensions

Colloidal silica grout of interest in ground permeation takes the form of manufactured aqueous
suspensions of nanometric silica particles (SP), solidifying as gel upon addition of salt (typically
suspension of sodium chloride, NaCl) at a rate controlled by pH, temperature T, SP and salt con-
centrations (Bergna & Roberts, 2005). CS grout has several inherent advantages for permeation
treatments, such as small particle size, low viscosity and non-toxicity. All these benefits have
driven the uptake of CS for ground improvement in geo-environmental (Moridis et al., 1995;
Wong et al., 2018) and liquefaction mitigation applications (Gallagher et al., 2007; Zhao et al.,
2020).

Figure 1. Unconfined compressive strength (UCS) of Monterey sand grouted with CS, under water for
several days starting from 10 days after the treatment (data taken from Persoff et al., 1999).

Soils treated with CS become bonded by the silica gel that occupies the pore space. There are
numerous experimental campaigns documenting the gain in strength as the SP concentration in
the suspension increases (Persoff et al., 1999; Gallagher & Mitchell, 2002; Georgiannou et al.,
2017; Spagnoli et al., 2021). For instance, Persoff et al. (1999) observed a linear increase of un-
confined compressive strength (UCS) of CS grouted specimens of both Monterey sand and Tre-
vino soil with SP concentration, as well as a continuous increase with time. In Figure 1, UCS
results derived by these authors are presented: they refer to sand specimens (i) grouted with CS
characterized by SP concentrations of either 7.4% or 19.7% and (ii) immersed in water 10 days
after the treatment. The medium- and long-term strength gains of CS treated soils were also doc-
umented by Yonekura and Miwa (1993), who tested sand grouted with (presumably undiluted)
CS. At 100 days, the strength was 655 kPa and the ultimate strength (registered after 1000 days)
was more than twice that value.
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The effect of CS on the cyclic properties of the treated soil is also very significant, with large
gains in cyclic strength and reductions on pore pressure generation with SP of 10%-15% (Diaz-
Rodriguez et al., 2008; Salvatore et al., 2020). Moreover, CS treatments reduce soil hydraulic
conductivity significantly with measured values on the treated soil typically below 10 m/s (Frac-
cica et al 2022). Therefore, undrained behavior of the threated soil is expected in most circum-
stances.

Quantifying the complex time-dependent rheological behavior of the CS grouts is crucial for
the proper design of permeation treatments. CS grouts have been often described as Newtonian
fluids, but Boschi et al. (2022c¢) firstly observed that a Binghamian description is more realistic
for the strain rates commonly encountered in-situ during permeation grouting applications (y
ranging between 20 and 100 s™'). Moreover, the two key parameters, viscosity (1) and yield stress
(7o), increase with time. Once gelling time Z.uing is reached, to increases exponentially and flow is
practically stopped.

Several authors, such as Funehag (2012), Agapoulaki & Papadimitriou (2018) and Boschi et
al. (2022c), have measured the rheological evolution of CS grouts by means of rheometric tests.
The key controlling factors are (i) mix component proportions (i.e. percentages of SP and NaCl
and ratio between them), (ii) pH and (iii) T. The interplay of these factors results in a large variety
of possible rheologies for CS grouts. The temporal evolutions of Binghamian rheological proper-
ties for some CS grouts (Table 1) is reported in Figure 2. Grouts CS1 and CS2 are characteristic
of the relatively fast-set grouts that are in demand for tunneling applications, whereas CS3 illus-
trates a grout with slower gelling, but still much faster than what is typical for passive permeation
applications. It can be observed that: (i) n(0) is constant and equal to water viscosity (1 mPa-s),
(i1) for ¢ < tgening, the p evolution is significant for the slow-set CS3, contrarily to T entity, (iii) o
remains constant and increases abruptly after Zgeiing.

Table 1. Characteristics of three different CS grouts.

Source Silica size SP  NaCl Yy pH T
[nm] [%w] [%w] [KNm] [] [C]
CS1 MasterRoc MP325, MBS Italia (2021) 4 12.7 1.5 11 102 20
CS2  MasterRoc MP320, MBS Italia (2021) 16 30 3.75 12 95 20
CS3  Agapoulaki & Papadimitriou (2018) 7 10 0.5 11 6 20
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Figure 2. Functions a) p(t) and b) to(t) of CS1 (Boschi et al., 2022¢), CS2 (on the basis of rheometric results
reported in Funehag, 2012) and CS3 (on the basis of rheometric results reported in Agapoulaki & Papadi-
mitriou, 2018).
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2.3 Design formulae

