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2 RUSSELL, VO, AYALA, WANG, REID AND FOURIE

thirteen with the most reliable data were used to correlate g,
to postdiquefaction strengths, but only seven of those
involved tailings with more than 35% fines. The same case
histories have been used by Olson & Stark (2002) to produce
an alternative correlation. More recent studies, not yet widely
used in practice, have considered a variety of soils with more
than 35% fines to show how their propensity for liquefaction
can be determined using the CPT (Ku & Juang, 2012; Mijic
et al., 2021; Saye et al., 2021). Krage & DeJong (2016)
demonstrated how CPT interpretations in silts require
account of the partially drained or undrained condition
that prevails around the cone tip, otherwise false estimations
of state may arise.

Tdeally account must also be taken of the suction (5) present
in an unsaturated tailings in the CPT cortelations. Suction
causes the particle contact forces to increase above what they
would be when saturated or dry. The macroscopic effect is an
increase in the effective stress. The contribution of suction to
the effective stress may be denoted as ys, whete y is the effective
stress parameter (Bishop, 1959; Khalili ef af., 2004). Also, s
may harden the tailings making it stiffer and stronger. Suction
hardening can be viewed as an upward s-dependent shift of
the CSL (and isotropic compression line) in the ¢ : inp’ plane
(Loret & Khalili, 2002). Relevant research includes coniri-
butions by Pournaghiazar et al. (2013), who showed that, for a
clean sand, a unique power law relates g, to p' for a given e,
irrespective of whether the sand is saturated, dry or unsatu-
rated. The uniqueness existed because: (@) suction hardening
was absent in that particular sand, and (b) cone penetrations
occurred such that the sand deformed in a similar way around
the penetrometer for all saturation degrees, essentially as a
drained material, meaning pore water pressure (for saturated),
pore air pressure (for dry) or ys (for unsaturated) remained
constant during the penetrations. Yang & Russell (2016)
showed for an unsaturated silty sand, with 27% fines, when
drained conditions prevail around the cone, power laws also
relate g, to p’ for a given e, but differ depending on whether
the soil is saturated or unsaturated. The reason for this
non-uniqueness was the presence of a pronounced suction
hardening in the soil. The work of Miller and colleagues
(summarised in Miller et ¢l. (2018)) considered a wide variety
of soils and correlated ¢, to 5 and index properties including
Atterberg limits. Tang et al. (2017) back-calculated s from
CPT results in two unsaturated sand-silt—clay mixtures,
incorporating s into effective stress. Lo Presti er . (2018)
did similar but for a natural clayey soil, as did Giacheti ef al.
(2019) for a residual clayey sand. In all cases s increased g,
above what it would be for a saturated condition, as also
observed in other studies (Hryciw & Dowding, 1987; Lehane
et al., 2004; Zawadzki & Bajda, 2016).

In this paper CPTs in two silty tailings, with fines contents of
54% and 59% and in saturated and unsaturated states, are
investigated. The CPTs are conducted under laboratory-
controlled conditions using two calibration chambers to
establish correlations between g, and state. Tailings properties,
including water retention for different suctions, effective
stresses, CSLs and peak friction angles are also obtained to
assist with the correlation development. A variety of cone
diameters and penetration velocities are used, enabling the
influences of drainage type around the cone penetrometer on
measured g. values to be demonstrated and understood.
Extensions of established state parameter-based correlations
are proposed. Uniqueness between a normalised ¢, and w is
observed for each tailings type for saturated and unsaturated
states as long as drained conditions prevail around the
penctrating cone. Applications of the new correlations are
demonstrated using CPT soundings recovered from TSFs from
which the tailings samples were taken. For CPTs through
unsaturated and saturated sections it is shown how ¢ and y are

Downloaded by [] on [08/11/22]. Copyright © ICE Publishing, all rights reserved.

determined, and that the estimated e agrees well with that from
direct measurement, For the unsaturated sections it is shown
how a future v, applicable when the tailings becomes saturated,
may also be determined. The importance of drainage type
around the penetrating cone is also demonstrated.

