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ABSTRACT

Sensitive soils with a high ratio of peak to remoulded strength are frequently involved in large,
damaging landslides around the world. In New Zealand, sensitive soils are derived from in situ
weathering of fine-grain pyroclastic deposits; elsewhere they are typically deposits of glacial
derived "rock flour". This research describes the nature of sensitive pyroclastic deposits and
proposes a possible process to their formation. Investigations focused on the ~1 Ma Kidnappers
tephra due to its widespread nature and typical exposure at the base of cliffs where it is typically
saturated and contributes to landslides.

Field observations found that these soils are generally syn-eruptively reworked pyroclastic
deposits of variable grain-size and plasticity, with typical deposits being high to extremely high
plasticity silts. These soils are often the basal shear plane of landslides in the Auckland and
Tauranga regions. X-ray diffraction studies found a typical mineralogy of quartz and plagioclase
together with the clay minerals halloysite and kaolinite. Scanning electron microscopy observations
showed these soils have a quasi-matrix microstructure inherited from the original vesicular texture
that has been modified by weathering into clay minerals without a significant change in porosity.
Geotechnical testing determined the physical and material properties of the soils to be: dry density,
0.9 — 1.1 g/cm®; moisture content, 49% - 104% by mass; peak friction angle, 15° - 32°; peak
cohesion, 10 — 80 kPa; residual friction angle, 14° - 30°; residual cohesion, 0 — 13 kPa; sensitivity, 6
to 24.

Key factors in the genesis of sensitive pyroclastic deposits are: i.) an original low density
deposit composed of vesicular glass and pumice fragments, ii.) weathering of primary material to
form halloysite and kaolinite, iii.) a delicate microstructure dominated by clay mineral
microaggregates in a high-porosity fabric, and iv.) high natural water content that promotes fluid
behaviour during shearing. Of these four conditions original vesicular texture and weathering that
promotes the formation of kaolin group minerals are the most important factors in the generation of
sensitivity. The results of this research will help practitioners to recognize and respond to sensitive

pyroclastic soils and contributes to the understanding of these soils in a global context.
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with conchoidal fracturing. b.) Feldspar grain with cleavage planes and blocky morphology. c.)
Fractured mica grain with cleavage planes. d1.) Bubble wall shard. d2.) Vesicular pumice grain. e.)
Pipe-like microaggregates. f.) Bent and helical stack microaggregates. g1.) tubular clay particles.
g2.) Lattice-microaggregate. g3.) Bundle-like microaggregate. h.) Globular microaggregate of
SPheroidal Clay PArtICIES. .........vciiiiie et esta et sre e s reeaesneenre s 67

Figure 3.26 - Typical morphology of rhyolitic pyroclasts after Moore (1989). a.) Vesicular pumice
(VP) and bubble wall shards (BWS). b.) Vesicular pumice, bubble wall shards, and moss-like grains
(M). c.) Blocky grains (BG) with evidence of abrasion and transport. d.) Close-up of moss-like
coating on a grain. Moore (1989) describes this as a curious product of pyroclastic formation. ..... 68

Figure 3.27 — Columnar stack microaggregates (M) of varying sizes arranged in a high porosity
matrix. These microaggregates occur as coatings on grains (G) as well as fragile bridges between
grains. Micropores are visible as irregular dark areas between microaggregates and grains. ele —
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Figure 3.28 - SEM photo from sample 37A from Omokoroa. The foreground shows a solution
pitted glass shard, while the background shows a matrix composed primarily of book-like and bent
stack microaggregates of platy kaolinite. The microaggregates are arranged in a low-density
configuration with many pores and edge-to-edge contacts (e/e). P — solution pitted pumice fragment,
K — KaoliNite MICIOAQQIEGALES. .. ..viivieitieeiee ettt ettt et et e et e e be e e e e s beeenteesseeenres 70

