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Abstract

Landslides are a rapid, destructive natural hazard that pose a significant risk to human life
and infrastructure Globally and in New Zealandandslides are among the most
significant hazardsnithin New Zealand, it is estimated that the annual costs associated
with landslides are between NZ$23D0 million, with over 600 fatalities recorded
While the types of landslides in New Zealand vary due to changeable geology and
triggering conditions, one ardlaat isparticularly heavily affected is th&estern By of

Plenty region s peci fically t,wkeresmerkus famdglidepleavei ns ul &
occurred. A key contributor to this instability is the presence of a series of weathered
primary and reworked rhyolitic tephra deposits dominated by halloysite, known as the
Pahoia Tephra, that exhibit a sensitive respddased on successful tests undertaken in
the Northern Hemisphere using potassium chloride salt wells, asaswlpilot study
conducted on the same halloysitic materials, the research reportednhedet@ treat a
halloysiterich sensitive soil with potassium acetatedtetermineif the soil could be

regarded as strengthened.

Atterberg limit testing of the soil showed the untreated Pahoia Tephra to have a liquid
limit higher than the natural moisture content (61%), meeting the requirements for an
extrasensitive soil, as was determined by field shear vane tests. Treatmerhevith
potassium acetate increased the liquid limit (58%940) andreducedhe liquidity index

to below 1 (2.1 untreated, 0.57 treatetlleatment of the soil did produce a drastic
increase in shear strength within the soil, with effective cohesion incréeming.2 kPa

to 40.9 kPa following 12 months of treatment, while effective friction angle was slightly
reducedrom 29.8 to 25.3. Stress paths of the soil show a largétshibehaviouywith

samples no longer dilatirduringthe prefailure stage.

To explain these changes, various mineralogical and chemical analyses were undertaken.
X-ray diffraction analysis showed no expansion of the clay and ladktefcalation(all
halloysite showing 10.1 AX.heFouriertransforminfraredtestingyielded a similar result,

with no notable shifts observéuthe 3600 crt wavenumber peaks. With this said, new
peaks corresponding to an interaction between potassium acetate and the silica sheet
present within halloysitevere noted. Scanningelectron microscopeandyses showed,
following 12 months of treatment of the soil, a shrinking of the clay spheroids over the

duration of treatment.



From these findings, it wakeorisedhat, while the potassium acetate did not intercalate

into the halloysite spheroids themselves, the potassium acetate interacted with the
external silica sheet so that it curled and rolled, resulting in a smaller spheroid, with

acetate entering into thetdgonal space within the silica sheet and displacing i@ H
(6waterd) present. This resul t kalingtmthea t wof
creation of stronger shechain van der Waals forces betweeayctpheroids, thereby

increasingcohesion within the soil.

While the initial aim of this research was achieweldrge number of avenuésive been

opened that certainly warrant further investigation
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Li st of Figures

Figure 2.1 An example of how progressive landslides develop within sensitive soll
deposits, where a sensitive soil may initially fail, and proceed to regress
with multiple resultant failures as the slope attempts to reach a point of
stability. From Troncone et aRQ23)...............ooevvvrivviviimmmeereeeeeeeiieiinnnns 14

Figure 2.2. An example of translational progressive slides within sensitive soill,
where the failure surface is parallel to the ground surface, resulting in a
translational failure and heaving of the toe of the failure. From
Bernander (2000)...........ooeeeuiieiiiiiimmre e s 15

Figure 2.3. An example of a progressive spread slide in sensitive soils, where an
initial soil wedge in sensitive material fails, resulting in horst and
grabenlike failures in the material behind the original failure block.

From Troncone et al. (2023).......cceeiiiiiiieiiieiieeeiec e 16
Figure 2.4. A suggested failure mechanism for failure in a New Zealand sensitive
soi |, found in @&mokoroa, New Ze

block of soil above the sensitive clay layer fails initially, subsequently
causing the toe wedge below to fail. Follagithis large block failure,
additional material fails in the active rankine wedge, as well as further
material failure at the head of the failure, as the soil looks to achieve a
stable angle in the headscarpFrom Gulliver and Houghton (1980)....17

Figure 2.5 Relationship between environmental conditions and the formation of
allophane, halloysite, and other minerals, as predicted by the silicon
leaching model and the availability of aluminium. From Hewitt et al.

Figure 2.6A crosssection of the kaolinite/halloysite unit cell. Note here the lack of
interlayer waters to distinguish between halloysite and kaolinite. From
Bailey (1990).....ccoiiiiiiiiiie e e e 21

Figure 2.7 (a) A topdown view of the halloysite silica tetrahedron, with the silica
sheet taking a ditrigonal shape. (b) A 4@vn view of the alumina
octahedron reveals a hexagonal shape, allowing for the intrusion of
water into the hexagonal recess. From Ba{lE00)...............ccccvvvvvvneee. 22

Figure 2.8A side view of a full halloysite nanotube, showing the bonding between
the silica sheet on the outer surface, to the inner water (white circles)
and alumina sheet. Where the yellow atoms are silicon, blue are
aluminium, red are oxygen and white is waterom Guimares et al.
20 ) U UR PRSP 23

Figure 2.9. A theoretical view of a variety of features relating to the suspected
behaviour and makeup of halloysite MCS spheroids. As denoted by J,
a concept diagram of the external charge distribution on an MCS
spheroid, as well as a cross sectional shapof the charge balance of
the internal MCS spheroid sheets. Additionally as shown by K and L,
the predisturbance (K) chain of MCS spheroid chain, and post
disturbance (L) loosely organised MCS spheroids. Note the lack of clear
open face to cap surfaa#raction in the post disturbance stage. . Image
is sourced from Kluger et al. 20L7...........ccuvviviiiiiiieeeiiiiiiieeeeeeeeee e 24
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Figure 2.10. A summary diagram showing how the pH of the halloysite alumina
sheet, and which side of the PZC that pH is, affects the charging of the
sheet. Note when halloysite is on the alkaline side of the PZC, a net
negative charge occurs on the claydace, due to the loss of a surficial
hydrogen. The inverse occurs when on the acid side of the PZC, where
an excess hydrogen is donated to the alumina sheet causing a positive
charge imbalance. From Theng and Wells (1995)............cceevvvvvvieen. 29

Figure 3.1. A scaled i mage odutimagesoféemokor oa
the Western Bay of Plenty (top left) and New Zealand was provided to
contextualise the peninsula's location. All images are oriented-north

Figure 3. 2. Distribution of |l andsl i des tf
following Cyclones Debbie and Cook in 2017. Image is sourced from
Kluger et al. (2020). Note the significant increase in slips on the
northwestern coast of the peninsula. These slgre not only larger in
NUMDBET, DUL @ISO IN SIZB....uniieiiiii et rmm e 39

Figure 3.3( a) The | andslide scarp found on Bea
following the 2017 cyclone events. (b) The landslide scarp left
following the clearup of the landslide debris along Harbour View
Road, &mokor oa, foll owing the 2017 <cy
landslides had large amounts of water ejected following failure, note
how Harbour View Road has a much higher volume of fines and clay
gF= LT = | PP PPPPRP 40

Figure 3.4(a) An aerial image of the Ruamoana Place landslide following the 2017
cyclone events within &mokoroa (as su|
Council). (b) The same Ruamoana Place landslide was taken from the
ground near the landslide scarp a few wesdkar the landslide event.

(c) The McDonnel Street landslide, as seen from the beach below,
which failed a few days after the primary cyclone event. (d) Aerial
drone imagery of the McDonnell Street landslide taken within 24 hours
of the mass wasting ever(e) The Kowhai Grove landslide, as seen
from the beach below the landslide a few days after the event had
occurred; note the sermtact deck carried down by the landslide debris.
() The Kowhai Grove landslide photo was taken from aerial drone
imagerysoon after the landslide. Note the large amount of visible water
exuding from the landslide scarp (supplied by WBoP District Council).
(g) The Waterview Terrace landslide as seen from the beach below the
landslide scarp. (h) The same landslide scarp atdwerview Terrace
taken from above via drone imagery (supplied by the WBoP District
(011 o[ ] ) TP PPPPPRP 42

Figure 3.5 An annotated aerial photo provided the geomorphological
characteristics of the Waterview Terrace landslide, which was
identified  following the landslide event in mRO17.
Geomorphological symbols are standard ESRI symbols and are shown
INThE TEQENA. ... .. e aeae 45

Figure 3.6. An annotated aerial image of the 2017 Kowhai Grove landslide provides
a geomorphological context to the landslide. Standard
geomorphological ESRI symbols are used and are shown in the legend.
........................................................................................................... 46



Figure 3.7. (a) A stratigraphic face log of the exposed soils observed within the
Waterview Terrace landslide scarp. (b). An annotated photo of the
differing soil layers within the Waterview Terrace landslide scarp. Solid
lines denote a change in the umitile dashed lines denote a change
within the unit (i.e., specific horizons within the Hamilton Ashes)......48

Figure 3.8. Samples of soils found within the Waterview Terrace landslide scarp.
From left to right, the soil is representative of Pahoia Tephra, a slightly
more weathered Pahoia Tephra, and Te Puna Ignimbrite................. 49

Figure 3.9. (a) A stratigraphic log of the soils found within the Kowhai Grove
landslide. (b) An annotated image of the soils found within the Kowhai
Grove landslide. Solid lines denote differing units, while dashed lines
are horizons Within @ UNL............ooiviiiiiiiiiie e s 51

Figure 3.10. An image of a small test pit dug into the Kowhai Grove landslide scarp.
Some features of note in this are stark colour change (top right of image)
where the soil transitions from the dark brown clayey SILT to an
underlying light greyish brownlayey SILT. Sensitive material is hard
to distinguish within this image due to the uniformity in which the soil
appears. The only visible evidence is the slight smearing of clays
between the wall and the base of the test pit, as the pit begins to go into
the sensitive layer. Some detritus has fallen into the pit from around the

Figure 5.1 An outline diagram of the conductivity test undertaken. The blue square
represents the salt well, with black circles (spaced every 300 mm)
representing the conductivity Probes.............ciiiiieeniiiiiiieeeeee, 64

Figure 5.2. A simplified diagram of the triaxial apparatus used within this study.
Not shown here is the elred water tank, of which supplied-deed
water to the cell and back pressure rams as well as the cell-Gdens
load cell was rated to 5 kN,ith and LVDT travel of 25mm.................. 66

Figure 6.1. Particle density for untreated (blue square) and treated (orange dots)
samples plotted against their respective soaking times in months. A
large drop off exists between untreated and treated, while treated
samples were within 100 kg#of one another...............cccocveeveieenen.... 72

Figure 6.2.Particle size analysis chart showing the average particle sizes for each of
the five sampling points used throughout this research. Not almost all
samples fall relatively close together with some minor variations.
Additionally the chart cuts ofdit just beyond 2 mm due to no particles
present greater than 2 MmM............coooooiiiiiiieeciii e, 74

Figure 6.3. Samples tested using a fall cone plotted onto a Casagrande plasticity
chart to determine soil characterisation. All samples are characterised
as silts or organics with high plasticity regardless of treatment......... 76

Figure 6.4 Conductivity measured at 30mm (grey points), 90mm (yellow points)
and 150mm (orange points) from the salt well. Conductivity is
measured in mS/cm. The ion plume was detected reasonably quickly at
30 mm (48 hours), while it took 240 hours for the full sytanto be
observed at I50MML....... e 77

Figure 6.5.A scatter plot of time taken to achieve full consolidationod)Tin
minutes against the soakage time of the soils. Samples are distinguished
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based on their confining stress. Loose correlations do exist for the 120
and 200 kPa samples, while the 160 kPa samples showed reasonably
(o oToTo I oo ] 4 £=] F= 1 o] o FO R ORURPPPRRRRY £ o

Figure 6.6.Time taken to reachidofor samples at their respective soakage lengths.
Some strong correlations do exist (untreated, 1 month, 12 months),
though samples at the 3 and 6 months show no correlation.at.all.....79

Figure 6.7Void ratios change for treated and untreated samples plotted against
confining pressure. Strong correlations were observed for nearly all
samples, with the 6 months samples the only showing little to no
(o0] 411 F= 11 0] o U UPPPRR 80

Figure 6.8. A scatter plot showing the volume of liquid expelled during
consolidation (BVol) plotted against soaking time. From the data no
correlation appears to exist for samples at the lowest confining stress
(120 kPa), while 160 kPa showed some correlatidi (®59) and 200
kPa showed a strong relationship. Note untreated samples were tested
at 150 kPa and 225 kPa as opposed to 160 and 200.kPa................. 81

Figure 6.9 A scatter plot showing permeability for untreated and treated samples
over the 12 months of treatment. All samples showed a correlation for
increasing permeability with soaking time, with 160 and 200 kPa
confining stresses both having R2 values in excé€s% while 120
kPa was less strongly correlated (R 2=0.61). Note untreated samples
were tested at 150 kPa and 225 kPa as opposed to 160 and 200.kF&2

Figure 6.10.(a) Deviator stress (setidloured lines) and pore water pressure
(dashed coloured lines) for samples tested at 120 kPa. (b) Deviator
stress (soliecoloured lines) and pore water pressure (dashed coloured
lines) for samples tested at 160 kEp@eviator stress (solid coloured
lines) and pore water pressure (dashed coloured lines) for samples
tested at 200 KPa..........uuveiiiiiiei e 85

Figure 6.11A scatter plot showing the rate of change (kPa/month) against the length
of time the tested core had been soaked for. Samples are split into their
respective confining pressures, where 120 kPa = light blue, 160 kPa =
orange and 200 kPa = light greye......ccooooiiiiiiiiiieee i 36

Figure 6.12(a). pore pressure vs back pressure plotted against axial strain. Dashed
lines are back pressure, while pore pressures are the solid line. (b).
Difference in pressures between back and pore pressures plotted against
axial strain where the vertical soli@liow line represents the averaged
axial strain across all 3 confining Stresses..............ocevvviviceeeeeeeveeennnn, 87

Figure 6.13.(a) pore pressure vs back pressure plotted against axial strain for
samples treated for 1 month. Dashed lines are back pressure, while pore
pressures are the solid line. (b). Difference in pressures between back
and pore pressures plotted against axial stiiere the vertical solid
yellow line represents the averaged axial strain across all 3 confining
] (SIS E ST UP PRSP 88

Figure 6.14. (a) pore pressure vs back pressure plotted against axial strain for
samples treated for 3 months. Dashed lines are back pressure, while
pore pressures are the solid line. (b). Difference in pressures between
back and pore pressures plottediagfaaxial strain where the vertical
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solid yellow line represents the averaged axial strain across all 3
CONFINING StIESSES...uuuiiii i i i et eeeer e emme e e e e e e eeaaaaaas 89

Figure 6.15. (a). pore pressure vs back pressure plotted against axial strain for
samples treated for 6 months. Dashed lines are back pressure, while
pore pressures are the solid line. (b). Difference in pressures between
back and pore pressures plotte@diagt axial strain where the vertical
solid yellow line represents the averaged axial strain across all 3
CONFINING SIIESSES.....eiiiiiiiiiiii i 90

Figure 6.16.(a). pore pressure vs back pressure plotted against axial strain for
sample soaked for 12 months. Dashed lines are back pressure, while
pore pressures are the solid line. (b). Difference in pressures between
back and pore pressures plotted against aw@ihswhere the vertical
solid yellow line represents the averaged axial strain across all 3
CONTINING SIIESSES....eiiiiiiiiiiiiii e 91

Figure 6.17Strain softening plotted against confining stress for the samples at their
3 tested confining stresses. Linear trendlines are plotted, thotigh R
values are not shown, as these are discussed in text.priar............... 92

Figure 6.18Strain softening plots for samples at their respective confining stresses
across the 12 months of treatment for the soil. Linear trends are plotted
with R? values included. 200 kPa samples show the largest reduction,
with a reasonable correlation, while 160 kPa samples show a gradual,
well related reduction over time. 120 kPa samples show little in the way
of consistency with the length of treatment...............ccoovvveee 93

Figure 6.19. Stress paths for untreated and treated soils tested at 120 kPa confining
stress. Note behaviour tending left towards 0 is indicative of contraction,
while the opposite indicates dilation..............cooovviiiiccce e 94

Figure 6.20. Stress paths for untreated and treated soil samples sheared at 160 kPa
confining stress. The untreated (gold) sample showed a sharp deviation
left (contraction) initially before reverting right (dilatant) prior to failure.
Treated samples (1anth = blue, 3 months = orange, 6 months = green,

12 months = orange) showed either slightly (12 months) or reasonably
(1, 3, 6 months) dilatant behaviour prior to failure..................cevveeen. 95

Figure 6.21. Stress paths for samples tested at the 200 kPa confining stress. The
untreated (gold) shows quite different behaviour to that of the treated
samples, with a strong loop to the left in the early stages of shear before
reverting right prior todilure. For 6 and 3 months (grey, orange) some
initial loading effects from loading ram seating corrections can be seen.
Treated samples show relatively consistent behaviour, though 1 month
(blue) and 12 month (green) soaked samples showed the largest move
to the right prior t0 faillure..........oveiii e 96

Figure 6.22. A bar chart showing the effective cohesion (blue) and effective friction
angle (orange) for treated and untreated samples. Noteakis goes
not have a specific value attributed to it as it is showing the changes in

both cohesion (kPa) arfidction angle ©) ..........cccccveeeiiiiiiiiccc e 97
Figure 6.23. Adapted failure styles for soil cores under triaxial testing conditions.
Image is sourced from Tang et al. (2022)..........cccoviiiiiieeciieiiiinnnnenn. 98
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Figure 6.24(a)The sheared core for an untreated 150 kPa sample, primary shear
zonebdbs (shaded gr ey °anglesdansap x styter et ch at
failure. Various minor shears are present throughout, generally
associated with the primary shear zone. (b) The sheared core for an
untreated 150 kPa sampl e, primary she:
stretch at 44 and 84angles in an x style failure. Various minor shears
are present throughout, generally associated with the primary shear
zone. (c) the outline of the sheared core in 6.23 (a). (d) The outline of
the sheared core in 6.23 (B)........coovviiiiiiiiii e 102

Figure 6.25(a)The sheared core for an untreated 225 kPa sample, primary shear
zonebdbs (shaded g%renyrightolefaAssecorsdary et ch at
shear zone extends from right to left as well. Various minor shears are
present throughout, generally associated with the primary shear zone.

(b) The sheared core for an untreated 225 kPa sample, primary shear
z o0 n e 06 sdgreysatea) dtretch at a®#hgle. A secondary shear zone
intersects at 1°7Various minor shears are present throughout, generally
associated with the primary shear zone. (c) the outline of the shear
features in 6.24 (a). (d) The outline of the sheawmd in 6.24 (b)........ 103

Figure 6.26. (a) the sheared core for the 120 kPa confining stress 1 month sample.
A primary shear zone extends from the top right of the sample to the
bottom left at 68 A secondary shear zone is present, with shearing
occurring at a 40angle. (b) the outline of the major shear features..105

Figure 6.27(a,c)(a)The major shear features present in the 1 month treated 160 kPa
confining stress sample. A primary shear zone stretches from left to
right at 74, with minor shears generally associated with the shear zone.
The outline of the shear features are shown in (c). (b,d) The major shear
features on the revers side of the 1 month 160 kPa treated core. The
primary shear zone has 3 differing angles notedhase change
throughout failure. Minor shears are associated with the primary shear
zone. The outline of shear features is shown in.(d)..............c.cuvveee. 106

Figure 6.28(a,c)An annotated image of the 200 kPa confining stress, 1 month
treated, soil core. A singular primary shear zone is present, with shear
seen to occur at an angle of°’6Minor shears are associated with the
primary shear zone. The outline of the shear features are shown in (c).
(b,d) The reverse side of the failed 200 kPa, 1 month, core. The primary
shear zone has a shallower angl€)6Pith some pieces of the sample
noted as missing (black ZONES)..........uuiiiiiiiiii e, 107

Figure 6.29. (a,c)An annotated image of the 3 month treated, 120 kPa, soil core.
Two primary shear zones appear to be present in an apparent
barrel/wedge failure style. Some of the damage to the core is noted
(black area). The outline of shear featureshewn in (c). (b,d) The
reverse of the 3 month treated sample, with a singul&rpd®ary
shear zone noted, minor shears are present throughout. The outline of
shear features are Shown in (d).........ccccuvviiiiiiiimmmreeee e 109

Figure 6.30. (a,c)The annotated image of the 160 kPa, 3 month treated, soil cores.
A singular primary shear zone exists with failure occurring &t 62
Minor shears are present along the primary shear zone. The outline of
shear features is shown in (c). (b,d) The reverse of the failed core, with
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the same singular primary shear zone noted, though the angle of failure
was slightly shallower (39. The outline of the image is shown in (d)110

Figure 6.31(a,c) An annotated image of the 12 month treated, 200 kPa, soil cores
following failure. Note in this instance barrel failure with a bulging of
the material between the two primary shear zones. Some damage to the
core has occurred and is shownthe black shaded area. The outline
of the features is shown in (c) (b,d) The reverse side of the failed soil
core with similar features noted as in (a). Note outlines of the failed
core are SNOWN N ()u..veeeeeieee e 111

Figure 6.32(a,c) An annotated image of the 120 kPa confining stress, 6 month
treated, soil core. A singular primary shear zone, of wedge failure style
is shown with a shear angle of°58he outline of major features is
shown in (c). (b,d) The reverse of the 120 kPa, 6 month, soil core.
Similar features are noted with &difference in shear angle (Hhoted.

