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Introduction

The authors present an interesting and detailed exami-
nation of the failure mechanism of the Mount Polley Tail-
ings Storage Facility (TSF). Indeed, such rigorous modelling
seems likely to contribute to increased efforts across the in-
dustry to better simulate physical processes within and below
TSFs. Our discussion focusses on a particular aspect of the be-
haviour of the Upper Glaciolacustrine Unit (GLU) that appears
to have been assumed by the authors—i.e., that a particular
element or shear band of the Upper GLU will, once having un-
dergone post-peak strain weakening, “stay” weakened in the
future. For example, the authors indicate plastic shear strains
having occurred in the Upper GLU at least as early as Stage 7,
some 2 years before the eventual failure.

The current state of knowledge regarding some fundamen-
tal aspects of the strain weakening and remoulding pro-
cesses of clays seems to suffer from uncertainty as noted
by Thakur et al. (2014) and Zabolotnii (2020, pp. 357-358).
For drained strain weakening there seems to be evidence of
negligible healing following post-peak strain weaking (Mesri
and Huvaj-Sarihan 2012), consistent with that form of be-
haviour being dominated by alignment of clay particles.
Specific to the question posed by this discussion, on the
behaviour of elements having undergone post-peak strain
weakening through undrained shearing that features signif-
icant shear-induced pore pressure generation, the discussers
are unaware of any evidence in the literature on this topic. It
seems plausible to the discussers that the dissipation of such
shear-induced pore pressures over time could lead to some
strength recovery, particularly given the thin shear bands
where strains appear to have been concentrated in the Up-
per GLU and thus the short drainage path length. Therefore,
the purpose of this discussion is to examine this issue further
with some direct simple shear (DSS) tests on clay.

Direct simple shear testing

The discussers carried out a series of DSS tests on a kaolin
clay produced by Suva Minerals of Australia, having liquid
limit of 74%, plasticity index of 30%, and clay-sized fraction
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(<2 um) of 35%. This soil was selected as being a reasonable
proxy of clayey soil behaviour, with respect to remoulding
processes at high strains and the potential for “permanent”
damage from alignment of clay particles during large strains
(Lupini et al. 1981).

A first set of tests carried out to investigate the potential
post-strain weaking behaviour were multistage DSS, using
similar procedures to those adopted for such tests on the Up-
per GLU as used by the authors to develop their strength pro-
file for numerical analyses.

1) Consolidation to target vertical effective stresses (200, 400,
600 kPa) without drained bias (¢ = 0).

2) “Multistage” monotonic constant volume (CV) shearing at
an approximate shearing rate of 5% per hour, where the di-
rection of shearing was reversed repeatedly to allow shear-
ing to high displacements/strains despite the horizontal
displacement limits of the DSS apparatus.

In addition to the conventional form of testing outlined
above, the following additional stages were carried out to es-
timate the behaviour of the soil should shear-induced pore
pressures be allowed to dissipate and thus reconsolidation
occurs in situ.

3) The final multistage shearing movement was set to fin-
ish at zero displacement—i.e., near the commencement
of the initial CV shearing process in terms of horizontal
displacement.

4) The specimen was then reconsolidated to the initial con-
solidated vertical effective stress under zero shear stress,
with the specimen ramped to these two targets over a pe-
riod of 15 min.

5) After a subsequent consolidation period of 120 min, CV
shearing was recommenced from this stage at approxi-
mately 5% per hour.

A summary of the three multistage tests carried out is in-
cluded in Table 1. The test protocol of shearing under CV con-
ditions and then reconsolidating to initial effective stresses to
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Table 1. Summary of DSS tests.

Consolidated void Post-reconsolidation

Consolidated vertical Consolidated void Initial CV shearing, ratio, after CV shearing, peak
Test Test type effective stress, o'yc ratio, ec peak su/a’ ve reconsolidation su/a/ ve
MS-1 Multistage 200 1.65 0.19 1.48 0.21
MS-2 400 1.39 0.18 1.22 0.19
MS-3 600 1.29 0.18 1.14 0.19
Bias-1 Bias 400 1.36 0.21 1.31 0.24
Bias-2 600 1.24 0.21 1.19 0.23

Fig. 1. Undrained strength ratio vs. shear strain results for
test MS-1, showing both “conventional” multistage shearing
and subsequent shearing after reconsolidation process.
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investigate subsequent behaviour shares similarities with the
tests of Price et al. (2017), which were used to investigate the
effects of reconsolidation on the cyclic behaviour of silts. It is
also noted that although shear-induced pore pressures do not
actually occur within specimens during CV DSS shearing, the
equivalence between the shearing response and excess pore
pressure development in truly undrained tests (Dyvik et al.
1987) is such that CV techniques are suitable for the investi-
gation carried out.

The shearing behaviour of test MS-1 is presented in Fig. 1,
with the “loops” from the reversing shear episodes evident,
and a typical decay in strength and stiffness with increasing
shear. Also common to such testing is the lack of a defined
peak/plateau in some shearing stages as strains accumulate
and stiffness decreases, thus raising a question around what
the relevant strength at such strains is—an issue somewhat
beyond the scope of the current discussion. Finally, the post-
reconsolidating shearing is presented, showing a higher peak
strength than the initial CV shearing.

