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ABSTRACT
The integrated Coastal Zone and Shelf Sea Research (INTERCOAST) organization, a cooperative German and 
New Zealand multidisciplinary research program, concentrates on scientific issues in social and natural science 
disciplines in the both countries. INTERCOAST 4 (IC4) Ph.D. program tackled geotechnically problematic soft 
soils such as peat, clay and clayey silts which have posed considerable challenges to geotechnical engineers in 
all parts of the world during design and construction process.  

In Germany, peat is one of the prevailing groups of soil which is present in both off-shore and on-shore areas 
and exhibit properties such as high compressibility and low shear strength; these properties may cause 
complications such as differential settlement or failure in structures built on such soils. Removal or stabilization 
are the most important methods used to overcome geotechnical problems related to peat soils’ engineering 
characteristics. In New Zealand, many off-shore and on-shore areas of the North Island are covered by volcanic 
ash, and weathering of this material has resulted in formation of clay minerals. Dredging of volcanic ash layers 
often causes major turbidity in the water column and poses risks to wildlife and humans. Due to very low 
effective shear strength and high sensitivity of volcanic ash, these sediments are not considered to be appropriate 
for off-shore construction and installation purposes. On-shore weathered volcanic ash having low permeability 
acts as a barrier to fluid flow, for example infiltration of rainfall, and prevents pore pressure from dissipating. 
This special characteristic may lead to failure of slopes with volcanic ash materials because increases in pore 
pressure lowers the effective normal (vertical) stress, and therefore shear strength. 

The aim of this dissertation is to utilize in-situ and laboratory measurements in order to (i) present soil 
mechanical intervention for stabilization of peat using cost-effective and environmentally-friendly stabilization 
method and focus on a comparison between mechanical characteristics of undisturbed and stabilized peat, (ii) 
investigate geological setting, lithology and depositional history of off-shore sub-seafloor volcanic soils and 
determine geotechnical properties of near-surface sediments and (iii) look into the role of volcanic soils in 
occurrence of on-shore landslides. 

In this study, the Geotechnical Off-shore Seabed Tool (GOST) Cone Penetration Test (CPT) unit was utilized 
for in-situ measurements. The tool uses a 5 cm2 cone and measures tip resistance, sleeve friction and pore 
pressure. The primary application of GOST is off-shore investigations in up to 4000 m water depth, but it is also 
appropriate for on-shore measurements. GOST can perform static penetration, vibratory penetration and 
dissipation tests.

Physical and mechanical laboratory investigations using peat require relatively large sample volumes. Because a 
sufficient amount of sample was unavailable in cores taken from the German North Sea, samples were collected 
from on-shore peatland located in the Blockland area of Bremen. In the laboratory, stabilization of peat was 
attempted using quartz sand. In order to stabilize the peat samples, cylindrical volume of peat were removed 
from a nearly undisturbed sample and replaced with sand. Permeability, consolidation and shear characteristics 
of undisturbed peat were obtained and compared with peat stabilized with 20%, 30% and 40% sand by volume 
on the laboratory scale. By adding sand columns to the peat, higher permeability, higher shear strength and a 
faster consolidation was achieved. The sample with 70% peat and 30% sand displayed the most optimal 
compressibility properties. This can be attributed to proper drainage provided by the sand columns in this 
specific percentage. It was observed that the granular texture of sand also increased the friction angle of peat. 
The addition of 30% sand led to the highest shear strength among all mixtures considered. The peat samples 
with 40% sand were sampled with the sand partitioned into either two or three sand columns and tested in direct 
shear and consolidation tests to evaluate the influence of the distribution of sand. Samples with three sand 
columns showed higher compressibility and shear strength. Following the results of this laboratory study it 
appears that the introduction of sand columns could be suitable for geotechnical peat stabilization at the field 
scale.

Tauranga Harbor plays a key role in the New Zealand export-import industry, and plans currently exist for 
dredging and extending the harbor to accommodate larger container vessels. 2D and 3D sub-surface stratigraphy 
and near-surface materials physical properties of estuary sediments were investigated to evaluate the feasibility 
of dredging and installation operations in the harbor. For this reason, a combination of CPT, description of 
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available core samples, one short drilled core and seismic investigations in Stella Passage, were performed in 
the main shipping channel of Tauranga Harbor as the basis of the project. Six geological sequences were 
identified in the 2D stratigraphy; in ascending order they are Waiteariki Ignimbrite, Matua Subgroup, Te Ranga 
and Te Puna Ignimbrite, Pahoia Tephra, Hamilton Ash and Holocene marine sand. The presence of the Pahoia 
Tephra and Hamilton Ash formations in the Stella Passage implies that deposition in this area is impacted by a 
migrated braided river channel from the ancestral Wairoa River. The extent of the Pahoia Tephra upper surface 
along the Stella Passage determined by 3D seismic reflection investigations shows three valleys oriented East-
West. Four selected CPT were correlated with lithostratigraphy to characterize the stiffness of sediments from 
each geological sequence to assess the suitability of each sequence for dredging operations and installation 
purposes. In terms of dredging, the Waiteariki Ignimbrite sequence may not be encountered in future dredging 
operations since it is the deepest sequence in this study and far below the current seafloor. Due to the Matua 
Subgroup and Te Ranga and Te Puna Ignimbrite sequences having stiff materials, special dredging machineries 
may be required. Pahoia Tephra and Hamilton Ash sequences are highly altered to clays making dredging 
easier. However, turbidity in the water column has to be considered. Holocene sequences within the previously 
dredged channel can easily be further dredged, while in undredged locations the sequence may be stiff and 
cemented. For installation purposes, Waiteariki Ignimbrite, Matua Subgroup and Te Ranga and Te Puna 
Ignimbrite are considered to be stable and Pahoia Tephra and Hamilton Ash are considered to be unstable. 

Piezovibrocones have been developed to evaluate the liquefaction potential of on-shore soils, but have not yet 
been utilized to evaluate the in-situ liquefaction behavior of off-shore marine and volcanoclastic sediments. 
Two static and vibratory CPT performed at Tauranga Harbor, New Zealand, where the lithology is known from 
nearby boreholes. The influence of vibration on different types of marine soils is evaluated using the reduction 
ratio (RR) calculated from static and vibratory CPT. Specific sediment layers with a high risk of liquefaction 
and with a small response to cyclic loading are identified. In addition to the reduction ratio, the liquefaction risk 
of sediment is analyzed using classic correlations for static CPT data which show no liquefaction risk. This 
suggests that liquefaction risk is underestimated using the classic static CPT correlations for marine soils. These 
results show that piezovibrocone tests are a powerful tool for liquefaction analyses in off-shore marine and 
volcanoclastic soil.   

In the Tauranga region, failure of sensitive soils commonly occurs after heavy rainfall events, causing 
considerable infrastructure damage. Pore pressure and shear strength are two important parameters that control 
the stability of slopes. These parameters can be obtained from in-situ by CPT with pore pressure measurements. 
Results from three static, vibratory and dissipation CPT profiles deployed into a landslide headwall at Pyes Pa, 
Bay of Plenty, New Zealand are used to investigate the landslide. The strata in the landslide region consist of 
volcanic ashes and ignimbrites. Studying the stability of slopes in this area using in-situ geotechnical testing is 
of societal-economic importance since several other landslides within comparable strata have caused 
considerable property damage. Three CPT profiles were collected across the headwall of the slide scar in 
undisturbed sediments with 2 m spacing using static, vibratory and dissipation test modes. Static CPT results are 
used to evaluate soil grain size variations, geotechnical parameters of sediments such as shear resistance and 
sensitivity, and to identify the probable slip surface. Liquefaction potential of sediments is assessed using 
vibratory CPT results. Pore pressure dissipation tests at depths of 6 m, 9 m and 11 m were used to calculate 
values of horizontal soil permeability. The liquefaction probability from static CPT results is compared with 
liquefaction potential evaluation from vibratory CPT and an unstable soil layer is identified based on static CPT, 
vibratory CPT and dissipation results. 

Several notable landslides include a large failure at Bramley Drive, Omokoroa in 1979, the Ruahihi Canal 
collapse in 1981, and numerous landslides in May 2005; recently the Bramley Drive scarp was reactivated in 
2011. These failures are associated with materials loosely classified as the Pahoia Tephras - a mixture of 
rhyolitic pyroclastic deposits of approximately 1 Ma. The common link with extreme rainfall events suggests a 
pore water pressure control on the initiation of these failures. A high-resolution CPT trace at Bramley Drive 
indicates induced pore water pressures rising steadily to a peak at approximately 25 m depth; this depth 
coincides with the base of the landslide scarp. We infer that elevated pore water pressures develop within this 
single, thick aquifer, triggering failure through reduced effective stresses. These failures are often sudden and 
dramatic and results in large debris runout distances. 
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KURZFASSUNG
Die Graduiertenschule INTERCOAST (Integrierte Küsten- und Schelfmeerforschung), ist ein multidisziplinäres 
Kooperationsprogramm zwischen Deutschland und Neuseeland, welches sich mit wissenschaftlichen 
Fragestellungen der Sozial- und Naturwissenschaften auseinandersetzt. Das INTERCOAST 4 (IC4) 
Doktorandenprogramm beschäftigt sich dabei mit geotechnisch problematischen weichen Böden, wie Torfe, 
Tone und tonige Silte, die in der Bauindustrie für geotechnische Ingenieure weltweit erhebliche 
Herausforderungen darstellen.  

Torfe sind in Deutschland sowohl in Offshore als auch in Onshore Gebieten weit verbreitet. Sie weisen eine 
hohe Kompressibilität und geringe Scherfestigkeit auf, wodurch diese Böden zu differenziellen Setzungen an 
Bauwerken führen können und auf Stabilisierungen des Baugrundes angewiesen sind. Auf der Nordinsel 
Neuseelands sind vulkanische Aschen weit verbreitet, die durch Verwitterungsprozesse Tonminerale bilden. Da 
diese Böden sich durch sehr geringe effektive Scherfestigkeiten und hohe Sensitivität auszeichnen, kommen sie 
für Offshore-Baugründe nicht in Betracht. An Land bilden verwitterte vulkanische Aschen wegen ihrer geringen 
Permeabilität für gewöhnlich Grundwasserstauer, so verhindern sie z.B. das schnelle Versickern von 
Regenwasser  sowie das drainieren aus angrenzenden sedimentologischen Schichten. Diese speziellen 
Charakteristiken von vulkanischen Aschen können in Küstengebieten zum Hangversagen führen, da der Anstieg 
des Porenwasserdrucks die effektive Normal-Spannung bzw. die Scherfestigkeit reduziert.  

Das Ziel dieser Dissertation ist die Anwendung von in-situ- und Labormessungen um daraus (i) Erkenntnisse 
über eine kosteneffiziente und umweltfreundliche Stabilisierungsmethode für Torfböden zu erlangen. Dabei 
werden die mechanischen Eigenschaften von ungestörten und stabilisierten Torfen untersucht. (ii) Weiterhin soll 
in einem Offshore-Gebiet die Geologie, Lithologie und Ablagerungsgeschichte einer vulkanischen Aschenlage 
anhand geotechnischer und sedimentologischer Methoden untersucht werden. (iii) Zuletzt soll die Frage 
beantwortet werden inwieweit vulkanische Böden das Auftreten von Onshore Hangrutschungen steuern. 

In dieser Studie wurde das Geotechnical Off-shore Seabed Tool (GOST) Drucksondiergerät (CPT) erstmals für 
in-situ Messungen eingesetzt. Das Messgerät verwendet eine 5 cm² Spitze und zeichnet beim Eindringvorgang 
den Spitzenwiderstand, die Mantelreibung sowie den Porenwasserdruck auf. Der primäre Anwendung von 
GOST sind Offshore-Untersuchungen in bis zu 4000 m Wassertiefe, es kann jedoch auch an Land eingesetzt 
werden. GOST ist in der Lage sowohl statische und zyklische Drucksondierungen als auch Dissipationsversuche 
durchzuführen.   

Für physikalische und geotechnische Laborversuche an Torfen werden große Probenvolumen benötigt. Aus 
diesem Grund wurde in der Nähe von Bremen eine Torffläche beprobt. Für die Untersuchung einer 
Stabilisierung des Torfes wurden im Labor Teile der ungestörten Probe durch Quarzsand ersetzt. Mit Hilfe von 
Permeabilität, Konsolidierung und den auftretenden Scherkräften wurde die ungestörte mit der stabilisierten 
Torfprobe verglichen. Dabei zeigt sich, dass das Einfügen von Sandzylindern zu einer höheren Permeabilität, 
höheren Scherfestigkeit und schnelleren Konsolidierung im Torf führt. Von den Ergebnissen dieser Laborstudie 
lässt sich folgern, dass eine Sandauffüllung für geotechnische Torfstabilisierungen auch im Geländemaßstab 
sinnvoll ist.  

In Neuseeland ist der Hafen von Tauranga ein wichtiger Umschlagspunkt für internationalen Handel. Für die 
Abfertigung größerer Containerschiffe soll der Hafen in Zukunft weiter ausgebaut werden. Die Stella-Passage 
wurde in diesem Zusammenhang intensiv mit Hilfe von Drucksondierungen, Sedimentkernen und seismischen 
Profilen untersucht. Dabei wurden in absteigender Reihenfolge sechs geologische Einheiten identifiziert: 
Waiteariki Ignimbrit, Matua-Einheit, Te Ranga and Te Puna Ignimbrit, Pahoia Tephra, Hamilton Asche und 
holozäne marine Sande. Die Anwesenheit der Pahoia Tephra und der Hamilton-Formation in der Stella-Passage 
zeigt, dass die Sedimentation in diesem Gebiet von dem Wairoa-Fluss beeinflusst ist. Basierend auf seismischen 
3D Untersuchungen ist die Verbreitung der Pahoia Tephra auf drei West-Ost-orientierten Senken beschränkt. 
Vier CPT-Profile wurden mit der vorhandenen Lithostratigraphie korreliert, um aus der Sedimentsteifigkeit 
jeder geologischen Sequenz die Baugrundtauglichkeit zu bestimmen. 
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Zyklische Piezo-Drucksonden wurden für die Bestimmung des Verflüssigungspotentials von Onshore-Böden 
entwickelt. Für die Untersuchung der in-situ Verflüssigung von Offshore marinen und pyroklastischen 
Sedimenten wurden sie jedoch bislang noch nicht eingesetzt. Im Zuge dieser Arbeit wurden je zwei statische 
und zyklische CPT im Hafen von Tauranga, Neuseeland, durchgeführt. Der Einfluss der zyklischen 
Bodenanregung auf verschiedene marine Sedimenttypen wurde analysiert mittels des Reduktionsverhältnisses 
(RR), welches sowohl aus statischen als auch aus zyklischen CPT abgeleitet. Dabei unterschätzte die klassische 
statische CPT im Vergleich mit der zyklischen CPT das Risiko zur Verflüssigung. Es zeigt sich daraus, dass die 
zyklische Drucksondierung ein mächtiges Werkzeug für Verflüssigungsanalysen in Offshore marinen und 
pyroklastischen Böden darstellt.  

In der Region um Tauranga tritt Bodenversagen häufig nach starken Regenfällen auf, was in den betroffen 
Regionen zu erheblichen Schäden der Infrastruktur führt. Porenwasserdruck und Scherfestigkeit sind zwei 
wichtige Parameter, die die Stabilität von Abhängen steuern. Sie werden in-situ für gewöhnlich aus 
Drucksondierungen abgeleitet. eine Hangrutschung in der Nähe von Pyes Pa, Bay of Plenty, Neuseeland, wurde 
anhand von drei statischen, zyklischen und Dissipations-CPT-Profilen untersucht. Die Sedimente in Pyes Pa 
bestehen im Wesentlichen aus Vulkanischen Aschen und Ignimbriten. Da in der Vergangenheit eine Reihe von 
Hangrutschungen für Bauwerksschäden verantwortlich waren, ist eine geotechnische Untersuchung der in-situ 
Hangstabilität in dieser Region von großem sozioökonomischem Interesse. Entlang der Abbruchkante wurden 
drei CPT-Profile im ungestörten Boden gemessen. Dabei wurde basierend auf statischen, zyklischen und 
Dissipations-Drucksondierungen eine instabile Sedimentlage identifiziert, die ein erhöhtes Risiko zur 
Verflüssigung erkennen lässt. 

Eine Hangrutschung bei Bramley Drive, Omokoroa, wurde im Jahr 2011 in Folge starker Regenfälle reaktiviert 
und in Zusammenhang mit starken Anstiegen im Porenwasserdruck gebracht. Ein hochauflösendes CPT-Profil 
zeigt einen stetigen Anstieg im Porenwasserdruck bis zu einer Tiefe von 25 m. Die dort anstehende 
Versagensfläche wird aus der Pahoia Tephra aufgebaut. Die effektive Spannung dieses Aquifers ist durch 
schnelle kurzzeitige Anstiege im Porenwasser  reduziert und begünstigt dadurch das Versagen entlang dieser 
Fläche. Die daraus resultierenden Hangrutschungen entstehen meistens unvorhergesehen und haben mit ihren 
weitreichenden Auslaufgebiet dramatische Auswirkungen auf die Umwelt.   
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Chapter 1 

Introduction

1.1. Motivation
Soft soil investigation has been an important challenge for geotechnical engineers in many parts of the world. 
These soils include near-normally consolidated peat, clays and clayey silts (Vermeer and Neher, 1999). 

In line with the scope of Integrated Coastal Zone and Shelf Sea Research (INTERCOAST) program as the 
German – New Zealand International Research Training Group, this Ph.D. program (INTERCOAST No. 4) 
focuses on geotechnical investigation of on-shore and near-shore problematic soft sediments of great importance 
to both countries.  

In Germany, peat is one of the most common types of soil with a cumulative area of 15276 km2 (Montanarella et
al., 2006). Peat deposits form from the accumulation and fossilization of partly decomposed and fragmented 
remains of plants (Soper and Osbon, 1922). Peat is usually characterized as a fibrous, organic soft soil and 
categorized as a geotechnically problematic soil. Great concentration of on-shore peat is located in northern 
Germany (Figure 1.1). On-shore to off-shore extension of peat layers is present in outcrops at the Cuxhaven 
shoreline and in German North Sea, where peat layers were observed by other researchers in several studies 
(e.g. Kreiter et al., 2010).  

Figure 1.1. Relative cover of peat and peat-topped soils in Germany in percentage (after Montanarella et al.
2006). 

In the on-shore and off-shore realms, scarcity of land with good soil conditions means that it is often necessary 
to construct on problematic soils such as peat. However, structures founded on peats may face bearing failure 
and excessive differential settlements which could result in short- and long term damage (Figure 1.2). This may 
eventually cause the destruction of on-shore structures in general and off-shore wind turbines in particular.  
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Figure 1.2. Different forms of damages in constructions built on a peat-land in Sabah, Malaysia. Figure (a), (b), 
(c) and (d) show destruction of a road and a pathway due to differential settlement, (e) Deformation of a newly 

built PVC pipeline due to differential settlement and (f) Destruction of a house due to bearing failure and 
differential settlement. Actual locations of the structure’s columns are marked in red circles.   

In New Zealand, volcanic ash-bearing materials are found in many areas of the North Island (Jacquet, 1990). 
Weathering of these materials results in the formation of clay minerals (Aomine and Wada, 1962). In the off-
shore realm, soft soils and in particular clay sediments become suspended during dredging operations and cause 
turbidity in the water column (Figure 1.3). In dredging operations, suspended sediments which are dislodged 
and dispersed into the water column may impose crucial impact to both wildlife and humans (Palermo et al.,
2008). Accordingly, investigation of soft layers plays an important role in planning future dredging operations. 
In addition to the soft-soil dredging issues, these materials often cause failure of structures in installation 
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projects. Off-shore installation projects in soft marine soil results in large-scale motion and severe plastic 
deformation in the soil (Dassault Systèmes, 2010) which often results in considerable damage to structures.  

Figure 1.3. (a) Heavy turbidity being released during maintenance dredging 
(http://sedcontech.com/reducedimpact) and (b) major turbidity occurred during dredging of the Port of 

Fremantle’s Shipping Channels, 2010, Perth, Australia (http://dredgeresearchcollaborative.org/works/dredge/). 

In the on-shore realm, infiltration of rainwater into soil increases the pore water pressure which reduces 
effective stresses and alters the structure of soil that eventually results in a reduction or even elimination of 
frictional and cohesive strength (Reddi, 2003). Protracted and intense rainfall in New Zealand dramatically 
increases pore water pressure in soils which decrease the effective stresses and causes slopes to fail (Brown, 
1983) (Figure 1.4). On-shore low permeability weathered volcanic ash layers act as a barrier to groundwater 
movement following excessive rainfall and hence prevent pore pressure dissipation. Accumulated rainfall above 
the ash layers boosts pore fluid pressures in the overlying material lowers shear strength and leads to slope 
failures. Slope failures induced by excessive rainfall may cause shallow landslides, in which small volumes of 
earth and/or debris move with considerable velocity and high impact energy (Giannecchini et al., 2012) and 
cause damage to public and private properties every year.  
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Figure 1.4.  Landslides in New Zealand triggered due to intense rainfall. Figure (a) Manawatu Gorge landslide 
in Woodville (http://www.stuff.co.nz/), (b) Kingston and Berhampore landslide in Wellington 

(http://strangesounds.org), (c) Abbotsford landslide in Dunedin (http://www.kvc.school.nz/) and (d) Omokoroa 
landslide in Tauranga (Brad Scott, GNS Science).  