EFFECTIVE STRESS AND WATER RETENTION IN
UNSATURATED TAILINGS

A suction s is present in an unsaturated tailings and causes
the particle contact forces to increase above what they would
be when saturated or dry. The macroscopic effects arc
increases in the stiffness of the tailings’ skeleton and the
effective stress. Following the work of Bishop (1959) and
Khalili ez af. (2004), the mean effective stress p’ is defined as

p'=ptxs (1)

where a prime symbol denotes the siress to be effective; p is the
mean total stress in excess of pore-air pressure (u,) also
referved to as the net stress; s is the difference between pore-air
and pore-water pressure (s = #, — Uy); and y is the effective
stress parameter, which is 1 for saturated and 0 for dry
conditions,

To establish y it is necessary to consider how water is
retained in the tailings. The relationship between degree of
saturation (S;) and s is relevant, established usually through
experimentation, and is referred to as a water retention curve
{WRC) (or sometimes a soil-water characteristic curve). The
WRC may relate s to the gravimetric water content (w) rather
than S;. The relationship between s and S, {or w) depends on
e as well.

For a given e the WRC comprises a main drying curve and
a main wetting curve. For a given ¢ and s, the S; on the main
drying curve is larger than that on the main wetting curve.
When a tailings experiences a change from drying to wetting,
or vice versa, the hydraulic state scans between the main
drying and wetting curves on what are known as scanning
curves. There are an infinite number of scanning curves. A
single value of &; corresponds to an infinite number of
possible & values for any given ¢ and the exact value would
depend on the mechanical loading and hydraulic history.

For a given e it is often observed that S, relates to 5 in power
laws (Brooks & Corey, 1964; Russell, 2014}, The main wetting
and drying curves and scanning curves are often idealised
as being linear in the double logarithmic S, against s plane
(Fig. 1). 5, on the main drying and wetting curves may be

fog(S,). loaly)
i log(s,/s,,) logi1-0)
Togt1-0) st
2N
R
m\i Seanning
\\ A Maln dryl
~ h drying
\\\ \\‘_//‘
~
| \\\ ‘\\ Main watting
N
N L8
N
\\ \\\
e N
~
----- Water retention curve
Verlation of y
100{S, 18,5} 100(S 48, log(sls,,)

Fig. 1. §; and y plotted against s/s, in double logarithmic planes
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o

g

Portion passing, F;

Copper tailings

™ T TT=T=TTTTT T — T T T

0-001 0-01 0-1 1
Particle size, d . mm

Fig, 2. Particle size distributions for the gold tailings and copper
tailings. When plotted in a double logarithmic plane, as for the inset,
the slope (or exponent of the fitted power law) of the linear section is
3 — D,, where D, is the fractal dimension of the distribution. D, is
2-618 for the gold tailings and 2:61 for the copper tailings

N Main drying
5, = (sl5,e) 055

| Top scanning
] Sr f” (S‘nssx)-n‘m

Main wetting
1 §,={sfs 05

5, = 1262818 kPa, 5, Js, = 20

0-1 T T

0-01 D 1 10 100
sis,e

Fig, 3. Water retention curve for the gold tailings. Salid symbols
represent filter paper test results. Hollow and cross symbels represent
pressure plate test results, All test resnlts were obtained by subjecting
samples to drying processes (from Vo ef al., 2022)

A triaxial critical state friction angle of ¢ = 34.5° was
determined for saturated and unsaturated conditions. It was
found that the tailings exhibited suction hardening, evi-
denced by the CSL in the ¢ : lup’ plane differing for saturated
and unsaturated conditions. For p' values less than about
2000 kPa a CSL may be defined using

e=T—Anp (8)

For saturated conditions, I’ =Ty, = 0-781 and 1 = A =
0-036, with the CSL and the data points used to locate it
illustrated in Fig. 4. A subscript ‘sat’ indicates association
with saturaied conditions (i.e. all s less than s). The CSL
shifts upwards and rotates when the tailings is unsaturated.
The data indicate that a CSL. is unique for a given value of the
suction ratio

SR = s/8x )]

Pownloaded by [] on [08/11/22). Copyright © ICE Publishing, all rights reserved.
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Saturated, s/5,, < 1
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Mean sffective stress, p": kPa