Boschi (2022) and Boschi et al. (2022c¢) have recently presented and validated a modified Darcy’s
law for the flow of time-dependent Binghamian fluids through porous media. This may be ex-
pressed as

Gt 1 .
=— 1= . |
where v(t) is the seepage velocity, K (t) = k - y/u(t) the hydraulic conductivity with k& [m?] the
intrinsic permeability, i(t) the hydraulic gradient and ||i(t)| rits modulus. The Macaulay brackets
(-) evaluate to zero for negative arguments, returning the argument if positive. Finally, G(t) is a
flow correction term affected by rheological term to(t):

16 t
G(t) =528, @

where d is the mean pore throat diameter of the soil. This value may be estimated using granular
filter design criteria. For instance, a good proxy for d is diameter d, of the largest particles that
may be transported through the soil porous matrix. This is a function of its coefficient of homo-
geneity C, and characteristic diameters Ds and D;s (Figure 3; Kenney et al., 1985).
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Figure 3. Diameter of the largest particle potentially transported through the soil matrix d,, as a function of
soil characteristic diameters (Ds and D;s5) and uniformity coefficient C, (modified figure from Kenney,
1985).

In a further development, Boschi (2022) and Boschi et al. (2022c¢) used the modified Darcy’s law
with the time dependent Binghamian fluid rheological properties to obtain closed-form solutions
for permeation of grouts in soils starting from either spherical or cylindrical injection sources. In
the former case, under reasonable simplifying hypotheses, constant flow rate to be imposed 0%,
radius attained by the injected fluid front , and applied injection pressure p;,; are observed to be
related through the following system of equations:

(Pinj () = G(©) - (1, () — 1)) — L2 (i‘ ; ) =0

To rg(t)

3)
.3 3Q* P
() — 7o ,1 + pr— t=0,

where the soil parameters include average porosity #, intrinsic permeability & and -through G-
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mean pore throat diameter d. The formula also employs radius ry of the injection source and the
time-dependent rheological parameters of the CS grout employed, 4(?) and 7(2).

As shown below, these equations may be applied to obtain the whole injection characteristic
curves (e.g. the evolution with time of injection both pressure and radius, given an imposed flow
rate). They may be also applied to obtain point estimates of the corresponding values for a partic-
ular #,;. It is worth noticing that this final or design injection time has to be less than Zgeing, but not
by much, to avoid uncontrolled (passive) grout seepage and remain within the spirit of controlled
permeation grouting. As the rheological characteristics of CS grouts remain quite low until Zgesing,
the pressure requirements are limited until the onset of gelling.

Finally, ry is established considering a sphere of equal area to the lateral surface of a cylinder
given by the zone of the injection tube where the injection ports are located (Boschi et al., 2022b).
A reasonable value in case of injections through steel pipes is 7o = 52 mm.

2.4 Treatment sizing

Injection point layout is a key aspect of treatment sizing. Most applications of permeation grout-
ing, for instance in tunneling (AFTES, 1991), are focused on water inflow control and are rather
demanding in terms of overlap and improved-ground continuity. On the other hand, cement-based
ground improvement for seismic-induced liquefaction remediation is successful with far less
denser treatments, involving quadrilateral lattices or unconnected column patterns (JGS, 2018).
For a column-based treatment, area ratio AR is the ratio occupied by columns in the treatment
unit cell (Han, 2015). Model experiments (Bahmanpour et al., 2019) have shown that column
treatment patterns that imply treatment area ratios as low as 35% are reasonably successful to
limit the onset of seismic-induced liquefaction. Seismic liquefaction remedial treatments based
on cement are typically executed with deep mixing technology, which is more energy intensive
than the permeation grouting considered here; however, the observation applies to the final prod-
uct. Still, as there are no similar studies for the flow liquefaction cases envisaged here, for this
feasibility study several triangular patterns of isolated columns were explored, ranging from a
very dense pattern of tangent columns (AR = 95%) to less intensive treatments with AR of only
35%.

Figure 4. Injection point layout applied in the design exercise.

Figure 4 illustrates the characteristics of the selected triangular column layout in plan view (x-y
plane, parallel to the ground surface). As indicated, AR has a direct relation with the basic spacing
Sk, whereas S, = Sy/2. Along the vertical direction, conversely, it is assumed that the grout point
injections remain in contact so that S: = 2 rg(t).