This Ph.D. thesis focuses on in-depth in-situ and laboratory investigations of peat soil in Germany and volcanic 
ashes in New Zealand. The objectives of this thesis are to: 

i) present a mechanical method for stabilization of peat that is cost-effective and environmentally-
friendly and to compare the mechanical characteristics of undisturbed and stabilized peat, 

ii) investigate the geological setting, lithology and depositional history of off-shore sub-seafloor 
volcanic soils and characterize the geotechnical properties of near-surface sediments, 

iii) investigate the role of volcanic soils in occurrence of on-shore landslides 

As explained before, peat is commonly found in on-shore and off-shore areas in Germany; however, because 
laboratory investigations on peat require large volumes of peat samples which were not available in cores taken 
from the German North Sea, we decided to collect sufficiently large samples from an appropriate local on-shore 
peat-land. For this reason, the Blockland area in Bremen (Figure 1.1) was selected for in-situ tests and sampling 
of undisturbed material. In order to control the problems associated with peat, an industrially available, 
chemically inactive and financially affordable material is desirable as the stabilizer. Records of stabilizing peat 
with sand as additive are available (e.g. Kurihara et al., 1994). Because sand possesses all the qualifications 
required in a stabilizer to be cost-effective and environmentally-friendly, we selected quartz sand as the 
stabilizer for this study. Therefore, in laboratory tests sand is added to peat in form of columns comprising 
various percentages of the sample volume and in different geometries.  

As sediments in the Tauranga area of New Zealand dominantly consist of Pliocene to Pleistocene rhyolitic 
volcanoclastic material derived predominantly from the Taupo Volcanic Zone (Briggs et al., 2005), Tauranga 
was selected for off-shore and on-shore in-situ tests and sampling of volcanic soils. In Tauranga Harbor (Figure 
1.5), recent interest in dredging operations designed to widen and deepen the shipping channel in order to 
accommodate larger vessels (up to 7000 twenty foot equivalent units) has provided the impetus to perform 
sediment stratigraphy and lithologic characterization of the area. Ongoing dredging operations have been 
undertaken since 1968 to improve shipping navigation in the harbor (Healy et al., 1996). Observations of 
weathered volcanic ash with high clay content and weathered ignimbrite in core samples taken for Port of 
Tauranga development projects imply that these sediments are widespread in the sub-surface stratigraphy of the 
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harbor, especially along the dredged channel. Identification of ash layers before dredging was one of the most 
important issues for a project designed to predict instability prior to dredging, and to identify measures to reduce 
turbidity during dredging and disposal. Two landslides which have caused public and private property loss and 
damage located at Pyes Pa and Omokoroa in Tauranga (Figure 1.5) were selected for in-situ tests and sampling 
of on-shore volcanic soils in order to identify the role of these materials in slope failures. 

In-situ measurements of sediment physical and mechanical properties in Germany and New Zealand were 
carried out with a Cone Penetration Test (CPT) unit which is called GOST. GOST is a new geotechnical off-
shore seabed CPT tool developed at University of Bremen, Center for Marine and Environmental Sciences 
(Marum) and is described in detail in Chapter 2. Several laboratory tests were conducted on samples at the 
geotechnics laboratory at the University of Bremen.   

Figure 1.5. Map of (a) New Zealand and (b) site locations in Tauranga. Both maps are generated from Land 
Information New Zealand data. 

1.2. Outline
Chapter 1 introduces the scientific questions that will be addressed in the course of this thesis, and how the 
work is divided into individual chapters. 

Chapter 2 presents the design and first data results of the Geotechnical Off-shore Seabed Tool (GOST) CPT unit 
which was utilized for in-situ measurements in Germany and New Zealand.  

Chapter 3 describes in-situ tests in on-shore peat and presents a mechanical method for the stabilization of peat 
using sand columns and focuses on a comparison between the mechanical characteristics of undisturbed peat 
and peat stabilized with various percentages of sand on the laboratory scale. 

Chapter 4 investigates 2D and 3D sub-surface estuarine sediment stratigraphy and the physical properties of 
near-surface materials with application to future dredging and installation operations in the Tautanga Harbor. In 
this chapter, the effect of vibration on coastal off-shore sediments is also evaluated by the use of static and 
vibratory CPT. Moreover, on-shore landslides are evaluated in this chapter with the use of in-situ and laboratory 
tests.
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Chapter 5 recapitulates the main aspects of this study and addresses the objectives of this thesis. Discussions of 
each aspect are included in the manuscripts presented in Chapter 1, 2, 3 and 4.   

Chapter 6 addresses ongoing geophysical in-situ and geotechnical laboratory investigations of on-shore 
landslides. 

And finally Chapter 9 presents additional unpublished data obtained in the course of this Ph.D. 
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Chapter 2 

Geotechnical Off-shore Seabed Tool (GOST): A new cone 
penetrometer

M.E. Jorat1, T. Mörz1, W. Schunn1, S. Kreiter1, V. Moon2, W. de Lange2

1 Marum – Center for Marine and Environmental Sciences, University of Bremen, Klagenfurter Strasse, 28359 
Bremen, Germany 
2 Department of Earth and Ocean Sciences, University of Waikato, Private Bag 3105, Hamilton 3240, New 
Zealand

Published in proceeding of 3rd International Symposium on Cone Penetration Testing (CPT’14), Las Vegas, 
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2.1. Abstract 
Evaluating physical and mechanical properties of sediments in the marine realm has long been an important 
scientific and applied challenge. In-situ techniques such as the Cone Penetration Test (CPT) have paved the way 
for answering many marine geotechnical problems. This paper presents the design and first data example of the 
Geotechnical Off-shore Seabed Tool (GOST) CPT unit. The tool uses a 5 cm2 cone and measures tip resistance, 
sleeve friction and pore pressure in the u2 position, acceleration and inclination (x,y,z). The primary focus of 
GOST is off-shore investigations in of up to 4000 m water depth but it is also equipped for on-land 
measurements. GOST can perform static, vibratory penetration, dissipation and remolding tests.

2.2. Introduction 
For the last four decades, the CPT has played an essential role in off-shore soil investigations (Lunne, 2010). 
However, operating seafloor CPT has always been a challenge for engineers, especially in deeper off-shore 
areas. A summary of CPT units that penetrate from the seafloor is illustrated in Table 1. A further challenge is 
designing a unit that also performs on-shore tests without any required modification since off-shore and on-
shore CPT units require distinctive transportations and handlings. A group of engineers at the University of 
Bremen, Center for Marine Environmental Sciences (MARUM) developed a robotic unit in order to conduct 
CPT in both on-shore and off-shore environments. The unit is called GOST (Geotechnical Off-shore Seabed 
Tool) and can be operated from almost any kind of platform or truck with 3-9 tons lifting capacity for off-shore 
or on-shore projects, respectively (Figure 2.1). GOST is commercially operated under the lease of GEO-
Engineering.org GmbH. 

Figure 2.1. GOST conducting (a) on-shore and (b) off-shore tests. 
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Table 1. Developments summary of units conducting CPT from the seafloor (after Lunne, 2010). 

Penetration 
mechanism/ 
main advance 
development  

Date Equipment Company Note Reference 

Discontinuous push 
Hydraulic cylinder 

March 
1972 

Dead weight 
operated 
from 
platform 

NGI/McClelland May 4 m penetration 
reached in dense sand 

March 
1972 Seacalf Fugro 

25 m penetration 
reached in 130 m water 
depth 

 1974 Stingray McClelland Push on drill pipe, not 
on cone rod 

 1976 Diving bell 
Delf Soil Mechanics
Laboratory 
(Deltares) 

600 kN reaction force, 
60 m penetration achieved 

 1991 SCOPE Geo, Denmark Self leveling 

Lunne (2010) 

 2010 GOST MARUM 5 cm2 cone, on/off-shore 
operations 

Jorat et al. 
(2014) 

Continuous push 1983 ROSON APvandenBerg/ 
D'Appolonia Roller wheels 

 1984 Modified 
BORROS rig McClelland Synopticated hydraulic 

cylinder 

 1984 Wheeldrive 
Seacalf Fugro Roller wheels 

 2010 DeepCPT Gregg Drilling & 
Testing 

Suction anchor, 200kN 
thrust capacity, 10 and 
15 cm2 cones 

Lunne (2010) 

Coiled rod 
(on full size rods) 2000 Penfeld IFREMER 

Selfpowered by lead 
batteries. Can penetrate 
to 30 m  

Lunne (2010) 

Seabed founded 
drilling, 
testing and sampling 
rigs

2001 PROD Benthic Rods stored in carousel 
on sea bottom Lunne (2010) 

Combined rig 1997 Searobin Fugro 
Can take sample to 1 m 
and do 10 cm2 CPT to 2 
m in one deployment 

 2001 Geoceptor Geo, Denmark 
Can take sample to 6 m 
and do 10 cm2 CPT to 
10 m in one deployment 

Lunne (2010) 

 - Rovdrill Forum Energy  
Technologies 

Can take samples to 200 m 
and conduct CPT with 
working depth  of 3000 m 

http:// 
www.f-e-t.com 

  - MeBo MARUM 

Can take samples to 50 m 
with working depth  of 2000 
m. Planned to conduct 
memo cone CPTu in future 

http:// 
www.marum.de 

Mining 1992 Seascout Fugro Coiled rod, wt < 1 ton, 
1 cm2 cone penetrometer 

 1999 MiniCPT Gregg Drilling & 
Testing 

Coiled rod; 2 cm2 cones 
up to 12 m penetration 

  2000 Neptun DATEM 
Coiled rod 5 and 10 cm2

cones; up to 20 m 
penetration 

Lunne (2010) 

ROV mounted 1983 Mini Wison Fugro 1 m stroke, 5 cm2 cone 
penetration Lunne (2010) 
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GOST uses a cone with a projected area of 5 cm2. Compared with traditional cones with projected areas of 10 
cm2, 5 cm2 cones are more precise and sensitive to rapid changes in thin layered soils via tip resistance, sleeve 
friction and pore pressure measurements due to increased vertical resolution, which provides more detailed 
profiles (Lunne et al., 1997; Hird and Springman, 2006). GOST is designed to perform off-shore CPT in up to 
4000 m water depth. During continuous off-shore surveys, the tool is lifted slightly from the seafloor during 
transit and positioned at the next targeted site (Figure 2.2). This style of positioning is called dangling operation 
and has the benefit of keeping the unit under water without the requirement for full recovery until all intended 
sites are penetrated, which is thus more time-efficient. In GOST, the cone has the ability to penetrate at a 
variable rate of up to 3 cm/s, but GOST usually performs penetrations with the standard rate of 2 cm/s (e.g. 
Lunne et al., 1997). While penetrating, GOST measures tip resistance (qc), sleeve friction (fs), pore pressure (u2),
acceleration and inclination in x,y,z directions. The pore pressure is measured by a differential pore pressure 
sensor with the hydrostatic pressure through the rod as reference. GOST can also conduct vibratory CPT with 
controlled frequency and amplitude for liquefaction analysis. Another very important capability of GOST is 
conducting remolding tests through cyclic pushing and pulling of the cone at a specific depth to evaluate 
sensitivity of sediments. Hydraulic properties of sediment layers are evaluated with the use of CPT dissipation 
tests.

Figure 2.2. GOST during dangling operation. 

2.3. Instrument and measurement methodology 
GOST has been designed to perform advanced off-shore and on-shore CPTu measurements. The goals of the 
design were: 

Ease of use and relatively small dimensions 
Robustness 
Modularity separation of load frame and ballast, flexible ballast configuration 2-8 tons 
Full seabed penetration depth comparable to 2-3 times larger and heavier industry units 
Simplicity and robustness in mechanics 
Minimization of wear and replacement 

Figure 2.3a, 2.3b and 2.3c show parts and configurations of GOST.  
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Figure 2.3 (a), (b) & (c). Photographs of GOST and its parts and configurations. 

GOST consists of three functional groups: (1) the frame, ballast and mechanics, (2) the control, communication 
and power supply, and (3) the hydraulic system. In this section each of these functional groups will be explained 
briefly followed by a section on measurement modes. 

2.3.1. Frame, ballast and mechanics 
GOST has a square footprint of 1.7 m in width and is 2.2 m in height. The weight without ballast is ~ 2 ton in 
air. The GOST-system is built within a rectangular frame consisting of I-shaped hot dip galvanized steel beams. 
The frame allows the transmission of compressive forces of up to 10 ton from the hydraulic pistons to the push 
rods. Besides acting as a load frame, the frame also carries a modular system of iron ballast plates on its base. 
The ballast allows adjustment of the unit for different tasks, carriage capabilities of platforms and limiting soil 
bearing strength. The sounding rod push process is controlled via four mechanical clamps (Figure 2.3a). All 
clamps are hydraulically activated and designed in a way to passively increase the pushing and pulling forces. 
Hydraulic activation of the clamps ensures near to zero slip at the beginning of the pushing process. The unit is 
equipped with one pair of static and one pair of dynamic clamps (Figure 2.3b). The two static clamps are fixed 
to the main frame while the dynamic clamps are mounted on the mobile load traverse responsible for the 
pushing and pulling action. One cycle of pushing motion is described as follows:  

static clamp holds the rod 
dynamic clamp moves upward 
dynamic clamp holds the rod 
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static clamp releases the rod 
dynamic clamp pushes 
static clamp holds the rod 
dynamic clamp releases 
dynamic clamp moves upward preparing for the next push 

Each stroke consists of 25 cm displacement. The static clamps are used to prevent cone, soil and rod relaxation 
during the time period of the upward movement of the mobile load traverse.  

The rods are stored in a rod magazine with a capacity of up to 30 m (20 rods). The rod build up is done 
manually during the first meters of the deployment of the unit. The rods are installed as GOST is lowered in the 
water and two alternating rod clamps stabilize the rods arrangement during build up with the use of a constant 
tension winch with ~ 2 kN tension. After the desired rod length is installed, a constant tension is applied during 
all following operations, assuring straight rod assembly and heave compensation (Figure 2.4).  

Figure 2.4. (a) Rod magazine and main push rod fixed to the cone and (b) the rod build up process on the main 
push rod. 

The highly dynamic tension winch is capable of compensating for the heave of the ship. Successful tests with up 
to 4 m of heave have been completed. 

The unit is deployed with a three-way pulley system to prevent turning of the system; this has been tested in 
current of up to 6 knots. The sheaves of the pulley system are arranged in a triangle configuration around the 
center of gravity to assure a straight orientation of the tool. The fixed wire termination at GOST unit allows the 
attachment of a separate electric supply and communication cable during the deployment. Thus the unit is 
operated either with a combined load and energy/data carrying umbilical cable or an inexpensive load wire and a 
separate data and energy cable which allows for inexpensive operation using the infrastructure from almost any 
type of platform. 

2.3.2. Control, communication, and power supply 
The CPTu cone is connected via a RS485 interface to the GOST control unit. The highlight of the 5 cm2 cone is 
its 24-bit AD converter which is mounted inside the cone and directly digitizes the analog data without the use 
of amplifiers. An internal oil fill allows the cone to be hydrostatic compensated through the rod magazine. This 
allows for the collection of differential pore pressure data, which is especially valuable in deep water 
applications.  

The communication, control and power supply of the GOST-system consists of four main components:  
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1) the board unit with power supply and data modem unit (board unit) controlled via,  
2) standard computer, 
3) GOST based seafloor current converter and data modem counterpart attached to,  
4) miniature windows computer, PC104. 

The GOST-system itself works with a supply current of 230 V at 50 Hz and has a power consumption of up to 
3500 W. Electric supply can be provided from the platform or from a separate mobile power generator. At the 
platform-based board control unit, the current is transformed from 230 VAC to 1500 VAC and an ethernet data 
communication is coupled with the 1500 VAC current with special long-range modems. One coaxial cable is 
used to provide the electrical power and data communication to the GOST-system. The long-range modems 
allow communication distances of up to 10 km. At the seabed unit, the 1500 VAC high voltage is transformed 
back to 230 VAC and the data communication is demodulated from the power line. The use of high voltage 
minimizes the power loss over long telemetry lines. 

The GOST seafloor control unit uses an industrial mini PC (PC 104) with a single 1.6 GHz core. All data 
transfer, movement initiation and sensor registration are done via the interfaces of the PC104. 

The software that controls the unit and collects the data has been developed with the LabView environment 
from National Instruments. This software provides permanent access to all parts of the GOST-system control 
center that enables the unit operator to have proper control over all settings. The push and pull motion and the 
four possible clamp actions are coordinated via the Labview application. During penetration, the software 
application generates a continuous data log with approximately 5 samples per sec for each of the 6 senor values 
(tip, sleeve, pore pressure, inclination (x,y,z)). 

The CPT push of the GOST-system is controlled by a 100 Hz, high precision industrial position controller using 
an inductive distance sensor adapted for underwater use. The push action is implemented via a high precision 
hydraulic servo valve especially adapted for underwater work. Depending on different geotechnical 
applications, clamps and feed motion can be activated in user-specified sequences. 

2.3.3. Hydraulics 
An electro-hydraulic power pack with 230 V / 2200 W and up to 22 MPa oil pressure and up to 4.2 L/min flow 
volume capacity supplies the required hydraulic power for all the GOST-system mechanical operations. The 
push and pull is done by two parallel hydraulic cylinders with a stroke length of 250 mm. Unlike the push speed 
which is servo controlled, the clamps are operated in a simple open-or-closed scheme. The hydraulic tank and 
the valve block are pressure compensated to the surrounding hydrostatic pressure.  

2.3.4. Geotechnical testing modes  
2.3.4.1. Static CPT 
For standard static CPTu data collection, the cone penetrates at a speed of 2 cm/s. The dynamic position 
controller ensures a constant push speed during penetration independent of the varying sediment resistance. The 
software application generates a user-defined constant voltage signal for the position regulator to keep the speed 
constant. The maximum stroke length defined for the regulator is fixed at 250 mm. With the feedback from the 
distance sensor, the controller automatically identifies the location of the push clamps. The user set speed and 
the stroke distance are two important parameters for the controller to calculate the time series of displacement 
for each push. As a result, control signals are generated for the servo valve that in turn controls the hydraulic 
pressure and oil flow speed. During penetration of the cone from a soft to hard sediment layer, the penetration 
rate would normally decrease. However, if the distance is too short, the feedback control stimulates the 
controller to calculate a new control signal for the servo valve. The servo valve in turn increases the hydraulic 
pressure and oil volume which increases the push force to maintain the average speed of e.g. 2 cm/s in 
contrasting soil conditions. The operation frequency of 1000 Hz for the position controller and distance sensor 
feedback provides the basis for a very well-maintained, constant feed motion speed.  

2.3.4.2. Vibratory CPT 
In order to generate vibration during the push feed motion, speed parameters for the position regulators are 
modified. A small amplitude sine signal is overlain on the 2 cm/s regular push speed. This in turn leads to a cone 
vibration during penetration (times of acceleration and deceleration during penetration). Different settings for 
amplitude and frequency can be set via the controller, limited only by the maximum hydraulic capacities 
(pressure and oil volume per time) of the GOST hydraulic system. 
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2.3.4.3. Remolding test
Vane shear test is one of the techniques which has been utilized to measure remolding shear strength of 
sediments (e.g. Rocker, 1974) in the laboratory and field. In this technique, blades of the vane shear device 
rotate and preferentially destroy existing sediment structure along the shear planes. Accordingly, resistance of 
the blades will be measured in the test. A kind of remolding test has been conducted with GOST unit during 
static and vibratory CPT. To initiate a remolding test by CPT, the cone stops at a desired depth, the probe is 
pulled back one stroke (250 mm) and continues with one stroke push into already tested and disturbed soil. This 
sequence of pull and push movements can be repeated several times according to the user-defined application. 
The goal of such remolding testing is to record a sequence of decreasing tip and sleeve values to determine the 
residual strength of cohesive soils. 

2.3.4.4. Dissipation test 
As in a remolding test, the dissipation test can be conducted during static and vibratory CPT. The cone is 
penetrated to the desired depth and remains stationary to measure the dissipation of the induced pore water 
excess-pressure. For this test, a software application extension is programmed which allows the operator of the 
unit to monitor pore water pressure versus time during the test. Duration of the test depends on the soil type and 
can vary from a few minutes to a few days.  

2.4. Typical data protocol 
In addition to tip resistance, sleeve friction, friction ratio and pore water pressure (u2), Soil Behavior Type 
(SBT) is combined with data in an example protocol in Figure 2.5. SBT is evaluated based on CPT results and 
through the CLiq (2008) software program based on the SBT chart proposed by Robertson et al. (1986). 

Figure 2.5. Typical CPT protocol generated by GOST showing (a) tip resistance, (b) sleeve friction, (c) friction 
ratio, (d) differential pore water pressure (u2) and (e) Soil Behavior Type (SBT). 

CPT measurements were collected for an off-shore project in New Zealand with water depth of 13.50 m. The 
total penetration depth of the CPT data-set is 19 m with standard penetration speed of 2 cm/s. Continuous data-
set was achieved through combinations of data recorded from consecutive 250 mm strokes.  

The recording of tip resistance values less than 0.30 MPa between 0.40 and 7 m, and recording the rapid 
increase of tip resistance between depths of 9.50 and 10 m is achieved with the use of 24-bit AD converter cone 
(Figure 2.5a). The high resolution cone enables detection of fine layers with thickness of 1 cm (e.g. at the depth 
of 11.20 m) which is usually not possible or strongly depth averaged by larger industrial cones available in the 
market. Despite discontinuous pushing mechanism of GOST, successive tip resistance profile is achieved with 
the use of high precision clamps which keep the cone under loading to prevent much of the soil relaxation.  

Very high values of sleeve friction in the first 0.40 m of the profile indicate the presence of material which 
imposes great friction to the sleeve during penetration (Figure 2.5b). Deposited young broken shells are the most 
probable reason for the strong increase in sleeve friction. As the sleeve friction values are calculated by 
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mathematical subtraction of the sleeve from tip recorded during tests, sleeve friction and tip resistance have the 
same profile signature common to all subtraction cone measurements.  

Down-hole variations of the differential pore water pressure values reflect the hydraulic properties of the tested 
sediment types (Figure 2.5d). Pore water pressure in soft materials increases consistently due to the ability of 
fine grain size materials in withstanding the induced pore water pressure. On the other hand, in granular and 
highly conductive sediments, the pore water pressure decreases rapidly (Figure 2.5d, 10 m depth). Small 
decreases of the induced pore water pressure seen in Figure 2.5d are related to the short time intervals between 
pushes (upward movement of the mobile load traverse). 