Fig. 4. Critical state lines for saturated and unsaturated gold tailings.
Also shown are the end points of triaxial compression tests nsed to
determine the line locations. Solid symbols are for sammated
conditions, while hollow square and hollow circle symbols are for
constant suction conditions with s~ 52kPa and s = 149kPa,
respectively, attained at the critical state. Numbers next to the
hollow symbaels indicate s/s,,

The CSL is more completely defined, for both saturated
and unsaturated conditiong, when 1 and T are the following
functions of SR

1= Agy = 0036 for SR < 1

(10)
3= di + 45 (SROWHOUS/R _ 1) ror SR > |

T =Ty =078 forSR < 1

11

T = Tg + (A — A )In(2000) for SR > 1 )

These functions result in all CSLs passing through the

same point at p’ = 2000 kPa, whatever the value of SR,
which is a condition imposed only to ensute they do not cross
at the lower p' values relevant here. For the six constant
suction triaxial tests considered here, in which s = 52kPa or
¢~ 149%Pa, the WRC and the dependence of s, on ¢
revealed that s., ranged from 0-87 kPa to [-3 kPa at the
critical states in each test (although more generally s =
0-6e72%2), "The CSLs for saturated conditions and §/5ez = 50
and s/sx = 150, and data points used to determine them
(having s/s. ranging from 40 to 172, indicated by the
mumbers next to the data points), are illustrated in Fig. 4.

Values of ¢' — ¢ are plotted against  at the beginning of
shear in Fig, 5, obtained using the triaxial compression tests.
The instances when ¢ attained a peak were used to determine
¢, assuming cohesion to be zero. The number of tests
conducted, and the stress ranges considered, were not enough
to identify reliably any curvature of the strength envelope or
any cohesion that may be present.

In this interpretation the effects of s were incorporated into
the determinations of w, specifically in p’, T" and 1, The data
for saturated conditions are represented using solid symbols
and for unsaturated conditions using hollow symbols, The
difference in the trends observed between saturated and
unsaturated conditions is only slight, with suction hardening
being present and s being accounted for in the definitions of
p', T and 1, Even 50, a single relationship between ¢’ — 4 and
y defined by

¢' — ¢t = exp(—Cw) (12)
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State parameter at beginning of shear, y

Fig. 8. ¢' — ¢ plotted against y for copper tailings, with data for
samrated conditions shown by solid symbols and for wmsaturated
conditions with s = 105kPa by hollow citcle symbols

ranged from 0-16 to 0-4. The boundary conditions were type
BC1 (Ghionna & Jamiolkowski, 1991), meaning radial
confining stresses were constaut, the vertical stresses some
distance ahead of the cone were also constant, and the
vertical stresses behind the cone were reduced by the
penetration. This is different to the vertical stress states that
exist in the field, which are constant behind the cone and are
increased ahead of the cone due to the force imposed by the
penetrometer {Been ef al., 1988a; Wesley, 2002). This will be
accounted for later when computing representative stress
states. The radial confining stresses, and vertical stresses
ahead of the cone, were 100 kPa for all tests.

For these unsaturated states there is sufficient air in the
pore space of the tailings such that the tailings skeleton
deforms around a penetrating cone much like it would for
penetrations during saturated drained cenditions, The
pressure of the pore air does not change significantly from
the initial value, being atmospheric pressure. For the larger
values of v, /v in the range present here, the pore air may be
vented to the atmosphere during penetration. For the smaller
v, /v valyes the pore air may be unvented or partially vented
to the atmosphere during penetration, although there is a
sufficient air volume such that the air volume change
during penetration will not induce a significant air pressure
change as per Boyle’s law, The pore-water pressure does not
change much either, despite w remaining constant while ¢
and S; change, with the overall effect being that ys also
remains (near) constant and a pseudo drained condition may
be assumed to prevail. Vo ez al. (2022) found it was only for
v /v<0-15, smaller than those present in the samples
considered here, that a significant air pressure change and
#s change occur during a fast loading event in silty tailings.
Furthermore, Yang & Russell (2015) showed that a constant
w condition does not difter significantly from a constant ys
condition when analysing expanding cavities in a well-graded
soil, much like these tailings with comparable v, /v. Noting
cavity expansion is an analogue to cone penetration, this
further supports the notion that CPTs occur under pseudo
drained conditions when v,/v>> 0-15. There are practical
benefits to this. One is that cone penetrations may be
assumed to occur with ys being constant and equal to the
initial value. Another is that the irends between penetration
resistances (g.) and measures of unsaturated soil or tailings
states will follow those that are well established for saturated
clean sands or tailings that remain drained during pen-
etrations, This will be illustrated later.