Figure 3.29 - Stacked columnar microaggregates (M) in an open, porous network, with some
individual tubular particles (T), and microaggregates of spheroidal clay particles (S). Pores in this
photo are a variety of shapes and sizes, typically polygonal due to being bounded by stacked plate
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Figure 3.30 - Detail of stacked columnar microaggregates (S) with some tubular clay particles (T).
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There are several 1-3 um pore spaces in this picture, surrounded by microaggregates with delicate
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Figure 3.31 - SEM photo of sample 56 from Omokoroa. The matrix of this sample has an open
structure with high porosity. There are numerous book-like clay microaggregates (B) as well as
globular microaggregates of tubular clay particles (G). ......coveeeiieiieieceree e 71

Figure 3.32 - SEM photo of sample 55 from Omokoroa. The sample is dominated by pumice
fragments (P) with a matrix (M) composed of tubular and spheroidal clay. Pores in this sample are
semi-circular rather than PolYgONaL. ..........cooiiiiiec e 72

Figure 3.33 - Bundles of hollow tubes (T). These are likely relict fibrous or vesicular glass from
pumice fragments. Replacement of the glass by secondary minerals has occurred. The tubes are a
variety of sizes, representing the original texture of the glass. ..........cccceevveviiiiiici i, 72

Figure 3.34 - Hollow tubular structures (T) in a matrix of clay microaggregates. Enlargement is
shown in Figure 3.35. The hollow structure of the tubes is readily apparent (H)...........cccccoevviienen, 73

Figure 3.35 - Enlargement of Figure 3.34, showing the clay particles composing the hollow tube.
This seems to represent a pseudomorphous replacement of fibrous or vesicular volcanic glass. ...... 73

Figure 3.36 - SEM photo of sample 41. Silt and sand grains (G) in this photo have some direct
contact with each other, while in other places a matrix (M) of clay microaggregates is the dominant
structural feature. The matrix in this sample has an overall “moss-like” appearance and might be
termed “honeycomb” in the classification of Selby (1993). ......cccviiiiiiiiiiiici s 74

Figure 3.37 - SEM photo of sample 42 showing a silt grain (G) in clay matrix. Matrix material is
primarily book-like microaggregates of probably kaolinite (K). This is one relatively larger, circular
pore (C). Most of the pores in this sample are polygonal and bounded by stacked platy
MICTOBGGIEUALES. ... .veveeueeseetet ettt et b bbbt bt st et e b e bt b e bt e bt bt bt e Rt e st et et e b e nb e et e bt et e e s eneeneas 75

Figure 3.38 - SEM photo of sample 43 showing silt and sand grains (G) with clay coatings (M).
Porosity in this photo is primarily in the form of micropores between clay microaggregates in the
MALriX AN Grain COALINGS. ....veiveeiviiieie ettt e et e st esae e s te e s e s beesbeeseesaeesaeensesseeeeens 75

Figure 3.39 - Web-like or lattice network of tubular clay particles forming coatings on several grains
(G). Highlighted area is enlarged in Figure 3.40. There are semi-circular and polygonal pores
between tubular clay microaggregates, detail of these shapes is more visible in Figure 3.40............ 76

Figure 3.40 - Enlargement of Figure 3.39. Lattice-like network of tubular clay particles coating (T)
several grains (G) and clay microaggregates (M). Pores generally occur between microaggregates.

Figure 3.41 - A semi-aligned microaggregate of tubular clay particles (T). This microaggregate is
somewhere between the semi-parallel bundles of Figure 3.18 and the randomly oriented grain
COALINGS OF FIGUIE 3.19. . ittt ettt e et e s ae et e e teeesbeesaeeanbeenreeas 77

Figure 3.42 - SEM photo of sample 48 showing a porous, open structure in a matrix composed of
kaolinite and halloysite MICrOAGQIEGALES. ........iiviitirteitieieeieieie ettt bbb 77

Figure 3.43 - Helical stacked microaggregate (HS), growing around a grain (G) with some other clay
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microaggregate coatings. S — stacked columnar microaggregates. .........ccovveeeieenenie e 78