SBT chart mainly shows sediments with clay and clay and silty clay behavior in upper part and silty sand and 
sandy silt in the lower part of the profile (Figure 2.5e). With the use of precise CPT results, wide ranges of units 
were identified in the SBT chart. Because of high resolution cone data, very fine layers with distinctive unit 
properties were identified in the SBT chart.   

2.5. Conclusions 
GOST allows a wide range of geotechnical testing such as static CPT, vibratory CPT, remolding and dissipation 
tests. The unit is able to perform both on- and off-shore CPT projects. Significant design and construction of 
GOST provide precise CPT logs which can be used for on- and off-shore geological and geotechnical 
investigations. Using the cone tip with a cross section of 5 cm2 enables GOST to record high-resolution CPT 
profiles. The precise pore water pressure sensor helps to evaluate pore water pressure of different sediments 
while penetrating. The development of GOST aimed to optimize the mobilization effort and cost of on- and off-
shore CPT projects which allow the unit to be operated from almost any vessels being capable of lifting and 
positioning the unit. The special specifications of GOST makes it distinctive from most of the systems available 
on the market.  

For next steps, GOST will be utilized for deeper water soil investigations and evaluations. Other areas of 
constant improvement are a self-elevating unit for positioning the system on slopes, and development of the 
cone for improving the sleeve measurements using a compression cone system.   
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Chapter 3 

On the investigation of on-shore Holocene peat in Germany

3.1. CPT measurements 
To deploy CPT, GOST was transported to Blockland area. As the peat in Blockland area is deposited very close 
to the surface, excessive settlement of the soil under the load of the GOST truck resulted in the tires to sink and 
get stuck (Figure 3.1). Due to deployment difficulties, CPT measurements were not satisfactory and hence were 
not included in this study. 

Figure 3.1. (a) settlement of Blockland ground floor under the load of tires and (b) GOST truck stuck due to 
excessive settlement. 

To pull the truck out, two tractors tugged the unit out.   

Figure 3.2. Tractors pulling the GOST truck out of peat. 

Accordingly, study of Holocene peat just concentrated laboratory investigations on undisturbed samples. 



24 CHAPTER 3. ON-SHORE HOLOCENE PEAT IN GERMANY 



25 

3.2. Case study: Strength and Compressibility Characteristics of Peat 
Stabilized with Sand Columns  

 
M.E. Jorat1, S. Kreiter1, T. Mörz1, V. Moon2, W. de Lange2

 
1 Marum – Center for Marine and Environmental Sciences, University of Bremen, Klagenfurter Strasse, 28359 
Bremen, Germany 
2 Department of Earth and Ocean Sciences, University of Waikato, Private Bag 3105, Hamilton 3240, New 
Zealand 
 

Published in Journal of Geomechanics and Engineering 
 
3.2.1. Abstract 
Organic soils exhibit problematic properties such as high compressibility and low shear strength; these 
properties may cause differential settlement or failure in structures built on such soils. Organic soil removal or 
stabilization are the most important methods to overcome geotechnical problems related to peat soils’ 
engineering characteristics. This paper presents soil mechanical intervention for stabilization of peat with sand 
columns and focuses on a comparison between the mechanical characteristics of undisturbed peat and peat 
stabilized with 20%, 30% and 40% of sand on the laboratory scale. Cylindrical columns were extruded in 
different diameters through a nearly undisturbed peat sample in the laboratory and filled with sand. By adding 
sand columns to peat, higher permeability, higher shear strength and a faster consolidation was achieved. The 
sample with 70% peat and 30% sand displayed the most reliable compressibility properties. This can be 
attributed to proper drainage provided by sand columns for peat in this specific percentage. It was observed that 
the granular texture of sand also increased the friction angle of peat. The addition of 30% sand led to the highest 
shear strength among all mixtures considered. The peat samples with 40% sand were sampled with two and 
three sand columns and tested in direct shear and consolidation tests to evaluate the influence of the number and 
geometry of sand columns, Samples with three sand columns showed higher compressibility and shear strength. 
Following the results of this laboratory study it appears that the introduction of sand columns could be suitable 
for geotechnical peat stabilization in the field scale. 
 
Keywords: Peat, sand, geotechnical stabilization, mechanical characteristics. 
 
3.2.2. Introduction 
The total global peatland area is estimated to be about 4x106 km2, and peat in Europe accounts for 24.02 % of 
the global peatland area (Liu and Liu, 2009). Peat is one of the prevailing groups of soils found in Germany with 
a cumulative area of 15276 km2 (Montanarella et al., 2006). Peat deposits form from the accumulation and 
fossilization of partly decomposed and fragmented remains of plants (Soper and Osbon, 1922). Peat is normally 
characterized as a fibrous organic soft soil and categorized as a geotechnically problematic soil. Fibrous network 
elements and a hollow cellular structure are illustrated in Figure 3.3 Ohira (1977) and Landva and Pheeney 
(1980) mentioned that this hollow cellular structure of fibrous peat particles provides voids full of water hosting 
one-third to two-thirds of the peat water content, the remaining being water within the fibers themselves (Mesri 
and Ajlouni, 2007). Surficial peat deposits which have not been stressed by overlying inorganic soils have high 
values of initial water content of about 500 to 2000 % (Mesri and Ajlouni, 2007).  
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Figure 3.3. (a) Vertical section; (b) horizontal section of Blockland peat showing fibrous network elements and 
cellular structure of perforated hollows. Fibers and hollows sketches of Blockland peat (c) vertical section and 

(d) horizontal section. 
 

Andriesse (1988) and Islam et al. (2008) revealed that the bearing capacity of peat is very low and is influenced 
by incompletely decomposed woody materials and high in situ water levels (Roslan and Islam, 2008). An 
excessive construction settlement even in the early stages of loading means peat is unstable for supporting 
construction foundations. 
 
Exposed to overburden pressure peat is able to undergo extremely large settlement because of peat’s distinctive 
property of extremely high in situ void ratio and simultaneous water expulsion from within and among the peat 
particles during both primary and secondary compression (Mesri and Ajlouni, 2007). Because of the viscous 
behavior of polymeric organic substances the creep portion of settlement in peat is a significant part of the total 
settlement. Primary consolidation takes place very fast while secondary consolidation dominates the major part 
of total settlement (Mesri and Ajlouni, 2007).  
 
Fibrous peats are frictional materials with high values of friction angle but shear deformations required to 
mobilize the maximum frictional resistance in fibrous peats are often 5 to 10 times those required for soft clay 
deposits (Mesri and Ajlouni, 2007). Organic soils are generally weak in their natural states owing to the capacity 
to retain high water contents, but significant strength gain is achievable with consolidation (Edil and Wong, 
2000). MacFarlane (1969) reported that significant increases in the shear strength of peat occurs after the pore 
water pressures are largely dissipated following experience in placing fills on peat (Mesri and Ajlouni, 2007). 
 
Peat stabilization as compared with peat removal is a fast and cost effective method to deal with the 
geotechnical problems of peat soils. Stabilizers aim to improve the engineering characteristics of natural soils 
and make the soil appropriate for the foundation constructions. Perhaps the most traditional way of organic soil 
stabilization is the so called “deep mixing” method where a stabilizer is mixed with peat. Ahnberg et al. (1995) 
mentioned cement as the best choice for stabilization of peat soils when compared with lime which was used as 
the traditional stabilizer. Yang et al. (1998) suggested new methods in peat stabilization with cement which 
were called Dry Mixing Method (DMM) and Dry Jet Mixing (DJM) and were more effective than wet mixing. 
Deformation and stiffness parameters of stabilized Irish peat were investigated in the laboratory by Hebib and 
Farrell (2000). Cement, pulverized fuel ash (pfa), lime, pelletized blast furnace slag (bfs) and gypsum were used 
as binders. Eight different compositions of binders were used: cement alone; 80% cement with 20% pfa and 
lime; 60% cement with 40% pfa and lime; 40% cement with 60% pfa and lime; 20% cement with 80% pfa and 
lime;  bfs alone; 60% bfs with 40% cement; and 85% bfs with 15% gypsum. These combinations were tested at 
binder amounts of 150, 200 and 250 kg/m3 dry weight of binder per soil volume. The binders that performed 
best in unconfined compression tests were cement alone and 85% bfs with 15% gypsum. Stabilization with pfa 
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and lime was found to be not effective in organic soils. The compressibility characteristics of the cement-
stabilized peat were investigated for different curing times of 28, 90 and 240 days. Improvements in the 
coefficients of consolidation and secondary compression were observed for both curing times and binder 
composition. The effect of different percentages of cement, bentonite and sand as additives on mechanical 
properties of peat soils was investigated by Deboucha et al. (2008). They observed that increasing the additive 
content and curing period increased California Bearing Ratio (CBR) values, cement and sand reduced the 
plasticity compared with natural peat, and cement increased the unconfined compressive strength of peat. In 
addition, they observed that the materials changed from acidic to alkaline after being treated with these 
additives. In the same year, Roslan and Shahidul modeled the construction of soil-cement columns for the 
stabilization of peat. They used cement, bentonite, sand and calcium chloride as materials to mix with peat to 
make columns. The study showed that the unconfined compressive strength of peat increased significantly after 
stabilization. Wong et al. (2008) analyzed the unconfined compressive strength and initial permeability of peat 
soils stabilized by mixtures of Portland cement, ground granulated blast furnace slag, and siliceous sand. They 
outlined significant increases in the unconfined compressive strength of stabilized peat compared with 
undisturbed peat. Interestingly, they observed that if black humic acid in peat is not neutralized by an adequate 
binder, the acid tends to react with calcium hydroxide liberated from cement hydrolysis which in turn retards the 
development of undrained shear strength of stabilized peat. Kalantari et al. (2010) stabilized peat using ordinary 
Portland cement (OPC) as a binding agent, and polypropylene and steel fibers as chemically inert additives. 
Unconfined compressive strength of peat increased by 748.8% using 5% OPC, 0.15% polypropylene fibers and 
2% steel fibers. Volume shrinkage index (VSI) was measured for un-stabilized and stabilized samples. The 
highest VSI recorded was 36.19% for un-stabilized peat and the minimum was 0% for sample containing 30% 
OPC, 0.15% polypropylene fibers and 2% steel fibers. One of the most recent studies made by Huat et al. (2011) 
in peat soil stabilization with columns formed by deep mixing method concerns the effect of cement as the 
traditional binder combined with sodium silicate as a chemical binder and kaolinite as a filler on undrained shear 
strength of peat. They concluded that compressibility decreased with an increase in the cement content, and 
outlined the importance of the column area ratio on compressibility parameters. All of the above-mentioned 
methods involved mixing techniques which require a considerable amount of money and time on large projects. 
 
As peat soils are formed in or very near to the ground water table, introducing binders such as lime, cement or 
ash may cause unwanted interactions with the ground water. In addition, for peat sites stabilized with pozzolanic 
binders like cement, it is likely that the shear strength values degrade with time. The physicochemical properties 
of the soil, geological and hydro-geological conditions of the area, the properties and the quality of the binder or 
the additive used, the mixing method and consequently the mechanical equipment and the curing conditions all 
influence the strength of a soil-cement mixture (Porbaha, 2000). Humic acids as a part of peat’s organic matter 
form stable complexes with calcium attributed to intermolecular association involving H-bonding and to 
polymerization through bridging polyvalent cations (Sharma et al., 1996). These chemical reactions between 
peat’s organic matter and pozzolanic binders cause a rapid decrease in the amount of unreacted binders in the 
mixture. Technically this leads to inefficient bonding between binders and soil particles. In addition, chemical 
reactions between peat particles and pozolanic materials might cause contamination in underground water 
reservoirs. 
 
A scarcity of lands with good soil conditions means that there is often no other choice but to construct on 
problematic soils such as peat. However, structures founded on peats may face bearing failure and excessive 
differential settlements which could result in short and long term damage of the construction. In order to control 
the problems associated with peat, an industrially available, chemically inactive and financially affordable 
material is desirable as the stabilizer. In the 18th and 19th century, people started to settle and to cultivate the 
North German peat bog areas but to deal with the problems of peat, a large scale peat removal was technically 
not the option. Alternatively, the peat was trenched away locally down to the Plesitocene sands, the narrow 
trenches were then filled with sands to provide better foundation. Huat (2004) reported a work of Kurihara et al. 
from 1994 on the central Hokkaido expressway in Japan built on peat where they used sand as the additive. In 
this case, the sand was used as drains to treat peat layers; treated layers experienced smaller post construction 
settlement than non-treated sections. Accordingly, as sand possesses all the qualifications required in a 
stabilizer, we selected quartz sand as the stabilizer for this study. The most important benefit of using sand as a 
stabilizer is its environmentally friendly behavior; it also has the benefit to require no curing time, and the shear 
strength characteristics will not degrade with time due to chemical interactions with the humic acids. Sivakumar 
et al. (2004) have examined the load-deformation performance of specimens of soft clay reinforced with single 
sand columns of various lengths. They observed that the presence of the granular columns greatly improved the 
load-carrying capacity of the soft clay. It was noted that columns longer than approximately five times their 
diameter did not show further increases in load-carrying capacity.  
 



                             CHAPTER 3. ON-SHORE HOLOCENE PEAT IN GERMANY 

 

28 

In summary, peat soils possess poor geotechnical properties and stabilization is the method to fix the problems 
related to peat, sand is environmentally friendly material which can be used to treat peat soils and sand columns 
are known to be an effective in improving performance of soft soils. Thus the aim of this study is to investigate 
the stabilization of peat with sand columns. As an advantage, this method requires no mixing, thus minimizing 
site disruption and cost. It is expected that sand columns expedite consolidation of peat and increase the stability 
of the peat layer. Sand columns are added comprising various percentages of the sample volume and different 
geometries in the laboratory scale. The permeability, consolidation and shear strength parameters of treated 
samples and a natural peat are determined and compared. This approach has not been previously reported in the 
literature. 
 
3.2.3. Materials and Method 
3.2.3.1. Sample Origin and Preparation 
Peat soil samples for laboratory investigations were sampled in Blockland, Bremen, Germany (Figure 3.4). 
Blockland was selected as a typical German peat and for its close distance to the University of Bremen 
geotechnics laboratory and availability of land for sampling. The Blockland peats underlie 0.5 m of agricultural 
silty clay top soil and extended until 3 m where they overlie a massive layer of late Pleistocene sand (Figure 
3.5). A hand auger was used to excavate first 0.5 m of top soil and Gouge auger probing with a diameter of 100 
mm was used for undisturbed sample collection and characterizing soil stratigraphy.  
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Figure 3.4. (a) Geological map of area and location of undisturbed Blockland peat cores (Geological Survey of 
Bremen, in prep.), (b) graphic map of Bremen City (Wikimedia Commons/Creative Commons) and (c) graphic 

map of Germany (Wikimedia Commons/Creative Commons). 
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Figure 3.5. (a) Lithological column of the Blockland peat core and location of samples taken for permeability, 
consolidation and shear test and (b) undisturbed peat sample in Gouge auger. Peat samples for the laboratory 
program were selected from a similar depth interval from a single sampling spot to avoid a bias in peat pre 
condition and material properties. Peats near the agricultural top and close to the Pleistocene base where 

excluded. 
 

The peat samples retrieved from the auger were cut into decimeter long cylindrical pieces wrapped in plastic foil 
and then transferred into half liners. Applying this method, undisturbed peat samples of 10 cm length, suitable 
for laboratory testing, were prepared. These proved adequate for the laboratory testing. Field examination of the 
trial site, performed in October 2011, indicated that ground water level was 0.7 m from the natural ground 
surface and the peat samples had high values of water holding capacity. The Blockland peat’s basic geotechnical 
relevant properties are presented in Table 3.1. 
 

Table 3.1. Basic properties of Blockland peat. 

Basic peat soil property Values
Color Dark brown 
Initial void ratio (e) 3.70 – 3.84 
Specific gravity 1.67 – 1.81 
Bulk density (kg/m3) 983 - 1089  
Liquid limit (%) 388 – 412 
Plastic limit (%) 202 – 243 
Initial Water Content (%) 507 - 544 
Ash content (%) 68.10 – 74.30 
Organic content (%) 25.70 – 31.90 
Fiber content (%) 32.60 – 37.10 
pH 4.43 – 4.96 

 
The sand additive used in this study was collected from a fossil, late Pleistocene in land dune located in the 
eastern part of Bremen, Germany. The almost pure quartz sand is from an on-shore source, well-graded with a 
density of 2650 kg/m3. Sands of this origin and composition are industrially available in large quantities from 
sand pits. The grain size distribution of the sand additive is presented in Figure 3.6. 
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Figure 3.6. Grain size distribution of sand. 
 

Two or three vertical holes were formed through peat samples by using cylindrical steel extruders of different 
diameters to make place for the sand (Table 3.2). The hole diameters were filled with sand for the permeability, 
consolidation and direct shear tests (Figure 3.7). Dry sand was poured into these cylindrical holes in three equal 
stages comprising one-third of the volume for each stage. After each addition, the sand was compressed by 
regular taps on the outside perimeter of the consolidation or direct shear ring until no further change in volume 
of sand columns was detected by visual observation. As the height of samples within consolidation or direct 
shear rings is constant, in order to create test samples with different proportions of sand to peat, volumes of sand 
in columns were manipulated by changing the diameter of the holes. Prepared samples were then installed 
carefully in consolidation or shear test apparatus.  
 

Table 3.2. Diameter and height of ring and sand columns in consolidation and direct shear tests.  

Consolidation test Direct shear test 
Ring Sand columns Ring Sand columns Soil 
Diameter 
(cm)

Height
(cm)

Diameter
(cm)

Height
(cm)

Diameter
(cm)

Height 
(cm)

Diameter 
(cm)

Height
(cm)

Natural peat 
(UP) 5.06 1.48 - - 5.64 2.5 - - 

80% peat + 20% sand 
(80P20Sc) - 2 columns 5.06 1.48 2 x 1.15 1.48 5.64 2.5 2 x 1.25 2.5 

70% peat + 30% sand 
(70P30Sc) - 2 columns 5.06 1.48 2 x 1.40 1.48 5.64 2.5 2 x 1.55 2.5 

60% peat + 40% sand 
(60P40Sc) - 2 columns 5.06 1.48 2 x 1.60 1.48 5.64 2.5 2 x 1.80 2.5 

60% peat + 40% sand 
(60P40Sc) - 3 columns 5.06 1.48 3 x 1.05 1.48 5.64 2.5 3 x 1.20 2.5 

 

 
Figure 3.7. Method used to set up sand columns in specimen.  
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Different volume ratios of sand to peat were achieved by using different diameters of sand columns (Table 3.2).  
 
3.2.3.2 Laboratory Program 
Two series of laboratory tests were carried out to measure permeability, consolidation and shear strength of the 
peat stabilized with sand columns and to compare with unaltered peat. Loading ranges are set to simulate in situ 
conditions and conditions common to geotechnical projects such as residential buildings. Initially the peat fabric 
from the undisturbed samples was analyzed by scanning electron microscopy (SEM). The geotechnical 
laboratory work included permeability, shear strength and compressibility tests. All tests were performed on 
extruded, undisturbed peat samples and three different volume properties of sand and peat: 
 
1. Natural peat (denoted as NP) 
2. 80% of Peat (P) with 20% of Sand column (Sc) (denoted as 80P20Sc) 
3. 70% of Peat (P) with 30% of Sand column (Sc) (denoted as 70P30Sc) 
4. 60% of Peat (P) with 40% of Sand column (Sc) (denoted as 60P40Sc) 
 
In a second series of experiments the influence of the number of sand columns using the 60P40Sc volumetric 
percentage was evaluated. 
 
4. 60% of Peat (P) with 40% of Sand column (Sc) (denoted as 60P40Sc) – 2 sand columns 
5. 60% of Peat (P) with 40% of Sand column (Sc) (denoted as 60P40Sc) – 3 sand columns 
 
A maximum of 40% of sand replacing peat was selected as an economic and practical threshold - above this a 
total removal of close surface peats is likely more feasible. The samples with different volumetric proportions of 
peat and sand in columns were subjected to permeability (BS 1377: part 5), 1-D consolidation (BS 1377: part 6) 
and direct shear (BS 1377: part 7) tests. 
 
The compressibility characteristics of the stabilized peat and untreated peat samples were evaluated by standard 
one dimensional consolidation testing. One step of unloading was performed during the consolidation testing to 
evaluate the swelling characteristics of the samples. To investigate the creep behavior of the samples, the 
coefficient of secondary compression, C�, was determined from the e-log(t) curves 4 – 24 hours after applying 
each load increment, assuming that secondary consolidation started the last 4 hours after loading (Hebib and 
Farrell, 2000). The vertical permeability of the samples was determined by falling head tests at the end of each 
load step in the course of the one dimensional consolidation testing following the example of Mesri and Ajlouni 
(2007). Readings were taken 2 hours after primary consolidation had stopped. 
 
3.2.4. Test Results and Discussion 
3.2.4.1. Permeability  
The results of the permeability testing are illustrated in Figure 3.8.  
 

Figure 3.8. Hydraulic conductivity vs. void ratio. 
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The natural peat sample shows a high initial hydraulic conductivity, which decreases fast with increasing 
overburden pressure (Figure 3.8). The void ratio, size of flow channel perpendicular to the direction of flow, and 
shape of flow channels parallel to the direction of flow are the parameters that determine the permeability of all 
kinds of soils (Mesri and Ajlouni, 2007). The nonuniform cellular structure of the undisturbed fibrous Blockland 
peat is illustrated in Figure 3.9 is the main reason for the high initial permeability. The marked decrease in 
hydraulic conductivity with increasing overburden pressure results from the closing of the macropores and 
fissures (Mesri and Ajlouni, 2007). 
 

 
Figure 3.9. Scanning electron microphotograph of a horizontal section of Blockland peat showing fabric. 