Doawnloaded by {] on [08/11/22]. Copyright © ICE Publishing, all rights reserved.

The CPTs in the TTWA chamber were on saturated tailings
samples, and involved two cones with &, =64 mm and
10 mm (corresponding to Rp =31 and 20, respectively) and
v, = 0-2 mm/s, which was slow enough to ensure that drained
conditions prevailed, as evidenced by negligible build-up of
pore-water pressures at the cone tips (Ayala et al., 2020),
Also,a tygical coefficient of consolidation (¢,) for the tailings
is 36 mm*/s. These correspond to non-dimensional velocities
of V=rvd./c,=0036 and 0056, sufficientty small for
drained conditions to prevail. The ¢ of the tested samples
ranged from 0-57 to 0-72. The boundary conditions were
type BC4 (Ghionna & Jamiolkowski, 1991), meaning radial
confining stresses were constant, the base of the sample was
fixed (i.e. maintained a constant vertical displacement) and
the vertical stress state some distance behind the cone was
also constant. This vertical stress state behind the cone is
similar to that which exists in the field. The radial confining
stresses, and vertical stresses behind the cone, were 100 kPa
(in excess of pore-water pressures) for all tests.

The ¢, values listed in Table 1 are the laboratory measured
values. No correction was made for the finite sizes of Lhe
calibration chambers, The Rp values for the two chambers
are sufficiently large for the boundary influences to be
negligible when the tested materials are moderately compres-
sible. Boundary influences are most significant for soils and
tailings with low compressibilities, such as medium dense and
dense quartz sands, and even then no more than a 5%
adjustment to ¢. is required for Ry =29, for example. For
materials with state parameters greater than —0-1, which is
the case for all samples tested here, it is usually recommended
that no corrections are required (Been et «/., 1986).

For BCl in the UNSW chamber the mecan total stress ()
behind the cone tip was computed using

_ oy + 2oy

. (16)

in which oy, is the horizontal (radial) total stress applied to
the sampie and o, i8 the adjusted vertical total stress behind
the cone tip

Oy = Uvbase“q_c_'}’z (17)

. 2
where 0, pag 15 the vertical total stress applied at the sample
base; z is the depth of penetration where g, was taken from;
and y is the total unit weight of the tailings.

For BC4 in the TTWA chamber the vertical stresses applied
to the sample tops were controlled directly and taken to be oy
in equation (16). The samples were sufficiently small, and the
applied stresses were sufficiently large, for their self-weight
influences to be negligible,

The test conditions, initial sample states and measured ¢
values are listed in Table 1. All samples were prepared by moist
tamping. The samples at UWA were subsequently flooded and
brought to saturated states prior to the CPTs being conducted.
The samples at UNSW maintained their moist tamped w and
¢ values as the CPTs were conducted. Moist tamping of an
unsaturated sample causes the hydraulic state to locate
somewhere between the main drying and main wetting curves.

Even though moist tamping has aspects of a wetting
process, because for a constant w the mechanical densifica-
tion results in an increase in S, it is not exactly like water
intrusion. The state that is attained does not necessarily lie on
the main wetting curve. It does not lie on the main drying
curve either. Typically, the state locates about midway
between main drying and wetting curves, as measured by
Vo et al. (2016) in a compacted decomposed granite (silty
sand), a material that also has a fractal particle size
distribution.
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suppose g, = 2600 kPa was obtained for a certain depth from
a CPT, whete pp =25 kPa. It is further supposed that ys
=15 kPa and does not change during the penetration. These
values correspond to g =40 kPa and [(g. — po)/Bb] + 1 =
65-4. A value of y=-0-050 is deternuined from Fig. 9, cor-
responding to ¢'= 36-4°, However, if suction is ignored and
Pb=po =25 kPa is incorrectly assumed, a value of w=—0-12
would be determined from Fig. 9 corresponding to ¢'=39-3°.
Failure to account for suction influences in this example
results in a 2-9° overestimation of ¢’ and an error of —0:07 on
the estimated w.