Given the overall dimensions of the treatment area (/x, /y, l2), it is then straightforward to find the
total number of injection points Ni,; and compute the overall injection treatment time #yeq as fol-
lows:

tereat = Ninj “ting - 4)
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Apart from strict injection treatment time, some extra time (Z,;,¢) is required to advance and with-
draw the injection pipes. This may be computed using the known overall perforation length Liotes
and assuming that the steel injection pipes move at the standard CPT velocity:

Lhotes
tyipe =2 . 5
pipe o.oz% ®)

3 APPLICATION EXAMPLE

3.1 Case description

The herein considered case study is based on the Merriespruit tailing dam which failed due to
static liquefaction in 1994, a few hours after wall overtopping due to insufficient freeboard and a
heavy thunderstorm (Fourie et al., 2001). A stress-deformation analysis of this case by Manica et
al. (2021) has recently confirmed that the conditions of the tailings at Merriespruit were such that
a relatively small erosion at the face was sufficient for the initiation and propagation of static
liquefaction, leading to a major overall slope failure. Although stress-deformation analyses offer
unique insight in the different mechanisms and condition leading to failure, they are somewhat
cumbersome and, for comparative parametric analyses, limit equilibrium (LE) is still the tool of
choice.

Fourie and Tshabalala (2005) presented several LE analyses of this case using the collapse line
approach. In this approach, an effective stress envelope that aims to represent lower bound con-
ditions for the occurrence of static liquefaction is used for design. They found that if the collapse
line was parametrized with a friction angle ¢’ = 24.4°, the LE factor of safety (FoS) for a dam
section such as that depicted in Figure 5 was close to 1. This analysis is taken here as the starting
point to evaluate the improvement in stability that may be achieved by means of ground treatment
with a CS grout. Three different possible zones for tailing improvement are taken into account
(A, B, C), considering first the effect of each treatment on LE FoS and then estimating the time
required for its execution.

Table 2. Geotechnical parameter values for tailing deposit and foundation.

V4 ¢ c’ n K d

[Nm'] [  [kPa] [] [m5s] [mm]

Tailing deposit 20 244 0 05 10°  0.008
Foundation 20 40 40 - - -

| Gold

| Tailing
1 Deposit
[
1

l_., Zones to be Treated
X
z

Pt 1) B TR
36m y
X -

Phreatic Surface

Figure 5. Merriespruit tailing dam: geometry before failure and critical slip surface (derived from Fourie
and Tshabalala, 2005), identified zones to be treated (A, B and C).

The geo-mechanical properties for both tailings and foundation, derived from Fourie and

Tshabalala (2005) and Torrez Cruz (2016) are summarized in Table 2. Saturated conditions are
assumed even above the phreatic surface. The values for n, K and d are representative of tailings
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from legacy deposits in Spain (Burbano, 2021); the chosen permeability value would approxi-
mately correspond to a 50%-50% sand-silt mixture in the permeation experiments reported by
Fraccica et al. (2022).

3.2 Permeation design

Once grout rheology and injection flow rate are specified, system of Equations (3) may be em-
ployed to derive the evolution of grout front radius and injection pressure until gelling occurs, i.e.
for 0 < ¢ < tgening. Figure 6 illustrates the corresponding results for (i) CS3 type of grout, (ii) O =
1, 3 and 5 I/min and (iii) single-point tip injectors (with radius 7o = 52 mm).

The pij increase with time (Figure 6a) has two causes: (1) the volume expansion of the injected
area, as indicated by the r, increase in Figure 6b and (2) the evolution of the grout rheological
properties. A sharp increase in pressure then indicates the advent of grout gelling. At any given
time, larger flow rates result in higher injected radius and injection pressures. Lower flow rates
also result in a more gradual pressure raise as gelling approaches, which would be beneficial for
control purposes. Note also that if injection at a point is stopped way before gelling takes place,
the CS grout will continue flowing, but mostly downwards, because of gravity, and the designed
treatment geometry will not be attained.

All these effects need to be considered when selecting injection parameters. For the example ap-
plication, we have selected a limit injection pressure of piyuax= 2 bar and a flow rate O* =3
I/min. As indicated by the red lines in Figure 6b, this leads to an estimate of r4(%;;) = 83 cm and
tij = 6.7 h, which is about 85% of the estimated Zye/sing.

. b
B )12,
7 b
.......... Q=11l/min 1o
6 Q=3Imin «— Q*
- — - Q=5I/min
o | 0.8
T (I
Z 4l / E 06
. / >
= A
04 |
0.2
0 . i |
8 0 2 4 6 8
th] t[h]

Figure 6. Predictions of temporal evolutions of injection pressure p;,; and grout front advancement r, at each
injection source by imposing constant Q values.

3.3 Effect on slope stability

Stability is evaluated by LE using the Morgenstern-Price (MG) method as implemented in the
Rocscience SLIDE2 software (2021). We only consider deep and circular slip surfaces, to be
aligned with those applied in previous LE analyses of the Merriespruit failure, and we use the
material parameters of Table 2 for both foundation and untreated tailing deposit.