 
As the percentage of sand increases in the samples, the values of the hydraulic conductivity also increases 
compared with NP, with the most permeable samples being 60P40Sc (Figure 3.8). At e = 3.70 hydraulic 
conductivity of NP is close to the treated samples, but as the void ratio decreases, this gap becomes greater and 
reaches its maximum at e = 1.80. This shows the impact of sand columns on hydraulic conductivity of treated 
samples at different stages of loadings. Peat in its natural condition possesses very high initial hydraulic 
conductivity, and at the earliest stage of loading peat plays an important role in the hydraulic conductivity of the 
treated samples. However, as the overburden pressure increases, peat fibers become more compact which 
reduces the hydraulic conductivity. Meanwhile, for the treated samples, sand facilitates drainage and increases 
hydraulic conductivity. The introduced sand columns provide a preferred pathway for vertical drainage of the 
peat samples and this effect is clear at all stages of loading. At a given void ratio of a fibrous peat, Dhowian and 
Edil (1980) stated a coefficient of horizontal permeability (kh) 300 times greater than a coefficient of vertical 
permeability (kv). Hence the vertical drainage through the sand columns is very effective in expediting the 
drainage of peats and increasing the relative vertical hydraulic conductivity of peat. 
 
3.2.4.2. Compressibility 
Figure 3.10 presents the void ratio decline with increasing consolidation pressure for the first series of 
experiments with none or two added sand columns. Presentation of compressibility results relies on calculation 
of a void ratio; in the case of peat with discrete sand columns there is no single void ratio value to describe the 
tested sample as the peat and sand will have different void ratios. To overcome this, the void ratio of the peat 
material alone was calculated; to facilitate this calculation, the volume of peat alone was used in the equation. 
Consequently, the consolidation graphs of stabilized peat samples only demonstrate the compressibility behavior 
of the peat component, and not peat and sand together. Sand was filled into the columns in different volumes 
according to different compositions stated in Table 3.2. The sand columns are considered as elements which 
influence the compressibility behavior of the peat layer, but it is the compressibility of the peat itself that is of 
interest in this study. 
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Figure 3.10. Void ratio versus consolidation pressure. 

  
The initial void ratios of all 4 samples are similar but diverge with increased loading. It is clear that 70P30Sc 
achieved greater compaction than the other mixtures at all values of consolidation pressure. In eight stages of 
loading, the void ratio of 70P30Sc decreased from 3.78 to 0.71 compared with 3.74 to 1.84 for 60P40Sc. The 
consolidation behavior of 80P20Sc was intermediate between 70P30Sc and NP. As discussed above, sand 
columns provide an improved pathway for vertical drainage of the peat samples which directly shorten the time 
of consolidation and lead to faster consolidation of peat layer. By increasing the percentage of sand in samples, 
better drainage lead to faster consolidation under different loading increments which can be seen in the 80P20Sc 
and 70P30Sc curves.  

 
On first sight surprisingly in 60P40Sc, the compressibility is lower than that of NP. Compared with NP, 
compressibility of peat was increased by adding 20% sand and achieved its greatest values on samples with 30% 
sand, however, the compressibility decreased in samples with 40% sand. Thus, a peak in compressibility was 
achieved at 30% sand volume. In this case it is believed that the exerted loads were transferred to the sand 
columns rather than the peat, effectively preventing peat compression. This is due to the geometry of the two-
column experiment for which the size of the sand columns in the 60P40Sc samples means that more than 60% 
of a diameter of the sample section that passes through the center of the sand columns is comprised of sand.  
Thus, in spite of the good drainage provided by a high percentage of sand in the samples, the decrease of void 
ratio in peat sample did not follow the trend of the 80P20Sc and 70P30Sc samples. Hebib and Farrell (2000) 
observed that cement-stabilized peat cured for 240 days displays the lowest void ratio among all samples they 
considered. At a consolidation pressure of 100 kPa, the void ratio of the 240 days cement-stabilized peat sample 
is ~ 4.80. Meanwhile, in samples treated with sand columns, the void ratio of the 70P30Sc sample, which 
displays the lowest void ratio among all samples considered in this study, reduced to 1.80 at the same 
consolidation pressure.  

 
Measured swelling percentages of samples are presented in Table 3.3.   
 

Table 3.3. Swelling values during unloading of samples in consolidation test  

Soil Swelling (%) 
NP 2.55 
80P20Sc 2.42 
70P30Sc 1.89 
60P40Sc 1.70 

 
The relative value for swelling decreased as the percentage of sand increased in the samples. These results 
indicate that swelling of the sand is less than that of the peat and with an increase of the sand percentage in a 
sample, the relative value for swelling decreases. According to Table 3.3, NP has the highest and 60P40Sc has 
the lowest swelling potential. Value of swelling for 70P30Sc is closer to 60P40Sc than that of 80P20Sc which 
indicates an over proportional decrease in swelling with increasing sand percentages of the samples. 
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The coefficient of consolidation, cv, is one of the most important parameters obtained from the consolidation 
test, gaining particular importance in the preloading technique for ground improvement (Sridharan and Nagaraj, 
2012). Figure 3.11 shows the measured variation of cv with consolidation pressure. Increase in percentage of 
sand in samples shortens the drainage distance to sand columns and leads to higher values of cv. 
 

 
Figure 3.11. Variation of cv with consolidation pressure. 

 
The maximum and minimum values of cv at the beginning of consolidation were 9.76 cm2/min for 60P40Sc and 
0.72 cm2/min for NP respectively. With increased consolidation pressure, values of cv also decreased in all 
samples. Among all samples NP showed the lowest and 60P40Sc showed the highest values of the coefficient of 
consolidation for all load ranges. We relate this to the larger diameter sand columns in the 60P40Sc sample 
which we infer considerably increased the permeability and Young’s modulus and thus increased the speed of 
consolidation. In the study conducted by Hebib and Farrell (2000), values of cv for cement-stabilized samples 
increased quickly as the consolidation pressure was approached, reached a maximum and then dropped with 
increasing load. The authors did not describe the reason for this phenomenon. Among the cured samples, the 
240 days cured sample possessed the least cv among all samples.     
 
The development of C at different consolidation stresses is shown in Figure 3.12. 
 

 
Figure 3.12. C versus consolidation pressure. 

  
As the applied normal pressure rises during consolidation the plastic and viscous deformation of the peat fibers 
increases, leading to markedly ascending values of C  in all samples. In NP, C increased rapidly at early stages 
of loading but from applied pressures of 20 kPa onwards, the creep (C ) stays approximately constant. In the 
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60P40Sc case, C  is showing the lowest ascending slope and no threshold pressure where the creep became 
constant. In the 80P20Sc and 70P20Sc samples, C starts to drop off in last stage of loading at 150 kPa. Sand 
columns in the samples helped the peat to decrease void ratio in a faster trend. As the percentage of sand in the 
samples increases, the maximum value of the coefficient of secondary compression also increases as seen in the 
70P30Sc and 80P20Sc samples. The C behavior for the 60P40Sc case is again an exception lower maximum 
values of C  and lower slopes are related to the high percentage of sand and its associated higher internal 
strength against one axial deformation. Larger sand columns in sample 60P40Sc prevented the applied pressure 
to be effectively conducted to the surrounding peat. The C behavior of the 60P40Sc sample closely mimics the 
cv and void ratio data. Hebib and Farrell (2000) observed that C values of cement-stabilized peat samples were 
very low, and increased continuously throughout the loading process, indicating that creep is not controlled by 
the stabilization methods they trialed. They explained that for cement-stabilized peat, creep could be associated 
with a structural breakdown of the bindings. They also observed that C was affected by curing time as it 
decreased with increasing curing time.  
 
Consolidation properties of peat samples treated with sand columns are more consistent and reliable compared 
with cement-stabilized peat samples. In particular, the samples in this study displayed a greater reduction of 
void ratio, and a consistent decrease of cv under consolidation pressure compared with cement-stabilized peat 
samples. A yield C at relatively low consolidation pressure was also achieved for the peat treated with sand 
columns which was absent in the cement stabilized samples. 
 
3.2.4.3. Shear Strength 
A series of water saturated and drained direct shear tests was performed on the conditioned and natural peat 
samples. Direct shear tests were performed by GISA direct shear apparatus with shear rate of 0.01 mm/min. The 
results of these tests are presented in Table 3.4.  
 

Table 3.4. Maximum drained shear stress of samples in different applied normal pressure 

Maximum Shear Stress (kPa) Normal Stress 
(kPa) NP 80P20Sc 70P30Sc 60P40Sc 

20 33.55 35.40 39.20 26.82 
40 43.22 51.12 54.42 36.734 
60 74.38 91.04 98.36 59.19 

 
All samples show a clear trend of increasing shear strength with increasing normal stress as expected (Table 
3.4). The maximum shear strength increases with the presence of sand columns in the 80P20Sc and 70P30Sc 
samples. 70P30Sc showed the highest maximum shear stress among all samples. Shear strength of 60P40Sc was 
expected to be higher than 70P30Sc’s based on the trends seen in the samples with smaller added sand volumes, 
but it decreased dramatically compared with 70P30Sc’s results. This phenomenon is also observed in internal 
friction angle ( ) of the samples. Table 3.5 summarizes the angles of internal friction for all samples acquired 
during direct shear tests of the first test series. 
 

Table 3.5. Internal friction angle of samples 

Soil Peak friction angle 
p (Degree) 

UP 45.59 
80P20Sc 54.35 
70P30Sc 55.93 
60P40Sc 38.98 

 
Samples 80P20Sc and 70P30Sc exhibited an internal friction angle of 55.93° and 54.35° respectively, whereas 
the friction angle was 38.98° for sample 60P40Sc. Comparing the internal friction angle value of NP with the 
80P20Sc and 70P30S samples, considerable improvement was achieved by adding sand columns to peat (Table 
3.5). Sand columns helped 80P20Sc and 70P30Sc samples to consolidate faster, hence bringing more solid soil 
material into the shear zone. As the degree of consolidation of peat increased, its shear strength also increased. 
We infer that greater compressibility of 80P20Sc and 70P30Sc leads to better compaction of peat fibers which 
generates higher internal friction angle comparing with NP (Table 3.5), this is consistent with the findings of 
Edil and Wong (2000). Since 60P40Sc showed a lower overall compressibility than all other samples (Figure 
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3.10), its ultimate shear strength value is consequently the smallest. Lower compressibility at 60P40Sc prevents 
peat fibers engaging properly against each other and this leads to lower ultimate shear strength and internal 
friction angles of the bulk sample. Hebib and Farrell (2000) performed unconfined compression tests on 
stabilized peat samples. They observed an increase in unconfined compressive strength for all stabilizers when 
compared with the shear strength of the natural peat. The addition of 15% gypsum to the bfs tripled the strength 
achieved when using bfs alone. In addition, good results were obtained in cement stabilization and strength 
increased considerably with curing time. Studies performed by Deboucha et al. (2008), Roslan and Shahidul 
(2008), Wong et al. (2008), Kalantari et al. (2010) and Huat et al. (2011) indicated increases of unconfined 
compressive strength for cement-stabilized peat samples. Meanwhile, because of cement units in stabilized 
samples, none of the researchers used direct shear or triaxial tests to measure shear properties of samples. 
Significant increases in shear strength were achieved on cement-stabilized peat samples but it involves mixing 
which requires large volumes of cement and considerable cut, mixing and filling activities in commercial 
projects.      
  
3.2.4.4. Influence of sand column number and geometry 
To qualitatively evaluate the influence of the number and geometry of the added sand columns a second series 
of experiments have been conducted. As a part of this experimental series, direct shear and consolidation tests 
were repeated on samples with 60% Peat and 40 % Sand volumes with the sand arranged in two and three 
columns. Aiming to evaluate the effect of sand columns number and geometry variations on compressibility and 
shear properties. 
 
3.2.4.4.1. Compressibility 
Figure 3.13 shows the change of void ratio with increase of consolidation pressure for 60P40Sc samples with 
two and three sand columns. For better interpretation, samples with two and three sand columns will be 
hereafter denoted as 60P40Sc-2c and 60P40Sc-3c respectively. 
 

 
Figure 3.13. Void ratio versus consolidation pressure of 60P40Sc specimens. 

  
At the beginning of applying consolidation pressure, values of void ratio for both samples were the same but 
samples showed different behaviors with a further increase in consolidation pressure. After 'v = 20 kPa, 
60P40Sc-3c was undergone greater compressibility compared with 60P40Sc-2c (Figure 3.13). Although the 
overall volume of sand in both samples was the same, two key differences are recognized: 
 

 the sand in two columns has a smaller surface area in contact with the peat, and hence allows for less water 
infiltration from the peat to the sand, and 

 edge effects between the columns and the fixed outer rim of the sample rings prevents expansion of the 
sand columns with applied load. 

 
By reducing the drainage capability of the peat sample a lower degree of compressibility is achieved for the two 
column samples compared with three columns. At 60P40Sc-2c, 63% of the section is occupied with sand which 
allows less deformation of peat at this section, but for 60P40Sc-3c sand columns occupy only 45% of the section 
which allows greater deformation of the peat and hence expansion of the sand columns at this section (Figure 
3.14(a) – (b)). Lade and Wasif (1988) performed a study evaluating effects of height to diameter ratio in triaxial 
sandy specimens with height/diameter (H/D) ratios of 1 and 2.5. They observed that the most consistent barrel 
shape like deformation were from those samples with H/D = 1. Accordingly, in Figure 3.14, under the effect of 
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consolidation pressure, deformation of sand columns in 60P40Sc-2c with greater H/D ratio was found to be 
lower than 60P40Sc-3c ( h1< h2). If deformation of the sand columns is prevented by edge effects, then the 
sample will be unable to compress. 
 

 
Figure 3.14. 60P40Sc samples plan and section in direct shear and consolidation ring with (a) two columns and 

(b) three columns.  
 

During unloading the observed swelling value of 60P40Sc-2c with a value of 1.70% was also lower than that of 
60P40Sc-3c with a value of 1.81%. The larger swelling was observed in the sample with the greater deformation 
under consolidation pressure. 
 
The observed coefficients of consolidation, cv, of both 60P40Sc-2c and 60P40Sc-3c are very similar. A slightly 
faster consolidation of 60P40Sc-3c can be observed in Figure 3.15. 
 

 
Figure 3.15. Variation of cv with consolidation pressure of 60P40Sc specimens. 

  
The likely better drainage provided by the three sand columns may be explained by shorter drainage passways 
and larger circumferences of the drain column hulls. In addition, based on greater compressibility of 60P40Sc-
3c, the Young’s modulus value of 60P40Sc-3c is higher than that for 60P40Sc-2c at the same consolidation 
pressure. Greater permeability and Young’s modulus of 60P40Sc-3c lead to greater values of cv. 
 
At early stages of consolidation, the coefficient of secondary compression, C , indicating the creep potential, 
was the same in both samples but as the applied normal pressure increases within the consolidation cell, 
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60P40Sc-3c achieved greater C values (Figure 3.16). This fits to the observed greater deformation of 60P40Sc-
3c under the applied normal pressure. 
 

 
Figure 3.16. C versus consolidation pressure of 60P40Sc specimens. 

3.2.4.4.2. Shear strength 
Results of the shear test performed on 60P40Sc-2c and 60P40Sc-3c are presented in Table 3.6.  
 

Table 3.6. Maximum drained shear stress of 60P40Sc samples in different applied normal pressure. 

Maximum Shear Stress (kPa) Normal Stress 
(kPa) 60P40Sc-2c 60P40Sc-3c 
20 26.82 29.52 
40 36.73 47.35 
60 59.19 79.06 

At each applied normal stress, 60P40Sc-3c showed a greater maximum shear stress (Table 3.6). As discussed 
earlier, the 60P40Sc-2c samples showed reduced consolidation compared with samples with less sand and hence 
reduced strength as fiber interactions were not developed to the same extent. In 60P40Sc-3c samples, the greater 
consolidation achieved is reflected in higher shear strength. In particular, a better interlocking of the more 
consolidated peat fibers increases the internal friction angles (Table 3.7). 
  

Table 3.7. Shear strength parameters of 60P40Sc samples. 

Soil Peak friction angle 
p (Degree) 

60P40Sc-2c 38.98 
60P40Sc-3c 51.06 

3.2.5. Conclusions and outlook 
A series of laboratory experiments was performed to investigate the permeability, compressibility and strength 
parameters of Blockland peat and Blockland peat stabilized with sand columns. Permeability of natural peat was 
improved significantly by adding sand to the samples and achieved maximum values at the sample with 40% 
sand. The sand columns provided a shorter pathway for water to dissipate and thus improved the drainage of 
peat. In consolidation tests, the sample with 70% sand showed greater compressibility than all other samples. 
Vertical drainage provided by sand columns leads to faster consolidation of the peat layer. Meanwhile, the 
sample with 60% sand showed lower compressibility than that of natural peat. This is attributed to the load 
being carried by the greater sand column volume instead of being transferred to the peat, and this resulted in 
lower compression compared with the sample with 70% sand.  
 
In terms of strength, an eye catching improvement of shear strength was exhibited in samples treated with sand 
columns. Sand columns expedite the consolidation rate, resulting in an increase in overall shear strength. By 
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adding sand to peat, the shear strength of samples increased and reached an optimum value on samples with 
70% peat and 30% sand. Shear strength values started to decrease in peat samples with 40% sand which is 
related to the lower consolidation state of those samples. Likewise, the maximum improvement in values of 
internal friction angle was observed on the peat samples treated with 30% sand, but was no improvement over 
natural peat was seen for the samples with 40% sand. Internal friction angles in the 60% peat and 40% sand 
samples decreased to values lower than undisturbed peat. As one conclusion, samples with 70% peat and 30% 
sand showed overall better geotechnical properties with regard to compressibility behavior and soil strength.  
 
The influence of sand column number and geometry on compressibility and shear strength was qualitatively 
examined in samples containing 60% peat and 40% sands. Specimens with three sand columns showed greater 
compressibility, greater maximum shear strength and internal friction angle since the samples exhibited lower cv 
and higher C  compared to samples with two sand columns. The consolidation and shear results of the 60% peat 
and 40% sand experiments with two and three sand columns demonstrated the fact that geometry and spacing 
factors influence compressibility and shear strength of stabilized peats. 
 
It appears that the insertion of sand columns could be a suitable way for peat soil stabilization. The mechanism 
by which improvement is believed to occur is through improved drainage through the sand columns leading to 
greater capacity for consolidation of the peat fiber network. Increased consolidation leads to tighter interlocking 
of the fibers, and hence increased shear strength and angle of internal friction. The poor geotechnical behavior 
of peat in its natural state is a result of the very high water contents which effectively separate the fibers into a 
loose network. By artificially enhancing drainage, the high compressibility of peat can be exploited to bring the 
fibers into much closer contact to dramatically improve the geotechnical performance. However, to achieve 
fibers interlocking, loading of the treated samples are necessary and for in-situ trial preloading of treated peat 
with sand columns can provide adequate deformation and increase fibers contact. 
 
In all cases the approach has to be adapted to the intended application and its associated load and geometry 
requirements. In-situ tests on stabilized peat with sand columns have to be done to measure in-situ mechanical 
properties of treated soil prior to constructional loading. In order to apply this method at in-situ trial, careful 
local evaluation of the variable physical properties of peat is essential since peat is a highly variable material. 
However, it is anticipated that this method is applicable for peat soils elsewhere with same basic properties. 
While cement-stabilizing techniques for peat soils have been introduced in several studies, previous 
experimental examples suggested the impact of sand trenches on peat soils, and soft soil treatment technique 
using sand columns has been introduced by other researchers to treat non-organic soils, this paper presents the 
first laboratory based research on peat soil treated with sand columns, and has shown the possibility of sand 
being considered as an easily available and environmental neutral stabilizer for peat rich soils.  
 
Further laboratory, field-studies numerical modeling and careful thoughts on the upscaling of laboratory results 
are required to develop the ideas presented here toward a possible application. A measurement of loads using 
load cells may provide greater insight into the response to applied load of peat and sand piles in different 
samples. In-situ tests on stabilized peat with sand columns have to be done to measure in-situ mechanical 
properties of treated soil prior to constructional applications.  
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Chapter 4 
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4.1.1. Abstract 
The Geotechnical Off-shore Seabed Tool (GOST) was used in three field campaigns in on- and off-shore areas 
in Tauranga, Bay of Plenty, New Zealand. Off-shore measurements were performed along the main shipping 
channel in the Tauranga Harbor and on-shore measurements were conducted at the locations of two landslides at 
Pyes Pa and Omokoroa. From each of these sites a sample static CPTu profile is described and reviewed. 
Additionally, a vibratory CPTu from the Pyes Pa landslide is presented. The CPTu results were used for 
subsurface sediments investigations at the tested locations. 

4.1.2. Introduction 
In Tauranga Harbor, New Zealand, recent interest in dredging operations to widen and deepen the shipping 
channel to accommodate larger vessels up to 7000 twenty foot equivalent units has provided the impetus to 
perform sediment stratigraphy and characterization of the area. Ongoing dredging operations have been 
undertaken since 1968 to improve navigation for shipping in the harbor (Healy et al., 1996). Observations of 
weathered volcanic ashes with high clay content and weathered ignimbrite in core samples taken for Port of 
Tauranga development projects imply that this sequence is widespread in the sub-surface stratigraphy of the 
harbor, especially along the dredged channel. Identification of ash layers before dredging was one of the most 
important issues in a project designed to predict any instability prior to dredging, and to identify measures to 
reduce turbidity during dredging and disposal. In addition, distribution of ignimbrite layers is an important 
factor for dredging as these layers are much harder to dredge compared with the ash layers and hence, require 
different dredging methods.  

In the Tauranga basin, slope failures commonly occur after heavy rainfall events. On-shore low permeability 
volcanic ash layers act as a barrier to groundwater movement flowing excessive rainfall and hence prevent pore 
pressure dissipation. Accumulated rainfall above the ash layers boosts pore fluid pressures in the overlying 
material lowers shear strength and leads to slope failures. Two of the most recent slope failures occurred at Pyes 
Pa and Omokoroa; these failures caused loss or damage to public and private properties (Figure 4.1).  