The state parameter concept, which underpins this type of
CPT interpretation, is unproblematic for any field stress state
that is reasonably similar to a triaxial stress state, including
when the minor principal stress is very different from the
major principal stress. The assumption that a triaxial stress
state exists is ofien made in practice when applying this type
of interpretation. However, very near a sloping section of a
TSE for example a perimeter embankment, the triaxial
idealisation may not be accurate. This can be in sections
critical to the stability of a TSE. More research is needed to
better understand how anisotropic stress states, involving two
different horizontal components, affect CPT interpretation
and subsequent stability analyses in those sections.

Copper tailings

The two calibration chambers and cones mentioned above
were also used to conduct the CPTs in the copper tailings.

The unsaturated tailings samples in the UNSW chamber
had 8; values that ranged from 0-33 to 0-95, ¢ values that
ranged from 0-53 to 1-064, and v,/v values that ranged
from 0-017 to 0-35. The testing regime differed from that for
the gold tailings in that two different cone velocities were
used in the top and bottom segments of a sample. The
velocities in the top segments had constant values that were
between v, =0-12 mm/s to 0-54 mm/s, while in the bottom
segments they were all 16 mm/s. The test identification in
Table 2 is followed by an ‘a” where it represents the results
from a top segment, It is followed by a ‘b” where it represents
the results from a botiom segment. Tests UNSW-2a, 2b and
6a had v,/v<<0-15 so pseudo drained conditions may not
apply to those. All others had v,/v>0-15 in which pseudo
drained conditions prevail,

The CPTs in the UWA chamber were on saturated
tailings samples and involved one cone with d.=10 mm,
Also, v.=0r015 mm/s was used, slow enough to ensure
drained conditions prevail. There was negligible
build-up of pore water pressures at the cone tips and, for a
typical ¢, =11 mm*s, V = vd./c, =0-014, The e of the
tested samples ranged from 0-58 to 0-77.

The g, values and other information about initial sample
stales and test conditions are given in Table 2. The samples in
both chambers were prepared by moist tamping. The
techniques used to establish p, ys and p’ were the same as
those for the goid tailings, that is by assuming the hydraulic
state is located on the midpoint of a scanning curve.

The logarithm of [(g. — po)/pb] + | is plotted against  in
Fig. 10. Again the scatter is typical of others. The results for
slow penetrations in saturated samples, and slow and
fast penetrations in unsaturated samples when v, /v > 0-15,
exhibit a unique relationship that may be defined by
equation (18) with £=352 and m=7-0, supporting the
notion that pseudo drained conditions prevail in those
cases. Three rtesults for unsaturaied tests with v, /v <015
are also shown and do not lie near the trend for drained
conditions, indicating that the tailings responses around the
cone tesemble that for a partally drained or undrained
condition, and/or there are changes to pore air and water
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Table 3. Test conditions, initial sample states and measnred g, values for gold tailings

Parameter Best estimate Possible variation Lower value Upper value
A 4500 kPa — 4500 kPa 4500 kPa

W 6076 — 0-076 0-076

z 7m — Tm 7m

¥ 16 kNfm® xef+ 11 145 kN/m® 17-6 kN/m®
s 10 kPa xt= 2 5 kPa 20 kPa

X 0434 X/~ 12 0-362 0-521

Po 66 — 56 77

¢ (from Fig, 11) 0-825 — 0815 0-836
 (from phase relationships using assumed y) 0-334 — 1-023 0-667

equation) and ys=10 kPa, then the mean total stress is py
=66 kPa. Tt follows that g./pp=068-2 and, from Fig. 11,
Jeads to the estimated e being 0-825 (interpolating between
the relevant relationships for certain pg and w values). Also,
vy /v=0-34 s0 the relationships in Fig. 11 are applicable. If
the tailings were to become saturated later, with the phreatic
surface being at the tailings surface, and no change to e
occurred, then pf=41-8 kPa (adopting y=19-4 kN/m® for
the saturated case) and y=0-178.