Figure 3.44 - SEM photo of sample 49. This soil is dominated by a matrix of clay microaggregates

arranged N @ 100SE STTUCTUIE. .....cuii ettt et esbeetesneesbeebeeneenreas 78
Figure 3.45 - Hair-like microaggregates (H) composed of tubular and spheroidal clay particles, in a
matrix of lumpy microaggregates (L) composed of the same types of clay particles........................ 79
Figure 3.46 - SEM photo of sample 50 showing a sand grain (G) in a matrix of book-like clay
microaggregates (K). M — MICA graiN. .......cccveueiiieieeie e e et ra e e reeee e 79
Figure 3.47 - SEM photo of sample 51. There are a few sand grains (G) present in a loose matrix
(M) composed of clay MICrOAgQIEJALES. .......vcviiiecieeie ettt ra e re e e 80
Figure 3.48 - Bridges of tubular clay particles between columnar stack microaggregates................ 80

Figure 3.49 - SEM photo from sample 31 showing numerous silt grains (G) forming a largely
SKEIELAl MICTOSIFUCTUIE. .....evvieeie ittt bbbttt bbb b e e nes 81

Figure 3.50 - SEM photo from sample 31 showing a close-up of silt grains (G) with coatings of clay
MICIOAGYIEUAES (IM). .eivieiti ettt et st et e et e s be e saeeeeeseesbeenteaneesaaereaneeareense e 82

Figure 3.51 - Halloysite tubes (H) adhering to, and possibly growing on, a mica grain (M) in sample
50 from Pahoia. The mica grain is partially delaminated. ............ccccceviiiiiiiiiii i 83

Figure 3.52 - Convoluted/worm-like microaggregate of halloysite tubes (H) from sample 43 from
Pahoia. The curious morphology of the large microaggregate at the centre of the photo is
reminiscent of a burrow structure and may be related to biological activity. ............ccccccevviiieiinenenn, 83

Figure 3.53 - SEM image of remoulded Sample 37. Arrangement of particles is tighter in this
material compared to the intact sample (Figures 3.22, 3.23, and 3.24). In this photo, pores are less
numerous and smaller. There is also an increase in the degree of grain coating by clay
microaggregates. G — sand and silt grains, M — MatriX...........cccccvveiieiiieiieiece e 84

Figure 3.54 - SEM photo of remoulded material from Sample 55. Tight packing of glass shards and
pumice fragments (G) is the dominant feature of this photo. Compared to Figure 3.32, this photo
has lower porosity and a higher degree of contact between rigid grains. ...........ccoccvvveviveriveieseennnnn, 84

Figure 3.55 - SEM photo of remoulded material from Sample 41. Silt and sand sized grains are
coated with clay material (G). A somewhat distorted and sheared kaolinite microaggregate is visible
in the centre of the photo (K). Compared to Figures 3.33, 3.43, and 3.46, this sample has less pore
space and a greater degree of grain coating by microaggregates. .........ccvovveveereiieseese s 85

Figure 3.56 - SEM photo of remoulded material from Sample 42. In this photo, various matrix clay
particles are dispersed, rather than forming monominerallic aggregates. In addition, there is less
porosity in the remoulded sample than the intact sample. H — tubular particles, K — book-like
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Figure 3.57 - SEM photograph of remoulded material from Sample 43. Numerous halloysite tubes
are dispersed in a grain coating in this photo. This photo is similar to Figure 3.19; however, in this
case the tubular clay particles are mixed together with book-like microaggregates, and the amount of
pore Space IS SOMEWNAL FEAUCET. ........coviiiiriiriiiiiieire bbb 86
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Figure 3.58 - Field shear vane ratio plotted by soil colour. Orange and pink soils have a slightly
higher sensitivity on average, but there is a large degree of variance in the measured shear strength
FAtI0 OF OFANGE SOTIS. ... ettt et e et et et esaeesteeneesreenee e 87

Figure 3.59 - Plasticity index plotted by soil colour. Orange and pink soils have slightly lower
plasticity indices on average compared t0 Other SOIIS. .........cocvveiieriiie i 88