For the pre-treatment scenario, the slip surface identified by Fourie and Tshabalala (2005; Figure
5) results in a FoS = 1.03, with other similar surfaces being slightly more critical (FoS = 0.99).
This is the base case from which ground improvement effectiveness has to be judged.

We consider three possible zones for CS permeation treatment: A, B and C, as illustrated in
Figure 5. LE analyses are performed for all 7 different combinations of treatment zones, i.e.: (i)
zone A alone, (ii) zone B alone, (iii) zone C alone, (iv) zones A and B, (v) zones A and C, (vi)
zones B and C and (vii) all zones A, B and C.
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For the areas treated with CS, a fully undrained response is assumed. For a treatment based on
CS3 (SP concentration = 10%), we estimate, as a base case, an undrained strength Su value equal
to 130 kPa (Suireated zone), according to Figure 1, for conditions 40 days after treatment.

The FoS values obtained for different treatment scenarios are presented in Table 3. It turns out
that stability improvements are obtained only if either zone A (close to the dam foot) or zone B
(in the middle of the dam) are treated. If both of them are treated (case A-B), there is an additional
increase in FoS. Conversely, in general, there is no significant improvement from treating zone
C, either alone or in combination. In Figure 7, the FoS analysis conducted in the case of zone C
alone is reported and it is evident how, in this case, the slip surface sidesteps the treatment zone.

Increasing strength of the treated zone does increase the FoS, as expected. For example, if
Suireated_zone = 200 kPa (Table 3), the FoS obtained treating only zone B, for example, is higher than
those obtained with two/three treated zones at the lower strength. If zone A is additionally treated,
there is a significant safety gain (FoS = 1.22). Once again, no remarkable improvements from
treating zone C are detected. According to the results in Figure 1, an increased strength for the
treated soil may be obtained by increasing SP concentration, considering a longer curing time or
both. It was also found that treatments resulting in Su values lower than 80 kPa would not stabilize
the slope at all, even considering treatment case A-B-C.

Table 3. Safety factor FoS for different treatment geometries.

CS treatment zones

Stweaca ne [KPa] 4 g " TAB AC  BC ABC
130 107 111 1 L15 108 L4 116
200 114 117 1 122 L1617 122

Safety Factor
1.00

.02

.03

1.05

T [T

Figure 7. Safety factor analysis; case of CS treatment zone C.

3.4 Estimation of treatment time

The overall injection treatment time .. computed for different treatment scenarios is presented
in Table 4. The results are presented in days per m of dam section treatment. The time required to
advance and withdraw the pipes #,;,. was a fraction (less than 1%) of .., in all scenarios.
Reducing AR has a very significant effect on treatment time, as expected. Although the times
computed per unit m of treatment are significant, it should be noted that the time computation
assumes that a single equipment is employed for all the injection work. In practice multiple injec-
tors would be likely to be employed simultaneously for better efficiency.
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Table 4. Overall single-team injection treatment time 7., [days/m] for different treatment geometries.

Area ratio CS treatment zones

AR A B C A-B A-C B-C A-B-C
0.95 12 13 9 25 21 22 34
0.70 10 11 8 21 18 19 29
0.50 7 8 5 14 12 13 20
0.35 4 5 3 9 8 8 12

4 CONCLUSIONS

The results obtained suggest that targeted permeation grouting with colloidal silica suspension
(CS) grouts may contribute to reduce instability risks in tailing storage facilities (TSF). However,
this study is only indicative and would need to be expanded before envisaging field application.
To begin with, CS rheology as well as CS treated tailing improvement are strongly dependent on
compositional and environmental factors (pH, temperature, presence of salts, etc.), which will be
different in different tailings. One-size-fits-all solutions are not possible and local studies will be
needed to adapt the CS grout to the material at hand. In this respect, the practices and procedure
followed in the design of paste tailings (Yilmaz & Fall, 2017) are a good example of the approach
needed. Another aspect that would require further study relates to the effect of different treatment
configurations on flow liquefaction. How much treatment (Area ratio) is necessary to impede flow
liquefaction propagation throughout a treated zone? What are the safe limits of permeation pres-
sure? Answering these and other questions of mechanical nature would require some well-oriented
experimental and numerical research.

The tolerance for risk in TSF operation has sharply decreased in the last decade as a conse-
quence of repeated large-scale failures. When materials that are susceptible to flow liquefaction
are identified in structural zones of existing or legacy TSF, remedial options are necessary to de-
risk the facility. The work presented here indicates that controlled permeation grouting with col-
loidal silica grout may be one such option.
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