As previous the outline of features is shown in.(d).......................... 113

Figure 6.33 a,c) Annotated images for the 6 month, 160 kPa confining stress sample,
with a barrel failure style noted. Minor shears also appear to stretch
along the sample in a similar barrel style. Outline of major features is
shown in (c). (b,d) the revse of the 160 kPa failed core, with outline
of major features Sshown in (A)........ooooveiiiiiiiiiie e 114

Figure 6.34 .(a, c) the annotated image of the 200 kpa failed cores, failure style is
similar to 160 kPa with barrel failure style noted, the outline of the
failure features are shown in (c). (b, d) the reverse of the 200 kPa barrel
failure, with the outhie shown in (d)...........ooooiiiiiiiiiee 115

Figure 6.35. (a,c)An annotated image of the 120 kPa, 12 month treated, soil cores.
Barrel style failure is observed , with the outline of shear features shown
in (c). (b,d) the reverse side of the 120 kPa sample, with the outline
SNOWN TN ()i 117

Figure 6.36 (a,c) An annotated image of the wedge style failure observed for the
160 kPa confining stress, 12 month treated soil cores. An outline of
shear features is shown in (c). (b) The reverse side of the 160 kPa core,
with a 54 angle of failure measured. An outline of shear features is
SNHOWN N (A)ertiiiiiii e 118

Figure 6.37 . (a,c) An annotated image of the 200 kPa confining stress, 12 month
treated soil core. A singular primary shear zone, at an angle’of 54
observed. Minor shears are generally associated with the primary shear
zone. The outline of shear features is shown in (c). (b,d) The reverse
side of the 200 kPa soil core, with a singular primary shear zone, at an
angle of 74 noted. Outlines of the shear features are shown in.(d)..119

Figure 7.1. Plotted are the saturated bulk densities for various sensitive clay soils
both in New Zealand (Nicholson (1986), Wyatt (2009), Cunningham
(2012), Mills (2016), this study), as well as overseas (Pusch (1966),
Gylland (2012), Gella (2017)) agatnthe respectivén situ moisture
content of that soil. Note the general trend of increasing saturated bulk
density with reducing moisture content.................coovvvicciiiieeeeeeenns 120

Figure 7.2. A scatter plot showing permeability of samples plotted against soaking
time. The average permeability at each testing point is also shown
(yellow). The major trend across all samples is an increase in
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permeability with increasing length of treatment. Strong correlations
are observed for all but the 120 kPa sample, which is only moderately
(o0 411 F= 1= 1P 124

Figure 7.3 .Void ratio following consolidation for samples at their confining stress
(.,e. 120 kPa, 160 kPa, 200 kPa) plotted against the specific
permeability of the sample. The data for this indicates little to no
correlation between the two parameters.............ooooeeeiicieene e 125

Figure 7.4. Void ratio of samples before consolidation plotted against permeability
measured during consolidation for samples at their respective confining
stresses. Little to no correlation between initial void ratio and
permeability is noted for the 128nd 160 kPa samples, while a
reasonable correlation is noted for the 200 kPa samples................ 126

Figure 7.5. Samples of the Tauranga extra sensitive group plotted on an scatter plot
adapted from Kenney (1977), with typical ranges expected for-extra
sensitive to quick soils (for Scandinavian and Canadian clays) is shown
by the dashed orange lines. Fdata points appear to fall within this
range. When plotting a correlation of sensitivity to liquidity index, no
correlation appears going against expectations that, an increasing
sensitivity should coincide with an increasing liquidity index........... 131

Figure 7. 6. Dat a from Wyatt (2009) 6

calculations plotted against liquidity index. An exponential regression
is applied (as per Leroueil et al. (1985)) to observe whether a more
consistent data set is produced. The expoaler#gression appears to
show an incredibly strong correltaion%®.98) suggesting potential
room for further investigation..................oovvivviicce e 132

Figure 7.7. (a)Data from the Tauranga extra sensitives with the sensitivity
recalculated using the exponential regression equation derived from
Wyatt (2009)06s adapted remoul ded
onto the Kenney (1977) comparison. What banfound is a drastic
increase in correlation with the data showing a loose correlation now
between Liquidity index and sensitivity, with a significant increase in
the number of data points falling within the expected range. (b) The data
from (a) shown asrange with a blue outline plotted with the original
values (blue) for sensitivity of the same soils. lllustrating the stark
change in soils position following application of the new adapted
remoulded shear strength equation................ccccoviieeciiiiiiiiiiinnenenn. 133

Figure 7.8. Casagrande plasticity chart with data from this study, as well as values
from other Tauranga extra sensitive soils. Note nearly all samples plot
as MH, with two exceptions from Arthurs (201Q).........cccoeeevvviiiinnene. 135

Figure 7.9. Atterberg data from this study, as well as other Tauranga extra sensitives
plotted onto the Morentarotot and Alsons@zcarate plasticity chart.
The inclusion of an intermediate classification (@), has resulted
in a number of relassificaions of soils from MH to CFMH. .............. 136

Figure 7.10. Soils from this study (orange), other Tauranga extra sensitives, and

ada

shear

values derived from Wyattds (2009) ade

liquid limit/plastic index ratio against sensitivity. General expectations
from literature (Spagnoli anBeinendegen, 2017) are that LL/PIl and
sensitivity are directly correlated..............coooiiienn 137
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Figure 7.110 pat hs for soils under shear at 120 |
show an U0 in excess of 0.75 at any po
worth noting U increases asThehe soil s
solid green vertical line represents the average axial strain at failure
across all SamMPIES. ... 141

Figure 7.12(a) the U paths for soils shea
Untreated soil shows a drastically different-fagure behaviour when

compared to treated soils, with a peal
green vertical line represents the age axial strain at failure across
all samples. (b) U0 paths for soils she

peak of 1.72 U was recorded for untre
showed distinctly differing behaviour. The solid green vertical line
representghe average axial strain at failure across all samples.......142

Figure 11.1 An XRD diffractogram showing the peaks for the untreated soil where
the following treatments were employed: ambient (red line), ethylene
glycol treatment (blue), sample heating to ™.@or 24 hours (green)
and sample heating to 58Dfor 24 hours (fuchsia)...........ccccceeeeee. 157

Figure 11.2. An XRD diffractogram showing peaks for the untreated soil prior to
formamide treatment (blue line) and after formamide treatment (red

Figure 11.3 An XRD diffractogram showing the peaks for the 1 moatied soil
where the following treatments were employed: ambient (red line),
ethylene glycol treatment (blue), sample heating t@ Clfdér 24 hours
(green) and sample heating to 3&60for 24 hours (fuchsia)................. 159

Figure 11.4: An XRD diffractogram showing peaks for the 1 month treated soil
prior to formamide treatment(blue line) and after formamide treatment
(=10 LT T=) T RRPRSRPP 159

Figure 11.5 An XRD diffractogram showing the peaks for the 3 moatted soil
where the following treatments were employed: ambient (red line),
ethylene glycol treatment (blue), sample heating t& Cifor 24 hours
(green) and sample heating to 560for 24 hours (fuchsia)................. 160

Figure 11.6: An XRD diffractogram showing peaks for the 3 morgated soil
prior to formamide treatment (blue line) and after formamide treatment
(€A INE).. e 161

Figure 11.7 An XRD diffractogram showing the peaks for the 6 moatted soil
where the following treatments were employed: ambient (red line),
ethylene glycol treatment (blue), sample heating t@ Clfér 24 hours
(green) and sample heating to 360for 24 hours (fuchsia)................. 162

Figure 11.8: An XRD diffractogram showing peaks for the 6 mamgated soil
prior to formamide treatment (blue line) and after formamide treatment
(=10 111 0 1) TS OO URPPUPTRN 163

Figure 11.9 XRD traces showing the peaks for the 12 rAne#ted soil where the
following treatments were employed on the soil during testing. ambient
(red line), ethylene glycol treatment (blue), sample heating to 110°C for
24 hours (green) and sampleaheg to 550°C for 24 hours (fuchsia).. 164
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Figure 11.10: An XRD diffractogram showing peaks for the 12 muethted soil
prior to formamide treatment (blue line) and after formamide treatment
(=10 N 1T 1= TSSO PSRRRRRPN 164

Figure 11.11 XRD traces showing the peaks for the 10 tokated soil where
the following treatments were employed: ambient (red line), ethylene
glycol treatment (blue), sample heating to 2@ 0@or 24 hours (green)
and sample heating to 550 for 24 hours (fuchsia)..................eeenns 165

Figure 11.12: An XRD diffractogram showing peaks for the 10 ridleated soil
prior to formamide treatment (blue line) and after formamide treatment
(=10 N 1T 1= TR SRRRURP 166

Figure 11.13. XRD traces depicting theh2ta peaks for the bulk soil samples of
various soils, with untreated shown by the brown linendnth
treatment by the red line;rBonth treatment by the blue lineptonth
treatment by the green line, andm@nh s 6 tr eat ment by t he
1= PP 167

Figure 11.14. XRD traces depicting theh2ta peaks for the rehydrated untreated
and treated soils, with untreated shown by the red line, 1 month by the
blue line, 3 months by the green line, 6 months by the fuschia line, and
12 months by the brown liNe..............ooviiiiiiii e 168

Figure 11.15. XRD traces depicting theh2ta peaks for the rehydrated soils
(following initial rehydration), with untreated shown by the red line, 1
month by the blue line, 3 months by the green line, 6 months by the
fuchsia line, and 12 months by thewn line.....................oirreee. 169

Figure 11.16: A DSC chart showing the enthalpy for an untreated soil sample. The
major endo and exothermic events are noted with information including

area, peak height, as well as peak, end and onset temperatures for any
events

Figure 11.17.A TGA curve (blue line) with the smoothed first derivative (red line)
included showing the mass loss events noted for an untreated soil

Figure 11.18.A DSC chart showing the enthalpy for an 1 mwatited soil sample.
The major endoand exothermic events are noted. Four major events
have been observed at various points during the DSC.test............. 174

Figure 11.19.A TGA curve (blue line dashed) with the smoothed first derivative

(blue line) included showing the mass loss events noted for the 1-month
treated SOil SAMPIE.........oooiiiii 174

Figure 11.20. A combined DSC (green dashed), TGA (blue) and first derivative
(red) signal imposed on a multiple-akis, with X axis remaining
constant as the temperature range of the testing...............c.ccvvveeens 175

Figure 11.21. A DSC graph showing the enthalpy for an 3 miethed soil
sample. The major endand exothermic events are noted with relevant
information included on the graph...........ccccoiiiiiiiiieeciiiee 176

Figure 11.22. A TGA curve (blue line dashed) with the smoothed first derivative
(blue line) included showing the mass loss events noted for the 3-month
treated SOil SAMPIE........oviii e 176
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Figure 11.23. A combined DSC, TGA and first derivative signal imposed on a
multiple Y-axis, with X axis remaining constant as the temperature
range of the testing for the 3 morttieated samples..........c.cccvvvvennnnnn. 177

Figure 11.24. A DSC graph showing the enthalpy for an 6 minetted soil
sample. The major endo and exothermic events are noted with relevant
information included on the graph...........cccovvviviiee 177

Figure 11.25. A TGA trace (blue line dashed) with the smoothed first derivative
(blue line) included showing the mass loss events noted for the 6-month
treated SOil SAMPIE.........ooeie e 178

Figure 11.26. A combined DSC, TGA and first derivative signal imposed on a
multiple Y-axis, with X axis remaining constant as the temperature
range of the testing for the 6 morttieated samples...........cccccceeeeeennnn. 179

Figure 11.27. A DSC graph showing the enthalpy for an 12 rtosdited soil
sample. The major endo and exothermic events are noted with relevant
information included on the graph...........cccooviiiiie e 179

Figure 11.28 A TGA curve (solid red line) with the smoothed first derivative
(squiggly red line) included showing the mass loss events noted for the
12 monthtreated SOIl..........ueeeiiiiiiie e 180

Figure 11.29 . A combined DSC (green), TGA (blue) and first derivative (red)
signal imposed on a multiple-axis, with X axis remaining constant as
the temperature range of the testing for the 12 mtratited samples.. 180

Figure 11.30. A DSC plot showing the enthalpy for a 10 mMaleated soil sample.
The major endo and exothermic events are noted with relevant
information included on the graph............ccccviiiiiiiieeciiie 181

Figure 11.31 . A TGA curve (blue line) with the smoothed first derivative (red line)
included showing the mass loss events noted for the 10 aated
SOIl SAMPIE.....cceeeeeeee e eee e e e e e 181

Figure 11.32 C. A combined DSC, TGA and first derivative signal imposed on a
multiple Y-axis, with X axis remaining constant as the temperature
range of the testing for the 10 mditreated samples..........c..cc.......... 182

Figure 11.33a. FTIR traces for untreated and treated soil samples, with vertical lines
denoting the locations of consistent major peaks observed within
treated samples for comparison to untreated soils. B. FTIR curves for
treated and untreated soil samplath line correspondence as follows:
Black = untreated, Blue = 1 month treated samples, Red = 3 months
treated samples, Green = 6 months treated samples, Yellow = 12
months treated SAMPIES...........oiiiiiiiii e 186

Figure 11.34. Percent changes for the major elements/oxides observed for treated
samples. Samples with changes greater than 0.1 % are represented by
the lefthand yaxis, while those with changes smaller than 0.1 % are
represented by the righand axis. Glours for the different
elements/oxides can be seen in the legend within the figure........... 192

Figure 11.35. Streaming potential and pH for treated and untreated samples from
this study with initial pH and initial streaming potential plotted as the
orange dots and dashed line, while blue dots and lines represent the final
pH and initial streaming fential............cccccooeviiiiiiiiccc e 196
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Figure 11.36.Streaming potential for Tauranga region clay samples plotted against
their pH for the initial pH and streaming potential (orange dots and
dashed line), and the final pH and initial streaming potential (blue dots
=T 0 1T T PP 197

Figure 11.37. Streaming potential versus the pH of the sample at each addition of
the alum titrant for treated and untreated soils. The respective colours

Figure 11.38. Pore volume plotted against pore diameter for treated and untreated
soils to show the various size ranges of the pores within the halloysite

pre- and PoOStreatMeNnt...........cceiiiiii e 200
Figure 11.39.Average spheroid size and associated statistics in a scatter plot form.

Data derived from Table 11.14..........cooooiiiiiiiiiii e, 202
Figure 11.40. SEM image of untreated halloysite at a 2 um scale.................... 203

Figure 11.41(a). SEM images at 60,000 magnification of a randomly selected
sample of halloysite. Spheroids, books and tubes noted in the images.
(b). The same SEM image as 29a, but with several diameters for the
spheroids included. (c). An SEM image of lbgsite (with some
charging) at 60,000 magnification. (d). The same image as 29c though
in this instance measurements for halloysite spheroids are included. (e).
Images of untreated halloysite spheroids at 70,000 times magnification.
(f). The same image @&9e, though this image has spheroid diameter
INCIUAEA...... oo eeeee bbb e e e e e e e e e 205

Figure 11.42(a). SEM image at 13,000 times magnification of halloysite covering
a larger particle with some charging evident on the image. (b). Similar
to figure 30a with halloysite clay covering a larger particle, charging

evident on the edges of somelhaly si t e particl es. (c).

view at the SEM stage (at 1,500 times magnification) showing in detalil
the O6coveringd of all parti.cl.2@ wit h

Figure 11.43.(a) bulk mixture of halloysite spheroids and tubules taken at 35,000
times magnification. (b). Fibrous like material found within the
halloysite material. (c) A higher magnification (90,100 times
magnification) image of the fibrous nanotubebse@rved on the
halloysite clay. (d). Another image of the fibrous material (at 45,000
times magnification) with charging noted within image.................... 208

Figure 11.44(a) A small cluster of halloysite mineral with various morphologies
present. A large platy mineral is not observed in other SEM images is
present for this#nonth treated sample. (b) A halloysite conglomerate,
similar to that of 32a with a high concentration of the platy mineral
LT ] o | PP 209

Figure 11.45(a,b). SEM imagery of 12 month treated halloysite clay with charging
much more present on figure 33D.........cooooiiiiiiiiiccc 210

Figure 11.46. Elemental composition for treated and untreated soils as measured
USING SEM EDS SPECIIOSCOPY-.....uuuuuviiriiiriiiiieiaaesiiresneeeeeeeeeeeeaeeeeeeas 211

Figure 12.1.Crystallinity indices for the various methods of determining
crystallinity index. Methods presented include XRD (blue), FTIR
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Figure 12.2. Specific surface area for untreated and treated soil across time, with
mesopore surface area shown in blue, while orange is micropore surface

Figure 12.3. Pore volume results for the micropore (orange) and mesopore (blue)
range for treated and untreated soils across the 12 months of treatment.

Figure 12.4 Average pore diameter for the micropore (orange) and mesopore (blue)
size range for untreated and treated soils across the 2 months of
LUCSTE U1 1T o PSPPSR 226

Figure 14.1. A scatter plot of various geomechanical parameters over the course of
the treatment. All values have been normalised against the untreated
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Chapter 1

| ntroducti on

1.1 Background

Landslides are a rapid, destructive natural hazard that pose a significant risk to human life
and infrastructure. Landslides are defined as a movement offslopmg material, be it

soil, rock ordebris, that moves in a downward and outward direction along a slope due
to failure of some kindVarnes, 1958; Hungr et al., 2014)lovement may involve
flowing, sliding, toppling, falling or spreading, with landslides often exhibiting a

combination of these movements at the same time or during the lifetime of the failure.

On a global scale, landslides are among the most significant natural hazards, with studies
undertaken in the 1970s showitigat slope failures account for 14% of the total global
casualties from natural hazards in any given y@&é&arnes, 1984)In contrast, the
International Disaster Database (2015) suggested that landslides only accounted for 4.9%
of all natural disaster events between 1990 and Ziibpnlyaccounted for 1.3% of all
fatalities. However,subsequentstudies have determined this to be a significant
underestimation (140@000% underestimation in fatal event counting and 330%
underestimation in total fatalitiefpetley, 2012; Kirschbaum et al., 20Mhile the risk

to human life is a key factor tackling landslides, one aspect that should not be ignored is
the impact from landslides to infrastructure and the environment. This impact though is
frequently underestimated, often due to the@courrence ofandslides with other natural
hazard events (i.e. earthquakes, cyclones) resultittgeisubsequermtiosts and damages
being attributed to the overarching natural hazard evEstimates in the early 2000s
suggested that around US$20 billion is lost globally every year due to landslides, while
in the US alone, between US$Pbillion is lost annuallyCrovelli, 2000; Sim et al., 2024)

Within New Zealand, it is estimated that the annual costs associated with landslides are
between NZ$25000 million, with over 600 fatalities recorded since 18&8sser et al.,

2017) However, these numbers are likely higleex previously mentioned, fatalities and
costs may be hidden due to landslides occurrence alongside other natural Rassers

et al., 2017)Within New Zealand, landslide types vary dughechangeable geology
across the country. Some recent examples of the impact of landslides in New Zealand

include:



1 The State Highway 3 (SH3) Manawatu Gorge landslide in 2017 (after multiple
failures in the 1990s and 2010) resulted in the permanent closure of the gorge
section of the road and, ultimately;akgnment of SH3Stewart, 2021)

1 The Cape Kidnappers debris avalanche in January 2018, during which two
tourists walking beneath the eventual slip were caught and seriously injured. The
slip, in which 25,500 rhof material was displaced, was determined to have no
clear source and no apparent precursors, raising concerns about further failures
within the aredVilder et al., 2019)

1 The pair of fatal landslides in the Auckland region in early 2023. The first
followed the 2% of January, Auckland Anniversary Storwhen a fatal slip (just
metres from a previous 1997 slip site) occurred in Parnell, Auckland. The second
incident occurred during Cyclone Gabrielle in Muriwai, on the West Auckland
coast,in February 2023. It is worth noting that the damage caused by all
landslides during these events is estimated to have cost over US$8.6 billion
(Brook & Nicoll, 2024)

One regionin New Zealand that is heavily affected by landslidethe Bay of Plenty
(BoP). In particular, th&/estern Bay of Plenty (WBoP) region, including Tauranga and
the land to the north and west of the city, has experienced numerous large and small
landslides. One key reason for this is the presence of sensitive valesivied clay

layers throughout the raan (Moon et al., 2013)Globally, soils that elicit a sensitive
response are a wedlstablished contributor to slope instability, directly linked to large
retrogressive landslides and flows that pose significant threats to infrastructure, local
environments and human heal@uinn et al., 2011)

Sensitive soils are defined as soils where the ratio of undisturbed to remoulded shear
strength at similar moisture contents is greater th8kémpton & Northey, 1952)
Within New Zealand, soils that exhibit a sensitive response are predominantly derived
from weathered rhyolitic and andesitic tephra deposits. The sensitivity source varies: in
some instances, sensitivity is derived from direct hydrothermal alteratitime aoil
following deposition; others have developed sensitivity following the weathering of
tephra fall deposits derived from volcanic activity across the central North Island in the

last two million yeargJacquet, 1990; Torrance, 1992; Lowe & Churchman, 2016)

Some of the most notable slips affected by these sensitive volcanic deposits in the WBoP

region (including Tauranga City) include

t



(along with numerous other sl i Gslivew&curring

Houghton, 198Q)the Ruahihi Dam canal failures in the 198Bsirns & Cowbourne,
2003) t he &t umo e t(kegan stlali, B0®5khie A0112add ZD12 slips in
&mo k o(Mooa et al., 2013)the 2017 Cyclone Cook and Debbie failures across
multiple areas within the regiofKluger et al., 2020and, more recently, the 2023
Cyclone Gabrielle failures that impacted numerous areas within the region, including the
nearfatal slips in Egret Drive on the Maungatapu Peninsula.