Figure 3.60 - Liquid limit plotted by soil colour. Orange and pink soils have slightly lower liquid
TIMITS ON AVETAJE. ..eiueeieieitieie ettt ettt et s e te e be e st e e be e be e s beeRe e saeeseeebeeabeenbeereesbeeteaneesbeenee e 88

Figure 3.61 - Distance from the Casagrande A-line plotted by colour. Soils plotting as less than zero
would plot below the A-line and therefore be classified as silt, while those with a value greater than
zero would plot above the A-line and be classified as Clay. ... 89

Figure 3.62 - Landslide at Omokoroa from November 2007. The landslide occurred a few weeks
before this photo was taken. The stratigraphy exposed in the head scarp includes Matua Subgroup
and Pahoia Tephras, Hamilton Ash, and Rotoehu Tephra. Sensitive Kidnappers tephra outcrops 1

metre north (left) of the landslide MArgin. ... 90
Figure 3.63 - Map showing location of slide on Omokoroa Peninsula. The slide occurred during the
course of fieldwork for this research. Other scarps and cliffs are related to former landslides......... 91
Figure 3.64 - Log of the landslide face from Figure 3.62. .........ccccoveveiiieii e i 92

Figure 3.65 - Cross section of strata involved in the landslide on Omokoroa. All units are presumed
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Figure 3.66 - Example of an incipient fall failure in reworked Kidnappers ignimbrite. Notice
especially the crack indicated by the red arrows on the photo...........cccoovieieeiiicn s 93

Figure 3.67 - The same location as Figure 3.66 following failure. Most of the slope is composed of
pyroclastic sands and gravels of the Kidnapper Ignimbrite and Pahoia Tephras. Cross-bedding is
visible as indicated by the arrow, indicating resedimentation of the deposit by fluvial action.
Measuring tape on top of debris is approximately 1 Metre........cccccveveiieiieiecieceee e 94

Figure 3.68 - Schematic drawing of fall failures that occur on Omokoroa Peninsula. Waves erode
the pumice sand and gravel exposed at beach level, leaving the upper portion of the slope undercut.
This material eventually failS IN tBNSTON. ........oiiiiiiiii s 95

Figure 3.69 - Slope stability model for Omokoroa peninsula. The slope model is based on the
stratigraphy exposed in Figure 3.62. As illustrated, the groundwater table runs along the upper
contact of the Kidnappers tephra. Failure occurs as a relatively shallow slide, with a shear surface at
the contact between the Kidnappers tephra and the underlying Matua Subgroup sand. Distance and
elevation are in metres. The factor of safety is reported at the top of the figure next to the green
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Figure 3.70 - Overall view of the area used for a slope stability model at Pahoia peninsula. The
slope is heavily vegetated and stable, despite being underlain by sensitive Kidnappers tephra......... 98

Figure 3.71 - Close up of soils exposed at the base of the Pahoia slope. The pink unit is a highly
plastic tephra, while the greyish brown soil is less plastic. Both are Kidnappers tephra and exhibit
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high sensitivity. Measuring tape is approximately 1 metre long. The complex bedding in this photo
is indicative of syn-eruptive reSedimentation. .............ccoevviieiiiesreie e 98

Figure 3.72 - Slope stability model of Pahoia peninsula near sampling location. In this model, the
groundwater table is kept at the contact between the sensitive Kidnappers tephra and stiffer
pyroclastic silts. A factor of safety of 1.1 indicates a possible risk of failure if conditions change.
Distance and elevation are in metres. Sliding occurs within the Kidnappers tephra, presumably
above Matua Subgroup sediments. Factor of safety is reported as the number above the green
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Figure 3.73 - Slope stability model for the same slope on Pahoia peninsula. In this case, the
groundwater table has been raised considerably, and a safety factor of 0.9 indicates incipient failure.
Distance and elevation are in metres. Sliding occurs within the Kidnappers tephra, presumably
above Matua Subgroup sediments. Factor of safety is reported above the green diamond. ........... 100