The e determinations are only slightly sensitive to
uncertainties around input parameters, as explained here, It
is difficult to know the magnitudes of y, y5 and K, accurately,
although for many practical problems estimates to within
about x/=+ 1'1, Z and 1-2 of the true vaiues, respectively, are
possible with some confidence, Conversely, ¢, and w and z
are usually known exactly, obtained directly from the CPT
sounding or a disturbed sample extracted from a borehole.
The best estimates (used in the example above), plos
practically realistic upper and lower bound values, are
listed in Table 3. Tt foltows that py may range from 56 to
77 kPa. The corresponding estimates of e range from 0-815
to 0-836, which is not a large range, as also listed in Table 3.

If y was known exactly, along with 1w, then ¢ could be
determined with knowledge of G, using phase relationships,
avoiding the need for Figs 11 and 12. This is rarely the case,
however. An approximated y may not be accurate enough to
obtain e of sufficient reliability using phase retationships. A
10% error in p, for a given w, roughly corresponds to a
+20-25% error on ¢, which in many cases may see a dilative
tailings being erroneously classified as a contractive tailings,
or vice versa. Values of e obtained in this way, using y which
varies by 10%, are also listed in Table 3. Figs 11 and 12 avoid
the large errors associated with p uncertainty.

FABRIC INFLUENCES

Reid & Fanni (2022) showed that moist tamaped samples of
a silty tailings produce triaxial test results that approach a
CSL, and have strengths that are very similar to those for
samples cut from intact blocks taken from inside the TSE
Fabrics may differ in the moist tamped and block cut samples,
but not to the extent that the strength properties change
sigmificantly and a different CSL. needs to be defined. Based on
this, the CSLs and CPT resulis presented in this paper, derived
from moist tamped samples, are supposed to have a direct
relevance to the TSFs from which the tailings were taken,

There are likely to be noticeable differences in WRCs, and
thus pore size distribution, which is a measure of fabric, for
moist tamped samples and intact field samples, although
small enough so that the moist tamped sample measurements
can be assumed to apply in the field without loss of
significant accuracy. This was shown to be truc for moist
tamped samples and intact block samples of loess (a silty

Downloaded by [] on [08/11/22]. Copyright © ICE Publishing, ali rights reserved.

material with a particle size distribution very similar to the
tailings considered here) by Yates & Russell (2022).

It is also worth noting that sueccessive drying and rewetting
cycles may cause irreversible alterations to the pore size
distribution and thus the WRC. This type of cycling was not
applied to the moist tamped samples in this study, but may be
relevant to intact samples in the field, thus creating additional
differences. Hadsari & Russell (2021) studied the effects of
drying then rewetting in samples of a decomposed granite (a
silty sand) with a particle size distribution that is fractal like
the tailings considered here, created by shury deposition.
Drying then rewetting altered the parameter € used to scale
se with ¢~2, It made scanning curves steeper, slightly, but did
noi change ihe slopes of ihe main weiling and drying curves,
Even though slutry-deposited laboratory samples do not
exhibit the same behaviour as intact block samples of tailings
(as demonstrated by Reid & Fanni (2022)), it is possible that
one or several cycles of drying then rewetting may influence
and cause differences in the WRC that have not been
addressed here. This is an area deserving further research.

Despite these uncertainties, the following sections confirm
that the data obtained for moist tamped samples have
applicability to the tailings inside the TSFs.

DEMONSTRATIONS CONSIDERING DATA FROM
TATILINGS STORAGE FACILITIES
Inferring current void ratios and future state parameters for
unsaturated sections

The e values that represent current states may be determined
for partially saturated sections of a TSE as long as w is known.
This enables state parameters that would be relevant if the
tailings were to become saturated later, denoted w,, to be
determined as well. The process is demonstrated using a CPT
sounding in a partially saturated section of a TSF containing
the copper tailings, far from the perimeter embankment.