In a collaboration between the University of Bremen in Germany and the University of Waikato in New 
Zealand, in-situ measurements of sediment physical and mechanical properties were carried out with the use of a 
CPTu unit called GOST (Geotechnical Off-shore Seabed Tool). The instrument design and modes of 
deployment are described in another paper prepared for this conference (see Jorat et al., this issue).  
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The off-shore tests at the Tauranga Harbor were conducted from a barge where GOST was positioned and 
retrieved from the seafloor using a crane mounted on the barge with 5 ton lifting capacity. The barge was held in 
position with three anchors. The barge was positioned by a tug-boat provided from the Port of Tauranga Ltd. 

Figure 4.1. Map of (a) New Zealand and (b) CPTu field campaign sites in Bay of Plenty. Both maps are 
generated from Land Information New Zealand data. 

During two weeks, 15 static CPTu, two vibratory CPTu, one remolding test and one dissipation test were 
conducted along the Tauranga Harbor (Figure 4.2) shipping channel. Of those, one static CPTu deployed in the 
dredged section of the harbor that is known as Stella Passage is presented in this paper. 

Figure 4.2. (a) & (b). GOST during deployments in Tauranga Harbor. 
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For on-shore tests at the Pyes Pa and Omokoroa landslides, instruments were transported to the location and 
positioned by truck crane, and a mobile generator was used to provide power for the instruments. During two 
days, two static CPTu, two vibratory CPTu, two remolding tests and one dissipation test were conducted at both 
landslide locations (Figure 4.3). Of those, one static and vibratory CPTu performed at the Pyes Pa landslide and 
one static CPTu performed at the Omokoroa landslide are illustrated in this paper.  

Figure 4.3. GOST during deployments at (a) Pyes Pa and (b) Omokoroa. 

The objectives of this paper are to: 

(a) present CPTu traces for sub-surface investigations at Tauranga Harbor, the Pyes Pa landslide and the 
Omokoroa landslide and match identified layers with known geological sequences of the areas. 

(b) compare geological sequences in Tauranga Harbor with the Omokoroa landslide by using static CPTu; and, 

(c) investigate the impact of vibration on sediments from different geological sequences at the Pyes Pa landslide 
by comparing static and vibratory CPTu.  

4.1.3. Results and discussion 
4.1.3.1. Stella Passage, Tauranga Harbor 
Figure 4.4 represents a typical CPTu data-set, including tip resistance, sleeve friction, friction ratio and 
differential pore pressure data collected in-situ within Stella Passage, Tauranga Harbor. In addition, Soil 
Behavior Type (SBT) generated from CPTu results and the SBT chart from Robertson et al. (1986) was 
evaluated by the CLiq (2008) software program and has been added to the figure (Figure 4.4).  
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Figure 4.4. CPTu and soil behavior type results from Tauranga Harbor. 

Elevated tip resistance and sleeve friction, very high friction ratio and zero differential pore water pressure 
values are the main characteristics of a shelly sand layer described by Davis and Healy (1993) as the upper 
lithofacies along Stella Passage within Tauranga Harbor. In the first 1.20 m of the soil profile, the presence of 
broken shells in marine sand sediments is indicated by a rapid increase of friction ratio values to more than 4 % 
(Figure 4.4).  

SBT results from analysis of CPTu between 1.20 and 10.50 m of the profile indicates the existence of sensitive 
fine-grained layers. Very low values of tip resistance and sleeve friction, as well as a rapid increase in 
differential pore water pressure are the main CPTu characteristics of the layers indentified as sensitive layers in 
SBT graph. Observations of cores taken from Stella Passage indicate that below the shelly sand layer, a thick 
layer of pumiceous sands, silts and clays is deposited (Opus, 2011). This material is part of the Matua Subgroup, 
a complex sequence of primary and reworked pyroclastic materials (Briggs et al., 1996). Within the Matua 
Subgroup are two finer-grained units: the Pahoia Tephras, a sequence of fine-grained pyroclastic that is 
extensively weathered to clay materials, and localized diatomaceous silts representing lacustrine deposition. 

At about 12 m, sharp increases in tip resistance, sleeve friction, friction ratio and a decrease in differential pore 
water pressure is attributed to the presence of a pumiceous sand and gravel unit observed in Opus (2011) cores 
taken from the Stella Passage. This unit likely corresponds to the Te Ranga Ignimbrite described by Briggs et al.
(1996). This is underlain by coarse lignite materials which show increasing tip resistance and slee vefriction and 
a decreasing pore water pressure response.  

4.1.3.2. Pyes Pa landslide 
In this section, static and vibratory CPTu results performed at the Pyes Pa landslide are reviewed. Figure 4.5 
shows static and vibratory tip resistance and pore water pressure. Comparisons between static and vibratory 
CPTu results exhibit the impact of in-situ dynamic loading on the sediments. The CPTu field campaign at the 
Pyes Pa landslide was previously discussed by Jorat et al. (2014). 
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Figure 4.5. Comparisons of static and vibratory CPTu test results (after Jorat et al., 2014). 

Jorat et al. (2014) suggest that the first 7 m of the profile consists of an ash sequence that overlies a paleosol 
layer. Considering the general stratigraphy of the Tauranga region proposed by Briggs et al. (1996), the ash 
layer is likely to be Rotoehu Ash or the Hamilton Ashes sequence. Jorat et al. (2014) also observed an 
apparently clayey layer from 7 to 13.70 m which has similar tip resistance and differential pore water pressure 
signatures to the Pahoia Tephra identified in the Tauranga Harbor CPTu results (Figure 4.5). From the depth of 
13.70 to 16 m depth, a poorly welded ignimbrite, probably Waimakariri Ignimbrite, was observed (Jorat et al.,
2014). 

Static and vibratory CPTu do not show obvious differences between the tephra layers except between 4 and 4.50 
m (Figure 4.5). As the deposition of the materials is not always horizontal, 1 m of horizontal distance between 
soundings can cause some variation in CPTu profiles which is inferred to be the reason for large differences 
between static and vibratory tip resistance between 4 and 4.50 m. Within the ignimbrite layer, vibratory tip 
resistance decreases consistently, which is attributed to the reduction of penetration resistance under the effect 
of vibration. 

Static and vibratory pore pressures are consistent with each other within the modern soil, Hamilton Ashes and 
Waimakariri Ignimbrite layers (Figure 4.5). However, in the Pahoia Tephra sequence, pore pressure in vibratory 
mode increases consistently compared with pore pressure in static mode. The increase in pore water pressure 
directly leads to a decrease in effective stress that may lead to slope failure. The largest increase in pore water 
pressures under the effect of vibration was recorded at a depth of 13.70 m, which is therefore the depth most 
vulnerable to dynamic loading. 

4.1.3.3. Omokoroa landslide 
CPTu measurement was undertaken immediately behind the scarp of the landslide at Omokoroa. Figure 4.6 
shows results of tip resistance, sleeve friction, friction ratio, differential pore water pressure and SBT. Static 
CPTu tip resistance and pore water pressure at this landslide were shown and described by Moon et al. (2013) 
and the results are reviewed here.
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Figure 4.6. CPTu and soil behavior type results from the Omokoroa landslide. Tip resistance and pore pressure 
are after Moon et al. (2013).  

The stratigraphic sequence along the first 24 m of sediments from top to bottom consist of Pleistocene and 
Holocene materials considered as modern soil, Rotoehu Ash, Hamilton Ashes and Pahoia Tephra (Moon et al.,
2013). Low values of tip resistance and sleeve friction and elevated pore water pressure were recorded within 
these pyroclastic sequences (Figure 4.6). However, the SBT units corresponding to these sequences at the 
Omokora landslide are different from the Tauranga Harbor SBT units. The Hamilton Ashes sequence which is 
present at the Omokoroa landslide is not preserved at the site of the CPTu at Tauranga Harbor. Tip resistance 
and sleeve friction values within the Pahoia Tephra sequence at the Omokoroa landslide are slightly higher than 
the ones in Stella Passage. However, the rapid increase in pore water pressure within the tephra layer is similar 
to the signature of the tephra layer located in Stella Passage. According to Moon et al. (2013), the Pahoia 
Tephra is the sequence associated with the sensitive soil failures in the Tauranga region. Te Puna Ignimbrite lies 
below the Pahoia Tephra sequence at the landslide location (Moon et al., 2013) which is different from the type 
of ignimbrite present at the site of the CPTu at Turanga Harbor. Increases in tip resistance and sleeve friction 
and decrease in pore water pressure in the CPTu results below the depth of 24 m is associated with the presence 
of Te Puna Ignimbrite.  

4.1.4. Conclusions 
GOST was shipped to New Zealand and a series of tests were performed in Stella Passage, Tauranga Harbor, 
and two nearby landslides at Pyes Pa and Omokoroa. In Stella Passage, four main sequences consisting of 
modern sediments, Pahoia Tephras and lacustrine deposition, ignimbrite and lignite materials and in the Pyes Pa 
landslide and the Omokoroa landslide, four main sequences consisting of modern soil, Hamilton Ashes, Pahoias 
Tephra and ignimbrite are recognized and matched with the known geological sequences.  

Very low tip resistance and rapid increase of differential pore water pressure are the CPTu signatures of the ash 
and the tephra layers found at the Tauranga Harbor and the Omokoroa landslide. Tip resistance of the ash and 
the tephra layers at the Tauranga Harbor is significantly lower than the ones located at the Omokoroa landslides 
due to greater pumice content in Stella Passage.  

At the Pyes Pa landslide site, vibration increased values of pore water pressure within the tephra layer, which 
resulted in a reduction of effective stresses. The results showed the vulnerability of the layer to loss of strength 
under dynamic loading conditions. 
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4.2.1. Abstract 
Since Tauranga Harbor plays a key role in the New Zealand export-import industry, plans exist for dredging and 
extending the harbor to accommodate larger container career vessels. This study investigates 2D and 3D sub-
surface estuarine sediment stratigraphy and near surface material physical properties for greater confidence in 
future dredging and installation operations in the harbor. Nine recently performed Cone Penetration Tests 
(CPT), fourteen available core descriptions, one short core and seismic investigations in Stella Passage, the main 
shipping channel of Tauranga Harbor, provide the basis for this research. Six major sequences comprise the 2D 
stratigraphy; in ascending order they are old pumiceous sand and silt, quartz sand and silt, intermediate 
pumiceous sand and silt, silt, sand and clay, young pumiceous sand and silt and Holocene marine sands. 
Sediment formations of silt, sand and clay and young pumiceous sand and silt present in Stella Passage imply an 
impact of a migrating braided river channel from the ancestral Wairoa River on sediment deposition. 3D 
investigation determines the extension of silt, sand and clay sequence upper surface along the Stella Passage and 
indicates three paleovalleys which extend west to east. Four selected CPT were correlated with sediment types, 
seismostratigraphic sequences and their corresponding Soil Behavior Type to comment on stiffness of sediments 
in future dredging operations and suitability of each sequence for installation purposes. In terms of dredging, old 
pumiceous sand and silt sequence will possibly not be encountered in future dredging operations since it is the 
deepest sequence in this study and far below the current seafloor. For quartz sand and silt and intermediate 
pumiceous sand and silt sequences having stiff materials, special dredging machineries may be required. Silt, 
sand and clay and young pumiceous sand and silt sequences are deeply weathered and hence are easy to be 
dredged. However, turbidity of water column has to be considered. The Holocene sequence within the current 
dredged channel can be easily dredged, while at undredged locations the sequence may be stiff. For installation 
purposes, old pumiceous sand and silt, quartz sand and silt and intermediate pumiceous sand and silt are 
considered as stable and silt, sand and clay and young pumiceous sand and silt are not considered as stable 
bases. Observation of diatoms in the short cores within the silt, sand and clay sequence indicate that Tauranga 
Harbor was a lacustrine environment during deposition of this sequence and major turbidity may occur in 
dredging operations. 

Keywords: Tauranga Harbor, CPT, cores, seismic data, sequence, physical properties  

4.2.2. Introduction 
The Port of Tauranga in the Bay of Plenty (Figure 4.7) is New Zealand’s largest export port in terms of total 
cargo volume and is situated on a coast with high tectonic and sediment dynamics. The harbor is located within 
a meso-tidal estuarine lagoon enclosed by a Holocene barrier island and tombolo system. Pleistocene and 
Holocene sediments from both local and distant volcanic activity have accumulated in an actively subsiding 
caldera basin. Regular maintenance and development dredging has been undertaken since 1968 to improve 
navigation for shipping (Healy et al., 1996); much of this dredging activity is focused within Stella Passage, a 
narrow part of the main shipping channel and turning basin for vessels at the southernmost part of the Port of 
Tauranga (Figure 4.7). 

Stratigraphic information on tectonically complex active coastal marine settings, which are characterized by 
rapid sediment delivery and incised channels, is less common than for shallow marine Quaternary sequences in 
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more tectonically stable environments (Davis  and Healy, 1993). Sediment stratigraphy shown in coastal 
exposures surrounding Tauranga Harbor includes a wide range of volcanoclastic sediments, including primary 
ignimbrites and tephras, together with fluvially reworked variants. These are deposited in a complex 
arrangement, exhibiting considerable vertical and lateral variability. Geotechnically, the materials range from 
hard, partially welded rocks, to very weak, decomposed sequences that exhibit sensitive behavior and cause 
coastal landslides. Such dramatic changes over short distances makes planning and management of dredging 
operations difficult, and the fine-grained nature of many of the altered tephra sequences means that their 
liberation into the water column during dredging operations results in turbidity concerns within the harbor which 
possibly affect the marine life. To overcome these difficulties, stratigraphic interpretation of sub-surface 
sediments has often been a solution. Typically, stratigraphic interpretation in such an environment relies on 
borehole data to infer material layers, together with sub-bottom seismic profiles to develop three-dimensional 
interpretations (Krzywiec & Narkiewicz, 1998; Alibes et al., 1999; Itoh et al., 2001; Shaaban & Ghoneimi, 
2001; Sullivan et al., 2011 and Inoue et al., 2013). 

This paper investigates 2D and 3D subsurface sediment interpretation, fluvial evolution and geological setting 
and presents geotechnical properties of near-surface sediments along the main shipping channel. Results of this 
study allow greater confidence in prediction of geotechnical and sedimentological conditions to be encountered 
during future dredging and installation operations. 

To address the objectives of this paper, high resolution CPT and core descriptions are used to develop a 2D 
model of sediment stratigraphy along a selected transect stretched from north to south of the shipping channel. 
High resolution seismic investigations along the Stella Passage provided complementary geometric subsurface 
information down to about 5 m below the harbor floor, strengthening the understanding gained from CPT and 
core descriptions alone and leading to better understanding of fluvial evolution and geological setting of the 
sediments. A 3D model was developed by using the 2D seismic data, core descriptions and CPT as a first basic 
subsurface sediment distribution across the Stella Passage. Last but not least, additional physical property 
evaluation of a shallow core taken at the Stella Passage allowed for confident prediction of near-surface 
sediment geotechnical properties. 
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Figure 4.7. Map of (a) New Zealand (after Jorat et al. 2014), (b) Bay of Plenty (after Jorat et al. 2014), (c) 
bathymetry map of southern Tauranga Harbor with CPT and borehole locations and (d) sub-bottom profiling 

profile tracks. Maps a, b and c are generated from the Land Information New Zealand (LINZ) data. Dashed line 
in map c indicates line of 2D transect. In map c, dredging boundary is marked by a red dotted line 

4.2.3. Geomorphological and geological setting and site characterization 
Tauranga Harbor is a large, shallow estuary with northern and southern entrances confined by tombolos at 
Bowentown and Mt Maunganui respectively, separated by the barrier island complex of Matakana Island. The 
harbor occupies the central part of the modern Tauranga Basin (Briggs et al., 2005).  
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Briggs et al. (1996) provide a comprehensive description of the geology of the Tauranga area. A generalized 
summary of the stratigraphy of the Tauranga region is given in Figure 4.8. The oldest exposed materials 
comprise a series of volcanic domes and cones of approximately 2 – 3 Ma in age; these are surrounded by the 
Waiteariki Ignimbrite from the Taupo Volcanic Zone that now forms a gently dipping plateau, dipping 
eastwards from the Kaimai Ranges into the Tauranga Basin.  

Figure 4.8. Generalized stratigraphy of the Tauranga region (Briggs et al., 1996). 

Of most relevance for this study is the Matua Subgroup, a variety of terrestrial and estuarine sedimentary 
deposits which intercalate with all the volcanic units that postdate the Waiteariki Ignimbrite (Houghton and 
Cuthbertson, 1989). The Matua Subgroup sediments consist of fluvial pumiceous silts, sands and gravels, 
diatomaceous lacustrine and estuarine muds, lignites and peats, intercalated with distal ignimbrites and volcanic 
fall deposits named Pahoia Tephras (Briggs et al., 2005). The Pahoia Tephras are a poorly defined sequence of 
primary and reworked rhyolitic volcaniclastic materials ranging in age from approximately 0.35 to 2.18 Ma 
(Briggs et al., 1996). Intercalated with these are two ignimbrites that are observed in outcrops around Tauranga 
Harbor: the Te Puna Ignimbrite is characterized as a hornblende-bearing, pumice-rich, crystal-rich, non-welded 
to partially welded ignimbrite; while the Te Ranga Ignimbrite is variably pumice-poor to pumice-rich, crystal-
poor, non-welded, sandy textured ignimbrite (Briggs et al., 2005). 

Overlying the Matua Subgroup is a thick tephra cover including the Hamilton Ashes which is a composite 
sequence of weathered rhyolitic tephra deposits from the Central North Island containing paleosols representing 
breaks in deposition (Lowe et al., 2001). Holocene sediments comprise the upper units within the on-land 
stratigraphy, including a distinct sandy marker horizon associated with the Rotoehu Tephra of approximately 50 
ka, together with modern soil horizons. 

In the Tauranga Harbor area, Davis and Healy (1993) recognized five broad lithofacies within the upper few 
tens of meters of seafloor sediments which are, in ascending order, pumiceous facies, undifferentiated mud, 
undifferentiated sand, shelly mud and shelly sand.  

The current location of Tauranga Harbor during the early Holocene was covered by fluvial and alluvial 
fan/distal ignimbrite pumiceous accumulation on an area of at least tens of meters of relief (Davis and Healy, 



4.2. INVESTIGATION OF SEDIMENTS AT TAURANGA HARBOR, NEW ZEALAND 55

1993). The shoreline was probably 5-6 km offshore of its present location but as sea level rose, the shoreline 
transgressed and waves eroded the coast including both the fluvial and fan accumulations of volcaniclastic 
sediments and the estuarine mud. As a result of the transgression, shelly sand facies accumulated with wave 
energy and storm frequency probably similar to the present (Davis and Healy, 1993). 

4.2.4. Methods
Four sources of data were utilized for this study (Table 4.1): 

a) In February 2012 a field investigation was undertaken by collaboration between the University of Bremen, 
the University of Waikato and the Port of Tauranga. During four weeks of operation, a series of CPT soundings 
was performed at the Tauranga Harbor Stella Passage and entrance channel. Of these, eight CPT locations 
which extend along a north-south transect on the western margin of Stella Passage are selected for this study 
(Figure 4.7c).   

b) Significant quantities of borehole data have been acquired since 1948 in conjunction with development of the 
harbor projects. Among those, available borehole descriptions which were on or close to the north-south transect 
of CPT locations were selected to interpret sediment stratigraphy (Figure 4.7c).   

c) In February 2011, in the framework of INTERCOAST, several shallow seafloor cores were taken at the 
eastern side of Stella Passage. Of those, BH29 was utilized in this study. A complementary CPT9 was 
conducted in February 2012 at the same site to support this borehole information with in-situ data (Figure 4.7c).    

d) An acoustic sub-bottom investigation was undertaken using high resolution seismic reflection. The survey 
consisted of eight run lines in ~12-14 m water depth and was conducted in December 2012 (Figure 4.8d). The 
survey area is located in the northern part of Stella passage (Figure 4.7d). 

Table 4.1. CPT and borehole descriptions used for this study 

Site Coordinate Reference Depth
(m)

Water depth
(m)

CPT1 37° 39' 33.02" S  176° 10' 35.16" E GOST, Feb/March 2012 15.00 13.00 
BH6 37° 39' 34.00" S  176° 10' 31.58" E OPUS, 2011 63.15 11.50 
BHK1 37° 39' 37.33" S  176° 10' 31.16" E Port of Tauranga, 2000 49.00 0.40 
BHK3 37° 39' 38.93" S  176° 10' 30.85" E Port of Tauranga, 2000 32.85 0.40 
BHK4 37° 39' 39.89" S  176° 10' 30.56" E Port of Tauranga, 2000 30.45 0.25 
CPT2 37° 39' 43.79" S  176° 10' 33.06" E GOST, Feb/March 2012 5.00 12.70 
BHK6 37° 39' 43.74" S  176° 10' 29.95" E Port of Tauranga, 2000 47.50 0.10 
BHK7 37° 39' 45.35" S  176° 10' 29.65" E Port of Tauranga, 2000 36.20 0.00 
BHK8 37° 39' 46.95" S  176° 10' 29.35" E Port of Tauranga, 2000 37.30 0.00 
BHL1 37° 39' 50.62" S  176° 10' 28.42" E Port of Tauranga, 2000 30.90 0.10 
CPT3 37° 39' 53.65" S  176° 10' 30.95" E GOST, Feb/March 2012 7.90 12.80 
BHL2 37° 39' 53.53" S  176° 10' 28.07" E Port of Tauranga, 2000 39.85 0.00 
BHL3 37° 39' 58.37" S  176° 10' 27.23" E Port of Tauranga, 2000 42.45 0.30 
BHL4 37° 40' 01.90" S  176° 10' 26.84" E Port of Tauranga, 2000 38.90 0.30 
CPT4 37° 40' 04.77" S  176° 10' 28.23" E GOST, Feb/March 2012 17.00 4.00 
BHL5 37° 40' 05.72" S  176° 10' 25.90" E Port of Tauranga, 2000 38.00 2.80 
BH3 37° 40' 08.40" S  176° 10' 29.40" E Michels and Healy, 1998 2.27 3.60 
BH5 37° 40' 12.00" S  176° 10' 29.40" E Michels and Healy, 1998 1.24 3.85 
CPT5 37° 40' 12.68" S  176° 10' 26.40" E GOST, Feb/March 2012 17.00 4.00 
CPT6 37° 40' 19.74" S  176° 10' 26.26" E GOST, Feb/March 2012 13.35 3.70 
CPT7 37° 40' 26.95" S  176° 10' 26.01" E GOST, Feb/March 2012 9.10 3.70 
CPT8 37° 40' 39.57" S  176° 10' 23.61" E GOST, Feb/March 2012 10.55 3.05 
CPT9 37° 39' 43.70" S  176° 10' 50.27" E GOST, Feb/March 2012 2.00 7.00 
BH29 37° 39' 43.70" S  176° 10' 50.27" E GOST, Feb/March 2012 2.00 7.00 

4.2.4.1. In-situ CPT measurements 
In-situ measurements were carried out with an offshore CPT unit called GOST (Geotechnical Offshore Seabed 
Tool) (Figure 4.9) which was developed at the University of Bremen, Center for Marine and Environmental 
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Sciences (Marum) and is commercially operated under the lease of GEO-Engineering.org GmbH. The 
instrument design and modes of deployment are described comprehensively by Jorat et al. (2014). Operations in 
Tauranga Harbor were undertaken from a harbor barge positioned by a tugboat, with the CPT frame lowered 
and retrieved from the seafloor using a mobile crane mounted on the barge. Platform equipment and tools were 
kindly shared by the Port of Tauranga authorities.   