Figure 3.74 - Distance from A-line plotted against the field shear vane strength ratio (soil
sensitivity). There is no clear trend to this data, although there is a cluster where most of the data
plots apart from three outliers. One of these is an exceptionally sensitive soil from Pahoia (sample
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Figure 4.1 - Auckland field areas. Study areas were located at Awhitu, Mangatawhiri, and Ohuka.
Other locations refered to in this chapter are also labelled. ..., 107

Figure 4.2 - Geology of field locations in the Auckland region modified from Edbrooke (2001).
Locations of the field areas are highlighted by red Circles. ... 110

Figure 4.3 - Stratigraphy at each field location with geotechnical descriptions of soils. At Ohuka,
the Kaawa Formation (Waitemata Group) underlies the stratigraphic column presented. At Awhitu,
Waitemata Group is present at a depth greater than 1 km (Edbrooke 2001). The depth to older units
at Mangatawhiri is unknown. Colouration in this figure is based on colour of the soils in the field.
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Figure 4.4 - Geological log of outcrop on the Awhitu Peninsula. At this location, the Kidnappers
tephra is too firm to insert a shear vane or sampling tube. The Kidnappers tephra and ignimbrite are
exposed within the AWHItu GrOUD SANAS...........cueiiiii e re e 114

Figure 4.5 - Photograph of outcrop at Awhitu. A recent slide created an outcrop of Kidnappers
tephra and Ignimbrite at this location. The thick white bed in the centre of the photo is the
Kidnappers Ignimbrite. The Kidnappers tephra outcrops just below the ignimbrite ...................... 115

Figure 4.6 - Geotechnical log of outcrop on Ohuka Hill showing the Kidnappers tephra interbedded
with Awhitu Group sands. Shear vane and pocket penetrometer test locations and results are shown.
Sampling locations are noted with reference to sample numbers used in Section 4.4..................... 116

Figure 4.7 - Kidnappers tephra exposed between two beds of the Awhitu Group sand at Ohuka Hill.
The tephra is approximately 1 m thick in this Photo. ..., 117
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Figure 4.9 - Outcrop at Mangatawhiri. Kidnappers tephra is the pinkish orange material exposed in
the lowest level of the road cut. The upper level of the road cut is composed of a sequence of brown
clayey sands (Hamilton Ash) with a white pumiceous sand at the top (Rotoehu ash). Fissuring in the
Kidnappers tephra occurred after excavation due to drying of the Soil. .........ccccccvvviiiiieiiccicee, 119

Figure 4.10 - In situ density of samples from the Auckland region plotted against natural moisture
content. Sample 47 was collected at Mangatawhiri and Samples 53 and 54 were collected from
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Figure 4.11 - Dry density plotted against natural moisture content of samples from the Auckland
region. The strong trend in Samples 47 and 53 are similar to those in samples from the Tauranga
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Figure 4.12 - Consolidated drained and undrained tests from Mangatawhiri, sample 47. Although
tested by different methods, these give similar results for the shear strength parameters, which is to
be expected. This provides evidence that the effective friction angle as measured by either drained
or undrained methods is the same for these SOIIS. ..........cocevi e 125

Figure 4.13 - Atterberg limits results from the Auckland region. All samples classify as high to very
NIGN PIASTICITY STIES. ... bbbttt 126

Figure 4.14 — Whole-rock XRD pattern for sample 47 from Mangatawhiri. The majority of the
peaks present correspond to kandite group clays (K). Peaks labelled 'Q' correspond to quartz. .....127

Figure 4.15 - Whole rock XRD pattern for sample 53 from Ohuka. This sample contains kandite
group clay (K) and plagioclase feldSpar (P).........cccoviiieiiiiiiie e 128

Figure 4.16 - Whole-rock XRD pattern for sample 54 from Ohuka. This sample contains kandite
group clay (K), plagioclase feldspar (P), and mica (M)..........cccccueiiiiiiieeie i 128