Figures 13{2) and 13(b) show the profiles of ¢, and u (used
from here 1o denote pore water pressure) with depth. Spikes
appear in the u readings, evident in Fig. 13(b), which indicate
the existence of localised layers which are either: {@) (nearly)
saturated; or (§) too wet, but not nearly safurated, so a
pseudo drained condition does not prevail {i.e. v, /v <0-15).
Testing of samples recovered from drilling showed that w
varied from 0-160 to 0184 near the CPT location. Assuming
w=0-17 applics everywhere enabled e to be determined, as
shown in Fig. 13(c). Sections suspected of being nearly
saturated were not interpreted. pp was estimated by assuming
Ko =1 —sings = 0422, ys=8 kPa and y=17-1 kN/m® (an
assumed average for the unsaturated conditions which
prevail). Also shown are bounds to the e values measured
in two large block samples, taken from between the depths of
3-45 m to 3-85 m. Block E was about 0-5 m from the CPT
location and block F was about 0-8 m from the CPT
location. They agree well with the ¢ values determined
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were recorded below that. In view of these measurements, it is
likely that the tailings was unsaturated from 0 to 28 m
depths, From 4-5 m the tailings are likely to be fully saturated
in which « appears to be hydrostatic, supported by the slow
penetrations of CPT 2 giving u readings near the hydrostatic
values. Between 2-8 mn and 4-5 m negative v values may
prevail, due to capillary rise. The tailings in this region may
be saturated or near saturated. A saturated piezometer will
measure negative water pressures as low as about —80 kPa
reliably, not as low as the normal cavitation pressure of
—101 kPa (i.e. —1 atmosphere) as impurities in the water
cause cavitation before it is reached.

For undrained penetrations in saturated soils and tailings
the normalised cone resistance is defined as

0p(1 = By) +1 (20)
where Qp = [(g. - po)/pi]. Here
H— U
B, = 21
ar gc — ( )

is adopted, with the use of py rather than the conventional gy
in the denominator (as also adopted by Shuttle & Jefferies
{2016)), hence the ‘gp’ rather than ‘g" subscript on B. This
slight change ensures ,(1 — B,,) + 1 correctly transitions
to [(¢. — po)/p5) + 1 as undrained conditions transition to
drained conditions. A plot of Q,(1 — B,,) +1 (on a log
scale) against w usually exhibits a unique relationship for
undrained conditions

0s(1 — Bgp) + 1 = kexp(—rity) (22)

The relationship in equation (22) has a theoretical
basis when assuming the penetrating cone is analogous to
the cavity expansion problem. Note that Q,{1 — B,,) + 1
can be rewritten as ¢i/p), where ¢¢ = g. — u, and suppose that
v, that is the radial cavity wall pressure, is analogous to ¢f.
Then, for spherical cavity expansions in a Cam Clay type
soil, and since cavity wall pressures are at the critical state, for
undrained conditions it is a simple task to show that

M+ 3
o b = (2252) expt-vi) 23)
which is of the same form as equation (22) with k=
{2M¢ + 3)/3 and s = | /4. Houlsby (1988) was one of the
first to highlight that equation (22} is a correct approach to
interpret CPT data for undrained penetrations, noting w is
closely related to the overconsolidation ratio.

The direct proportionality between o, /pf and exp{—y) is
obeyed, nearly (but not perfectly) uniquely, for drained
cavity expansions as well. Because of the imperfection it is
not possible to determine exact theoretical connections
between &, i and soil properties for drained conditions.
However, it is no surprise that a close proportionality
between Q,(L — Byy) + 1 and exp(~y) exists for drained
cone penefrations, since it exists for cavity expansions, as
realised by Been et al. (1988b). Ongoing research by the first
author and colleagues is showing that a near (but not perfect)
uniqueness also exists for partially drained cavity expansions,
being dependent on a dimensionless expansion velocity, but
has not vet been published. The same can be expected to be
true for partially drained cone penetrations, with a depen-
dence on a dimensionless penetration velocity.