Figure 2 summarizes all the multistage tests as the maxi-
mum strength ratio obtained in each shearing stage against
the cumulative shear strain at that point, which shows a sim-
ilar decay in strength for all three tests. Also consistent is the
increase in shear strength after reconsolidation. The increase
in density during reconsolidation is illustrated in Fig. 3 where

Fig. 2. Synthesis of tests MS-1, MS-2, and MS-3, showing the
maximum undrained strength ratio against camulative shear
strain for the test. The results of both the conventional mul-
tistage shearing cycles, and subsequent shearing after recon-
solidation, are shown.
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Symbol hatching,
denoting stage of test

® o', =200kPa B Peak/plateau reached in stage
A o', =400 kPa O  Peak/plateau not reached in stage
B o', =600 kPa O  Post-reconsolidation shearing

the consolidation behaviour of each multistage tests is pre-
sented, showing consistent virgin consolidation of all three
tests, the reduction in vertical effective stress during multi-
stage CV shearing, and finally the increase in density during
reconsolidation.

While the multistage DSS may be useful for examining
large strain strength reduction and remoulding processes, it
is not a perfect analogue of what would occur in the Upper
GLU under the combination of events relevant to this discus-
sion. For example, multistage tests involve shearing in two
directions owing to the strain limitations of the DSS, dis-
tinct from unidirectional shearing that would occur in the
Upper GLU (or below any slope) under static loading, and
during the reconsolidation process the specimen is not ex-
posed to shear stress, likely inconsistent with what would oc-
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Fig. 3. Consolidation behaviour of multistage tests under ini-
tial consolidation, multistage shearing, and subsequent re-
consolidation.
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cur in situ. Therefore, an additional program of two tests was
carried out to further examine the potential for recovery of
strength from reconsolidation.

— Consolidation was carried out under a drained static bias
(e = 0.15), to better represent stress conditions below a
slope.

— Monotonic CV shearing at 5% per hour was then carried
out until appreciable post-peak strain weakening had oc-
curred.

— The specimen was then reconsolidated to the original con-
solidated vertical effective stress, with the shear stress dur-
ing reconsolidation being held at the final value recorded
during the preceding CV shear stage. This simulates, as
best as the discussers can conceive, conditions in zones
of the GLU that have undergone post-peak weakening but
are then allowed to dissipate shear-induced pore pressures
over time, all while bearing some magnitude of shear
stress owing to the geometry of the overlying embankment
(which has not failed at this point, either in the model or
in the idealized reproduction of the model attempted in
the DSS element test procedure).

- Monotonic CV shearing was then recommenced until the
displacement limits of the DSS apparatus were reached.

The results of test Bias-2 are presented in Fig. 4, showing
all the test stages as undrained strength ratio against hori-
zontal displacement. This format is used to show the mul-
tiple episodes of CV shearing in the context of the strain
limitations of the device. Like the multistage tests, a recov-
ery in undrained strength is seen following reconsolidation.
This recovery is of a lesser proportional magnitude (i.e., less
increase from the strain weakened condition) as less post-
peak strain weakening had occurred in the initial CV shear-
ing in a single direction. Both bias tests are summarized in
Fig. 5 in a more conventional format of undrained strength
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Fig. 4. Undrained strength ratio against horizontal displace-
ment for test Bias-2, illustrating consolidation to a drained
static bias, initial CV shearing, reconsolidation, and CV shear-
ing after reconsolidation. All test stages presented against
horizontal displacement, to present shearing behaviour in
the context of displacement limits of DSS apparatus.

CV shearing after
Initial CV reconsolidation

shearing

0.15 4 ! LH
! Reconsolidation, small

horizontal displacement
occurs

. Consolidation
) toa.=0.15

Undrained strength ratio, s, /o',

0.05 4 /
;

[} 1 2 3 4 5 6 7 8 9

Horizontal displacement from commencement of test (mm)

Fig. 5. Undrained strength ratio against horizontal displace-
ment for test Bias-3, illustrating consolidation to a drained
static bias, initial CV shearing, reconsolidation, and CV shear-
ing after reconsolidation. All test stages presented against
horizontal displacement, to present shearing behaviour in
the context of displacement limits of DSS apparatus.
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ratio against shear strain, where shear strain is taken as start-
ing from the beginning of each episode of CV shearing. This
shows that the reconsolidation process has led to an overall
increase in shear strength and an initially stiffer shearing re-
sponse, both consistent with an increase in the specimen’s
density from reconsolidation.

The discussers do not view the results presented herein as
a definitive assessment of the potential for healing of post-
peak undrained strain weakening/remoulding of clayey soils.
However, the consistency of the results of both types of test
does suggest that at least some recovery of undrained shear
strength with the dissipation of shear-induced pore pressures
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appears possible. While unlikely to be relevant to the Mount
Polley analyses presented by the authors (their view on this
would be of great interest), perhaps there may be cases where
these issues may play a greater role. As such, the discussers
view this as a productive future area of investigation both for
element tests and numerical analyses.
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