The continued recurrence of these failures across the WBOoP region is a significant issue
as this impacts a wide range of facets for both local government and the people living
there. Impacts from these failures include hazards posed to infrastructure, such as power
lines, water pipes and mains systems (including seweré@g@gport infrastructure
drainage and stormwater systems, as well as the overall safety of those living in affected
areas. To date, several attempts have been made to understandl@ndlexpnethods

of failure and theeasonghat these failures occur within the soil with a reasonable degree

of succes¢Gulliver & Houghton, 1980; Wyatt, 2009; Arthurs, 2010; Cunningham, 2012;
Moon et al., 2013; Mills, 2016; Moon et al., 2017; Kluger et al., 2017, 202®)se
studies have highlighted the Pahoia Tephra Sequence, a series of weathered primary and
reworked rhyolitic tephra deposits containing halloysitic clay minerals, as a key

contributor to the observed landslides.

Even with a reasonable understanding of why these failures occur, there has been limited
consideration of a method to prevent further failures from occurring and mitigate future
damage to property and infrastructure. Oversaasmpts to stabilise sensitive soil slides
have shown success through the usage of potassium chloride (KCI) salt wells on sensitive
soil deposits (illite clay) derived from a marine environm@hbum et al., 1968, 1971;

Helle et al., 2015, 2017)nitial testing conducted in 2017 on halloysiieh, sensitive

soil deposits(Robertson, 2017yusing potassium carbonate »(B0Os) based on testing
undertaken in previous studi@Sarrett & Walker, 1959; Wada, 1959a, 1959b, 1961; Carr

et al., 1978khowed promise as a means of stabilising landglidae, sensitive clays.
Further testing with alternative treatments was hampered d@ydiones Cook and
Debbie, which passed through the region in early 2017, causing widespread failures and

posinga significant risk to researchéegtempts to sample fresh material.



1.2 Research Aim

The overarching research aim of this thesis is to determine whether a halicysite
sensitive clay soil prone to large retrogressive landslides can be successfully treated with
a potassium metal salt to redutesensitivity and increase treeo i | 0 s, therebyengt h

reducing the likelihood of future failure within the soil.

To achieve this aim, several individual research objectigeswell as a subsequent
research goahave been developed. These questions investigate multiple aspects related
to the geomechanics of the clay soil, the clay chemistry and its relation to the potassium

metal salt used. These objectives are as follows:

1. Determine how potassium acetate can be introduced to samples of sensitive soll
in the laboratory

2. Quantify how geomechanical characteristics (including Atterberg limits, triaxial
strength and failure characteristics) of the sensitive soil are influenced by the
introduction of potassium acetate

3. Determine the influence of potassium acetate on the clay on a chemical and

physical scale.
Theseobjectivedead to an overarchingsearclgoal of:

4. Synthesise objectives (2) and (3) by developingg@king theoryas to how
potassium acetate influences the strength of the hallaysitesensitive soil (i.e.
a mechanism), considering the chemical and physiological changes that produce

the geomechanical changes observed in the clay.

Based onthe expected behaviour of potassium acetate and sensitive clays, it is
hypothesised that the treatment of a Bay of Plenty eanaitive, halloysiteich clay
soil will induce physical and chemical changes within the soil that allow for the

Ostabilisationd of the soil in a geomecha

1.3 Thesis Outline

The thesis is structured as follaws

Chapten briefly introduces the broad content of the issues faced within the Bay of Plenty
with regards to sensitive soil landslides and their destructive nahg@resents the main

research questions that this thesis will aim to address and answer.



Chapter 2 reviews published literature. This is split into three main sections. The first
section covers sensitive soils and their slides; the second provides a closer, more detailed
look at halloysite clays, while the third section reviews the literataréhe halloysite

potassium acetate complex.

Chapter Provides an overview of the various potential sites identified within the Bay of
Plenty, followed by the steps takemfilter out unsuitable sites and ultimately select an

appropriate sampling site for this study. The selected site is also then characterised.

Following Chaptel3, the thesis is split into two parts. Each part includes chapters laid out
as typically found within a thesis or scientific article (iveith an Introduction, Methods,
Results, andDiscussion/Conclusion). Part | (Chapters8y covers geomechanical
characterisation and triaxial strength testing. ParChaptersdi 13) encompasses clay
chemistry and the testing used to determine clay chemistry characteristics and identify

any changes following treatmenith potassium acetate.

These parts are then followed by a subsequent discussion chapamter 4) that
provides an explanation and theories of what has occurredwillthen be followed by
a chapter concludinthis research (Chapter 15), providing a summary of the findinds

an indication of potential future work.



Chapter 2

Literature Revi ew

2.1 Introduction

This chapter reviewsxisting literature to provide context for the research undertaken in
this thesis. The review is presented in three sections. The first sexéioines sensitive
material sourced from overseas and in New Zealand; the second section provides a
detailed analysis of halloysite; and the third section explores hallysteessium acetate

interactions and itsubsequent complexes.

2.2 Sensitive Soil andts Landslides

2.2.1 Sensitive Soils

Sensitive soils are a phenomenon found across the globe. Soils that exhibit sensitive
tendencies have been found in several areas of both the Northern and Southern
hemispheres, although the former is far more prevalent. Sensitive deposits can be found
in Japan, Canada, Norway, Sweden and New Zedla@hakur et al., 2017; Jacob et al.,
2023) The source of this sensitivity is, in some casesestiblished (Scandinavia) and,

in others, less clearly understood (New Zealand).

2.2.2 Definition of Sensitivity

Sensitivity in soil is defined as the rati
strength at the same moisture contanindrained conditionfEq. (2.1)).

~ o

6 (2.1)

In this equation, undisturbed strengthdenoted as ¢ remoulded strength as,{and
sensitivity asSr (Terzaghi, 1944)The values derived from this equation vary depending
on the soil tested and allow for the geilevel of sensitivity to be established. The
mechanism used to establish this varies with Norway and Sweden generally using the
drop cone metho(lhakur et al., 2017)while New Zealandises Field VaneTechniques
(FVT) and Japan used&Jnconfined CompressionStrength testing (UCS) to establish
sensitivity(Burns et al., 2005; Tanaka et al., 2012)



Early sensitivity classificationemployed a sbstage classification system, with ranges

from <1 to >16. Early findings indicated that these classifications were suitable for almost

all clay soils, except fdneavily over-consolidateatlaysand boulder clays (Skempton &

Northey, 1952). Several of these classifications are showabte2.1. While covering

t he

bul k

of

soi |

S

it

became

apparent

t hat

2.1a) was not sufficient to adequately describe the kinds of quick clays that were found

in Norway; this limitation was addressed in 1953 with four n@scdptors added to
d e g(Rosenqvist, f1953) Tpble 2clik).nNew Zé&aland

generally adheres to the classification system derived in ¢aeAdalandGeotechnical

addr ess

t he

Society (NZGSY 2005) fAFi el d

g uTable®.1cj, with vakies irahging n d

r

from <2 to >16, essentially a simplified version of Skempton and Northeys original 1952

classification.

Table 2.1 (a) Ranges for sensitivity in clays from Skempton & Northey (1952), with nc
additional designation for soils with a sensitivity greater than 16 (other than quick). (b’
Ranges of sensitivity in clays, as refined by Rosengvist (1953), with considerations me
for Scandinavianclays, of which often produced sensitivities in excess of 16. Rosenq\

(1953) further split these up to allow
clays would be (c) The ranges of sensitivity utilised within New Zealand as per the NZC
(2005) AnField guide for soil and rockc¢
Skempton and Northey (1952).
(a) (b) (c)
S Designation S Designation S Designation
o1 Insensitive 1 Insensitive <2 Insensitive
Clays Clays 2i4 Moderately
1i2 Clays oflow 1i2 Slightly Sensitive
sensitivity Sensitive 4i 8 Sensitive
24 Clays of Clays 8116 Extra
medium 2i4 Medium sensitive
sensitivity sensitive 16+ Quick
418 Sensitive clays
Clays 4i 8 Very
8i 16 Extra sensitive
sensitive clays
clays 8i 16 Slightly
16+ Quick clays quick clays
: 161 32 Medium
quick clays
32i64 Very quick
clays
64+ Extra quick
clays

ocC



To date, there is no single global standard for quantifying soil sensitivity, with countries
containing sensitive material often having thewn classification systems, an issue
highlighted by Holtz and Kovacs (1981) in their comparison of Swedish and USA

classification systemd @ble2.2).

Table 2.2. Comparison of sensitivity classification systems within sodcross differing
countries, as highlighted by Holtz and Kovacs (1981) This ultimately highlights the
potential issues with using differing descriptors across different countries, especially i

literature. le., where in the US a soil may be d
classification that soil may be regard
S

Classification USA Sweden

Low Sensitivity 27 4 <10

Medium Sensitivity 471 8 107 30

High Sensitivity 81 16 307 50

Quick >16 5071 100

Extra Quick >100

Although the classification systems are part of identifying sensitive soils, if a soll
sensitivity rating falls within the Aquick?o
the soil as quick instead of being extra sensitive. Some researchessipgested that a
remoulded shear strength of no greater than 0.5 kPa should be achieved for clays within
this range to bdefinedas quick(Torrance, 1992)Within Norway, in addition to the 0.5

kPa requirement for designating soil as quick, a remoulded shear strengttkéis2
additionally required for soil to be regarded as sensftif&l, 2011) Sweden, however,

only requires a remoulded shear strength of 0.4 kPa to designate a soil gRkquldia

et al., 2004)In contrast, Canadian standards do not apply any additional ¢iitstezad

they are based on the sensitivity measurement made in théG@BFC, 2013)Within

New Zealand, the NZGS field handbook does not specify specific remoulded shear
strength criteria for designating soil as quick. Still, it is suggdstadirious authorthat

a maximum remoulded shear strengttOd&f kPa asused in Norwaye the benchmark

for defining a clay as quic@ orrance, 1992)

2.2.3 Sources of Sensitivity in Soils

As stated, sensitive soils are a global phenoméainoccurs in various environments
and originates from diverssources and deposits. These include soils that are sourced

from glacially derived, varved lacustrine, marine, volcanically derived, and fluvially



reworked depositéSkempton & Northey, 1952; Torrance, 1983; Jacquet, 1990; Rankka
et al., 2004; Joussein et al., 2005; Thakur et al., 20h#) various forms of sensitive soil
sources will be further discussed below. Where exactly the sensitivity derives from varies.
Some suggest sensitivity is related to the electrical potential of the diffuse double layers
within deposits, where the largée electrical potential, the higher the sensitiyippelo

& Postma, 2005; Mitchell et al., 2005he presence of neexpanding clays is almost
universally noted, with expanding clay mineradsich as smectitesletermined as a
reducing factor in landslidprone clays in Canad®@uigley, 1980; Torrance, 1983; Berry

& Torrance, 1998)Similarly, a high porosity allowing the sensitive clay to have a natural
water content in excess of the liquid limit is a frequent feature, especially in increasingly
sensitive quick clays.

Glacially DerivedDeposits

Across Scandinavia, eastern Canada, Russia, Alaska and parts of the UK, glacially
derived sensitive soils significantly impact infrastructure and human life. These deposits
are often equated with some of the more significant and damaging landslidesptwith b
primary damage (direct impact from the soil movement) and secondary damage from
events such as tsunamis and seiches obséfes@nas et al., 1971; Locat et al., 2017;

Liu et al., 2021)With these deposits more frequently being found on land either occupied
by humans or being converted for occupation, they pose a redGilsk, 2020; Liu et

al., 2021)

Glacially derived deposits are generally young, with, as suggested by their name, the
deposits forming in the period following the last ice age. After the peak of the Northern

He mi s p lastglaeaiia, the large glacial sheets covering portions of Europe and

Canada began to recede. This recession of the ice sheets led to the release of large volumes

of ground rock materi al i nto the environmer
f | o armedl dufing glaaition with the advancing glacigibottomedge entraining and

grinding the underlying crystalline metamorphic terrain into fine-tiksypowdern(Locat,

1995) Due to the type of rock ground, often 2:1 clays such as illite were formed, which,

upon the retreat of the glaciers, were carried into marine environments with large volumes

of glacial meltwater. In these marine environments, the illite clays sank seahi#oor,

flocculating in the water column as a result of the charged nature of the clay surfaces,
resulting in illite deposits on the sea floor with edge dge 6 house of car
structures with trapped salth water within the pore spacg&kempton & Northey, 1952;

Torrance, 1983; Locat et al., 2017)



As a secondary result of the retreat of the glaciers, the tectonic plates of Northern Europe
and Canada began to undergo isostatic rebound. As such, those illite deposits, formerly
found within a marine lacustrine environment, were now exposed teaesid
environments, allowing for the exposure and infiltration into the soil of meteoric water
(Brand & Brenner, 1981; Locat et al., 201This meteoric water subsequently began to
dissolve and remove the salt component in the soil. This loss of a large volume of
monovalent cations (in particular sodium) resulted in a collapse of the structure of the

Ohouse of car ds 6respgnsetodemouidingg a sensitive

Varved and Lacustrine Deposits

Sensitivity in some clay soils can be attributed to deposition in lacustrine environments.
These are found predominantly in the Northern Hemisphere in Canada, Russia, Japan and
some parts of ScandinaviBorrance, 1983)Generally, these formed in large, landlocked
inland depressions following the end of the last ice age. These inland depressions were
filled with fresh meltwaters from the receding ice sheets, resulting in seasonal variation
in the sedimentvater ratio etering into the lake and varying the layers of silt/sand to
clay content. Varving of the deposit changes dependant on the summer and winter inflows
into the lake, with summer flows generally having a silt/sand ratio higher the closer to the
source and a peering deposit of clay and winter deposits being more uniformly spread
due to settling through the water coluf@uigley, 1980)

The formation of sensitivity in these deposits is thought to originate from several possible
sources. One theory is a loss of flocculated structure in the clay following compaction in
the sediments. This flocculated structure forms in both summer and.viihgeformer
(summer deposition) forms due to edgeedge bonding as the sediment flow passes
through the bottom of the lake, and the latter (winter deposition) forms from an ordered
structure due to slow deposition in the |&&enith, 1978) The second possible source is
the adsorption ratio of monovalerstoflium Na)*, potassium K*)) to divalent cations
(magnesium NIg?*), calcium (C&*)). Sensitivity is thought to source from the ratio of
monovalent cation® mono and divalent cations (equat{@®)). Sensitivity is expected
to be present where the adsorption ratio (AQeeds 75%Penner, 1965; Sdderblom,
1969; Moum et al., 1971; He et al., 2015)
0 U
0w U 0Q 0w (2.2)
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Volcanically Derived Deposits

Sensitive material can also be found in volcanically derived deposits. The term
Ovolcanically derived depositd encompass
including pyroclastic materials, regardless of the environment of deposition. These
deposits include tephra fall beds, ignimbrites and volcanic (lifflsance, 1983)Unlike

sensitive soils derived from glacial sources, volcanically derived sensitive soils are not
restricted to the Northern Hemisphere. They are found across sites in New Zealand, Japan,
Malaysia, Cameroon, sever@lentral American countriesas well as various others
(Aomine & Wada, 1962; Quantin et al., 1984; Bailey, 1990a; Adamo et al., 2001,
Ndayiragije & Delvaux, 2004; Joussein et al., 2005; Y. Takahashi et al.,.2018)

The development of sensitivity in these soils is not entalelgr. Differing deposits may
have a variety of contributing factors. Torrance (1992) suggested that sensitivity in
volcanic clays may be sourced from two main causes. The first is observed in distal tephra
fall deposits. In thesestancesthe fallout tephras are deposited in an ordered, gentle
fashion, allowing for the generation of a large void ratio. This allows fatdfielopment

of a house of cardsstyle network in the subsequent clayis is then followed by
reworking of some fashigmresulting in a collapse of this network, similar to those
observed in the glacial clays of the Northern Hemispfaequet, 1990; Torrance, 1992)

As a result of this reworking, weak shosinge bonds between clay particles result,
allowing for easy reworking and the development of high sensiti(Bewlley et al.,
1984; Moon, 2016; Kluger et al., 2017)

A second leading cause is thought to be the colloidal material found in these deposits.
Where the sensitive clays of the Northern Hemisphere are generally dominated by 2:1
illite clay minerals, sensitive volcanic soils often are found to comprigmisium (Al)-

rich allophane derived from the synthesis of dissolution products weathered from glass
mainly in rhyolitic and andesitic tephras.g.,Lowe and Percival, 1993; Lowe, 1995;
McDaniel et al., 2012). It is thougtitatallophane, comprising tiny nanoscale spherules,
acts as a dispersing agent and disrupts the surrounding clay structure, resulting in sensitive
responses and generating behaviours of a high undisturbed shear strength but low
remoulded shear strendtlacquet, 1990; Torrance, 199R) addition to this, the 1:1 clay
mineral halloysite has been observed in both New Zealand and Japan as a newly
recogni sed ficul soale tetbograssive filereseludng flow slideg e

with longrunoutg(Smalley et al., 1984; G. J. Churchman et al., 2016; Moon, 2016; Kluger

et al., 2017, 2022; Kameda et al., 2019; Kameda, 2022)
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2.2.4 Sensitive Soils in New Zealand

Soils that exhibit a sensitive response, as identified per the NZGS 2005 handbook for soil
and rock, are widespread throughout northern New Zealand. These soils usually exhibit
a o0l owd | evel of sensitive respoandtbat Wi t h
exhibit a significant sensitive response and actively cause challenges in their environment
(Knauf, 2022) These soils generally are from some form of volcanic (typically
pyroclastic) deposit (i.e. neor weaklywelded ignimbrites, tephifall deposits) that at

some point may have been reworked to produce a sensitive response, and are
predominantly found ithe upper central North Island affecting areas sut¢hef3ay of

Plenty, Waikato and the Auckland regi®malley et al., 1984; Jacquet, 1990; Arthurs,
2010; Cunningham, 2012; Churchman et al., 2016; Mills, 2016; Moon, 2016; Kitchen,
2021)

While these soils share some similarities (low remoulded shear strength, high void ratio
and porosity,and natural water contents in excess of the liquid limit) with certain
Northern Hemisphere counterparts (such as Sweden and Canada), a significant difference
between the two is the variation clay mineralogy. While 2:1 clays dominate most
sensitive soil deposits in the Northern Hemispl{&reakur et al., 2017bClaysin New
Zealand that exhibit sensitive responses are dominated by 1:1 clay minerals such as
halloysite and Akich allophane, a nanocrystalline minefdcquet, 1990;owe, 1995;
Churchman & Lowe, 2012; Moon, 2016)

Halloysite can exhibit highly sensitive responses, with sensitivities in several cases falling
within the extra sensitive to quick range, and numerous examples of typical large
retrogressive sensitive soil failures observed within the Bay of Plenty refpone of

these failures include (as recorded, there are likely further failures unrecorded) the
Bramley Drive Failure originally in 1979, along with further reactivations in 2011 and
2012, the Ruahihi Canal Failure in 1981, the Hamurana Drive failuresdartir9,
numerous failures in and arougglimoetai and Maungatapu in 2005, and the more recent
widespread failures iemo k o(20b7aand Maungatapu (2028ulliver & Houghton,

1980; Smalley et al., 1984; Wyatt, 2009a; Arthurs, 2010; Cunningham, 2012; Moon et
al.,, 2013; Lowe & Churchman, 2016; Mills, 2016; Moon, 2016; Kluger et al., 2017;
Beetham, 2023)The common theme between almost all the landslide events mentioned
above is the presence of halloysite. This coincidence will be explored in greater detail in

the latter parts of this review.
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2.2.5 Landslide Categorisation in Sensitive Soils

Landslides in sensitive clays arecantentious feature, with many attempts made to
attribute a single form of failure® sensitive clays. Four main types of landslides have
been observed within Canadian and Scandinavian sensitive clays. These are described as
single rotational slides, multiple retrogressive slides (referred to as earth slides by some),
spreadsand translational progressive landslides, with the last three described as rapid
and covering areas exceeding 10,00(qKa&lsrud et al., 1986; Tavenas, 1986)catet

al. (2011) further refined these failures, relating them to progressive failures and
separatinghem into three main types of failure. These are categorised as progressive flow
slides, translational progressive slides and progressive sptemds et al., 2011; Hungr

et al., 2014)

Progressive Flovwslides

Progressivdlow slides (referred to herein aflow slideg are attributed to the failure
mechanism in sensitive slopegesulting in sizable retrogressive scarp heads and
relatively long runout deposits from the resultant landslides. The mechanism of failure

within theseflow slidesis as follows.