Figure 4.9. GOST being lowered into the water in Stella Passage, Tauranga Harbor. 

GOST measures tip resistance, sleeve friction, friction ratio and pore water pressure during penetration at 0.002 
m depth intervals. Tip resistance indicates total force acting on the cone divided by projected area of the cone. 
Sleeve friction shows applied force on the sleeve cylinder behind the cone divided by the sleeve outer surface 
area. The ratio of the sleeve friction to the cone tip resistance both measured at the same depth and expressed as 
percentage is known as friction ratio and the pore pressure induced during penetration and measured by pore 
pressure sensor located just behind the cone (u2) is called pore water pressure (Lunne et al., 1997). 

The nine CPT soundings used in this study run at a standard penetration rate of 2 cm s-1 (e.g. Lunne et al.,
1997). Resulting logs were completed to depths between 4.30 m and 17 m below the seafloor (Table 4.1). All 
given depths are depths below seafloor (mbsf) at the site and are corrected to datum. Water depths varied 
between 3.05 to 13 m (Table 4.1), with sites CPT1, CPT2 and CPT3 starting at the dredged part of the harbor 
(Figure 4.7c).  

Soil Behavior Type interpretations of CPT data give an overall summary of the likely geotechnical soil behavior 
based on a combination of the tip resistance, friction ratio and pore pressure (Robertson et al., 1986). In this 
study, non-normalized Soil Behavior Type profiles are utilized based on updated Robertson et al. (1986) 
classification chart using the CLiq (2008) software. Robertson (2010) recommended the update on Robertson et 
al. (1986) chart which proposes 12 non-normalized Soil Behavior Type zones and reduced the number of zones 
to 9 to allow unification between non-normalized and normalized Soil Behavior Type zones (Figure 4.10).  
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Figure 4.10. Non-normalized Soil Behavior Type (after Robertson et al. (1986)). 

In order to use normalized Soil Behavior Type, values of material unit weight at the location of CPT soundings 
have to be estimated; in order to avoid estimation, non-normalized Soil Behavior Type is utilized in this study. 
To develop 2D stratigraphy, all the CPT soundings were converted to Soil Behavior Type in order to aid in 
correlation with existing borehole descriptions.  

Two inconsistencies were encountered in applying the automated Soil Behavior Type classifications using CLiq 
software: 

1. Thin Holocene layers located at the top of the sequence show low resistance at the cone tip, yet apply 
high friction on the sleeve. The CLiq program interprets layers with these properties as organic layers, 
contrary to the core descriptions where no highly organic sequence is observed. Accordingly, these 
layers were identified as Holocene sequences, where the low tip resistance is due to the loose packing 
of the sediments sitting at the top of the harbor sequence and high sleeve friction was assessed as being 
due to the very coarse size and imbricate layering of shell fragments. 

2. Pumice, and hence pumicious layers, are not able to be recognized from CPT traces alone. As a result, 
pumicious sequences acquired from core descriptions were used to identify pumiceous units in the Soil 
Behavior Type charts. 

4.2.4.2. Core samples and physical properties of sediments 
Many descriptions of borehole samples from around the Port of Tauranga area exist. For this study, borehole 
descriptions were selected according to their proximity to the CPT transect location (Figure 4.7c). In order to 
ensure that the boreholes are consistent with the CPT transect data, a maximum horizontal (east-west) offset 
from the transect line of 100 m was defined as the criteria for utilization of a borehole information in this study. 
The existing boreholes included in this study were all deployed between 1988 and 2011 (Table 4.1), and largely 
represent holes drilled to support the development and extension of the wharf facilities at Sulphur Point. Due to 
the time passed since the holes were drilled, most of the core material is lost. Furthermore, the borehole 
descriptions were performed by different operators with varying educational backgrounds using a variety of 
description protocols. This made interpretation and correlation between cores difficult at some locations. Only 
two cores (BH6 and BH29) were still available for physical examination. Note that the thickness of the units 
described in borehole descriptions and offshore CPT may differ along the transect as the borehole data is largely 
from along the line of the wharves in an area that was a natural shoal before reclamation (Figure 4.7c). 

Core descriptions are relatively long and complex, and were thus simplified to allow for easier correlation across 
different cores. Geotechnical sediment types information was used as the key discriminator of different units, 
recognizing in particular discrete sand, silt, clay, or gravel dominated layers. In addition to the basic texture, 
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units containing shell material, or pumiceous sediments were identified separately. To understand this 
simplification pattern, the original and simplified descriptions for BHK4 are illustrated in Table 4.2 as an 
example. 

Table 4.2. BHK4 original and simplified description 

Depth (m) Original description Simplified description 
0.00 - 6.00 Fine grey sand 
6.00 - 11.00 Fine grey sand & some shell 
11.00 - 13.00 Med grey sand & shell 

Sand & silt with shell 
fragments 

13.00 - 14.75 Light pinkish brown clayish silt 

14.75 - 15.25 Brownish grey coarse sand & gravel & 
yellowish brown silt 

Silts & clays with traces 
of sand & gravel 

15.25 - 17.00 Brownish grey silty large pumiceous 
sand

Pumiceous sands 
& silts intermixed 

17.00 - 18.50 Brownish grey silty pumiceous sand  
18.50 - 19.75 Light yellowish fine pumiceous sand Pumiceous sand 

19.75 - 19.90 light yellow grayish-white soft silt Silt 
19.90 - 22.00 Grayish white coarse pumiceous sand 

22.00 - 24.90  Light yellow coarse & medium 
pumiceous sand 

Pumiceous sand 

24.90 - 30.50 Fine yellowish brown sand Sand 

Sediment description, water content, bulk density and porosity tests were performed on samples of BH29 at the 
University of Waikato geomechanics laboratory. Sediment bulk density and porosity were determined on 
discrete samples taken from the depth of 0.30 m at approximately 0.05 m intervals using a Quantachrome 
Pycnometer. The grain size distributions of the sediments were measured using Malvern laser particle analyzer. 
At certain locations of interest, samples were obtained for Scanning Electron Microscope (SEM) to help 
determine composition of samples. As SEM requires an evacuated sample chamber, specimens were tested in air 
dried state. Specimens were mounted on carbon tape as crushed powder and carbon paint was applied to the 
edges of the intact block and all samples were coated with platinum. Samples were tested at an acceleration rate 
of 20 kV. 

4.2.4.3. Seismic sub-bottom measurements
Sub-bottom profiling of the seafloor was conducted using a Knudsen Pinger Sub-Bottom Profiler with dual 3.5 
kHz and 200 kHz transducers. Eight profile runs (lines 1 – 8, Figure 4.7d) were undertaken off Sulphur Point 
Wharf. GPS navigation data were logged independently using HYDRONAV. For processing the data, speed of 
sound was assumed to be 1500 m s-1. 2D maps were generated from each run line profile and grids were created. 
Through harmonic surface computation, by using the grids of all run line profiles, a 3D map is modeled.  

The depth of the seismic profiles is inferred from an assumed speed of sound within the water column and the 
sediment. The Knudsen Pinger uses a 200 kHz transducer to locate the seabed, and a 3.5 kHz transducer for the 
sub-bottom stratigraphy. 

4.2.5. Results 
4.2.5.1. Development of the 2D transect 
From a combination of the simplified core descriptions and the Soil Behavior Type profiles, a fence diagram 
(Figure 4.11) is developed along the transect line (Figure 4.7c). Datum for the CPT and the cores are set to sea 
level. Sea level at the location of the CPT is set relative to lowest astronomical tide suggested by LINZ (Land 
Information New Zealand) and at the location of the cores is given by respective drilling companies. Similar 
units from simplified core descriptions and the Soil Behavior Type profiles were correlated to create a geologic 
profile.  
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Figure 4.11. Fence diagram of 2D transect of sediment stratigraphy along Stella Passage, Port of Tauranga. Sea 
levels at the location of the CPT are set relative to lowest astronomical tide. Sea levels at the location of the 

cores are given by the respective drilling companies.  



60 CHAPTER 4. NEAR-SHORE & ON-SHORE VOLCANIC SOILS IN NEW ZEALAND

Old and intermediate pumiceous sediments deposited at the bottom of the sequence are complex units and 
include intermixed pumiceous sands and silts, interspersed with gravels (generally discrete zones) and 
ignimbrites often in a form of gravel but sometimes indurated. Between the old and intermediate pumiceous 
sediments, sequences of quartz sand, intermixed with silt at some locations, are deposited. Color of these 
sediments varies between white, yellow, red-brown, brown and gray. 

A young sequence of silts and clays with traces of sand is observed above the intermediate pumiceous unit and 
below the Holocene sediments and extending predominantly all along the harbor (Figure 4.11). Sediments of 
this unit are white or light pink in color. The sequence is accompanied by shell or pumice at some locations: 

silt and clay were mixed with sand and shell at BH6, sand at BHK1 and pumice at BHK3. 
silt and clay were mixed with pumice and sand at BHL2, pumice at BHL3 and shell and plant debris at 
BHL4 and L5. 

At top of the silts and clays with traces of sand sequence, a young sequence of pumiceous sand intermixed with 
silt is deposited at some locations (Figure 4.11). Color of sediments in this sequence varies between yellowish 
brown, grey, white, and pinkish white.  

The upper blue color marked unit represents modern sedimentation following the Holocene sea level rise. The 
unit thins consistently towards the south (Town Reach) (Figure 4.11). The Holocene unit dominantly consists of 
silicic sands (quartz and glass) with some pumice and common shell fragments.  Sediments of this unit are gray 
to greenish gray in color in all core descriptions but vary in size along the sequence. In BH6, K1, K3, K4, K6, 
K7 and K8 shell is mixed with fine sand at top of the layer but the sand component gets coarser with depth. In 
BHK6 and K7 traces of gravel were observed at the bottom of the layer. Shells were mixed with medium 
coarse/coarse sand in BHL1, L2, L3, L4 and L5. Trace of fine sand is observed at the bottom of the layer at 
BHL5. At BH3 and BH5, coarse sand was mixed with gravel and shell. Sediments of this sequence have been 
significantly dredged along the shipping channel during dredging and maintenance operations along the 
shipping channel. 

Reflection seismic line 1 is presented as an example of the interpretation of the sub-bottom seismic data (Figure 
4.12). This line is chosen as it lies closest to the CPT and borehole transect. The locations of CPT1 and CPT2 
are projected into the reflection seismic profile (Figure 4.12). 

Figure 4.12. Sub-bottom profile of Line 1. Dashed rectangular indicates an appropriate section used for 
correlation with sediment types and CPT1.  

Two recognizable reflectors in the seismic line 1 are indicated in yellow and blue (Figure 4.12). The upper 
reflector mapped in this seismic analysis is assumed to represent the top of a silt layer in the north mainly 
because much of the Holocene has already been dredged in the northern part of the transect.  

To determine sediment type of the layer mapped in blue, sedimentological description, seismic data and CPT are 
correlated. An appropriate section of seismic line 1 (indicated in Figure 4.12) is selected and correlated with 
sediment types at the location of CPT1 and tip resistance and pore water pressure of CPT1 (Figure 4.13).  
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Figure 4.13. Comparisons of the sedimentological interpretation, section of seismic line 1 and CPT1 tip 
resistance and pore water pressure. 

By comparing seismic line 1 with sediment types, the yellow line corresponds to the seafloor (top of the 
Holocene sequence) and the blue line corresponds to the discontinuity at the top of the silty layer (Figure 4.13). 
The pumiceous silt layer has contrasting acoustic properties from the coarser highly pumiceous sand and silt. In 
the CPT data, the blue reflector of the seismic section (line 1) is marked by the slight increase of tip resistance 
and a dramatic drop in induced pore water pressure (Figure 4.13). The formation of these seismic lines allows an 
interpretation of the stratigraphy beneath the present seafloor at the dredged part of the harbor. By utilizing 
sediment stratigraphy derived from cores and CPT along the northern part of the transect and adding the 
subsurface geometry information from seismic line 1, a new seismostratigraphic succession is proposed for the 
Stella Passage part of the transect (Figure 4.14).   

The dredging impact of the current shipping channel can be seen along the first 650 m (Figure 4.14). Seismic 
line 1 has been used to derive the unconformity representing the Holocene transgression, and the top of the 
orange silt, sand and clay layer (Figure 4.14). 
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Figure 4.14. Interpreted seismostratigraphic sequence along the transect of Figure 4.9.  
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4.2.5.2. Development of the 3D model 
Using the seismostratigraphic 2D model (Figure 4.14) as a base concept, a 3D model was attempted to extend 
this interpretation across Stella Passage by correlating the 2D model with the reflection seismic sub-bottom 
profiles (Figure 4.15). 

Figure 4.15. Oblique view of 3D model from the northern part of transect for the upper surface of a unit which 
is inferred to be Pahoia Tephra.  

The reflector mapped in the 3D model is considered to present the top of the silt, sand and clay layer. Three 
distinct EW trending valleys in the northern part of 3D model are indicated via arrows in Figure 4.15. The 
reflector surface in this area shows considerable relief. 

4.2.5.3. Correlation of sediment types, seismostratigraphic sequences, soil behavior type and CPT
Figure 4.16 presents the sedimentological core descriptions together with the seismostratigraphic units defined 
in Figure 4.14, the CPT-derived Soil Behavior Type charts and the original CPT data in order to look for 
correlations between units found in cores and CPT derived Soil Behavior Type charts. Sediment types are 
derived from core description. Since the CPT rod broke shortly after deriving CPT2 which resulted in a short 
CPT profile and CPT6, 7 and 8 show mainly the same sequences as CPT5 with no corresponding core 
description available in between them, they were not selected for the correlative illustration (Figure 4.16).  
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Figure 4.16. Correlation of sediment types derived from drill cores, seismostratigraphy sequence, Soil Behavior 
Type and CPT results for selected profiles. 
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A non-normalized Soil Behavior Type classification chart as proposed by Robertson et al. (1986) is produced 
for CPT1, CPT3, CPT4 and CPT5 (Figure 4.17). Based on the Soil Behavior Type analysis shown in Figure 
4.16, the general zone descriptions given by Robertson et al. (1986) are modified to fit the sediments of the 
study area (Figure 4.17). In Figure 4.17, the x axis is friction ratio (Rf) and y axis represents corrected cone 
resistance (qt) which are respectively explained as: 

Rf = (fs / qc) 100           (1)  
qt = qc / pa                   (2) 

Where, fs is sleeve friction, qc is cone resistance and pa is reference stress which is equal to 100 kPa.  

Figure 4.17. Soil Behavior Type classification chart for CPT1, CPT3, CPT4 and CPT5 (after Robertson et al.
(1986)). 

4.2.5.4. Correlation of CPT, Soil Behavior Type, seismostratigraphic sequences & physical properties  
CPT9 tip resistance, pore water pressure and Soil Behavior Type analysis are presented along with results of 
laboratory physical properties evaluation on sediments of BH29 (Figure 4.18). 
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Figure 4.18. CPT9 (a) tip resistance, pore pressure and (b) Soil Behavior Type. BH 29 (c) sediment types, (d) 
water content, (e) bulk density and (f) porosity. 

The presence of sand in the upper part of the core plays an important role in the increasing values of CPT tip 
resistance (Figure 4.18a). Sediment type analysis indicates the dominant presence of silts throughout the core 
which contribures to a constant increase of the induced pore water pressure. Considering the sediments type 
analysis (Figure 4.18c), except the first 0.10 m of the sediments on top of the core, materials lie in the category 
of silts and clays with traces of sand. A significant drop of the tip resistance at the depth of 1.60 m coincides 
with major change in water content and bulk density and slight change in porosity values at the respective depth. 
According to exceptional CPT and physical properties at the depth of 1.60 m, four samples were taken and 
Scanning Electron Microscope (SEM) test was conducted to determine grain shape and surface texture of the 
samples at the respective depth allowing further micro investigations to explain the change in properties (Figure 
4.19). 
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Figure 4.19. Scanning Electron Microscope (SEM) photos of samples taken at the depth of 1.60 m in different 
scales.

Figure 4.19a and 4.19b show dominant presence of silty and clayey particles. However, higher resolution 
images indicate various types of microfossils (e.g. pinnate diatoms and cylindrical diatoms) in inner micro-pores 
(Figure 4.19c & 4.19d). 

4.2.6. Discussion 
4.2.6.1. Paleo depositional interpretation of the 2D transect 
Predominately pumiceous sediment sequence of various textures from silt to gravel is present beneath the A 
predominately pumiceous sediment sequence of various textures from silt to gravel is present beneath the 
Holocene sediments (Figure 4.11). This unit as a whole is considered to correlate with the Matua Subgroup on 
land. This complex unit includes intermixed pumiceous sands and silts, interspersed with gravel and ignimbrites 
and consists of paleosol and swamp deposits, including terrestrial deposition for the bulk of this sequence. The 
unit as a whole consists of primary and reworked silicic pyroclastic materials which represent terrestrial 
deposition, most likely dominantly in the form of an alluvial fan system. When the shore line was a few 
kilometers offshore of its present location, drainage was limited to small high-gradient streams although there 
was at least a sizeable valley and narrow embayment from the ancestral Wairoa River (Davis and Healy, 1993). 
Therefore, the environment would have been one of rapidly migrating braided river channels depositing 
sediment derived from further upstream of the paleo Tauranga estuary. One of the river channels appears to 
have been near the location of BHK8 and it was wide channel of approximately 300 m (Figure 4.11). Rapidly 
migrating channels form a complex mosaic of coarse channel deposits, finer overbank deposits, and small 
swamps and lakes with peat formation (now lignite).  

A zone of further marine sedimentation marked by quartz-dominated sand deposits covers the old pumiceous 
sand and silt sequence which represents a high sea-level Pleistocene interglacial period (Figure 4.11). These 
quartz-dominated sand deposits are only partially preserved, but the presence of minor paleosols in the lower 
portions of this unit suggests on-shore deposition in dunes which are periodically over run by the sea depositing 
consecutive increasing amounts of shallow marine sediments as the sea level continued to rise.  

Within the upper parts of the Matua Subgroup intermediate pumiceous sand and pumiceous sand and silt units 
are recognized (Figure 4.11) which is likely to be the Te Ranga Ignimbrite by comparison with a local outcrop 
of this ignimbrite near the harbor bridge approaches and along the margins of Town Reach in the Tauranga 
Harbor. This ignimbrite is considered as a non-welded, crystal-poor, variably pumice-poor to pumice-rich, 
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sandy textured ignimbrite, notable for containing coarse glass shared textures, charcoal, and obsidian, and is 
restricted to low-lying areas of the central Tauranga Basin (Briggs et al. 2005). Erosion of the ignimbrite 
sequence (Figure 4.14) in a terrestrial environment during lower sea level or prior to down-faulting has resulted 
in a series of ridges and valleys representing a fluvially dominated landscape. 

The resulting paleo landscape is finally covered with silts and clays that extend and thicken both northwards and 
southwards away from the main river channel area (Figure 4.11). In BH6 this unit is silty and laminated, and is 
inferred to have formed in a low energy lacustrine environment. This sequence is considered as reworked tephra 
sediments (Pahoia Tephra of Briggs et al.(1996)) that has accumulated as lake, on-land, or overbank stream 
deposits following erosion and reworking (Figure 4.14). The Pahoia Tephra is described as fluvially reworked 
pumiceous silts, sands, and gravels, diatomaceous lacustrine and estuarine muds, lignites and peats (Briggs et al.
2005). Thickness of this layer is highly influenced by the river channel location and overbank deposition. 
Across the river channel, the silty sequence is predominantly removed while the sequence thickens further off 
the river bank. The thickest part of this sequence is located between BHL5 and CPT5 but from CPT5 to the 
south the thickness is fairly constant. Unfortunately, except at BHL5 there is no available core description at this 
section in order to verify units mixed with silt. Nevertheless, constant thickness of the sequence in south of the 
transect implies the fact that sediments are formed by airfall deposition and are not reworked. All found 
sedimentological indications are consistent with a major phase of alluvial fan development with a large sediment 
source associated with volcanic activity in the river source area and likely subsidence of the basin. 

Above the silty layer a sequence of pumiceous sand and pumiceous sand and silt is deposited (Figure 4.11). This 
unit is only partially preserved across the northern part of the transect. This sequence is believed to be deposited 
due to overbank stream deposit from the ancestral Wairoa River. 

Marine deposition of largely estuarine materials followed the Holocene marine transgression and development 
of enclosing Barrier Island / tombolo, producing the uppermost unit (Figure 4.11). Marine sediments can be 
deposited in the area during interglacials, which correspond with higher sea levels and a warmer climate. The 
increasing penetration thickness of marine sediments is attributed to relative sea level changes due to continued 
subsidence of the Tauranga basin. Within the dredged channel, a thin layer of Holocene marine sediments lies 
over a relatively flat surface representing the level of dredging (Figure 4.14). The Holocene sands appear to be 
forming sand waves that may migrate across the dredged surface. 