Figure 4.17 - SEM photos of sample 47 from Mangatawhiri. a.) Overall fabric with silt grains and
matrix material. b.) Clay microaggregates on a quartz grain. The microaggregate is primarily
composed of spheroidal clay particles, probably halloysite. c.) Typical matrix dominated
microfabric with numerous book-like clay microaggregates and some tubular clay particles. The
contacts between these microaggregates are primarily face-to-edge and edge-to-edge, with few face-
to-face. d.) A broken and weathered pumice grain with clay replacement of original glass, similar to
Figure 3.34. Much of the original glass has been replaced by clay material, including a stacked
columnar microaggregate. g — grain, p — pore, ma — microaggregate, b — book-like or stacked
columnar microaggregate, h — hair-like microaggregate of spheroidal clay particles, p — large pipes
formed by replacement of glass by clay Minerals. ............c.coooooeiieiicic e, 130

Figure 4.18 (previous page)- SEM photos from sample 53 from Ohuka. a.) Overall view of soil
microstructure with many glass shards and clay matrix. b.) Elongate, bubble-wall glass shards with
solution pitting and spheroidal clay particles adhering. c.) Globular microaggregates of spheroidal
particles, probably halloysite, on glass shards that have been largely replaced by clay minerals to
form pipes. Some microaggregates of allophane are beginning to form hair like strands. d.) Tubular
clay adhering to a mica grain with matrix composed of globular clay microaggregates. e.) matrix
clay material dominated by spheroidal particles forming globular and hair like microaggregates. f.)
Mica grain with tubular clay particles (halloysite) and globular microaggregates adhering. g — grain,
p — pore, ma — microaggregate, m — mica grain, sh — glass shards, gma — globular microaggregates, s
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— stacked microaggregate, t — tubular clay particle, h — hair like microaggregate............cccccceeuenee. 133

Figure 4.19 (previous page)- a.) Glass shard largely replaced by clay minerals. b.) Enlargement of a.
c.) hair-like microaggregate composed of spheroidal particles, d.) Numerous tubular halloysite
particles in sub-parallel alignments forming a bundle microaggregate. ............cccoovevviveiieereeinennen, 135

Figure 4.20 (previous page)- SEM photos of sample 54 from Ohuka. a.) Overall soil fabric
consisting of a few large grains is a clay matrix. b.) Mica grain with some tubular clay (halloysite)
and amorphous material of unknown composition adhering to it. c.) Silt grain (possibly quartz) with
curved book-like clay microaggregates. d.) Matrix composed of many book-like microaggregates.
Pores are frequently surround by bent book-like microaggregates and are semi-circular to semi-
polygonal and range in size from 1 to 20um. e.) Book-like microaggregates with predominantly
face-to-edge contacts coating a grain. f.) Fine detail of bent book-like microaggregates coated with
some tubular particles, and a grain coated in spheroidal clay particles. g — grain, p — pore, m — mica
grain, b — book-like microaggregate, am — amorphous blob like material of unknown origin........ 137

Figure 4.21 - Broken edge of a mica grain (M) with tubular (T) and spheroidal (S) clay particles.
The mica grain is partially delaminated, while the clay particles are fixed to the grain, possibly in
growth positions. C — columnar stack microaggregate with some delamination near the upper
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Figure 4.22 - SEM photographs of remoulded and sheared material from sample 53-Ohuka. a.)
Overall view of soil texture. b.) Slightly aligned slit grains in matrix. c.) Glass or quartz grain
coated with spheroidal clay particles and microaggregates. d.) A partially delaminated mica grain
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Figure 4.23 - Remoulded and sheared sample 54-Ohuka. a.) Overall texture with greatly reduced
porosity. b.) Round grain coated in clay of tubular and spheroidal morphology. c.) Matrix material
with indistinct shapes contrasting with the clear morphology of microaggregates in the intact
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Figure 4.24 — Simplified stratigraphy and slope stability of Ohuka Hill modified from van den
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Figure 4.28 - Composite photo of the BP Service Station at Papakura while under construction. The
shape of the embayment is apparent. Mounds and hills in the background were formed by the same
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landslide event that formed the embayment in the foreground. Photo by W.M. Prebble, used with
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Figure 4.29 - Geotechnical log of soil outcrop above the Southern Motorway at Papakura Service
centre from van den Bergen (20028)..........ccccviieiieieiieieesie e se e nes 148
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