The first slide is a smaller initial triggering near the slope base, in which the involved
material completely remouldgigure2.1a). This subsequently leads to an unstable scarp
face where the internal driving and resisting moments are unbalanced. A second slide
occurs (usually soon after the original failure), leading to the remoulding of that material
and a nevhead scarpFigure2.1b). This mechanism continues until the resisting moment
once again outweighs the driving moments, and a new primary head scarpHigume (

2.1¢) (Locat et al., 2011)
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Figure 2.1. An example of how progressive landslides develop within sensitive si
deposits, where a sensitive soil may initially fail, and proceed to regress with multip
resultant failures as the slope attempts to reach a point of stability. From Troncone et ¢
(2023)

Flow slides usually lead to some of the largest, most visually destructive failures observed,
with these being well described in the literatBjerrum, 1955; Tavenas, 1986)
Examplesof these failuresncludethe Ullensaker landslide in Norwdgjerrum, 1955)

and SairtJeanVianney in Quebe¢Tavenas et al., 1971)

Translational Progressive Slides

The second form of landslides observed in sensitive clays is an event where a shear
surface parallel to the ground forms, resulting in the displacement of a large block of soil
downslope. These are characterised by Letal. (2011) as failures with a zone of
subsidence at the head of the sl@gmsompanied by compressive heave zone beyond

the slope todypically locatedn a zone of flatter groundrigure2.2). An example is the

Surte Landslide in Sweden in 1950
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of the ground
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Figure 2.2. An example of translational progressive slides within sensitive soil, where tt
failure surface is parallel to the ground surface, resulting in a translational failure and
heaving of the toe of the failure. From Bernander (2000)

Progressive Spread Slides

In spread slide failures, similarly to progresdilosv slides the first block at the head of

the failing soil becomes unstable. Subsequently, the soil behind this block progressively
fails and displaces. This secondary block results in a relatively intact block of clay. Failure
continues backwards, with the nexv&k failing and dropping, forming horst and graben

like structures Kigure2.3). Horst blocks (upshifted blocks) argpically sharp wedges
pointing upwards, while grabens are blocks that have flat to horizontal surfacaseand
downshifted. These blocks generally fail above a specific sensitive clay surface that
provides the shearing surf ace dlscattetale, bl
2011)
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Figure 2.3 . An example of a progressive spread slide in sensitive soils, where an init
soil wedge in sensitive material fails, resulting in horst andrabentlike failures in the
material behind the original failure block. From Troncone et al (2023

It is noted that in many cases with progressive spread slides, they are constrained at the
headscarp by a rotational failure surface that extends beneath the resultant horst and
graben surface to the toe of the slope. These failures are observed frequently in both
Canada and Scandinavia, with examples including the Skottorp landslide in Sweden
(Odenstad, 1952)the SairfAmbroisede-Kildare and Saint Liguori slides in Canada
(Tavenas, 1986; Ouehb, 2007)

2.2.6 Mechanisms of Failure in New Zealand Sensitive Soils

Within New Zealand, failures in sensitive clays are usually smaller than those found in
the Northern Hemisphere. Similarly, the mode of failure differs from those described by
Locat et al.(2011). Most hypothesaggarding theanechanisms of failure for sensitive
clays are derived from slides around Western Bay of Plenty area, particularly within

or near Tauranga. Since the 1980s, several mechanisms have been plejadlssghow

failure may occur. While the slides are widespread across the city, several traits are

consistently shared between sensitive clay slides. These traits includeireeihar head
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scarps typical of deepseated rotational slips, and a constrained, upper,-bloaged
scarp, usually locateabove the sensitive material surface. In addition to this, the upper
bowl-shaped scarp is typically benched on the more intact underlying material, with the
lower failed portion of the slope appearing more like a translational block fallhi®.
mechanism was expanded in further detaiGojliver and Houghton (198®)ho, in their
report on |l and instability ihafal&epwdcessio a,
the soils within the peninsu(&igure2.4). Gulliver and Houghton suggest that an upper
soil wedge block of soil fails along the sensitive layer; this block subsequently causes the
toe wedge to fail. This is followed by smaller failures in the upper scarp until a stable

angle in the upper facerisached.

Active Rankine wedge
(zone of tension)

Initial failure wedge

recession to more stable

7
\ angle.
-~
(Arrows indicate direction

Toe wedge fails after initial failure of movement of failure
wedges)

Figure 2.4 . A suggestedailure mechanism for failure in a New Zealand sensitive soil
found in &mokor oa, New Zalartjeabloak of sdil mbove he
sensitive clay layer fails initially, subsequently causing the toe wedge below to fe
Following this large block failure, additional material fails in the active rankine wedge,
as well as further material failure at the head of the failure, as the soil looks to achieve
stable angle in the headscarfprom Gulliver and Houghton (1980.

A similar mechanism was observed elsewhere in Maungatapuagunaoetai in
subsequent failure events in later yedéiBird, 1981; Bell et al., 2003)T'he propagation
of failure was explored by Mills (2016), who found good agreement with several studies

conducted in Scandinavian quick clays on the formation of localised shear bands within
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the soil leading to the generation of a weak band of essentially remoulded soilnwhile
situ(Thakur, 2007; Gylland et al., 2013; Gylland et al., 20A4)a result, it was proposed

that through a cyclic loading system, strain localisation occurs within the sensitive
materialin sity, leading to the formation of a remoulded zone within the slope, which,

when presented with the correct conditions, may lead to the large failures observed
(Kluger, 2017; Moon et al., 2017Furthermore, Kluger et al. (2017) proposed a new
attractond et achment mechanism within sensitive <
particularly for the Bramley Drive landslide. Within the landslide was noted the

dominance of a unique, mushroom cap shaped halloysite that was posited to be the source

of sensitivity. This is discussed in more detail latesantion 2.3.3 and 2.3.4

Remediation of areas containing sensitive clay material is essential in reducing potential

risks to infrastructure and human life. One key remedial method used in stabilising
sensitive soil is the use afchemical reagent. The addition of various chemicals may

lead to an increase in strength. One such method is the use of lime. First used in the 1970s,

lime piles are mixethsituat dept h, capitalising on the so
calcium oxide and aluminiufbearing mineral§Broms & Boman, 1979)To date, the

use of lime as a stabilisation method in clays is one of, if not the mosttesediques

applied globally.

However, it should be noted thapplying lime is not the only method used in the
chemical amelioration of soils. In several instances, more discrete methods of
strengthening are used. The term discrete here refers to methods that do not rely on
destroying the natural clay and formingsneementitious bonds, as observed with lime.
Alternative methods to strengthen soils were first applied in the early 1950s following a
significant landslide in Norway (<100,00F)mvhich destroyed a highway at Bekkelaget
andresulted in the loss of four livggide & Bjerrum, 1955) Following the failure,
sodium chloride (NaCl) was applied to the debris, strengthening and stabilising the
material, and eventually allowing for the rebuilding of the destroyed higfilnayance,

2014)

This method was further adapted in the late 1960s when, through testing with various
metal salts, potassium chloride (KCl) proved to be the most effective in stabilising intact
quick clay. Subsequent testing during the 1970s with additional (2629) skltowet a
large-scale quick clay landslide in Ulvensplittésorway, further reaffirmed the positive
results observed in the l&lloum et al., 1971)These tests have shown extended success
in recent researcfHelle et al., 2015, 2017with treated quick clays strengthening to
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provide a response thas neither quick nor sensitive. Although the KCI trials
demonstrated success over a large area in Norway, their benefits to sensitive soll
remediation outside of Norway have not been establjsivéti only limited studies
supporting the data collected in Norw@e Rosa et al., 2016)

Strengthening sensitive soils in New Zealand has, for the most part to date, been limited
to lime and blending with less sensitive matefialauf, 2022) Some research has been
conducted on the usage of chemical amelioration through more discrete methods

(Robertson, 2017which showed potential promise and regsiftether research.
2.3 Halloysite

2.3.1 Halloysite 8 A Background

First described in the early 1800s, halloysite is ad@mge 1:1 dioctahedral clay mineral

of the kaolin subgrougBerthier, 1826; Churchman and Carr, 1975; Churchman et al.,
2016) Halloysite is a mineral that occurs widely in both soil and rock, forming through
the alteration (by weathering and synthesis) of a wide variety of parent material, both
igneous and noeigneous deposits, and occurring in Andisols, Ultisols, and othkr soi
derived from volcanic and pyroclastic materi@arfitt & Wilson, 1985; Churchman &
Sumner, 2000Churchman & Lowe, 2012; Hewitt et al., 2021)

Globally, halloysite is wellepresented, with deposits found in both the Northern and

Southern hemispheres, including the UK, China, Japan, Australia, and New Zealand, to

name a few. Various forms of halloysite are found in nature, with-fealoysite {ron-

rich), hydrated halloysite (previously referred to as smetiédoysite) (10 A) and

dehydrated halloysite (7 A) described throughbetiterature. The AIPEAAssociation

I nternational e Pour | 6etude des Argiles) nc
that in literaturehalloysite should be referred to either as halloysite (10.1 A) or halloysite

(7 A) to distinguish between its hydrated and dehydrated faespectively, with the

term metahalloysite excluded@Brindley, 1961; G. J. Churchman & Carr, 1975; Joussein

et al., 2005)

As stated, the clay forms from the alteration of both unconsolidated and consolidated
(rock) parent materials, most commonly rhyolitic and andesitic pyroclastic material, or
reworked equivalent materials, with some rare variations in arid zone basalementh
where ferrehalloysite is preferentially formed (see global review by Churchman and
Lowe, 2012). In New Zealand, halloysitedesmmonlyfound in weatheredprimarily
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rhyolitic (silicarich) tephra deposits across the central and northern North Island. These
deposits have usually undergone rapid,-temperature synthesis commonly in a moist
environment (including in poorly drained situations) following the dissolugfasilicic-

rich volcanic glass, with relatively large amounts of silic8i) compared with
aluminium (Al) being the key featur@Churchman & Sumner, 2000; Chadwick et al.,
2003; Ndayiragije & Delvaux, 2004; Lowe & Churchman, 2016; Churchman et al.,
2016a)

These parameters are collectivedferred to aghe silicon leaching model for the genesis

of halloysite and allophane. Parfitt et al. (1983, 1984), Lowe (1986, 1995), and Singleton
et al. (1989) have shown that the concentration of Si in soil solutions and the availability
of Al largely determine theature of the aluminosilicate secondary minerals formed from
volcanic glass by weathering (mainly via hydrolysis) and synthesis. In particular,
halloysite tends to result when Si is relatively higihereas kophane is favoured by a
lower Si. In the silicodeaching model, i6i concentrations ithe soil solution are <~10

gm® (ppm), allophane will form, but if concentrations are >~103gthen halloysite
forms Figure 2.5). Where the silicon concentration is close to 10 peitther or both
minerals may form (Lowe, 2019; Hewitt et al., 2021).

Increasing rainfall and leaching

Decreasing Si concentration in solution

Allophane + imogolite increase

-— B —

Allophane decreases if Halloyite increases
Al-organic matter complexes increase

Very low Si Low Si Low Si High Si Very high Si
Al unlimited Al limited Al unlimited Al unlimited Al unlimited or limited
Gibbsite Al-organic matter Al-rich allophane Al-rich allophane Halloysite
complexes 1 imogolite + halloysite Si-rich allophane
*imogolite +opalinesilica
+ gibbsite 1 smectite
Not Non-allophanic Allophanic Andisols if andic Not
Andisols l Andisols I Andisols I ariteria met I Andisols l

Figure 2.5 Relationship between environmental conditions and the formation o
allophane halloysite, and other minerals, as predicted byhe siliconleaching model and
the availability of aluminium. From Hewitt et al. (2021).
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2.3.2 The Structure of Halloysite

A polymorph of the kaolin subgroup of minerals, halloysite hsisndar composition to
kaolinite, distinguished by theinterlayer RO ( 6 w between dhg individual clay
sheetdhatis easily be driven off, giving hydratexhd dehydrated end membesedtion
3.2.7) in a series of forms. This interlayep®i (or evidence of its removal) characterises
halloysite relative to kaolinite (Churchman & Carr, 1975; Cunningham et al., 2016).
Halloysite can adopt a continuous series of hydration states, from 2 to 0 molecul@s of H
per SpAl.Os(OH)s aluminosilicate layer (the fundamental clay unit cell), and these are
interpreted as a type of interstratification of the two-sramber types (Churchmanal.,
1972, 2016; Churchman & Lowe, 2012; Cunningham et al., 2016).

When examining halloysite clay unit cells, the outer portion of the clay is typified by a

basal oxygen plane, where three basal oxygens are bonded to a silicon ion. This silicon

ion sits within the Splane and shares an@H bond with apical oxygen inteaitly; this

acts as a bridge between the silicon and aluminium ions, with an aluminium ion
subsequently then connected to the surf@dé groups that usuallmakeupt he 6i nner 6
surface of a halloysite colloi@Bailey, 1990; Singh, 1996; Joussein et al., 20BBjure

2.6 shows a side profile schematic diagram of the halloysite/kaolinite unit cell.

//// OH plane

[© Al plane

Apical-O, OH plane

Si plane

Basal-O plane

Figure 2.6 A crosssection of the kaolinite/halloysite unit cell. Note here the lack ol
interlayer waters to distinguish betweerhalloysite andkaolinite. From Bailey (1990.

Two distinct shapes are observed when looking at the halloysite uit celbdt cowon 6
profile. These are related to the 3D profile in the sitigggen bonds, andrientation of
thealuminahydroxyl bonds, with the former appearing as a tetrahedron and the latter as
an octahedron. As such, this tdpwn view showghat the silica tetrahedron forsra

ditrigonal shapeHigure 2.7a), while the alumina octahedron forms a hexagonal unit
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(Figure2.7b). This clay unityields the typical 7 A basal peak response observed
Ray Diffraction (XRD) testing(Singh, 1996)

(@) (b)

Figure 2.7. (a) A top-down view of the halloysite silica tetrahedron, with the silica shee
taking a ditrigonal shape. (b) Atop-down view of the alumina octahedronreveals a
hexagonal shape, allowindgor the intrusion of water into the hexagonal recess. Fron
Bailey (1990)

While sharing similar chemical makg and basic sheet structure, one of the key
differences between halloysite and kaolinite, as noted above, is the presence of interlayer
H2O within the halloysite unit cell. This watgypically resides in the interlayer space
between the outer octahedral sheet of the halloysite unit cell and the inner tetrahedral
sheet, resulting in thexpanded form. This is typically referred to as 10 A halloysite.

The presence of interlayer watbas a unique influence othe halloysite sheets.
Hydration of the interlayer space causes deflections and bending of the tetrahedral and
octahedral sheets, sometimes referred to as a scrolling mechanism. On the macro scale,
the scrolling mechanism produces unique forms of ciraudarotubesand spheroidal

forms of halloysite. Stretching initiates in the tetrahedral sheet due to the size imbalance
between the tetra and octahedral sheets (the former being larger).

This bending subsequently allows access to the inner hydroxyl of the clay. Furthermore,
this realignment and increased disorder of the clay igstilting from stretching, increase

the likelihoodof isomorphous substitution of Zlinto the silanol shedMitchell et al.,

2005; White, 2013)It is important to make clear here, though, that the amount of water
present within the halloysite is not infinite; in fact, it is restricted to a maximum of 2

molecules of HO per unit cell; this results in a roughl3nonolayer of water that exists
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in the interlayer space between clay units resulting in a-4$ikeehorphology making up
the clays internal structu(€hurchman & Carr, 1975; Churchman et al., 2016)

Halloysite Sheet Charging

As stated, halloysite sheet structures are made of outer silanol and aluminium sheets.
Figure2.8 shows a typical arrangement of a halloysite nanotube. Within the clay sheets,

it is important to note thatwvhile ideallyall charges are balanced, imbalances occur due

to broken edge interactions and isomorphous substitutieeXchange of A and F&").

This is often ob sCationEdangebapacity(GHEC)ot its abilitg | ay 6 s
to accept positive cations onto its surfgdtatocha, 2005)While research on surface

charge has not been extensive, Guimateal. (2010) modelled and determined the

surface charges present on halloysite through electrostatic field determination.

Figure 2.8 A side view of a full halloysite nanotube, showing the bonding between tt
silica sheet on the outer surface, to the inner water (white circles) and alumina she
Where the yellow atoms are silicon, blue are aluminium, red are oxygen and white
water. From Guimares et al (2016

In this research, Guimares et al. (2010) observed a charge imbalance with silanol sheets
exhibiting negative to neutral charging, while aluminol sheets exhibited positive charging
(Figure 2.8). The lower overall charging on the surface of the outer layer of the outer
surface (when compared to the inner aluminium sheet) relates to the strong bonding
between SO units. This lower external charge also accounts for the noticeably lower
cation exbange capacities observed in some halloysites, especially those dominated by
spheroidgTheng et al., 1984Kluger et al. (2017) used differences in charge distribution
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of MushroomCap-Shaped(MCS) spheroidal halloysite (based on models developed by
Guimares et al., 2010) to develop a new mechanism enabling failure of sensitive layers

to generate flow sliding

They suggested that shaange electrostatic and van der Waals interactions enabled the
MCS spheroids to form interconnected aggregates by attraction between the edges of
numerous paired silanol and aluminol sheets that are exposed in the openings and the
convex silanol faces on the exterior surfaces of adjacent MCS sphdfadse.9).

Slope failure is often a frequent feature in soils dominated by MCS spheroids. During
failure, the weakttractions are overconweith multiple, weakly attracted MCS spheroids
separated from one anothesulting in repulsion betweethe exterior MCS surfaces

This subsequently leads lmwv remouldedshear strength, a high sensitivity, and a high
propensity for flow sliding (Kluger et al., 2017).

1 nm 7’| Negative charge

|:| Meutral /

positive charge

|:| Electrostatic / van
- der Waals forces

Figure 2.9. A theoretical view of a variety of features relating to the suspected behaviot
and makeup of halloysite MCS spheroids. As denoted by J, a concept diagram of t
external charge distribution on an MCS spheroid, as well as a cross sectional snapshor
the charge balance of the internal MCS spheroid sheets. Additionally as shown by K ar
L, the pre-disturbance (K) chain ofMCS spheroid chain, and post disturbance (L) loosel
organised MCS spheroids. Note the lack of clear open face to cap surface attractiorthe
post disturbance stage. Image is sourced from Kluger et al. 2017.

2.3.3 Halloysite Morphologies

Morphology refers to the differing shapes and orientations a clay mineral may display
while retaining the same fundamental chemical and overall physical structure.

Morphologies can include textural to shape differences caused by variations in source
materal, weathering environment and mdkeller et al., 1986)Halloysite itself has four
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distinct unique morphologies, along with numerous -sutrphologies. These are
detailed further infable2.3. The source of these differing morphologiesains a topic

of ongoing research, with some authors suggesting that controls relate to key constituents
within the soil, including iron, organic matter, and parent mat@i@vero & Churchman,

2016; Lowe & Churchman, 201&hurchman et al., 2016a)

Table 2.3 A summary of the various morphologies ohalloysite found across the globe
with sub-morphologies and their occurrences includedSourced from Jouessein et al
(2009, Cunningham et al. (2016), and Kluger et al. (2017)

Morphologies Sub-morphologies Occurrences
Tubular Long and thin tubes, short anc Cryptokarstic sediment,
stubby tubes, fibre volcanic glass and pumice,
feldspar and mica alteration.
Platy Platy and tabular, crumpled  Volcanic ash soils, weathered
lamellar pyroclastics, lateritic profiles,

fissures within granite,
hydrothermal alteration, and
tuff beds €.g.,Texas, Brazil,
Guatemala)

Books Book form Weathered, old silicic volcanic
ash (tephra) deposits @moist
regime, Tauranga region,
northern New Zealand

Spheroidal Pseudespherical, spheroidal, Weathered volcanic ash and
spherulitic, irregular lath with ¢ pumices, volcanic glass in a
rolling edge, mushrooroap, marine environment, rhyolitic
glomerular, cylindrical tephras, weathered

granite/gabbros (e.g.
Guatemalan soils, New
Zealand, Scotland)
Prismatic Prismatic, rolled, crinkly and  Volcanic ash soils, weathered
walnut meat granite (Japan)

While the Bay of Plenty region is home to nearly all forms of halloysite, it has further
been found to be home to novel smbrphologies(Cunningham et al., 20160ne
morphology in particular that has been linked as a potential culprit in creating sensitivity
within the Bay of Plentyis the spheroidal morpholodiKluger et al., 2017) Another is

the first known occurrence of book forms, which may be more prevalent in North, Island

having been possibly misidentified as kaolinite books (Cunningham et al., 2016).
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Spheroidal Halloysite

Described by Bailey (1990) as a ball shape consisting of layers rolled up within the
spheroid, similar to an onioh,h e t er m hashednaised ancrecdmpassing
term to cover various shapes. Joussel (2005) usedspheroidabas the umbrella term

for morphologies described as psetsgderoidal, cylindrical, disk, irregular lath with a
rolling edge, glomerular, or onidike, among others Spheroidal halloysites are
commonly found in Quaternary soils formed from volcanic bshhave been observed

in older sequences (Cretaceous, early Terti@yavero & Churchman, 20168peposits
containing this morphology have been found worldwide, including in tropical climates
(i.e., Guatemala) and temperate climates, including Japan and New Zealand. Spheroids
generally range between 0.05 to 0.5 um in diam@@urchman & Theng, 1984;
Joussein et al., 2005)

Controls on the formation of spheroidal halloysite are still not entirely clear, with a lack
of consensus on what particular trigger is required for spheroidal halloysite to form
preferentially over other morphologiéSravero & Churchman, 2016puggestions on
controls include the weathering of pumice and volcanic glass within marine environments
(Joussein et al., 2005dhe amount of iron (Fe) present within the source material, and,
as a result, bound to the octahedral sites within the halldyf$ieng et al., 1984; Adamo

et al., 2001; Papoulis et al., 200Fheamount of organic matter and microbial activity
may also influence the formation of spherdjfiazaki, 2005)

Kirkman (1981) argued that only allophane develops into halloysites that can form these
spheroidsthoughthis mechanisnnas beerdiscrediteddue to the opposite structural
forms of allophane nanoballs and halloysite spheroids (Churchman and Lowe, 2012).
Bailey (1990) noted that spheroidal halloysites were synthesised at low temperatures in
supersaturated silicon solutions, forming from a dissolupictipitation mechanism.