4.2.6.2. Development of a 3D model 
The three distinct valleys in the upper surface of Pahoia Tephra represent the main threads of the river system at 
or around the time of alluvial fan development. These valleys ran approximately parallel to the present-day 
coastline of the Bay of Plenty and probably continued beneath what is now Mt Maunganui tombolo. This 
interpretation is consistent with that of Davis and Healy (1993), based on borehole data, a seismic survey and 
surficial sediment from Stella Passage before the 1992 capital dredging (Figure 4.20).  
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Figure 4.20. Distribution and thickness of the shelly estuarine mud in (a) map view of the Stella Passage and (b) 
cross-section along one of the paleovalleys (after Davis and Healy (1993)). 

Section A of Figure 4.20 shows the position of the paleo-valley or channel infilled with “Estuarine mud”. In 
section B, much of the upper marine sand which is indicated in this study as Holocene sequence has been 
dredged. The “Estuarine mud” unit corresponds to the young pumiceous sand and silt and young silt and clay. 
“Pumice” unit in Figure 4.20 corresponds to the intermediate pumiceous sand and silt unit. 

The channels observed in this study are consistent with the presence of a prehistoric Wairoa River as proposed 
by Davis and Healy (1993) (Figure 4.21). As it was mentioned earlier, at the location of the river sediments are 
reworked and by going further off the river bank, sediment depositions are more intact. Over-flooding of the 
river had a great impact in producing complex valley formation and also deposition of the soft sediments. Soft 
sediments were deposited at the bank of the river and filled the valleys which were then covered with Holocene 
layers during sea-level rise.  
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Figure 4.21. Paleo interpretation of the evolution of the Tauranga Harbor during the Holocene from Davis and 
Healy (1993). This interpretation identifies a river system crossing Stella Passage and the realignment of the 

drainage systems as sea level rose and the Mt Maunganui tombolo and Matakana Island barrier were 
established. Marked area in panel E represents approximate area of map and section shown in Figure 4.20.  

Thick layers of pumiceous silt and sand sequence deposited inside the valleys are likely to cause difficulties in 
finding a stable base, turbidity issues for dredging and possible batter stability concerns on dredged margins. 

4.2.6.3. Correlation of sediment types, seismostratigraphic sequence, Soil Behavior Type and CPT
The old pumiceous sand and silt sequence was penetrated at the bottom of CPT5 with tip resistance less than 10 
MPa and Soil Behavior Type which is predominantly recognized as clayey silt to silty. However, at the depth of 
17 m, communication between the CPT cone and the operating unit on the barge was disconnected. This could 
happen due to abrupt approach of a very stiff layer, presumably an ignimbrite sequence. Significant CPT 
specification of this sequence is maximum tip resistance of 10 MPa and rapid drop of pore water pressure.   

Quartz sand and silt sequence is penetrated in CPT3, 4 and 5. At 650 m from start of the transect, the sequence 
appears 3 m below the seafloor (Figure 4.14). Having tip resistance of predominantly more than 10 MPa, if 
future dredging operations stretch to this area, special dredging machineries might be required. For installation 
purposes, quartz sand layers in this sequence is a stable base for installation of piles. Significant CPT 
specification of this sequence is tip resistance values between 5 and 40 MPa and rapid drop of pore water 
pressure. 

CPT tip resistance of intermediate pumiceous sand and silt sequence is high (Figure 4.16). While deriving 
CPT2, tip resistance dramatically increased at the depth of 5.50 m and passed 40 MPa which resulted in 
buckling and breaking of the main CPT rod. Due to very close distance of the sequence to the seafloor at the 
location of CPT2 (Figures 5, 8), this sequence is believed to be responsible for the abrupt increase of tip 
resistance and ultimately failure of CPT rod. Accordingly, dredging materials of this sequence may require 
special dredging machineries. This sequence may be considered as a stable base for pile installation but further 
investigations are required. Significant CPT specification of this sequence is maximum tip resistance of 40 MPa 
and rapid drop of pore water pressure.   

In CPT4 and 5, a sequence immediately above the intermediate pumiceous sand and silt is silt, sand and clay 
which is believed to correlate with Pahoia Tephra. This sequence in the Tauranga area is deeply weathered 
(Briggs et al. 2005) and consequently, CPT tip resistance is very low (Figure 4.16). In CPT1, young pumiceous 
sand and silt sequence is observed above the silt, sand and clay sequence (Figure 4.16). This sequence shows tip 
resistance less than 1 MPa and very high pore water pressure which is considered to be a very rare CPT 
response for sand and silt materials. Results of CPT performed in pumiceous silty sand by Orense et al. (2012) 
in Hamilton, approximately 85 km west of Tauranga Harbor, shows tip resistance values of less than 2 MPa and 
rapid increase of pore water pressure which proves that having such low tip resistance and high pore water 
pressure values are typical for pumiceous sand originated from Taupo Volcanic Zone (TVZ). Considering the 
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extent of weathering and tip resistance values, materials from silt, sand and clay and young pumiceous sand and 
silt sequences can be easily dredged. Meanwhile, very fine particles of the sequences can potentially generate 
turbidity during dredging operations as it will disperse readily and be slow to settle. The two sequences do not 
provide proper base for installation of piles or foundations. During construction of Town Reach bridge, a few of 
the piles installed as a base for the bridge foundation were reported to sink shortly after installation. We suspect 
that this happened due to bearing failure of piles where pile tips were placed within the silt, sand and clay and 
young pumiceous sand and silt sequences. For silt, sand and clay sequence, significant CPT specification is 
maximum tip resistance of 2 MPa and rapid increase of pore water pressure. For young pumiceous sand and silt, 
significant CPT specification is maximum tip resistance of 1 MPa and rapid increase of pore water pressure. 

Orense et al. (2012) evaluated cross-sectional binary image of one pumice particle taken by Kikkawa et al.
(2009) (Figure 4.22). Surface voids and internal voids can be observed in the figure which makes pumice 
particles easily deformable (Orense et al. 2012). This specification of pumice results in crushing of particles and 
lead to very low tip resistance and existence of pumice surface and internal voids results in high induced pore 
water pressure found in CPT traces along young pumiceous sand and silt sequence.  

Figure 4.22. Cross-sectional binary image of one pumice particle of length about 4.30 mm (Orense et al. 2012).  

Due to previous dredging operations, Holocene is dominantly dredged throughout the dredged channel. At the 
top of each CPT profile, due to very low values of tip resistance and great values of sleeve friction, Holocene is 
reported as organic material in Soil Behavior Type chart. Further dredging of Holocene sequence along the 
dredged channel can be conducted by usual dredging tool (e.g. dredge pumps). Significant CPT specification of 
this sequence is maximum tip resistance of 5 MPa, maximum friction ratio of 7 and pore water pressure values 
of near zero indicating free drainage.  

Comparisons of sediment types and Soil Behavior Type assignments indicate that units recognized by Soil 
Behavior Type chart do not consistently match with corresponding pumiceous sediments (Figure 4.16). Soil 
Behavior Type classification chart can not specify pumice units however, sand and silt units are being 
determined by the classification chart. Due to very low values of tip resistance and sleeve friction within young 
pumiceous sand and silt sequence, Soil Behavior Type is showing sensitive fine grained and clayey silt to silty 
materials which can commonly be observed in clay soils. Considering the fact that the sequence consists of sand 
and silt which are not considered to be sensitive, pumice particles behave sensitive. Comparisons of quartz sand 
and silt units with corresponding Soil Behavior Type units indicate that silt and sand were properly recognized 
by the classification chart. Corresponding For silt, sand and clay sequence, Soil Behavior Type properly indicate 
silt, sand and clay units, however in CPT1, a part of the sequence is identified as sensitive fine grained material. 
Although the sequence as a whole does not consider as fine grained material, indication of sensitivity is 
additional information which can be acquired from Soil Behavior Type chart while it can not be drawn from 
description of sediments within the sequence.   

Soil Behavior Type classification chart modified after Robertson et al. (1986) allows for zoning that is best 
suited to the materials present at the study area. Furthermore, this chart can be used as a base for Soil Behavior 
Type analysis of CPT performed in materials with similar geological settings.  
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4.2.6.4. Correlation between CPT, Soil Behavior Type, seismostratigraphic sequences & physical properties 
Diatoms found at the depth of 1.60 m are considered as fresh water lake diatoms. Considering laminated 
deposition of sediments within the Pahoia Tephra sequence in BH6 and fresh water lake diatoms observation in 
this sequence, Tuaranga Harbor area was probably partially a lacustrine environment at least during formation 
of Pahoia Tephra sequence. As the lacustrine environment was diminished, the area was impacted by a braided 
channel from Wairoa River, resulting in non-uniform deposition of the sequence in the north part of the transect.   

Locat and Tanaka (2001) indicated that index properties of soil are certainly influenced due to great water 
holding capacity of diatoms. This is in line with highest water content recorded at the depth of 1.60 m (Figure 
4.18e). Shiwakoti et al. (1998) observed reduction of bulk density when mixing kaolinite with diatomite and 
reported it as a result of the inclusion of diatoms. Therefore, the lowest value of bulk density measured at the 
depth of 1.60 m is attributed to the presence of diatoms. Dredging these sediments with bulk density equal or 
close to bulk density of water would lead to considerable turbidity of water column. 

4.2.7. Conclusions 
2D sediment stratigraphy along southern Tauranga Harbor is drawn based on core and CPT data. Old pumiceous 
sand and silt sequence is recognized at the bottom of the stratigraphy. Quartz dominated sand deposits from a 
high sea-level Pleistocene interglacial period cover old pumiceous sand and silt sequence. Intermediate 
pumiceous sand and silt sequence is recognized on the top of the quartz sand and silt sequence which is believed 
to be affected by erosion in a terrestrial environment during lower sea level or prior to down-falting. The former 
sequence is covered with silt, sand and clay sequence. Observations of this sequence in BH6 show lamination of 
silt, sand and clay which is an indication for low energy, possibly a lacustrine environment, deposition of 
sediments. This layer is believed to correspond with Pahoia Tephra. A youngest pumiceous sand and silt 
sequence is recognized on the top of the silt, sand and clay sequence. The former two sequences are only 
partially preserved in Northern part of the transect. By nature, these materials are airfall and transported deposits 
but the formation of these sequences in the northern part indicates that these materials are probably reworked. It 
is believed that a braided river channel of 300 m wide from the Wairoa river used to flow approximately 450 m 
from the beginning of the transect which caused non-uniform material deposition. As a result, silt, sand and clay 
and young pumiceous sand and silt are transported across the river bed while this sequences thickens further 
away from the river bank. Seismic data helped to complement 2D stratigraphy derived from CPT and cores. 
Unfortunately seismic runs only covered northern part of the transect and reflectors only indicate the top of silt, 
sand and clay sequence. However, condition of seafloor and formation of silt, sand and clay sequence in 
between cores and CPT is determined. Accordingly, seismostratigraphic sequence map is generated and 
sequences are classified based on their known geological settings.  

The 3D model shows extension of three distinct valleys across the Stella Passage. These valleys are on the top 
of silt, sand and clay sequence that represent the main threads of the river system at or around the time of 
alluvial fan development. These observations are consistent with descriptions of Wairoa River channel and its 
role in reworking and depositing sediments. 

CPT1, 3, 4 and 5 were correlated with sediment type and seismostratigraphic sequences. For further dredging 
operations in Stella Passage, four sequences which may be encountered near the seafloor in ascending order are 
quartz sand and silt, intermediate pumiceous sand and silt, silt, sand and clay, young pumiceous sand and silt, 
and Holocene marine sands. CPT tip resistance for materials from quartz sand and silt and intermediate 
pumiceous sand and silt are considerably stiff and possibly require special machineries during future dredging 
operations. The material of these sequences may be considered as a stable base for installation purposes (e.g. 
pile installation). Materials from silt, sand and clay and young pumiceous sand and silt sequences are highly 
weathered and accordingly easy to be dredged. Yet, for dredging materials of these sequences, turbidity of water 
column should be taken into account. From a very low CPT tip resistance, it is believed that materials of the 
former sequences are not stable for installation purposes and would lead to failure of structures based on these 
materials. Holocene sands along the dredged channel are considerably dredged over previous operations and 
only present with very thin thicknesses in the northern part of the transect. Dredging this sequence along the 
dredged channel is easy however, in undredged locations, the sequence is thicker and hence more consolidated 
deeper in the sequence. Soil Behavior Type classification chart is presented in this study with corrected zones to 
matching the materials of the study area. The new classification chart allows proper identification of sediment 
types correspond to each Soil Behavior Type. Accordingly, having CPT within the study area or other areas with 
similar geological settings, possible sediment types may be recognized.   
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SEM images indicate significant presence of diatoms at the depth of 1.60 m in BH29 which are responsible for 
the sudden changes in physical properties at the depth of 1.60 m. Observation of diatoms within the silt, sand 
and clay sequence is in line with formation of this sequence in lacustrine environment. Due to bulk density 
values of near unity for materials at the depth of 1.60 m and identification of materials as sensitive fine grained 
by Soil Behavior Type, dredging of these materials may cause major turbidity of water column. 

This study evaluates sub-surface stratigraphy within the first tens of meters along the Southern Tauranga 
Harbor. Formations of sequences are complex and undoubtedly even more complex than shown in this study. 
Further investigations (CPT and seismic) will help understand the complexity of these sequences to greater 
extent.
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4.3.1. Abstract 
Piezovibrocones have been developed to evaluate the liquefaction potential of on-shore soils, but have not yet 
been utilized to evaluate the in-situ liquefaction behavior of off-shore marine and volcanoclastic sediments. 
Two static and vibratory CPT (Cone Penetration Test) were performed at Tauranga Harbor, New Zealand. The 
lithology is known from nearby drillholes and the influence of vibration on different types of marine soils is 
evaluated using the reduction ratio (RR) calculated from static and vibratory CPT. A sediment layer with high 
risk of liquefaction and one with a slight reaction to cyclic loading are identified. In addition to the reduction 
ratio, the liquefaction risk of sediment is analyzed using classic correlations for static CPT data but no 
liquefaction risk is determined. This points to an underestimation of liquefaction risk with the classic static CPT 
correlations in marine soil. Results show that piezovibrocone tests are a sensitive tool for liquefaction analysis 
in off-shore marine and volcanoclastic soil.   

Keywords:  Piezovibrocone, marine soils, in-situ and liquefaction 

4.3.2. Introduction 
Soil liquefaction is an important hazard for marine infrastructure; dynamic stresses in the marine environment 
are generated by waves, earthquake activity, machine vibrations etc. (Davis and Bennell, 1986). Liquefaction is 
very sensitive to the actual state of the granular soil, especially to the relative density, but undisturbed sampling 
of granular soils is difficult and often not possible. Avoiding the sample disturbance is one great advantage of 
in-situ testing and hence, in-situ testing is an important alternative to traditional sampling and laboratory testing. 
Since quasi-static cone penetration tests do not impose cyclic loads on the soil, the analysis of liquefaction 
potential from classic CPT is always indirect and subject to certain assumptions (e.g. Robertson and Fear, 1997). 
To evaluate cyclic behavior of marine soils directly from in-situ tests, cyclic loads are imposed directly in-situ
with the use of the piezovibrocone.  

The vibrocone was first introduced by Sasaki et al. (1984). The vibrocone induced cyclic loads while measuring 
dynamic tip resistance. Tokimatsu (1988) described the work of Sasaki et al. (1984) in utilizating vibrocone test 
at two locations with sand sediments. Historically, in one of the locations, extensive ground settlement occurred 
due to liquefaction during an earthquake event while in the other location no settlement occurred during the 
earthquake. The vibrocone apparatus, having cross sectional area of 15 cm2 was larger in diameter than standard 
10 cm2 cone penetrometers. A built-in vibrator induced horizontal vibration with a frequency of 200 Hz. 
Vibrocone measurements at a location with a history of liquefaction during the earthquake gave dramatically 
lower vibratory tip resistance than static tip resistance, while at a location with no liquefaction, static and 
vibratory tip resistance were almost identical. To directly compare static and vibratory tip resistances, Sasaki et
al. (1984) proposed the reduction ratio (RR):

RR = 1- qcv / qcs                                                                            (4.3) 

where, qcv is the vibratory cone penetration resistance and qcs is the static cone penetration resistance. Values of 
RR near unity indicate small measured values of qcv compared with qcs, equal values of qcs and qcv give an RR
value of zero (Bonita et al., 2004). Tokimatsu (1988) defined sediments with RR values of more than 0.80 as 
having high liquefaction potential. The term vibrocone changed to piezovibrocone after installation of a pore 
pressure sensor on the cones and measurements of vibratory pore pressure while inducing cyclic loads. Mitchell 
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(1988) used a piezovibrocone with frequency of 200 Hz, in a saturated sand layer. Under the effect of vibration, 
the pore water pressure of sandy soil, measured from u2 position port, increased near the cone and 
simultaneously the tip resistance decreased. This is in good agreement with the expected behavior of soil during 
liquefaction; cyclic loading leads to compaction of the grain skeleton, which results in excess pore pressure and 
this then leads to reduction of the effective stress until the effective stress and the stress dependent shear 
strength approach zero in the liquefied soil. At the University of British Columbia, Moore (1987) tested a 
piezovibrocone with 75 Hz frequency in a silt which resulted in reduction of tip resistance without evidence of 
change in excess pore pressure detected by a pressure transducer shoulder element. In 1999, Wise et al.
developed a piezovibrocone and recorded the response of tip and pore water pressure to vertical impulses of 5 
Hz in liquefiable sands. The results show a significant spike in the pore water pressure measured from u2
position port, in response to dynamic vibratory forces. He suggested that the area in which the pore water 
pressure spike was observed is a zone susceptible to liquefaction. Five years later in 2004, smaller scale 
vibratory cone penetration based tests were conducted by Bonita et al. in a laboratory setting to measure, 
evaluate and quantify the influences of vibration on the penetration resistance and pore water pressure values 
under a vertical force with vibration frequencies ranging from 5 Hz to 135 Hz. Their results indicated that 
elevated pore water pressure generated due to vibration of the CPT cone was not detected by sensors (u1 and u2)
within the instrument however, elevated pore water pressures were measured by pressure gauges in the soil mass 
0.35 m away from the cone penetrometer. They also observed dramatic reduction of penetration resistance if the 
volume of undrained soil is influenced by the cone penetrometer. The authors concluded that the increase in 
pore water pressure resulted in the effective stresses being at or near liquefaction conditions within the influence 
zone of the cone. Recently, Samui and Sitharam (2010) published details on the development of a hydraulically 
driven laboratory piezovibrocone and calibration chamber unit, but no further test results. 

GeoLogismiki, in collaboration with Gregg Drilling Inc. and Prof. Peter Robertson have developed software 
called CLiq (2008). The software uses static CPT results to predict likelihood of sediment liquefaction. For 
liquefaction assessments, the software applies the state of the art National Center for Earthquake Engineering 
Research (NCEER) method (Youd et al., 2001) and also includes the latest assessment procedure developed by 
Robertson (2009).  

Vibrocones and piezovibrocones have so far only been utilized in laboratory or in-situ on on-shore sediments 
but not off-shore. In the off-shore realm, many hazards and risks are associated with liquefaction such as 
earthquake triggering submarine landslides or the liquefaction of soil beneath pipelines. In this paper, we focus 
on the effect of vibration on coastal near shore sediments presenting two pairs of static CPT and vibratory CPT 
deployed in Tauranga Harbor, New Zealand. In a second step, the piezovibrocone data are compared with the 
results of standard static CPT based liquefaction.   

4.3.3. Testing locations and site characterization 
Measurements were undertaken in two separate locations, one in a dredged and one in an undredged area of 
Tauranga Harbor, Bay of Plenty, New Zealand (Figure 4.23).  

The major dredging operations were performed in 1992 along the shipping channel in the Tauranga Harbor and 
deepened the harbor channel to ~13 m (Healy et al., 1996). Since then, due to sediment dynamics at the harbor, 
there have been several other smaller dredging operations to maintain the shipping channel depth. 

Sediments in the Tauranga area consist of Pliocene to Pleistocene rhyolitic volcanoclastic material derived 
predominantly from the Taupo Volcanic Zone (Briggs et al., 2005) and marine sediments. Within the upper few 
tens of meters of sediments at the Tauranga Harbor, five general lithofacies were identified by Davis and Healy 
(1993). In descending order, the lithofacies are shelly sand, shelly mud, undifferentiated sand, undifferentiated 
mud and pumiceous facies. 
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Figure 4.23. (a) Map of New Zealand, (b) Bay of Plenty and (c) bathymetry map of southern Tauranga Harbor 
with static and vibratory piezocone locations. In map c, dredging boundary is marked by a red dotted line. 

Locations of the boreholes which are selected to interpret sediment stratigraphy near the locations of static CPT 
and vibratory CPT at (d) Sulphur Point Northern Wharf Extension (after OPUS (2011)) and (e) Sulphur Point 
Southern Wharf Extension. Except map (d), all maps are generated from the Land Information New Zealand 

(LINZ) data. In map c, d and e, all depths are set relative to the lowest astronomical tide. 
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4.3.4. Methods 
New CPT data and existing core descriptions are utilized for this study (Table 4.3). 

Table 4.3. CPT and borehole descriptions used for this study 

Site Coordinate Reference Depth
(m)

Water depth
(m)

Static CPT1 37° 39' 33.02" S   176° 10' 35.16" E GOST, Feb/March 2012 13.10 
Vibratory CPT1 37° 39' 32.97" S   176° 10' 35.23" E GOST, Feb/March 2012 13.10 12.50 

BH6 37° 39' 34.00" S   176° 10' 31.58" E OPUS, 2011 63.15 11.50 
Static CPT2 37° 40' 04.77" S   176° 10' 28.23" E GOST, Feb/March 2012 3.50 
Vibratory CPT2 37° 40' 05.07" S   176° 10' 28.54" E GOST, Feb/March 2012 3.50 2.30 

BHL5 37° 40' 05.72" S   176° 10' 25.90" E Port of Tauranga, 2000 38.00 2.80 

4.3.4.1. In-situ CPT 
In February 2012, a field investigation was undertaken in collaboration between the University of Bremen, the 
University of Waikato and the Port of Tauranga. During four weeks of operation, a series of CPT soundings was 
performed at the Tauranga Harbor Stella Passage and entrance channel. Of those, two static CPT and two 
vibratory CPT were selected for this study (Figure 4.23c). 