1t is clear from Fig. 14(2) that low and standard velocities
in saturated regions produce different ¢, profiles. Only the
low velocity ¢, profiles (when low enough to be drained)
enable the state parameters to be determined from the
relationship in equation (18). Those state parameters were
determined here and then compared to the @, (1 — B,p) + 1

Downloaded by {] on [08/11/22]. Copyright © ICE Publishing, alf rights reserved.
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Fig. 15. Normalised cone resistance @, (1—B,,)+1 plotted against
for saturated gold tailings for drained conditions and undrained
conditions (solid ftriangular symbols for v».=20 mm/fs, V=20),
showing important influences of drainage type. The inset shows
similar drainage type infloences for: first, a silica flour—bentonite
mixtire (SFB), with data from Schueider er 7. (2007) (open circular
symbols: drathed, V=024 te 1:20; solid triangular symbols:
ondrained, V=230 to 790); and second, sphetical cavity expansions
in kaolin described by modified Cam-Clay (cavity wall pressure is
interchanged with g.). In all cases continuous lines = drained, dashed
lines = undrained

values obtained from the standard penetration velocities
to cstablish an alternative relationship, and corresponding
k and # values, applicable to when undrained conditions
prevail, That relationship is shown in Fig. 15, defined by
k=26 and = l6.

Different & and ## values apply to drained and undrained
penetrations, so the set which applies to a particular CPT
sounding depends on the drainage condition, and thus
penetration velocity and cone diameter. It is not appropriate
to mix different drainage types to establish general relation-
ships between k and #1 and other soil or tailings properties —
for example, Ap and M, as done in Jefferies & Been (2016).
Misleading estimates of k& and rn will result from such
relationships as drainage type influences are not accounted
for.

The important differences between k and 2 values for
undrained and drained penetrations are further illustrated in
the inset on Fig. 15, The different relationships between
2,(1 — By,) + 1 and y are shown for a silica flour—bentonite
mixture (SFB) (Schneider et al, 2007) and for spherical
cavity expansions in kaolin (when o, is interchanged with ¢
when computing Q,(1 — Bg,) + 1).

Shown in Figs 14(c) and 14{d) are e values measured
for five piston samples, taken from between the depths of
875 m to 9-25 m, and the corresponding w in which p' was
determined assuming Ko =0434 and y=20-3 kN/m® (for
saturated conditions). They agree well with the values
determined from CPT 1. Also shown are ¢ and y in other
saturated sections below 4-5 m depth for CPT 1, determined
using the alternative k& and re values, which apply to the
standard velocity penetrations.

PROPOSED CHANGES TO INDUSTRY PRACTICE
Unification of CPT results in saturated and unsaturated
stlty tailings requires (pseudo) drained conditions to prevail,
involving slower than standard penetration velocities for
saturated sections and v, /v > (-15 in unsaturated sections.
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mean effective siress
O, normalised cone resistance
g deviatoric stress
¢. cone penetration resistance
Rp chamber to cone diameter ratio
5. degree of saturation
§ suction
Sse  dir entry suction
5. the suction value separating saturated from unsaturated
states
s 4ir expulsion suction
s intercept of a scanning curves with the main drying carve
5w intercept of a scanming curves with the main wetting curve
U pore pressuie at the cone tip
u, pore-air pressure
1y pore-water pressure
V  non-dimensional cone velocity
v  total volume divided by volume of solids
v, volume of pore air divided by volume of solids
ve comne penetration velocity
w gravimetric water content
z depth of penetration
a constant representing slopes of main drying and wetting
curves
B constant representing slopes of scanning curves
T parameter controlling the vertical position of the critical
state line
y  total unit weight
¢ constant relating s to ¥ when on a scanning curve
4 slope af critical state line in the ¢ : Inp' plane
dia  slope of eritical state line in the e : log ,p’ plane
on  horizontal (radial) total stress
ai,  radial cavity wall pressure
.  adjusted vertical total stress
vertical total stress applied at the sample base
¢ peak {riction angle
. triaxial critical state friction angle
y effective stress parameter
v state parameter
w, state parameter for when the tailings becomes saturated
fater
€ constant relating s to y when on main drying or wetting
curve
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