This potentially accounts for the prevalence of spheroidal halloysites in lower
temperature climates with high rainfall, usually with source material of highly weathered
volcanic glass able to supply the supersaturated solutions for the spheroid to form from.

This mechanism, thougivarrants further research

At sites ingemo k q padieularly those linked to landslides in exsensitive soils, a
distinct submorphology has been noted within halloysite deposits of the cgimgitive

clay layer. An incomplete spheroid dominates the morphd®malley et al., 1980, 1984;
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Kluger, 2017). Klugeret al.(2017) postulated that charge imbalances between the outer
surface of one spheroid and lumen opening of another spheroid contributed to long
continuous chains of agglomerated halloysite which upon remoulding break the weak

bonds between the halloysitesukisig in a weak remoulded strength observed.

2.3.4 Halloysite 8 Unique Features

Halloysite exhibits a number of unique features that impact how the clay acts when
manipulated and subjected to differing environments and chemicals. These thohade
key factors that have the potential to significantly impact this research. These unique
features include dehydration behaviour,-gépendent edge surfacemsnd potassium

selectivity.

Dehydration Behaviour

As previously discussenh section 2.3.1halloysite can be found in two formats. Its
hydrated 10 A form and its dehydrated 7 A state. This dehydration action is of note due

to its potential impacts on research undertaken in the lab following transpoiinfeiton
conditions Under its 10 A condition the halloysite has a monolayer of water existing in

the interlayer space between halloysite unit cells. This water is not bound to the clay
structure. It is readily | ospheree20@ B0%under
humidity), causing the collapse to 7 A and irreversiblexpeansion by watefGiese,

1988; Joussein et al., 2005; Churchman et al., 2016)

It is worth noting here that in most instances, normal conditions will only partially
dehydrate halloysites, with temperatures ovef 20@8nd humidities near 0% required for
complete dehydration due to weak hydrogen bonding that may exist between some
aluminol sheets and water molecules, as well as water molecules that can be trapped
within the clay shee{Hughes, 1966) This is particularly noticeable in spheroidal
halloysites, where pores form within the clays, which can trap water within the inner
spheroidal layers, resulting in incomplete dehydration of the (Baythonneau et al.,

2015)

The language used previously describing the collapse to 7 A and the irreversible re
expansion by water was specific due to the fact thakpansion of the clay sheet from

7 A to around 10 A caanly be achieved in the lahrough chemicareatmentAs stated

by Cunningham et al. (2016, p.351):
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AUnder ambi ent environment al condi ti
irreversible process... However, the effective reversal of the basal spacing change
associated with the dehydration of halloysite by the addition of formamide
provides a common tesarfdistinguishing halloysites from kaolinite (Churchman

et al ., 1984, 2016) 0.

Through the intercalation of particular chemicals such as formamide and certain
potassium metal salts into the interlayer space of dehydrated halloysigamsion of

the interlayer space is achieved, though this is frequently lost upon rewashing
(Churchman & Carr, 1973; Carr et al., 1978; Churchman et al., 1995; Frost et al., 2000;
Joussein et al., 2006; Ferrante et al., 2017)

pH Dependent Edges

As discusseth section 2.3.2each sheet has a positive or negative (or weakly positive to
neutral) charge for clay minerals that indicates the availability of bonding sites on the clay
mineral itself. This charge imbalance results from the number of hydrogen ions, or lack
thereof, lmnded to the clays. The excess or deficiency of hydrogen on the clay surface is
a function of soil pHMitchell et al., 2005)Where pH is the logarithmic measurement

of the volume of hydronium (#D") ions present in a given mediyBuck et al., 2002)

With lower pHs, an excess of hydrogens is present, resulting in the formation of excess
H3O*, while higher pH has a deficiency in hydrogens, formingioiht. These ions desire

to either donate (on the acidic side) positive ions (proton donor) or accept (on the alkaline
side; proton acceptor) positive ions such that a neutral pH is reached, in this instance, to

try and form stable, neutral.B.

Due to the natural imbalance in charge on the clay surface from broken edges and
isomorphous substitution, clays can accept or donate the hydrogens that the hydronium
or hydroxyl groups are searching for. Subsequently, clays have a pH at which all the
chages on the clay surface are balanced, referred to &oihieof Zero Charge (PZC).

At this point, the clay surface is regarded as stable and is the point at which clays will
flocculate when in solutio(Mitchell et al., 2005; Kollannur & Arnepalli, 201%yigure

2.10 provides an example of how this PZC appears when looking at the charge balance
on the aluminol sheet, where on the alkaline side the clay donates hydrogen ions, resulting
in an excess negative charge on the sheet, and on the acid side it accepts hyasogen
resulting in a net positive char@eheng & Wells, 1995)
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Figure 2.10. A summary diagram showing how the pH of the halloysite alumina shee
and which side of the PZC that pH is, affects the charging of the sheet. Note wh
halloysite is on thealkaline side of the PZC a net negative charge occursn the clays
surface, due to the loss of aurficial hydrogen. The inverse occurs when on the acid sic
of the PZC, where an excess hydrogen is donated to the alumina sheet causing a pos
charge imbalance. FromTheng andWells (1995).

Halloysite, like all clays, has its own unique PZC. These vary from soil to soil as no
universal constant PZC pH is known. With this said, the PZC values for most halloysites
are regarded to be quite low (pH=13%) (Theng & Wells, 1995)More recent research

has suggested a higher degree of complexity exists, though, with regards to the PZC, with
the aluminol (pH = >7) and silanol (pH = 225) sheets having significantly differing

PZC pHs. This complexity relates to the bond style, angle and strength, with the oxygens
of the silanol sheet being much more accepting of hydrogens and the converse for

aluminol sheet¢§Berthonneau et al., 2015; Ferrante et al., 2017)

Potassium Selectivity

A further unique feature exhibited by halloysite is its selectivity in cation uptake.
Halloysite will preferentially take up and intercalate {aetivity monovalent cations over
divalent cations. Cations preferentially uptaken include potassium ¢iesium (C9

and ammonium (Nk) (Garrett & Walker, 1959)However, K is the most preferentially
selected cation. The cause of this preferential uptakeins a topiof debate among
researchersSome have suggested that the preference may be linked to zeolites-or mica
rich layers found interstratified within the halloysite she@settinger et al., 1995;
Chorover et al., 1999)nterstratification appears to occur in limited cases due to the
sparing occasions where these minerals are found in addition to halloysite within soll
columns(T. Takahashi et al., 2001; Joussein et al., 2006)
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More recent studies have suggested thasddectivity is controlled by various factors,

with a combination of influences. One of these key controls is believed to be the presence
of iron (Fe) oxides and hydroxides within the soil alongside the halloysite. The hypothesis
suggested is that Fe (hydxides have a high point of zero charges (pH ~8.8) and, as such,
are positively charged until the halloysite environment becomes sufficiently alkaline. Due
to the external (convex) surface of halloysite being tregst charged, Féhydr)oxides

act as a buffer to any incoming cations (seeking to bond and donate their excess electrons)
and subsequently prevebonding. It is not until the pH is raised sufficiently that any
surfacecation interactions can occur, and even then, only the lower valence, smaller
sized ions (such aK) can overcome the resultant buffer force enacted by the Fe
(hydro)oxideqTakahashi et al., 2018)

2.4 Halloysite 8 Potassium Complex

As statedin section 2.3.4halloysite is selective for potassium due to etayion
interactions. While potassium may exist as its free form in nature on occad)pm(st
studies have introduced potassium to halloysite as some form of metal salt. These salts
are often alkaline and are accompanied by a negatively charged anionic species. The
metal salts are often unique in appearance, nature and behaviour. Thetiomes
individual species with halloysite is a factor that has been explored extensively and has

had a good desgtion throughout the literature.

2.4.1 Halloysite 8 Potassium Salt Interactions

Focus on the interaction between potassium salt and halloysite was first established in
1959 following determinations of the reaction between halloysite and certain phosphates
(in particular ammonium phosphate) in which an interlayer complex that origsedd
between clay unit layers was not@lada, 1959b)These results triggered an expanded
study in which researchers looked to see if they could replicate and examine if the
resultant complexes were stalfWada, 1959a)Wada (1959a) observed the preference

for monovalent cations, especially those of low activity, (KHs*, Rb", CS), with a
specific preference for both potassium and ammonium ions, a trait observed by other
researcherGarrett & Walker, 1959)

This oriented penetration in between clay layers was a trait observed through the usage
of XRD measurements, with oriented penetration of the clay at differing angles and

measurement of incident-Mays allowing for an indication of the unit siakthe clay, in
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particular itsd spacing, or distance between one siloxane sheet to the next (siloxane +
aluminol + interlayer space usually occupied byOH As previously noted, (10 A)
halloysite typically exhibits d spacing of 10.1 A. To determine whether any interaction
between halloysite and metal saticurs, researchers typically look faom expansiorn

basal spacingGarrett and Walker (1959) undertook a series of analyses using various
saltslooking for this specific behavioulhey determined that the largest impacts on the
halloysite d spacing were observed for potassium carbonate (13.6 A) and potassium
trimethylacetate (12.0 & 19.8 AYéble2.4). Wada (1959a) observed similar increased

basal spacing following the interaction between halloysite and potassium acetate (14.3A)

Table 2.4. A table showing the various basal spacings corresponding to grinding wit
somepotassium salts Note these are rehydration basal spacings following dehydration ¢
the initial halloysite soil. Recreated fromGarett and Walker (1959).

Salt Basal Spacing (A) Solubility (Molal) at 110°C
KOOC.C(CHy)3 12 and 19.8 Very Soluble (unmeasurable)
KNOs3 10.6 31

K2COs 13.6 24

KBr 10.6 9.2

KCI 10.3 8

KCIOs 7.5 5.6

K2SO 7.6 2.6

KCIO4 7.5 1.9

This intercalation complex can be a helpful tool for both distinguishing between
halloysites and kaolinite, as well as providing an indication of the potential proportions
of the 1:1 clay minerals within a certain samf@@urchman et al., 1984; Theng et al.,
1984; Janik & Keeling, 1993)With intercalation occurring with organic and inorganic
compounds, an exploration into the complexes formed has increased in recent years;
researchers are exploring potential industrial and scientific applications with usage from
catalysts to electromagtic radiation protectiofAdamczyk et al., 2020)Potassium
acetate (KCHCOO) is one such metal salt that has been extensively tested, and its
complex with halloysite is extensively reported throughout the literalumes, it was

selected for usage in this research.

2.4.2 Halloysite 8 Potassium Acetate Interactions

The interaction between halloysite and potassium acdtatedfter referred to as-K
acetate) is noteworthypon interaction with hydrated halloysite, even in small amounts

(2i 10 mmol/g), potassium acetate displaces the interlayer water causing an expansion in
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the dOO1 XRD reflection, expanding the clay from its natural 10.1 A out to a value
between 11.5 A and 14 A, depending on how hydrated said halloysi{8\Vads, 1959a;
Frostet al., 2000; Li et al., 2017; Adamczyk et al., 20Z)rthermore, this complex is
resistant to the 7 A collapse caused by dehydratioa has been observed teepgand

the 7 A form of halloysite back to the-114 A rangeg(Frost et al., 2000a)

Within the clay, several interactions occur between the potassium ion, the acetate ion, and
the silanolaluminium sheets. These interactions are observed through Fourier Transform
Infrared Spectroscopy (FTIR) and similar forms oifrared spectroscopy. Some key
changes observed are downshifts in the 3620 and 3695 cm peaks leading to the
formation of a broad peak 3600 cm' and at 3585 crh and the appearance of new peaks
associated with the potassium acetate complex. In thé 1250 cm' range, doublet OH

bands at 1593 and 1565 émay appear, typical of a hydrated ionic saltgéetate)
present within the silicate layers in clé¥ich et al., 2013) This is typically also
accompanied by changes to the acetate FTIR bands at 1420 and 135@itom
downshifting for the 1420 cthpeak and splitting of the 1350 cnpeaks(Frost, 1997;

Frost et al., 2001; Cheng et al., 2010a, 202®11) It is worth noting here, however,

that almost, if not all, research undertaken on the halléygitassium acetate intercalate
complex has been conducted on the tubular form of halloysite. Limited informstion
available in the literature regarding spheroidal halloysite and its features, with
Berthonneau et al .é6s (2017) paper | ikely b

literature

2.5 Conclusion

This chapter has reviewed the literature surrounding the sensitive soils and their
composition and behaviour. Found across the globe and within New Zealand, these soils
may be sourced from a variety of parent matemal formation conditions, but generally
exhibit similar characteristics (high void ratio, high natural water content, low liquid limit,
low remoulded strength)These soils are a key contributor to land instability causing
spreads and landslides the world over. Within New Zealsgwkitive sis are usually
dominated by the kaolin subgroup 1:1 clay mineral halloysite. Derived mainly from the
synthesis of the dissolution products primarily of rhyolitic glass shards from pyroclastic
(tephra) deposits in moist, silicaith environments, halloy® exhibits unique
(hydration) behaviour, and it has a variety of natural morphologies that can play a role in

causing sensitivity in the soilse.g.,Kluger et al., 2017).
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In addition, halloysite also has a unique behaviour in its ability to interact with organic
salts and form intercalate complexes. These complexes often cause changes in behaviour
of the clay such as reexpansion of the dehydrated form of halloysite as well as expansion
of the clayds basal size in its hydrated
has shown good success in strengthening quick clays, limited information is @vaiiabl

the effectiveness of applying similar techniques within N&saland. Based on the
information provided within this review, from metal salts available, to provide the best
possible outcome for eliciting a strength response from a treatment, potassiumisicetate
the strongest candidateue to the potential expansion of the chayl, thusthe potential

for increased colloid interaction, this option is expectgutéwide the optimum outcome.
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Chapter 3

Site Selection and Char

3.1 Introduction

This chapter presents informationncerning the procedures employed to first select a
field site that not only contains sensitive soil but also is safely accessible and which has
shown instability in recent times. Second, that site is subsequently characterised so that
the site geomorphofly and stratigraphy, as well as strengths and sensitivity of the
targeted soils, are accounted for. These two steps are undertaken such that, an appropriate,

safe field site is selected

3.2 Procedure

As the primary purpose of this research isitempt tostrengthen sensitive pyroclastic
soils through a treatment regimgingthe addition opotassium acetate, it was imperative
that the site selected nfete key criteria to ensure the greatest chance of success. These

requirements were as follows:

1) The site contained soil that provided a sensitive response, which, at a
minimum, recordeda f i el d i ndication of Oextra
calibrated shear van@s per the standard testing methodology laid out by
NZGS, 2005)

2) The sensitive soil layer was either exposed within the failure scawfiton
1 m of the soil surface. Thieriterion ensured that a representative field
moisture content was achieved andevN Zealand health and safety
requirements around trenching were not exceeded.

3) The sensitive soil layer was thick enough to extract a homogenous, cohesive,
undisturbed triaxial core df50 mm in length.

4) The site was accessible by foot and safe enough to obtain samples without
danger fronslip reactivation or waterelated hazards.

5) Compliance and approval for access to the edeld beobtained from

property owners, council, or othelevantstakeholders.
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Once potential sites were identified, it was further required that access to thedseareas
permitted onlyif there was a minimum of one month of dry weather for health and safety

reasons.

A two-stage approach was developed to identify sites that metpghemmetersFirstly,

an initial desktop study was undertakanting aspects such as historical failures, ease of
accessand existing literature. Data such as council reports, geotechnical reports, bulletins,
published works, aerial imagery, and drone imagery were utilised to narrow down and
select a specific site. The second stagelved an inperson investigation of the site to
establish aspects such as accessibility, geomorphologys@hunit characterisation,

which assisteth selecting an appropriate site.

3.3 Stagel: Desktop Study

3.3.1 New Zealand

Sensitive soilswhich are found worldwide, as mentioned previousiChapter 2 are
also presenh New Zealand. These soils are predomindiatlydin the upper and central
parts of theéNorth Island Specifically, the areas around South Auckland, the Bay of Plenty,
Coromandel,Taranakiand the Upper and/iddle Waikato Basin regions all have
extensive deposits of sensitive material that are the source of severalredatieg to
landsliding Found in deposits of weathered volcanic material suclprimsary or
reworked ignimbrites and tuff deposasd altered tephra fall deposisensitive soils,
while an issue throughout these argese a significant hazard within the Bay of Plenty

region.

3.3.2 Bay of Plenty

The Bay of Plenty, particularly thé&/estern Bay of Plenty and Tauranga, is a region
historically prone to sensitive soil landsliding, with large retrogressive landslides that
have caused damage to infrastructure and the envirorfolemd throughoutOn this
basis, theWesternBay of Plenty(WBoP) was selected as an area of particular focus.
Following this, the first of the twatage process of selecting a site was employed. Within

this first stage, several key steps were undertakese were:

1 Establish the key source material for sensitive soils throughout the region from

literature and technical reports.
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1 Identify areas prone to landsliding from historical reports, literature, technical
reports and press releases.

1T Refine sites such t hatorhidtoecal/rebictailureshe r ega
the determination of which is made later.

1 Undertake a series of specific site characterisations to determine optimal sites.

Bay of Plentyd Source Material

Most of the Bay of Plenty is underlain by pyroclastic and associated deposits of some
form. These soils range from depositedsitu ignimbrites, tephrdall deposits, and
sedimentary deposits. Additionallgoils consisting of reworked pyroclastic materials,
buried former soils (paleosolsgnd soils formed from colluvial and alluvial deposits
(usually made up of former, now reworked, pyroclastics) also odtwe bulk of these
deposits are encompassed within the Matua Subgroup (part of the Tauranga Group
defined by Kear and Schofield, 1978), with soils within this group ranging from (hard)
welded ignimbrites to weathered and, in some cases, reworked and primaryfaéphra
deposits. Soils of the Matua sgboup include deposits that pakdte the Waitearik
Ignimbrite (aged ~2.25 MdPittari et al., 2021; Prentice et al., 208#pugh to the upper
constraining bed of the stdyoup, the c. 45,009Qearold Rotoiti Tephra Formation
(which includes Rotoehu Asl{Briggs et al., 1996; Briggs et al., 2005; Briggs et al., 2006;
Hopkins et al., 2021Rotoehu Ash is underlain by one or more members of the weathered
Hamilton Ash Formation (Hamilton Ashes hereafter), dated between ~0.34 Ma (basal
Rangitawa Tephra or H1 bed) andt5,000 cal yr BRLowe, 2019) by one or more
members of the strongly weatkdrKauroa Ash Formation (Kauroa Ashes hereafter),
dated between 2.3 Ma and0>78 Ma, and the Te Puna Ignimbrite, dated hil~-Ma

(likely to be a correlative of Kidnappers Ignimbrite on the basis of compogiRoentice

et al., 2022)

The Te Puna Ignimbrite and the Kauroa Ashes together are also sometimes known locally
as the Pahoia Tephra sequeraned the Pahoia Tephras per se comprise thick layers of
interbedded altered tephfall and ignimbrites (i.einterbedded clays, silts, pumice sands

and gravels) that are older than 0.34 Ma and younger than 1(Kliger et al., 2017)

The Kauroa Ashes are distinguished from the (older) Pahoia Tephras in this study. The
interlayered stratigraphy of the Pahoia Tephras has been split into two parts, referred to
informally as the upper and lower Pahoia Tephras. The former is a more sanidg(pus

unit, while the latter is a unit of interbedded altered tephras dominated by heavily dilatant
silts and claysincluding (at Bramley Drive) a 0.3 4thick, white, highly sensitive clay
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rich layer that failed in 1979, generating a flow sl{#éuger et al., 2017)The Pahoia
Tephra and its equivalent deposits can be found throughout the Bay of Plenty, stretching
from Katikati to the lowetying parts of the Bay of Plenty at Opotiki (e.gee(Pullar et

al., 1973; Manning, 1996; Briggs et al., 2006)

Bay of Plentyd AreasProne toSoil Failure and MassWasting

Landslides have previously occurred in several areas within the region, especially on the
peninsulas within the Tauranga Harbour (Te Awanui). One heavily impacted peninsula

i's the @&mokoroa Peninsula. Locatedends2 kil om
roughly five kilometres into the Tauranga Harbour, tending in a soutimeetsteast

orientation Figure 3.1). Already established as an area of high susceptibility to

l andsliding, including in 2017 after multip
significantly largesized landslide&luger et al., 2020)These have resulted in extensive

remedial work in several places throughout the peninsula, as well as the evacuation and
permanent o6red zoningd (deemed unsafe for |

hazard posed by the resultant failure scarps.

Other areas noted for large retrogressive landslides elsewhere in the region include the
Maungatapu Peninsyléound southeast of Tauranga City, as well as in the suburbs of
&t umoet ai (Heganet &l a22005;aMills, 201,6found northwest of the central

city, and at Tauriko and RuahifBurns & Cowbourne, 2003; Wyatt, 2009; Cunningham

et al., 2016)both to the southwest (inland) of Tauranga. Additionally, the Maungatapu
peninsula south of the city, which extends northeast into the Tauranga Harbour, is the site
of several historically damaging landslides (Maungatapu Road, Te Hono Street), as well
asa number of more recent highly damaging slips (Te Hono Stneleigret Drive)(Bird,

1981, Oliver, 1997)The Otumoetai and Matua peninsulas exhibit similar histories, with

damaging landslides from sensitive sources found throughout the underlying sequences.
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Figure 3.1. A scaled image of theemo k o Peaiasula with zoomedout images of the
Western Bay of Plenty {op left) and New Zealand was provided to contextualise th
peninsula's location. All images are orienteahorth -south.

Bay of Plenty Site SelectiorRefinements

Although some locations containing sensitive materialgist within Tauranga and the

Western Bay of Plenty, these are often relict sites, with failures occurring some time ago.

As suchin situ, sensitive material has been either overgrown by plant growth in the years
following the failure (e.g.Te Hono StregetMaungatapu), remediated to make sites safe

(e.g, Ruamoana Pl ace, &mokoroa and Lieendscape
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extensivelyovertopped by colluvium from subsequent failures in the upper scarp since
the last major reactivation (e, r aml ey Dri ve, &mokoroa) . Suc

made the sensitive material inaccessible at these sites.

Consequently, relatively o6freshodé failure sc
best chance of providing material that would be relatively undisturbed, easily able to be
sampled and which had not undergone a high degree of overconsolidasiooultt be

noted that o6freshdéd failure scarps were desi
two years of the sampling. Two years was the arbitrary time applied in this instance due

to the proximity of time between the failures throughout the Baylenty and the
physical testing of the sites. At the start
| arge | ands | i dé&riterid amdathus were selettdd éor fuirther refisement.

Bay of Plenty) Site Specific Characterisations

A total of 26 individual landslides were identified followitige CyclonesDebbie and
Cook events in 201{Kluger et al., 2020)Theseare shown irFigure3.2.

Fig. 4
c-

5831300
!

5831100
1

Rain gauge/
iezometers

Y% Bramley Drive

Goodall Rd,
* Whakamarama

| Landslides X
.
\

5830900

1
@ (o) (c) McDonnell
(a) Main scarp
(b) Landslide deposits
_| (¢) 1979 Bramley Drive landslide

Unit 3b

E 1.5 L6
21 Kowai Grv L-5
3
.5
( Hamurana Rd - !

5830700

5830500
!

7 )

North Island|
=1 —Goodall Rd,

j’:%.g 18]
4
0 100  200m | *

% T T T
1868100 1868300 1868500 1868700 1868900 176°E 176.2°E

5830300
!

>z

5830100
L

Projection; NZTM 2000 | @

Figure 3.2. Distribution of landslides throughout the éemokoroa Peninsula following
Cyclones Debbie and Cook in 2017mage is sourced from Kluger et al. (2020). Note th
significant increase in slips on thenorthwestern coast of the peninsula. These slipsere
not only larger in number, but also in size.
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The bulk of these sites were located on the coastal cliffs ofattbwesterrside of the
peninsula, with two sites, Beach Grove Ro&dy(re 3.3 a) and Harbour View Road

(Figure3.3 b), found inland, also considered.

Figure 3.3 (a) The landslide scarp found on Beach Grove Roadémokoroa, following the
2017cyclone events. (b) The landslide scarp left followinghe clean-up of the landslide
debris along Harbour View Road,&mokoroa, following the 2017 cyclone eventaVhile
both landslides had large amounts of water ejected following failure, note how Harbou
View Road has a much higher volume of fines and clay material.

3.4 Stage 2: Site Investigation

Stage two utilised various tools to assist and ultimately identify the site of highest
suitability. These tools include the use of aerial drone imagery to evaluate slips based on
key physical characteristics, visual-person inspection, geomorphic mappirand
physical testing of the soil. Through the deployment of these tbelpotential sampling
locations were narrowed down from an initial 26 possible locationsne specific

landslide.

3.4.1 Aerial Drone Imagery and Historical Records

Following the twin cyclone events in early 2017, the WBoP District Council engaged
contractors to undertake aerial surveillance and inspection of landslide scarps throughout

the &@&mokoroa peninsul a. Using theegseini mages,
these sensitive soils were employed to eliminate landslides that were unlikely to contain

sensitive material. These physical characteristics included:

1 A large, bowdshaped headscarp, potentially retrogressive in nature, with said

headscarp being sharp and unstable.
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1 A long, fluidised landslide deposit runout. These contained large volumes of fine
remoulded material, which created sediment plumes in the coastal waters.

1 Appearance of? stagéfailure scarp, an upper bowhaped failure scrap failing
on top of a benched soil unit (often white in colour) with the lower portion (usually

ignimbrite) presenting evidence of translational failure onto the shore platform.

These features were supplemented by a field inspection, undertaken soon after the main
failure events, with followup inspections prior to sampling undertakemdaffirm site
suitability.

On this basis, five sites from the original 26 were identified from a combination of field
and drone inspections following the 2017 failures. These five sites are named based on
the closest major road. These were Ruamoana FHape¢3.4aandb), McDonnel Street
(Figure3.4c andd), Kowhai Grove(Figure3.4e andf), Waterview TerraceRigure3.4g

andh) and Harbour View Road-{gure3.3 b).
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Figure 3.4(a) An aerial image of the Ruamoana Place landslide following the 20tyclone

events within &mokoroa (as supplied by the WBoP District Council). (b) The same
Ruamoana Place landslide was taken from the ground near the landslide scarp a fe
weeks after the landslide event. (c) The McDonnel Street landslide, as seen from the be
below, which failed a few days after theprimary cyclone event. (d) Aerial drone imagery
of the McDonnell Street landslide taken within 24 hours of the mass wasting event. (
The Kowhai Grove landslide, as seen from the beach below the landslide a few days al
the eventhad occurred; note the semintact deck carried down by the landslide debris.
() The Kowhai Grove landslide photo was taken from aerial drone imagery soon afte
the landslide. Note the large amount of visible water exuding from the landslide scat
(supplied by WBoP District Council). (g) The WaterviewTerrace landslideasseen from
the beach below the landslide scarp. (h) The same landslide scarp at the Watervi
Terrace taken from above via drone imagery (supplied by the WBoP District Council).
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Of the five locations, three were identified to have had large failures in the past, as noted

i n various articles. I n Gulliver and Hought
Grove and Harbour View Road were all areas that suffered large, retrogrizskites

either in the 1979 rainfall event that triggered the Bramley BHlipeor thathad occurred

previously at some point in the 1960s. Kowhai Grove specifically was subject to multiple

large rotational failures during the 1979 event. These were both at the current location of

the 2017 slip, as well as further southwest along the cot® anoderrd ay &mokor o a
bowling green. This evidence can still be seen at the Hamurana Reserve, where a large
remnant scarp remains. While McDonnell Street is not direetiyenced in the literature,

aerial imagery on Google Earth shows previous feduat the site during the 2012

Cyclone Wilma event

Two of the five identified sites (Ruamoana Place and Harbour View Road) were quickly
ruled out due to extensive remedial work undertaken within a yeheddilures. The

former, Ruamoana Place, had several drains installed, as well as extensive earthworks
and slope face remodelling. The latter, Harbour View Road, was similarly remediated,
though on this site, the slope was cut back and covered with gediastite gravel, and

boulders of varying sizes.

Of the remaining three sites, McDonnel Street, the largest of the 2017 failure events, was
removed as an option due to a lack of accessibility and health and safety concerns about
a shed overhanging the scarp faae, seenn Figure 3.4. (c) and (d) The lck of
accessibility, due to the ignimbrite face at the landslide base being over 2 mhitgh,
access to the landslide scarp bawhrly impossible. The shed of the former property
remained overhanging the site until at least 2@PQ1, whenremedial works were
undertaken on the sjtand the shed and property were removed.

Waterview Terrace and Kowhai Grove were subsequently selected as the two sites of
preference for sampling, and further field investigations were undertaken to determine
site viability. Field investigations involved access into the landslide scarps, oreétio
geomorphological maps, soil stratigraphy mapping, and determination of field strength

of soil within the scarps to identify the sensitive soil layers.
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3.4.2 Site Geomorphology

Geomorphic maps were created based on field observations at the sites following the
failures in May 2017. These were initially drawn in the field before being recreated in the

ArcMap software suite using conventional ESRI geomorphological symbols.

Waterview Terrace

The slip at Waterview Terrac&ifure 3.5) was a relatively weltonstrained complex
failure, with elements of both a small rotational and translational slip seen within the
failure scarp. The slip surface spanned 17 m in a southweeteast orientation
following the natural coastline. Withirhé slip, extending to the upper face, two
distinctive failures are observed, split and constrained on either side by a sharp ridgeline
extending 88 m northwest. A convex slope break extended roughly 2.5 m northwest as
the slip extended through the underty ignimbrite before following a small valley

towards the harbour.

On the right edge of the slide (northeastern up the coast), the slip tended translational,
benching onto the underlying ignimbrite, with a sharp cliff forming due to the large blocks
of ignimbrite that had sheared off. The talus extendé@@@n out intolhe harbour, with

the bulk of the material comprising soft remoulded silts and clayey silts intermixed with
larger chunks of overlying Hamilton Ash clays and underlying ignimbrite blocks. Due to
the complexity of failure and the intermingling of rotatioaatl translational failures at
Waterview Terrace, Klugest al. (2020) determined the failure volume to be somewhere

in the range of 2290 ¥nHowever, the volume of material displaced attributed to the

rotational failure is likely to be lower than this.
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Figure 3.5. An annotated aerial photo provided the geomorphological characteristics ¢
the Waterview Terrace landslide, which was identified following the landslide event i
mid-2017. Geomorphological symbols are standard ESRI symbols and are shown in tt

legend

Kowhai Grove

The slip at Kowhai GroveFjgure 3.6), while more constrained laterally, was a much

larger,deeperseatedailure occurring in a portion of the coastline that was much steeper

and further set back from the initial cliff face when compared to the Waterview Terrace

slip. The slip was approximately 200 m northeast of the Hamurana Reserve along the

coastline. Detils around the slip evolution are unclear. Local reports suggested an initial

failure occurred before midnight on th& & April, with the bulk of failure occurring at

some point during the early morning of tH& &f April 2017. One confimed aspect was

a report

of

water

imagery at the time. The slip itself a s

wascomplex in nature.

6gushingé

seen

n

out

ot her

of t he s

previous

The slide wa comprisedof a deepeseated rotational failure benching onto the

underlying ignimbrite, with a shallower translational failure occurring in said ignimbrite

either before or preceding the deepeated rotational failure. The rotational failure slide

surface was gpoximately 9 m below the former topsoil, a total of 20 m in height above

the shore platform. The rotational slip was narrower than it was long, with the remnant

bowl measuring approximately 24 m in length and 12 m in width. Ongce, alyee to the
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complex nature of the failure and approximations of slip surface locations, Kugkr
(2020) estimated that around 4,508 of material had been displaced, though this may
be an overestimate. The slip surface had a very narrow upper portion with a small valley
formed in theremaininguppersoil before descending to a sharply angled edge, cutting
into the underlying ignimbrite. The slip is accompanied by two smaller translational slips

immediately along the coastline

Legend
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Figure 3.6. An annotated aerial image of the2017 Kowhai Grove landslide provides a
geomorphological context to the landslide. Standard geomorphological ESRI symbols a
used and are shown in the legend.
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3.4.3 Site Stratigraphy and Sol Descriptions

To further establish the feasibility of each site for further investigation, a stratigraphic log

of the exposed soil face within the scarps was created. Of the two sites, the resultant scarp

face was much wider and longer at Kowhai Grove than at WateiMgrace. For the

sites to be defined as suitable for this study, they had to meet an extra requirement in that
the soils must, at a minimum, meet the thre
(S=8i 16) as defined in the NZGS 2005 Field Description of Soil and Rock Guidelines

(Burns et al., 2005)

Waterview Terrace

The stratigraphic log for the exposed soil face at the Waterview Terrace scarp is shown

in Figure3.7a.As f ound el sewhere on the peninsul a,
comprised of Younger Ashes and Rotoehu Ash. These are then separated from the
underlying Hamilton Ashes (sé®we et al., 2001; Lowe, 2018y a distinctive dark

brown paleosol. The paleosol grades downwards into the upper Pahoia Tephra units. The
thicknesses of units were difficult to discern due to colluvial deposits from failures of the

Younger Ashes (i.etephra deposits pesfating Rotoehu Ash) and Rotoehu Ash onto the

Hamilton Ashes. Upper portions of the Pahoia Tephra (sandy clays/silts) were present

within the scarp bowl, though these were quite thin, with the Te Puna Ignimbrite evident

within the scgp beneath the debris material.iF Histribution of soils is illustrated in the

annotated image of the scarp faEg(re3.7b).
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(a) (b)

Geological Unit Depth (m}) Graphic Log Soll Description

Rotoehu
< | Topsoll, dark brown &
. ' Younger
Younger Ashes silty SAND, light arey g
Ashes
os —
21 silty SAND, light greyish brown Paleosol
Rotoehu Ash . -
Paleosol Paleosol, dark brown
Spnixture of Sandy SIT, layey SILT, sandy CLAY, CLAY.
Colours range from light brown, orangeish brown to brown
Hamilton Ash Hamilton
Ashes
| Remoulded clayey material
2
-
s
Debris
Debris Material .
Material
25—

Figure 3.7. (a) A stratigraphic face log of the exposed soils observed within the Waterview Terrace landslide scafip). An annotated photo of the differing
soil layers within the Waterview Terrace landslide scarp. Solid lines denote a change in the unit, while dashed lines deaatbange within the unit (i.e,
specific horizons within the Hamilton Ashes).
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Material within the scarp bowl was soft, with the soil having extensive manganese oxide
concretions and/or nodules throughdtig(re3.8). The soil appeared to be a clayey SILT,

with some sands. Samples exhibited a dilatant response but retained some strength upon
mechanical remoulding. Blocks of Te Puna Ignimbrite also appeared within the lower
portion of the scargH{gure3.8). Theseblocks were almost entirely SILT with some sands

to sandy SILT, with dilatant behaviour observed
% ‘,t\‘%w'

v

WS
AW

T A TR R

Figure 3.8. Samples of soils found within the Waterview Terrace landslide scarp. Fror
left to right, the soil isrepresentative ofPahoia Tephra, a slightly more weathered Pahoi:
Tephra, and Te Puna Ignimbrite

The Pahoia Tephra present within the scarp itself was inconsistent in thickness on either
side of the bowl, with a slightly thicker lens of clayey SILT present on the left (southwest)
face of the bowl, being much lighter in colour (brownigky) Gee Ié soil sample in
Figure3.8) than the material present on the right face (northeast). This material was much
darker 6ee centre soil sample iRigure 3.8), almost exhibiting an oranggown
complexion. Further, the Pahoia Tephra material in the right face was much stiffer and
appeared to have a higher clay content, with the soil barely dilating. Additionally, material
from the right edge appeared to havampceous inclusions within the chunk,

accompanied by orange mottling (likely iron oxides).

Table3.1 presents the shear vane strength readingsthoze locations within the scarp
bowl. These were taken in what appeared to be three differing units present within the
bowl on t he ,samdbackfages. Allreatlings wereurgldrtaken in accordance
with NZGS 20Q Guideline for Hand Held Shear Vane Te&isscriptors for sensitivity
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were determined in accordance with the NZGS 2005 Field Description of Soil and Rock
Guidelines. Soils from the back and right face exhibited stiff consistency with an
undrained shear strengthy(®etween 50100 kPa. In contrast, the left face was much

weaker, with this falling in the firm range (%0 kPa). Soil sensitivity ranged from 3.8

to 4.9, with soils falling within the wuppe
range. Remoulded saestrength (&) is also shown in the table.

Table 3.1. Shear vane readings of soils within the Waterview Terrace landslide scarp

Soil S Sur S Descriptor
(kPa) (kPa)
Left Face 44 9 4.9 Sensitive
Right Face 75 20 3.8 Moderately Sensitive
Back Face 61 15 4.1 Sensitive

These findings indicated that Waterview Terraaea site, was not suitalbbe this study,
as it contained a distinct l ack of 6extr a
weathering and erosion of the clay scarp made access to the bowl increasingly challenging,

specifically with the underlying Te Puna Ignimbrite activetgding to leave steep faces.

Kowhai Grove

The stratigraphic log for the exposed fac&aivhai Grove and the annotated images for

the layer locations on the scarp face can be seé&gure3.9. (a andb. TheKowhai

Grove slip scarp wdscated further back from the coastline compared to the Waterview

Terrace scarp, and was muleliger overall. The Kowhai Grove scarp face waaslso

6cl eanerd and di scer ni ngattiedMatervidwderrace site.wer e

The upper layers of the site are made up of YouAgbesand RotoehiAsh (roughly 1

m in thicknes}, these areinderlainby a paleosoloverlying the Hamilton Ashes, with
around five of the eight Hamilton Ash layers identified (roughly 3.5 m tl{g#@ Lowe,
2019) The Hamilton beds arthen distinguished from the Kauroa Ashes by a thick,
distinctive dark browish-black paleosol. The Kauroa Ashes are around 4.4 m thick and
are in contact with thPahoia Tephras. The bottom of the scarp bowl! appears taahave
thinning layer of lower Pahoia Teplsnainning from the base of the scarp face leading to

the bowl edge, where thmit transitions to the underlying Te Puna Ignimbrite.
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(@) (b)

Geological Unit Depth (m) Graphic Log Soil Description

Topsoil Topsoil, dark brown, organic
Rotoehu and .
ilkagrach silty SAND, light grey to greyish brown

2 mixture of sandy SILT, SILT, clayey SILT, silty CLAY =
light brown, orangeish brown, brown
Rotoehu
Hamilton
Ash

Hamilton
Ashes

Paleosol ]

A7 7 T -
Paelosol A TR o ) Paleosol, organic, dark brown
VPRIV PRTPRY)

Kauroa
silty CLAY, clayey SILT, SILT
brown, reddish brown, orangeish brown Ashes
Kauroa Ash
Pahoia
sandy SILT, sandy CLAY, clayey SILT
e Tephra
Pahoia Tephra
T Debris
material
Debris Material

Figure 3.9. (a) A stratigraphic log of the soils found within theKowhai Grove landslide.(b) An annotated image of the soils found within thé&Kowhai Grove
landslide. Solid lines denote differing units, while dashed lines are horizons within a unit
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The thickness and makeup of the lower Pahoia Tephra varied throughout the scarp bowl.
The thickness of the layer increased with distance from the lower edge towards the scarp
face. Auger profiles taken at 2 and 4 m from the lower edge of the scarp showeaud a
thickness increase with every metre back from the lower bowl edge. Augers were
terminated upon contact with the underlying Te Puna Ignimbrite. In deviationtfiem
general2001 NZGS guidelineshear vane strength measurements were taken with soil
makeup changes, as well as at every 300 mm interval

Auger 1, taken 2 m from the lower edge of the bowl, showed three distinct soil layers,
with around 90 mm of Pahoia Tephra present (420 mm total thickness). The layers were

comprised of clayey SILT material, likely colluvium, pumiceous sandy CLAY with some

silts and a pumiceous SAND with trace sands

sensitived when tTade3®d with a shear vane

Table 3.2. The shear vane strengths are derived from soils within th&owhai Grove
landslide scarp.Values were measured using calibrated hand shear vane, though a slic
variation in the typical NZGS (20Ql) methodology was applied, with shear vanes take
both at every 300 mm, and every determined change in soil layer.

Soil Sy Sur S Descriptor
(kPa) (kPa)
Auger 1
Debris (300 mm) 18 13 1.4 Insensitive
Pumice Clay 65 22 3.0 Moderately Sensitive
Auger 2
Debris (300 mm) 19 15 1.3 Insensitive
Clayey SILT (Dark Brown) 71 14 51 Sensitive
Mottled clayey SILT (600 mm) 82 17 4.8 Sensitive
clayey SILT 62 9 6.9 Sensitive
Sensitive Layer 57 5 11.4 Extra Sensitive
Pumiceous Layer (900 mm) 68 27 2.5 Moderately Sensitive

Auger 2, drilled 4 m from the lower edge, had an increasing number of layers (seven
di stinct | ayers), with an dédextra sensitd.i
scarp surface. Similar to the first auger, a thick (400 mm) deposit of delonishfecupper

portion of the slope overlays the s@gmprising a mixture of clayey material from the
upper parts of the Pahoia Tephra, chunks of Kauroa Ash, and Hamilton fasinels

within the debris deposit. This is followed by a layer of clayey SILT wiime sands
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(270 mm thick), which had large amounts of manganese mottles in the lower portion

(200 270 mm). This is followed by a 60 mthick unit of clayey SILT and a 160 mm

thick dédextra sensitived | ayer of clayey SIL
around it was challenging. This is illustratedFigure 3.10, showing the similarity in

colour and overall look within a small test pit dug to the side of the auger hole. A
distinction was made through physical interaction with the soil, with sensitive material
having a much clearer loudsdeadfd sutproen gtxh rwalce n

auger head.

<

Figure 3.10. An image of a small test pit dug into thé&Kowhai Grove landslide scarp Some
features of note in this are stark colour change (top right of image) where the sc
transitions from the dark brown clayey SILT to an underlying light greyish brown clayey
SILT. Sensitive material is hard to distinguish within this image due tahe uniformity in
which the soil appears. The only visible evidence is the slight smearing of clays betwe
the wall and the base of the test pit, as the pit begins to go into the sengtlayer. Some
detritus has fallen into the pit from around the edges.

This sensitive material is subsequently underlain by a pumiceous sandy CLAY, similar
to that found in Auger 1, becoming increasingly sandy upon contact with the underlying

Ignimbrite
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Two further augers (Augers 3 and 4) were undertaken 1 m to the left and right of Auger

2 to examine the extent of the material. However, neither auger holes found the same soil,
nor did they have soil that responded inexitrasensitivefashion upon testing with a
handheld shear vane. Further augers closer towards the scarp face were not undertaken

due to concerns about the stability of the scarp face at the time.

Based on the data collected about the Kowhai Grove landslide sit@sithemost
appropriate | ocat i on thefietdsiie.kEspeciaily &sotmetall t o s el
five criteria established for selecting an appropriate site. This included a sensitive soil

|l ayer that not only recorded a response of
within 800mm of the soil surface (criterion 2) ands 160mm in length (criterion 3)

addition to this, the site was easily accessible by foot (critetjaand had approval from

the WBOoP District Council to access as the failure had occurred on what was regarded as
council land (criteriord).

3.5 Sampling Procedureand Laboratory Preparation

3.5.1 Field Sampling

Following identification of the sensitive layat the Kowhai Grove landslide sita
narrow pit was excavated into the slope to allow adeete sensitive soil layer. Ideally

a block sample would be extracted and transported to thusiadp a Sherbrooke sampler

or similar alternativelndividual samples would then be trimmed using a soil lathe from
the larger block, thus reducing the potential disturbance that may occur during transport

and storage of the cores.

While this would have been the optimal sampling methodology, due to the large amount
of material that would need to be extracted to ensure sufficient soilweresreated, it

was decided that, given the potentially unstable nature of the landslide scarp, the least
material removed and disturbed was regarded as the safest approach

As such, samples were extracted udimg-walled stainless steel tubes (approximately
150mm x 50mm), with the tubes gently driven into the sib steady rate using primary
body weight applied to a bespoke core driver. Due to the soft nature of the soil, and
difficult accessmechanical application of force by either a piston or other method was
unachievable. Care was taken to reduce any potential for disturbance. Following the
driving in of cores, a narrow channel around the sampled soil was further excavated, with

these chamels extending approxirtegly 50mm beyond the end of the driven cores. The
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soil was then cut underneath each core, and they were individually extractedv@eres
then sealed with multiple layers of Glad Wrhefore being individually wrapped in
bubble wrap.

Wrapped cores were then placed into a large-barg foam container lined with foam
This was filled with soaked paper towedsid water was sprayed into the air of the box
before being sealed for transport. This was undertaken to ehatiamples were kept

in a highthumidity environment, with the goal of preventing potential dehydration during
transport.Multiple boxes were used to reduce the weight of the soil being transported
from the landslide back tihe transport site

3.5.2 Laboratory Preparation

Researcklgrade99% pure potassium acetdtem Merck was usedo undertake this
researchThe potassium acetate was stored in an airtight container withinghe o r at or y 6 s
chemical storage, with care taken to ensurehtimidity in the storage was as low as

possible. Thigs due to the highly deliquescent naturgofassiumecetate.

When preparing the 2 mofLsolution of potassium acetate foretia treding the soil
cores, a single, large batch was made, with a mixture of the 99% potassium acetate and

de-ionised water used to create the solution.

Four soil cores were then immersed in the 2 malatassium acetate in tditre Klip-It
containers, with the solute extending approximately seven centimetres above the cores.
This was repeated until six containers wprepared While only four containers were
required (for 1, 3, 6, and 12 months), additional containers were prepared to account for
the potential loss of cores during extraction amy further possible testing that may

occurbeyond the 12Znonth period

3.5.3 Sample Disturbance

While multiple attempts werenade to minimise disturbance to the soil as much as

possible between sampling and testing within the triaxial apparatus, there was still a
potential for disturbance to have occurred. As sitdls necessary to quantify this. The
specifications setoutinLunmtal ( 1997) have been used, where
to & provides an indication of disturbance (ig@e Jd). ¢n thisinstance @e refer s t o
change in void ratio when loading to the vertical stress expectt, and g refers to

the initial void ratio. Table 3.3 shows the disturbance ratios of the soils from this research,

55



as well as the average disturbantle dsturbance rangefrom 0.11 to 0.22, with
averages ranging from 0.16 to 0.19.

Table 3.3. The sample disturbances for all soil cores tested all time points and confining
stresses, along with the average disturbances at each testing point, ateo included.
Disturbances range from 0.11 to 0.22, with averages ranging from 0.16 to 0.19.

Confining Stress

(kPa) Untreated 1 Month 3 Month 6 Month 12 Month

120 0.21 0.15 0.14 0.17 0.11
160 0.20 0.17 0.16 0.22 0.18
200 0.17 0.20 0.19 0.19 0.21
Average 0.19 0.17 0.16 0.19 0.16

To determine whaét Iléval sdcaumred ibig meecdsiryty
determine théver-ConsolidationRatio (OCR) of the soil. With the OCR determining
the specific range applied to the soil. The OCR is determined by the maximum
preconsolidation stress, or in this instartbe previousn situ stress experienced by the

soil prior to failure (200 kPa) divided by the current overburden stress (12.6 kPa). This
resuledin an OCR of 15.87.

While this is higher than the range of OCR suggested by Lehma¢ (1997), in this
instance the higher OCR parameters have been used (Whé&@3<= very good to
excellent, 0.080.05 is good to fair, 0.09.1 is poorand >0.10 is very poor). As a result,
the soil cores in this instance are universelgssified as very poor, as all have a value
higher than 0.10, indicating reasonably high level of disturbance.

3.6 Conclusions

For the purposes of this study, identifying an appropriate field site to allow for the
collection ofextrasensitivematerial within the Bay of Plenty was essential. To achieve
this, the selected location neetto meetfive criteria. An initial desktop study was
conducted tadentify thethe most suitable locatiomithin New Zealand to sampl&rom
this, the Bay of Plentypar t i cul arly the @&mokoroa Penins
suitable area for testing. To further refine site selection, a site investigation was
undertaken using aerial drone imagery, historical records, site geomorphological maps
and fidd investigations. From an initial 26 sites, five were selected based on aerial drone
imagery, of which three were eliminated due to either remedial works or hazards present
at the site. Subsequently, two sites, Waterview Terrace and Kowhai Grove, were
geanorphologically mapped, as well as investigdatedeterminehe soils present within
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the landslide scarps. From the two, Waterview Terrace was deemed inappropriate due to
the lack of extrasensitive soil material, while Kowhai Grove met falle of the key

criteria.
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Chapter 4

Pard |l htroducti on

This chapter will look to explore the various geomechanical parameters of the Pahoia
Tephra. Parameters examined include wet and dry bulk densities, particle density,
porosity, void ratio, saturation ratio and particle sizes. Atterberg limits for botatedr

soil and treated soils are determimwgth values plotted on a Casagrande plasticity chart.
Speed of travel through remoulded soil byaketate is also measured. In addition to this
consolidated undrained tests on untreated and treated sample® atathfining stresses

are undertaken to observe changes in both the soils strength and behaviour under shear.
Post failure cores are also examined for further validation of behavioural changes during
shear.These values are subsequently discussed in detail with reference to relevant

literature.
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Chapter 5
Parda Mt hods

Detailed in this chapter are the various methods emplayestablislihe geomechanical
characteristics of the soils used during this research. As well as the methods utilised
during triaxial testing. Methods used during geomechanical characterisation include bulk
densitytests moisture content, particle density testing, and particle size testing. Atterberg
limit testing was also undertaken to characterise the mechanics of the Pahoia tephra
sampled for this research. For triaxial testing, consolidatechunadl tests were selected

as the primary method of strength testing

5.1 Moisture Content

The moisture content (Mc) of soil was determined in accordance with NZS 4402:1986
Test 2.1. Soil samples were dried at 3TAor 24 hours in a convection oven before being
cooled in a silica bead desiccator for 24 hours and weighed. Where soils may have
contained metal salts, corrections to the weights were made following the guidelines in
ASTM D555014.

5.2 Bulk Density

Bulk densities () were calculated in accordance with ISO 17292014) using the
linear measurement method. For soils treated with Potassium Acetateigte), bulk

densities were determined from the treated soil cores used for triaxial testing.

5.3 Particle Density

The particle density”() was determined following ASTM D555D4. Samples were
tested using an Anton Paar Quantachrome Ultrapycnometer 1000. In deviance from the
stated standard, lagrade nitrogen gas was used instead of helium gas due to shortages
in helium supplies. Calibratiochecks of the pycnometer were undertaken prior to usage
of the equipment as per Anton Paar standard methodology. Temperature drift was
monitored to ensure temperature did not drift outside the normal working range. Due to
the presence of salt within tredtsamples, corrections were applied as per ASTM D5550
14 standardy.1), where Gc2is correctegarticledensity Msrit is the mass of pycnometer
specimen including salt,Vis the volume of pycnometer specimeng W water content
corrected for salinityg.2), ” satis the density of salt aridy corresponds to the density of
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water. For equatiob.2, Wc is water content corrected for salinity, Mw is the mass of

water without salt, and Ms is the mass of the specimen, including salt.
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5.4 Porosity, Void Ratio, and Saturation Ratio

Porosity () (derived from Careyet al (1996)) and void ratio€) (derived from
Jamiolkowskiet al. (1995) were determined from Equatio(s3) and(5.4), respectively.

While the saturation ratio ($is shown inEquation(5.5).

¢ P ,,—Q pTT (5.3)
l
® 3
Q o o % (5.9
Where” ,” ,w, w,w, refer to the dry bulk densityarticle density of the sample,

volume of voids, volumef the solidsand volume of waterespectively.
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5.5 Particle Size

Particle sizes in the sub 2 jihmm range were measured using a Malvern Mastersizer
3000 laser particle sizapllowing the University of Waikato (UoW) Standard Operating
Procedure (SOPT.he Malvern Mastersizer 3000 was selected as the primary method of
particle size analysis due to the expected large fraction of silt and clay panialesg

sieve analysisinhelpful. Additionally, laser particle analysis was utilised in favotinef
hydrometer analysis due to the rapadting time repeatability of resultsand higher
accuracy in measuring fine particld2tior to testingthe samples were airied, the
aggregates were broken up, and the materiapassed through a 2 mm siefellowing

drying, samples wereehydrated in water, and a minimum of three random samples were
drawn from the subsequent seibtermixtures.Refractive Index (RI) and Absorption (A)
parameters were set to 1.52 and 0.01, respectively, as per Cunningham (2012), with laser
obscuration set to betweeni2® %. All samples were tested in a water suspension as
opposed to other potential suspensiordiadi.e. acetone). Some concerns were raised
surrounding the dissolution of salt material from the clay into the water suspension, thus
affecting the rate of light diffraction (and subsequently affecting measurement by the laser
particle sizer). Following disasions with UOW technical staff, it was determirtleat

the effect would likely be negligible. Results are presented as percentages of the total
volume within the clay (<2 um), fines (<63 um), and sand fractions (fine medium and

coarse < 200Qm).
5.6 Atterberg Limit

5.6.1 Liquid Limit

The Liquid Limit (LL) was determined via the fall cone method in accordance with BS
EN ISO 1789212:2018. In line with the standard, as no material larger than 0.4 mm was
present within the soil (as determined by particle size analysis), the soil wasioaliha
remoulded by hand using metal spatulas on a glass plate. Due to the high natural water
content of the soil, no water was added during the remoulding process. Instead, the soll
was slowly airdried over 8 hours, with mixing occurring every 15 misute achieve
homogeneity during the drying process. A mplint test was undertaken using an 80
g/30° cone, and the liquid limit was derived from the equivalent 20 mm penetration from

a plotted trendline.
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Following the initial drying of the soil, standard protocol was followed, withrél of
liquid mixed thoroughly into the paste and left to rest in a sealed container for an hour

before being tested. While this methodology was within the scope of the BS@&N

178921 2: 2018 standard, a Oreversed drop cone

process, a fall cone test was undertaken at hourly intervals to ensure no significant

changes to the soil's characteristics occurred due to drying.

5.6.2 Plastic Limit

The Plastic Limit (PL) was determined following the BS EN ISO 17822018. Soil

was rolled into 3 mm threads on a glass plate until samples began to shear and crack apart.

This was repeatedona20gsua mpl e, generating taowmomgd.ns of
Plasticity is defined as per Sowers (1979), where PL soil descriptions are:

1 07 Non Plastic

1 <77 Slightly Plastic

1 7-177 Medium Plastic

1 >177 Highly Plastic
5.6.3 Plastic Index
The Plasticity Index (Pl) was calculated per BS EN ISO 17892018. This value
represents the numerical difference between liquid and plastic limits, as shown in
Equation5.6.

0DO0D0 00 (5.6)

5.6.4 Liquid Index
The Liquidity Index (LI) was computed according to BS EN ISO 17822018. This
value compares the soilés field (natural)

indicates where the sail situsits compared to its plastic and liquid limits. It is calculated
from Equation(5.7).

000 o6h ORI HEIEGAHD 00
00

00 (5.7)
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5.6.5 Activity

Activity measures the plasticity of the clay fraction (<2 um) within the sample tested.

This is calculated as shown in Equat{6t8).

00

DG BE 0 QL & (5.8)

o e

0 MO QL B

..
5

5.7 Conductivity / lon Diffusion

The rate of metal salt diffusion through the soil was undertaken based on the methodology
developed by Helle et al. (2015). Remoulded soil was placed into a clindirféch
rectangular container (215 x 155 x 80 mm). A small channel (10 x 75 x 40 mm,
apprximately 30 ml of solution) was made at one end, with a minimum of 40 mm left
between the channel and all surrounding edges. This was done to ensure that solute could
not travel along the edges or sides of the container. This channel was filled with2 molL

1 K-acetate. Three conductivity sensors were placed into the soil at 30 mm, 90 mm, and
150 mm from the channel. Conductivity was logged every 6 hours until an equilibrium
value (3.5 mS= 2 molL-? K-Acetate value) was achieved. A diagram of the setup is

shown inFigure5.1 below.

Figure 5.1. An outline diagram of the conductivity test undertaken. The blue square
represents the salt well, with black circles (spaced every 300 mm) representing t
conductivity probes.
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5.8 Triaxial Testing and Apparatus

Effective and total strength parameters were derived from Triaxial testing. This was
selected as opposed to other shear failure methods, such as direct shear boduesting,
to the versatility of the triaxial test that allow for control of stresses along three principal
axes under conditions of axial symmetry (Craig 198d)ther, triaxial testing allows for

the exploration of various confining stresses for the soil, creating conditions closer to
those experienceih situ during scenarios where failure may be induced. It also allows
for comparison of some results to values derived in previous studies on soils sampled
within the Tauranga basin ar@&yatt, 2009; Arthurs, 2010; Cunningham, 2012; Mills,
2016) All testing was undertaken following BS 13Part 9:1990, with any deviations

outlined in the methods below.

5.8.1 Triaxial Apparatus

CU tests were run at a constant strain rate through an IMPACT 50kN load frame, with a
base platen raised at a speed determined per BFA87Ba. The cell and back pressure

to the sample were controlled by GDS Instrument 3 MPa pressure rams that provided
reattime data on the system's pressure (kPa) and volume displaceme#)t {fhm
system was fully electronic, with load (IMPACT 5kN load cell), strain (IMPACT 25mm
LVDT), volume changes (GDS pressure rams), and pore pressure (GDS 2MPa pore
pressure transaer) being monitored and recorded in f@ae on an 8 Channel GDS
Instruments control box with a 9,600 baud rate. All data and pressure rams were
monitored, processed, and controlled within the GDS lab softwagare 5.2 shows a

simplified view of the triaxial setup
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S-Beam Load Cell
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“ Top Cap

< Porous Disk

< Rubber Membrane
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Ti d
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Figure 5.2. A simplified diagram of the triaxial apparatus used within this study. Not
shown here is the deaired water tank, of which supplied deaired water to the cell and
back pressure rams as well as the cell. Thel&&am load cell was rated to 5 kN, with ang
LV DT travel of 25mm.

Pore pressure was monitored from the base of the cell, with back pressure monitored
through the top cap. Several valves were present throughout the system to allow for the
isolation of differing parts. Pressure rams were calibrated using a GDS Instriieidnts

cal kit on a émonthly calibration cycle. Pore pressure sensors were subsequently
calibrated using prealibrated pressure rams on a similar calibration cycle. Load cells
were calibrated annually by an external IAfdZcredited organisation. LVDTs vee

calibrated annually using a VJ Tech LVDT calibration tool.

De-aired water to the system was supplied by an IMPAG&ideg tank, and the water
de-aired via vacuum with a rocker pump. Water was consideretireleé when no air
bubbles were visible within the ggred water tank. A Mettler Toledo oxygen meter was

used to monitor the level of dissolved oxygen present within a sub sample of water from
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the tank. An average value of 1.65 + 0.22 mg/L was measured, this below the two mg/L
recommended for daired water (Head 1998).

One aspect that deviated from the norm during testing was the presence of 2 IMPACT
toxic interface chamber cells attachedimre for both the pore pressure and back pressure

lines.

Toxic interface chambers consisted of two 60cc chambers, the upper made of clear
polycarbonate and the lower stainless steel. Each chamber is separated by an inert Viton
diaphragm, ensuring that any chemicals potentially present within the water aedisolat

to one side of the system. Due to the potentially corrosive nature of potassium acetate
when interacting with certain metals, the toxic chamber was used to preserve equipment.
Before each run, each side of the chamber was filled with fresiret wate and the

system pressure was tested to ensure a 1:1 response on both sides of the chamber. This
was achieved by applying a set pressure via the pressure ram to one side of the system
and monitoring the pressure response in the other channel via therggsere sensor.
Similarly, upon completion of testing, all parts of the triaxial system that had been in
contact with corrosive chemicals were extensively flushed and cleaned with distilled
water. The conductivity of the flushed water was then monitorétaumalue between

0.57 3 pus/cm was achieved

5.8.2 Consolidated Undrained Testing

Consolidated Undrained (CU) testing veatected as the preferred method for testing the
soils in this study. Although a Consolidated Drained (CD) test could have been
undertakent was deemed unsuitabldue to sensitive soils' propensityundergo rapid
changes andyener#e of excess internal pore pressures during failuBven the
inherently slow drainage and pore pressure dissipation associated with CD testing, the
method was considered inappropriate due for accurately capturing the soils behaviour
under the conditions anticipated during mass wasfirggts were undertaken on three
trimmed specimens, extracted via 200 mm length, 50 mm diameter stainless steel cores
that were subsequently trimmed t@0inm length, 50 mm diameter (2:1 height to

diameter ratiopnd tested at three differing confining pressures.

5.8.3 Confining Stress

In deviation from the conventional selection of confining stresses, where the three

confining stresses consist of O0bel ow nor mal
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for this study were either at or below normal. These limits were selected based on the
wor k of Kl uger et al . (2017) . I n this work
confining stress below 6normal 6 wWmthed tr i gc¢
Pahoia Tephra following heavy rainfall. This value was suggested to be around 36 %. As

such, for this study, a reduction of 40 % and 20 % of the normal confining stresses were
selected.

5.8.4 Testing Procedure

Testing took betweeni 3 days to complete. The saturation stage took approximately 8
hours, consolidation aroundil® hours, and compression around24thours. It should

be noted that the length of testing was controlled by the testing Coefficient F as set out in
BS 13771990. Coefficient F is based on the type and number of drains and the dissipation
of 95 % of excess pore pressure induced by shear t®the faster nature of CU tests,
Coefficient F is smaller than its CD counterpart (CU=0.53, CD=Bl&)ever, BS1377:

1990 states that the CU coefficient F=0.53 only applies in the case-sensitive soils,

and as such, F=8.5 should be used instead.

5.8.5 Saturation and B-Check

Saturation of a sample is undertaken to ensure all voids are filled with water and that no
air is present. This is achieved by slowly raidingpore pressure within the sample to a
minimum value of 300 kPa, the pressure at which air dissolvesaistution. BS
1377:1990 states th#te cell pressure and back pressure must be raised in increments
such thathe back pressure is no less than 10 kPa below cell pressure at any given time
of saturation. The GDSLab software utilised a saturation ramp program where cell and
back pressures are gradually and continuously ramped up tesatpralue over time.
Samples wee generally saturated to a cell pressure maximum of 500vkiBaa back
pressure maximum of 490 kPa, over ao®r period, resulting in an increase of

approximatelyl.05 kPa peminute.

Following saturation, a #heck is undertaken to determine the level of saturation within
the voids of a specimen. A-éheck monitors the pore pressure change following a 50
kPa increase in cell pressure with no change in back pressure, as shown imEgGatio

Yo Y6

5 -~
Y, L TT

(5.9)

WhereYo refers to the change in pore water pressure
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When B O 0.95, the specimen is considered
potentially wunfilled with water. Upon B O O

5.8.6 Consolidation

To ensure correct consolidation confining pressures are selected, it is important to
determine thén situstresses and conditions a sample will likely have experienced in what

can be deemed its 0no rsevad factors mastbe consileved,d et e r 1
including sampling depth, bulk densities, thickness of the overlying stratthewwdter

table depth

As sampling in this instance has been undertaken in a failure scarp, estimates were made
on sample depth based on jarasting LIDAR values of the hillslope prior to failure.
Similarly, estimatesvere made regarding the overlying strata due to the lack of available
borehole data and the hazards associated with accessing @hslgfie face. Estimates

were made based on a clinometer and known horizontal distances from the uber and
slopeface.Bulk densities were established from gamma density coreolotlie nearby
Bramley Drive landslide, with densities determined via averaging of values for soll
between marker paleosols. Water tables were similarly estimated based on borehole logs
of the nearby Bramley Drive landslide. Final calculations of effectivdining pressures

were determined using Equati10):

w0 7 7Qar a (5.10)

Where'Qaff  handg refers to gravity ¢ g 7i , soil depth, unit weight of water
(uf) PQUFG ), and the depth of the water table, respectively.

This produced confining stresses of 120 kPa, 160 kPa, and 200 kPa. 6 nor mal 6 st
state, 200 kRawvas established on the basis of the sampled soil being around 13.15 m

below the previous soil surface, with an overburden bulk unit weight of K 14> (as

established from gamma density core logs) amchter table of approximately 8.15 m

below the soil surface. Reduced confining stresses were determined in line with the
proposed reduction in confining stress presented in Klagat (2022). In that work

Kluger et al (2022) suggestethat areduction of around 2% would be sufficient to
causefalue. To ensure a o6guaranteedo6 f¥n | ure bz

confining stress was selected as the lower end (120 kPa), whil&war@@uction (160
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kPa) was selected as an intermedcatefining stressas this allowed for both a clear 40
kPa step in confining stress and an examination of soil behaviour at a stress close to that

suggested in literature.

Following the achievement of saturation within the sample, the GDS software
automatically ramps cell pressure to achieve the desired confining stress, and the sample
enters the consolidation stage. Samples are consolidated until 95eXeesfspore
pressure has been dissipated. Time to consolidate varied between specimens, though
samples generally required at least 8 hours to achieve full consolidation and, in some
cases, more than 30 hours.

To determine an appropriate testing time, specimen volume change during consolidation
is plotted against the square root time (T100) in accordance with BS1377:1990. Testing
time is then determined by multiplying T100 by the coefficient F (8.5).

5.8.7 Compression

Compression was applied upon completion of consolidation, with compression occurring
until 20 % axial strain was achieved regardless of whether a failure criterion specified in
BS1377:1990 was achieved. This was to allow for the observation of anfajhost
behaviour within the soils. Generally sensitive soils reach a peak deviator stress following
loading (I2 % axial strain) before entering a péature remoulding stage.
Measurements were recorded within the GDSLab software every 2 seconds. Ohe aspec
of the test that deviated from those conducted on similar soils in the past is the lack of
requirement in closing the back pressure valve. As such, during shear, an open back
pressure line allowed for a measurement of pore pressure from both the togtand

of the sample simultaneously. This subsequently allowed for monitoring of potential
pressure gradients forming within samples during shear, a trait speculated to exist by
Mills (2016). Corrections for membrane resistance were made automaticallyeby t

GDSLab software during recording
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Chapter 6
Pard Resul t s

6.1 Soil Characteristics

6.1.1 Moisture Content and Density

Moisture content, bulk density (wet and dry), particle densities, porosity, void ratio, and
saturation ratio are presentedliable6.1
Table 6.1: Moisture content, bulk densities (wet/dry), particle density, porosity, void ratio

and saturation ratio for untreated and treated soils used within this study. Errors
presented are standard deviations

Sample Moisture  Wet bulk Dry bulk  Particle Porosity Void Saturation
content density density density (%) ratio ratio (%)
(%) (kgm?)  (kgm?)  (kgm?)

Untreated 67+1.5 1,576+10 944+6.4 3282+0.04 71 2.48 89

1 month 57+1 1,628+34 1,036x14 2847+0.02 63 1.75 93

3 months 60+2.5 1,627427 1,026+£27 2894+0.02 65 1.82 93

6 months 60+1 1,599419 996+10 2914+0.03 66 1.96 91

12 months 63+1.7 1,632412 1,017+40 2870+0.02 65 1.83 95

Average 60+2 1622+15 1019+17 2881+290 65+1 1.84+0.1 93+2

Treated

Moisture contents for untreated samples were high at around 67 %. Treatment of soll
cores resulted in a drop in moisture contents to values ranging between 56 and 63 %, with

an average drop of 7 % moisture content following treatment.

Wet bulk densities were, on average, 1576 Rgior the untreated samples. Upon
treatment the wet bulk density increased to an average of 1622 Bymbulk density
of untreated samples was low (944 k§rand increased to an average of K.

Particle density for untreated soil was 32&2n73 and showed a notable decrease for
treated samples to an average of 2B§2>. For the untreated soil, when compared to
values found for previous studies, particle density was quite similar to the soil from
Robertsono6s 2 RgIn?) bt tvas dignifidarly hgBe? than a number of
other studies on soils from within temo k oarea §22002600 kg nt®). Treated
samples all exhibited a drop of approximatelyi3@Dkg min particle density, though

no clear relation between length of treatment and particle density was efident6.1).
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Figure 6.1. Particle density for untreated (blue square) and treated (orange dots) sample

plotted against their respective soaking times in months. A large drop off exists betwe:

untreated and treated, while treated samples were within 10Ky m™ of one another.
Porosity was rasonablyhigh (71 %) for untreated soil, and showed a drop with treatment
to 65% on average. The void ratio showed a similar trend with a value of 2.48 in untreated
soil, reducing to an average of 1.84 after treatment. Saturation ratios were betiveen 89
95 %, indicating that most samples were close to full saturation, with a slagbase
(89% untreated, 9306 treated). While saturated soils are not uncommon in the Tauranga

region, these soils were collected late in the summer after aleatgb period (~2
months).
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6.1.2 Particle Size

Results of laser particle size measurements of treated and untreated soils are shown in
Table6.2. Note these are the averaged resiltese are further visualised in Figure 6.2
below.

Table 6.2: Summary of particle sizes determined for untreated and treated soild/alues
were determined as the average of 3 runs for each soil.

Clay .
(<2um) Silt (2-60 pm) Sand (662000um)
Sample Total Fine Medium Coarse Total Fine Medium Coarse Total
% % % % % % % % %
Untreated 25.4 39.19 17.27 13.67 70.13 4.33 0.14 0 4.47
1 Month 25.1 38.96 17.31 13.79 70.06 4.44 04 0 4.84
3 Month 25.3 39.22 17.25 13.74 70.21 4.12 0.37 0 4.49
6 Month 25.8 39.16 17.22 13.76 70.14 4.01 0.05 0 4.06
12 Month  25.2 39.21 17.34 1356 70.11 4.38 0.31 0 4.69
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Figure 6.2.Particle size analysis chart showing the average patrticle sizes for each of 1
five sampling points used throughout this research. Not almost all samples fall relative
close together with some minor variations. Additionally the chart cuts off at just byond
2 mm due to no particles present greater than 2 mm.

Variability was low (less than 0.05%), with good agreement regardless of whether soil
had been treated or not. The soil was dominated by the silt fraction (approximately 39%
on average), with a reasonable proportion of clay (25% on average) and a suhall san
fraction (4.5%), made up almost entirely of fine sands. Particle sizing indicated the soil
was a clayey SILT with trace sands. This showed good agreement with field observations

of the soil.
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6.1.3 Atterberg Limits

Atterberg limits and the associated calculated parameters are pretabled.3. It is
worth noting thaitterberg limits for soils mixeavith K-acetatesolute are compared to

the sample mixed with distilled watéramed distilled water)

Table 6.3 Summary of Atterberg limit test results for Pahoia tephra mixed with distilled
water, K-acetate as well as dried from field moistureNote some variance did exis
between the distilled water and field moisture liquid limits , though these were offset b
changes in the plastic limit (indicating a similar working range).Note Activity was
determined using equation 5.8, with the clay percentages applied drawn from the resul
presented in table 6.2.

Treatment Liquid Limit Plastic Liquidity Plastic Activity
(%) &R?2 Limit (%) Index Index (%)

Distilled Water 5571 0.94 43+0.2 2.10 12 0.25

Field moisture 59 0.99 46 +0.2 1.71 13 0.28

(Dried)

Potassium Acetate 62- 0.98 46x1 1.32 17 0.36

(4 mol/L)

Potassium Acetate 6571 0.97 46+1.8 1.13 19 0.41

(2 mol/L)

Potassium Acetate 637 0.98 45+0.08 0.57 18 0.39

(2 mol/L 18

Months soakage)

Samples tested with distilled water show a Plasticity Index indicative of a medium plastic
soil (12%). The clays are of low activity, and upon distilled water addition the soil has a
high liquidity index (2.10). Similar results are seen for samples dwedfield moisture,

though these are lowered (1.71), possibly a result of the drying of the soil.

Potassium Acetate (herein shortened tAdétate) treated samples all showed an increase

in Liquid and Plastic limits, resulting in an increased plasticity index (boundary of
medium/high plasticity). Activity also increased (average 0.39) though allreailgin

low activity. One point to note is the liquidity index is notably reduced, for samples that

had been soaked for 18 months.

When classified on the Casagrande classification drignire6.3), all soils plotted below

the Aline (MH range), which is indicative of a soil exhibiting behaviour of a high
compressibility silt. Soil behaviour, as classified by the Casagrande plasticity chart, aligns
with the determination made of soil type througéld and lab classification (silt
dominated soil with a high degree of plasticity).
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Figure 6.3. Samples tested using a fall cone plotted onto a Casagrande plasticity chart
determine soil characterisation. All samples are characterised as silts or organics wi
high plasticity regardless of treatment.

6.1.4 Conductivity

Conductivity within the soil paste showed a clear increase over time, with it taking
approximately 240 hours (10 days) to achieve conductive equilibrium with the original
solute (3.4 m3) at the furthest monitored point (150 mr)gure6.4 shows the change

in conductivity at the three monitored points within the soil paste. The ion plume of the
solute showed relatively rapid movement within the soil, with a change in conductivity
(0.05mS") measured at the 30 mm point after the first 6 hours of monitoring, with solute
conductive equilibrium at 30 mm achieved within 48 hours. The first changes were
detected after 12 hours and 24 hours at 90 mm and 150 mm, respectively. A relatively
rapid upick in conductivity was observed at 90 mm, taking 144 hours to achieve
equilibrium. 150mm showed a much slower increase by comparison, requiring another

100 hours (244 hours total) to reach equilibrium.
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Conductivity increase vs time
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Figure 6.4 Conductivity measured at 30mm (grey points), 90mm (yellow points) ani
150mm (orange points) from the salt well. Conductivity is measured in mS/crithe ion
plume was detected reasonably quickly at 30 mm (48 hours), while it took 240 hours f
the full strength to be observed at 150mm.

6.2 Triaxial Testing

CU effective stress tests were performed on 150 mm long cores of sensitive material
collected from the Kowai Grove landslidesm o k o The eesults obtained from these
tests include consolidation curves, shear behaviour, stress paths, affdilyr@st

characterisations.

6.2.1 Consolidation Behaviour

Time to Tio

Upon completion of the saturation andcBeck, samples were consolidated until pore
pressure waat a minimum, 95%lissipated (1og). Table6.4 presents the time taken to
achieve Toofor all samples tested. These are further presentegjure6.5, where Tioo

is plotted at each confining pressure against the time of immersion of soil cores.
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Table 6.4. Time taken to achieve full dissipationof pore pressures(Tiog) for untreated
and treated soilsfollowing consolidation. There was little consistency within the datéor
confining pressure, though some loose correlations did exist across the length
treatment. Note untreated samples were tested at 150 kPa and 225 kPa as opposed to
and 200 kPa.

Untreated 1 Month 3 Month 6 Month 12 Month R2 Value
Pressure

(kPa) (min) (min) (min) (min) (min)

120 144 72.25 121 110.5 36 0.53
160 132.25 90.25 81 64 49 0.75
200 110.25 169 144 100 72.25 0.57

The curves irFigure6.5 show an overall trend ofido decreasing with increasing length
of treatment. At 120 and 200 kPa confining stresses a reasonable level of correlation was
observed with Rvalues of 0.53 and 0.57 being produced respectively, while samples at

160 kPa showed much more consistency in their change witR @0R’5 produced

180 R2=0.526® 120
160 R2=0.7462® 160
R2 =0.5692 200

Time to Ty (Minutes)

0 2 4 6 8 10 12
Soaking time (months)

Figure 6.5 .A scatter plot of time taken to achieve full consolidation (To0) in minutes
against the soakage time of the soils. Samples are distinguished based on their confir
stress.Loose correlations do exist for the 120 and 200 kPa samples, while the 160 k
samples showed reasonably good correlation.

When plotting the Toofor immersed cores against the respective confining stress at each
length of treatmenfFigure 6.6) several trends emerge. The first of these is the lack of
consistency in oo for samples immersed for 3 and 6 months, with no correlation
observed for these lengths of soaking<B.13 and 0.05. respectively). All other samples
(untreated, 4month, 12month) showed a strong correlation betweemno Bnd the

confining stress. One unexpected aspect was the shift in the overall trend;oséthet
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both 1 and 12 months of treatment showing an increase with increasing confining stress,
while the untreated soil displayed the inverse.
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Figure 6.6. Time taken to reach Tioofor samples at their respective soakage lengthSome
strong correlations do exist (untreated, 1 month, 12 months), though samples at the 3 a
6 months show no correlation at all.

Change in Void Ratio

While time to Tioo sShowed a number of loose correlations, void ratio changes during
consolidation showed some notable trends. These changes in void ratio have been
calculated as the subtraction of the consolidated void ratio from the initial void ratio.
These are presentad Table 6.5. Overall, the void ratio has decreased following

consolidation.

Table 6.5. Change in void ratio following consolidation of treated and untreated sampie
at the respective confining stresses. Note untreated samples were tested at 150 kPa
225 kPa as opposed to 160 and 200 kPa.

Confining

Pressure

(kPa) Untreated 1 Month 3 Month 6 Month 12 Month
120 0.52 0.27 0.26 0.34 0.20

160 0.49 0.29 0.31 0.43 0.31

200 0.40 0.34 0.33 0.38 0.39
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At respective confining stressdsdqure6.7), there were weak to no correlations between
length of treatment and confining stress. With this said, for the treated cores, with the
exception of the-#nonth cores (R=0.17), there was a strong correlation present between
confining stress and void ratio changéX®9). Meanwhile, untreated soil cores showed

a decrease in void ratio change with increasing confining stress. This behaviour was
altered with treatment, with treated cores displaying an inverse relationship (increasing
confining stress resulting in in@sing void ratio change), with the steepest of these being

for samples treated for 12 months.
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S
- $
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'% 0.30 Q ......... R2 = 0.955% Untreated
@ Gttt e
T[T Rz = 0.924%® 1 Month
O A n Loeees”
020 @
> ¢ R2=0.932393 Month
0.10 R2 = 0.1683» 6 Month
R?=0.991% 12 Month
0.00

120 130 140 150 160 170 180 190 200 210
Confining Pressure (kPa)

Figure 6.7 Void ratios change for treated and untreated samples plotted against confinin
pressure. Strong correlations were observed for nearly all samples, with the 6 month
samples the only showing little to no correlation.

D-Vol and Permeability

While void ratio changes during consolidation, the source of this change (i.e the expelled
liquid) was also monitored during testing-V0I, or total volume expelled during the
consolidation cycle, is plotted against soakage timeFigure 6.8. For samples
consolidated at 200 kPa, there is a very strong correlatfon QF88) between the volume
expelled from the sample and the length of treatment, with an increased volume expelled
with increased soaking time. A similar trend was displayed by the 160kPa stress, albeit
far less clearly correlated fR 0.6), but at the lowest confining stress (120 kPa), there
wasno correlation between the immersion period arddD(R?= 0.08). Another aspect
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that was observed from the consolidation data and reflected imibevizas the reduction

in the volume expelled from samples after six months of immersion.
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Figure 6.8 . A scatter plot showing the volume of liquid expelled during consolidatiorl}-
Vol) plotted against soaking time. From the data no correlation appears to exist fc
samples at the lowest confining stress (120 kPa), while 160 kPa showed some correla
(R?=0.59) and 200 kPa showed a strong relationship. Note untreated samples were tes
at 150 kPa and 225 kPa as opposed to 160 and 200 kPa.

Permeability over the course of treatm@rfigure6.9) showed an increase as the length

of treatment increased, with samples becoming more permeable over time regardless of
the confining stress. Samples showed a strong correlation at the 160 and 200 kPa
confining stresses @R 0.98 & R = 0.92, respectively). The lowest confining stress
showed a weaker correlation®R0.61) but did show a marked increase in permeability

at the longest (12 month) soaking time. Deviation in the trends did occur, with the samples
soaked for six monthg={gure 6.9), showing a drop in overall permeability across the
board. While there is a clear increase in permeability over time, it is worth noting that the
data does not show a linear increase over the 12 months from untreated. Instead, it shows
that samples at th200 kPa mark have a lower permeability at 1 and 3 months when
compared to the natural permeability before increasing at 4mengh time point.
Similarly, samples at the 120 kPa pressure point exhibited a small increase in permeability
before dropping awaquite significantly and having a reduced permeability after the 1
month time point, with the 2Bhonth sample having a drastically higher permeability.
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Figure 6.9. A scatter plot showing permeability for untreated and treated samples over
the 12 months of treatment All samples showed a correlation for increasing permeability
with soaking time, with 160 and 200 kPa confining stresses both haviR2 values in
excess of 0.9, while 120 kPa was less strongly correlated (R 2=0.61). Note untre:
samples were tested at 150 kPa and 225 kPa as opposed to 160 and 200 kPa.
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6.2.2 Triaxial Shear Behaviour

Table 6.6 shows the key parameters derived from CU triaxial tests undertaken on the
untreated and treated soiressstraincurves, as well as pore water pressure cyares
shown at each respective confining strésgyre6.10a, b,andc). Across all confining
pressuresthere is a rapid increase in peak deviator streiss a similar increase in pore
pressure prior to peak deviator stregish increasing length of treatmenBoth are
accompaniedoy a distinct drop in following failurethough pore pressure typically
increased prior to 20% axial straifhe strain afailure wasrelatively small, with failure
occurring at points between 3.3 % anth6

Table 6.6. A summary table of the various parameters measured during the consolidate

undrained triaxial tests undertaken on untreated and treated sensitive Pahoia Tephr
samples.

Deviator Rate of Strainat PWP at Forceat Strain

Stress Change Failure Failure  failure Softening

(kPa) (kPa/month) (%) (kPa) (kN) (%)
Untreated (120 kPa) 130.0 5.5 55.1 238.1 21.20
1 Month (120 kPa) 171.7 41.7 4.9 62.0 316.0 21.13
3 Month (120 kPa) 164.4 -3.6 5.7 60.1 301.4 16.50
6 Month (120 kPa) 183.0 6.2 5.2 59.9 343.7 21.55
12 Month (120 kPa) 215.1 6.4 4.8 62.1 398.2 16.26
Untreated (150) 149.0 4.6 87.7 287.2 31.55
1 Month (160 kPa) 201.9 52.8 3.3 86.8 352.4 31.50
3 Month (160 kPa) 203.7 0.9 3.8 93.7 366 31.07
6 Month (160 kPa) 208.9 1.7 4.6 89.3 379.9 28.16
12 Month (160 kPa) 212.5 0.6 3.4 99.4 373.7 27.25
Untreated (225Ra) 185.0 3.5 130.3 336.6 36.92
1 month (200 kPa) 217.5 32.5 5.3 112.8 397.0 22.93
3 Month (200 kPa) 216.7 -0.4 6.0 115.6 392.8 23.65
6 Month (200 kPa) 212.9 2.4 5.9 114.7 414.9 20.16
12 Month (200 kPa) 242.5 3.1 4.2 124.0 434.6 13.79
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Deviator Stress & Pore Pressure (kPa)
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Figure 6.10.(a) Deviator stress golid-colouredlines) and pore water pressure
(dashed coloured lines) for samples tested at 120 kPa. (b) Deviator stress
(solid-colouredlines) and pore water pressure (dashed coloured lines) for
samples tested at 160 kPa (c) Deviator stress (solid coloured lines) and por
water pressure (dashed coloured lines) for samples tested at 200 kPa
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Excess Pore Water Pressures

Excess pore pressures showed a similar trend to deviator stresses with a rapid rise in
pressures, reaching an initial peak. Behaviour following this peak varied with confining
stresses. Samples tested at 120 kPa showed an initial lowering in pore podiesvire

peak deviator stress, before rising once again betweeh51% axial strain, and
continuing to rise towards the end of the test at 20 % axial strain. In some instances (1
month 200 kPa, 6 Month 200 kPa), this rise resulted in final pore water pressures higher
than the pore water pressure at failure. The highefirdiog pressures showed a slow
increase following peak excess pore pressdfieen observing the rate of change for
deviator stress per month across the 12 ma(ftiggire6.11), it can be seen the bulk of

the deviator stress increases occur within the first month of treatm&bs(BRa increase)

with the remaining changes in deviator stress being minor (<10 kPa) by comparison.
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Figure 6.11 A scatter plot showing the rate of change (kPa/month) against the length «
time the tested core had been soaked for. Samples are split into their respective confini
pressures, where 120 kPa = light blue, 160 kPa = orange and 200 kPa = light grey.

6.2.3 Triaxial Pore Pressure Variations

When looking at pore pressure differences within the sample a number of differences
emergeFigure6.12a, Figure6.13a, Figure6.14a, Figure6.15a, andFigure 6.16a show

the plotted pore pressure response at the base (solid lines) and top (dashed lines) of
samples during shear. Within each figure, plotted data is divided into the three confining
stresseglight blue =120 kPa, grey = 160 kPa, dark bfi200 kP, with each individual

figure representing the length of treatment (untreated, 1 month, 3 month, 6 months, 12
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