Static CPT and vibratory CPT measurements were conducted using the Geotechnical Off-shore Seabed Tool 
(GOST) (Figure 4.24). The GOST was developed at the Marum - Center for Marine and Environmental 
Sciences, the University of Bremen. The instrument design and modes of deployment are described 
comprehensively by Jorat et al. (2014). Operations in Tauranga Harbor were undertaken from a harbor barge 
positioned by a tugboat, with the CPT frame lowered and retrieved from the seafloor using a mobile crane 
mounted on the barge. Platform equipment and tools were kindly shared by the Port of Tauranga authorities. 
Distances between static and vibratory soundings are 3 m for CPT1 and 10 m for CPT2. These distances are 
obtained from a DGPS device mounted on the barge during each deployment. In CPT1, after static test, GOST 
was lifted, barge was repositioned with the anchor-winches allowing sufficient distance and GOST was 
deployed again for the vibratory test. In the CPT2, vibratory test was conducted approximately 24 hours after 
static test and repositioning of the barge was done by using static test DGPS position.       

Figure 4.24. The GOST during deployment in Stella Passage, Tauranga Harbor 

In general, vibrators consisting of a horizontally rotating mass tend to create gaps between the penetrometer and 
the soil; these gaps influence the recorded penetration resistance values (Bonita et al., 2004). To avoid this issue, 
the 5 cm2 cone in the GOST is designed to generate vertical excitations while conducting vibratory CPT. To 
generate vibration during each push motion, GOST speed regulators enforce sinusoidal speed variations which 
generate vibration during penetration. For the vibratory CPT measurements in this study, the cone vibrated with 
frequency of 2.5 Hz and amplitude of 0.62 mm.  



4.3. UTILIZING PIEZOVIBROCONE IN MARINE SOIL 
           

79

4.3.4.2 Core descriptions 
A significant number of exploration boreholes have been drilled in conjunction with the development of 
Tauranga Harbor since 1948. The two borehole descriptions closest to the locations of static CPT and vibratory 
CPT in dredged and undredged sections were selected to interpret sediment stratigraphy (Figure 4.23d & e). 
BH6 and BHL5 used in this study were taken and described by different companies as specified in Table 4.3.  

4.3.4.3 Liquefaction potential evaluation by piezovibrocone 
In this study, reduction ratio values are the basis for determination of liquefiable and non-liquefiable zones. As 
recommended by Tokimatsu (1988), sediments with reduction ratio values of more than 0.80 are considered 
liquefiable. 

4.3.4.4 Liquefaction potential evaluation by CLiq software 
In order to evaluate liquefaction potential, Cyclic Stress Ratio (CSR) and Cyclic Resistance Ratio (CRR)
parameters have to be specified as explained e.g. in Kreiter et al. (2010).  

In the CLiq software, Cyclic Stress Ratio is calculated following Seed and Idriss (1971), and the Cyclic 
Resistance Ratio is calculated following Robertson (2009). Using Cyclic Stress Ratio and Cyclic Resistance 
Ratio values, the factor of safety against liquefaction (FSliq) is computed by the software as: 

FSliq = (CRR7.5 / CSR) MSF     (4.4) 

where, MSF is a magnitude scaling factor described by Youd et al. (2001) as, 

                                                               MSF = 102.24 / Mw
2.56      (4.5) 

where, Mw is the earthquake moment magnitude. For this study, Mw = 7.5 is utilized.  

4.3.5. Results 
4.3.5.1 Static and vibratory CPT1 
The CPT traces at site CPT1 are consistent with the description of BH6 allowing for slight variations in the 
thickness of the layers (Figure 4.25a). Static and vibratory tip resistances, down the profile, are identical except 
at the gravel ignimbrite layer at 10.50 m and where vibratory tip resistance is lower than static tip resistance 
(Figure 4.25b). The vibratory pore water pressure of silts and clays, pumiceous sand and pumiceous sands and 
silts with gravel layers is significantly lower than those measured in static mode (Figure 4.25c). 
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Figure 4.25. (a) Sediment stratigraphy at the location of BH6. Static and vibratory CPT1 measurements of (b)
tip resistance and (c) pore water pressure.

The reduction ratio profile shows a low risk of liquefaction for the tested soil (Figure 4.26a). The static CPT 
derived profile of factor of safety against liquefaction predominantly indicates no likelihood of liquefaction for 
the tested soil (Figure 4.26b). However, factor of safety values are slightly lower between depths of 3.80 m and 
5 m and at the depth of 7.40 m suggesting that “liquefaction and no-liquefaction are equally likely” for these 
sediments. At 10.50 m, there is a slight fall of factor of safety consistent with the reduction ratio profile, but still 
in the “unlikely to liquefy” field. 
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Figure 4.26. (a) Reduction ratio derived from static and vibratory CPT1 tip resistance results. High (> 0.80) and 
low risk (<0.80) areas for liquefaction are denoted following Tokimatsu (1988). (b) Factor of safety against 

liquefaction calculated by CLiq software based on static CPT1 results. 

4.3.5.2. Static and vibratory CPT2 
The CPT traces at site CPT2 are consistent with the description of BHL5 (Figure 4.27a). At the top of the 
Holocene sand and shell fragments layer and in the silts layer with vegetation and shell fragments, static and 
vibratory tip resistances have similar values. Between 0.60 m and 1.70 m depths, vibratory tip resistance is 
considerably lower than the static tip resistance (Figure 4.27b). Static and vibratory pore pressure of the 
Holocene sand and shell fragments layer are equal however in the silts with vegetation and shell fragments 
layer, the vibratory pore pressure decreases consistently with increasing depth (Figure 4.27c).  

Figure 4.27. (a) Sediment stratigraphy at the location of BHL5. Static and vibratory CPT2 (b) tip resistance and 
(c) pore water pressure.

The reduction ratio profile shows a high liquefaction risk between depths of 1 m and 1.30 m while the rest of the 
profile indicates low risk of liquefaction (Figure 4.28a). In contrast, the profile of factor of safety against 
liquefaction indicates no likelihood of liquefaction at all (Figure 4.28b). 
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Figure 4.28. (a) Reduction ratio derived from static CPT2 and vibratory CPT2 tip resistance results. High (> 
0.80) and low (< 0.80) risk areas for liquefaction are denoted following Tokimatsu (1988). (b) Factor of safety 

against liquefaction calculated by CLiq software based on static CPT2 results. 

4.3.6. Discussion 
4.3.6.1. Static and vibratory CPT1 
The significant reduction of vibratory tip resistance in gravel ignimbrite layer of CPT1 is consistent with other 
studies (Sasaki et al., 1984). The reduction of vibratory tip resistance was not sufficient to generate liquefaction 
(Figure 4.26a) and the factor of safety against liquefaction from static analysis matches the reduction ratio 
results. Hence, the gravel ignimbrite reacts to cyclic loading but, it is not liquefiable. The equal static and 
vibratory tip resistances in the rest of the profile indicate that the reduction of vibratory tip resistance is not 
artificial and only occurs in materials vulnerable to dynamic loading. 

In contrast to the expectation from liquefaction theory, the static and vibratory pore water pressures in the gravel 
ignimbrite layer are equal, indicating no liquefaction risk. A similar tip resistance and pore water pressure 
response was observed by Bonita et al. (2004) in sand and maybe a similar mechanism took place in the gravel 
ignimbrite layer.  

While vibration did not have any influence on the tip resistance of the pumiceous layers, vibratory pore pressure 
is lower than the static pore pressure. Marks et al. (1998) conducted cyclic triaxial tests on loose pumiceous 
sand samples (Puni pumice sand) taken from the Puni river approximately 150 km north-west of CPT1 and 
CPT2 locations. Puni pumice sand derived predominantly from Taupo Volcanic Zone as well, however, small 
volcanic cones in the area of Auckland region may introduce a portion to the Puni sand. Marks et al. (1998) 
observed a rise in excess pore pressure during the tests which indicates that pore pressure in pumiceous sand 
may increase under the influence of dynamic loading, even though the relative density of the pumiceuos layers 
is not known and may be denser than the Puni sand. Similar to the observations in the gravel ignimbrite and 
results of Bonita et al. (2004), it is believed that the reduced vibratory pore water pressure values recorded by 
the cone in this study in the pumiceous layers are an artifact. Possibly the pore water pressure increases in a 
distance from the pore pressure port. However, since the vibratory tip resistance is not reduced there is no 
liquefaction risk and probably only a slight rise of pore pressure.  

4.3.6.2. Static and vibratory CPT2 
The reduction ratio of the lower part of the Holocene sand and shell fragments layer indicates a high risk of 
liquefaction after the method of Sasaki et al. (1984). At the same depth, there is only a slight rise of vibratory 
pore water pressure. This is similar to the static and vibratory pore pressure response observed in the sand layer 
by Bonita et al. (2004) (Figure 4.25).  The same layer appears not to be liquefiable based on classic static CPT 
analysis therefore, we suggest that static methods were not able to identify the zone with a high risk of 
liquefaction and have erred on the unsafe side. This is probably due to the fact that the reaction to cyclic loading 
is only empirically linked to the reaction of static loading and an empiric method is only valid for the range of 
soil types included during development of the technique. Yet, offset between two CPT holes and potential local 
heterogeneity may affect the reduction ratio. Usually, reducing offset between static and vibratory soundings 
lowers heterogeneity. In the on-shore realm, minimizing this offset is much easier than off-shore realm due to 
factors such as current and other positioning problems. 

In the lower part of CPT2, in the silt with vegetation and shell fragments, there is no vibratory tip resistance 
reduction and again there is a reduction in vibratory pore water pressure. Cyclic triaxial test on sea silt also 
found an increase in pore water pressure (Konrad, 1985). Therefore, the vibratory pore water pressure behaves 
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again opposite to the expectation from triaxial test results, similar to the observations made by Bonita et al.
(2004). 

The vibratory pore water pressure is showing no evidence of liquefaction in all tested lithologies, but conversely 
in many cases is lower than it would be expected from cyclic triaxial tests on comparable materials (Marks et
al., 1998; Konrad, 1985). Triaxial tests are element tests with one and the same stress state in the whole sample, 
CPT in contrast induces a complex material-dependent stress field in the tested soil (e.g. Ahmadi et al., 2005), 
hence stress and strain changes adjacent to the cone during penetration may cause unexpected pore pressures 
especially in a complex non-linear material as soil. The proposed explanation, that the shear stress adjacent to 
the cone is causing lower than expected pore pressure is similar to the former speculation (Bonita et al., 2004). 
The position of the pore pressure port in u2 position (Lunne et al., 1997) behind the conical part of the probe 
may also help to explain the measured pore pressure values. Probably a pore pressure measurement in u1
position directly at the tip would give a signal consistent with the cyclic triaxial tests, because the loading has a 
normal component while behind the cone there is only movement parallel to the soil-steel interface. In addition, 
vertical dissipation of the excess pore pressure may play a role, since the rod is 5.20 mm thinner than the probe 
and there is probably an annular gap around the rod allowing for free drainage. However, since the rod geometry 
in vibratory test was similar to the one in static test and distance between the cone tapering and the pore pressure 
port is 291.80 mm, corresponding to more than 11 d (d = diameter of the cone), conform to ISO 22476-1:2013-
10 standard, vertical dissipation of excess pore pressure due to geometry of the cone and the rod seems unlikely. 
Nevertheless, the vibration may allow for enhanced vertical upward dissipation of excess pore pressure along 
the CPT probe and this may explain the unexpected low pore pressure readings.  

4.3.7. Conclusions 
Piezovibrocone tests were performed in volcanoclastic and marine sediments at Tauranga Harbor and the results 
are compared to static CPT based liquefaction analysis. 

Piezovibrocone has proven superior for liquefaction analysis than static CPT based methods by measuring the 
reaction to actual cyclic loading and not being an empirical method, however artefacts may be introduced by 
local heterogeneities. 

Two liquefaction-vulnerable layers are identified: one slightly vulnerable ignimbrite; and one clearly vulnerable 
marine sand. The liquefaction-vulnerability of the sand is not detected by the static CPT based liquefaction 
analysis, an error on the unsafe side. 

The vibratory pore water pressure is consistently lower than or equal with the static one, this is opposite to the 
expectations from liquefaction theory and cyclic triaxial tests on similar materials. This is believed to be an 
artefact and has been observed before in the literature, the possible causes are discussed. 

In summary, measuring the reduction in vibratory tip resistance in off-shore in-situ piezovibrocone tests in 
marine sediments is proven to be an effective method for identifying potentially liquefiable sediment layers. By 
using the in-situ piezovibrocone testing technique for off-shore site investigations, huge amounts of time and 
money may be saved. However, since the off-shore realm is a new era for piezovibrocone tests, additional 
testing analysis is needed to properly test the concept. 
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4.4.1. Abstract 
Pore pressure and shear strength are two important parameters that control the stability of slopes. These 
parameters can be derived in-situ by cone penetration testing (CPT) with pore pressure measurements. This 
paper presents the results from three static, vibratory and dissipation CPT profiles deployed into a landslide 
headwall at Pyes Pa, Bay of Plenty, New Zealand. The landslide strata consist of volcanic ashes and ignimbrites. 
Studying the stability of slopes in this area using in-situ geotechnical testing is of societal-economic importance 
since several other landslides within comparable strata caused considerable property damage. Three CPT 
profiles were collected across the headwall of the slide scar with 2 m spacing in undisturbed sediments using 
static, vibratory and dissipation test modes. Static CPT results are used to evaluate soil grain size variations, 
geotechnical parameters of sediments such as shear resistance, probable slip surface and sensitivity of 
sediments. Liquefaction potential of sediments is assessed using vibratory CPT results. For dissipation tests, the 
cone remained stationary in the sediment for ~60 minutes to monitor pore pressure dissipation at the depths of 6 
m, 9 m and 11 m. With the use of pore pressure dissipation data, values of soil horizontal permeability are 
calculated. The liquefaction probability from static CPT results is compared to liquefaction potential evaluation 
from vibratory CPT. Last but not least, an unstable soil layer is defined based on static CPT, vibratory CPT and 
dissipation results. 

Keywords: CPT, landslide, static, vibratory, dissipation 
 
4.4.2. Introduction 
Slope failure is an important factor which causes damage to public and private properties every year. Slope 
failure can be manifested as landslides and may destroy or damage buildings and infrastructure located on or in 
the path of a landslide (Ozcep et al., 2010). In extensive areas of New Zealand, prevalent severe landslips result 
from intensive rainstorms or prolonged winter wetness (Trustrum et al., 1984). Infiltration of rainwater into soil 
increases the pore water pressure which reduces the effective stresses and alters structure of soil that finally 
results in a reduction or even elimination of frictional and cohesional strength (Reddi, 2003). Protracted and 
intense rainfall in New Zealand dramatically increases pore water pressure in soils which boosts shear stresses 
on materials and causes slopes to fail (Brown, 1983). Slope failures induced by excessive rainfall may cause 
shallow landslides which trigger small volumes of earth and/or debris with considerable velocity and high 
impact energy (Giannecchini et al., 2012).  
 
There have been several studies on different landslides in New Zealand (e.g. Brown, 1983).  In this paper, a 
landslide which is located at Pyes Pa, Bay of Plenty, New Zealand is geotechnically investigated as a typical 
example of a shallow onshore landslide. We describe its morphological and structural characteristics and discuss 
the possible mechanism of emplacement by using static, vibratory and dissipation cone penetration data. With 
static CPT (SCPT) data, soil behavior type, undrained shear strength, sensitivity and liquefaction potential are 
calculated. Vibratory CPT (VCPT) is performed to evaluate liquefaction potential by a second measurement. 
Permeability properties of layers are evaluated with the use of CPT dissipation test.  
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In-situ cone penetration test measurements were undertaken at three different locations at 463 Pyes Pa Road, 
Tauranga, New Zealand (Figure 4.29).  Table 4.4 shows SCPT, VCPT and dissipation test locations which were 
performed at Pyes Pa landslide to evaluate the static, dynamic and permeability behavior of soil.  
 

 
Figure 4.29. Map of (a) New Zealand, (b) Bay of Plenty, (c) Topography, landslide location and location of 

CPTs at Pyes Pa and (d) landslide cross section. Layering at (d) is derived from Soil Behavior Type calculated 
by SCPT. 

 
Table 4.4. Cone penetration test location details in Pyes Pa landslide. 

CPT Location/Type Coordinate 
Static 37.774358° S   176.118563° E 

Vibratory 37.774309° S   176.118561° E 
Dissipation 37.774299° S   176.118527° E 

 
4.4.3. Site characterization 
The geology of the Tauranga area consists of Pliocene to Pleistocene volcanic materials derived predominantly 
from the Taupo Volcanic Zone; the materials are mainly rhyolitic in composition. At the study site, Late 
Pleistocene and Holocene tephras from the surface horizons overlie fluviatile sands and silts and older 
pyroclastic units. Below these, the Waimakariri Ignimbrite, a partially welded pumice-rich ignimbrite, overlies 
the non-welded Te Ranga Ignimbrite (Briggs et al., 1996). Houghton et al. (1995) suggest that the Waimakariri 
Ignimbrite has an age between 0.32 and 0.22 Ma. Based on visual inspection at the landslide area, the first 3 m 
of the soil profile consists of an ash sequence that continues with a paleosol layer from 3 m to 6.80 m. From the 
depth of 7 m to 13.70 m, a clayey layer was observed, which likely contains halloysite with accumulation of 
clay at the base of the sequence. From the depth of 13.70 m to 16 m, a poorly welded, loose and coarse grain 
sized ignimbrite was observed. 
A river flows down the low lying valley floor that indicates the vicinity of the ground water table. According to 
Foundation Engineering Geotechnical and Environmental Consultant Company (2006), standing ground water 
levels were not encountered below the elevated and gently sloping portions of 52 Pyes Pa Road, suggesting free 
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drainage of coarse volcanic particles. Yet, across the valley floor, they observed seepage of groundwater at a 
layer between 0.60 m to 1 m. This indicates the presence of a complex ground water regime, with mostly free 
drainage due to the coarse nature of many of the primary pyroclastic units. However, perched water tables 
associated with local aquitards clearly exist. These aquitards are the result of the accumulation of secondary clay 
minerals, most commonly associated with weathering of fine-grained tephra units. The spatial distribution of 
these aquitards is difficult to predict. 
 
4.4.4. Methods 
4.4.4.1. In-situ CPT measurements 
In-situ measurements of sediment physical and mechanical properties were carried out with a CPT unit which is 
called GOST. GOST, a new geotechnical offshore seabed CPT tool developed at University of Bremen, Center 
for Marine and Environmental Sciences (Marum), was utilized for the investigations (Figure 4.30). GOST 
possesses a cone with a projected area of 5 cm2. Compared with normal cones with projected area of 10 cm2, 5 
cm2 cones react more sensitively and precisely to rapid changes in thin layered soils via the pore water pressure 
response, which leads to increased vertical resolution and provides more detailed profiles (Lunne et al., 1997; 
Hird and Springman, 2006). The penetration rate for static tests is the standard rate of 2 cm/s (e.g. Lunne et al., 
1997). The vibrocone used in this study was vertically forced with a frequency of 15 Hz and an amplitude of 25 
mm. 
 

 
Figure 4.30. Geotechnical Offshore Seabed Tool (GOST) sketch. 

 
SCPT, VCPT and dissipation tests were conducted within 1 m of each other. The tests were conducted in early 
autumn on 6th of March 2012. Rainfall in Tauranga is approximately evenly distributed throughout the year, 
with little seasonal variability. Instruments were transported to the location and positioned by truck crane, and a 
mobile generator was used to provide power for the instruments. Since GOST is designed and manufactured to 
work on/off shore, no modification was required to operate on land.  

4.4.4.2. Physical and mechanical properties 
Soil behavior type (SBT) is evaluated based on SCPT results and the SBT chart through the CLiq (2008) 
software program based on the Robertson et al. (1986) classification scheme. Schmertmann (1978) explained 
that the sensitivity of soils is inversely related to the CPT friction ratio. He proposed a correlation for analyzing 
the sensitivity of sediments as follows: 
 
St = Ns / Rf            (4.6) 
 
Where, Ns is constant and Rf  is friction ratio. 
 
Lunne et al. (1997) suggested a value of Ns = 7.5 for mechanical CPT data. Skempton and Northey (1952) 
defined sensitivity of clay as a ratio of maximum undrained shear strength of undisturbed clay over maximum 
undrained shear strength of remolded clay. They proposed a classification for sensitive clay which is shown in 
Table 4.5.   
 



              CHAPTER 4. NEAR-SHORE & ON-SHORE VOLCANIC SOILS IN NEW ZEALAND 
 

88 

Table 4.5. Classification of sensitive clays (Skempton and Northey, 1952) 

Sensitivity (St) Classification 
~ 1 Insensitive 

1 - 2 Low sensitive  
2 - 4 Medium sensitive
4 - 8 Sensitive 

8 - 16 Extra sensitive 
> 16 Quick 

 
Interpretation of undrained shear strength from CPT results was performed using total cone resistance (Lunne et 
al., 1997). In order to compare static and vibratory tip resistance, Sasaki et al. (1984) proposed a formula for 
direct comparison of these two values, which is defined as the reduction ratio (RR) and explained as: 
 
RR=1 - qcv/qcs                                                                                                                               (4.7) 
 
Where, RR is the reduction ratio, qcv is the vibratory cone penetration resistance and qcs is the static cone 
penetration resistance. Values of RR near unity demonstrate small measured values of qcv compared with qcs, an 
RR of zero identifies equal values of qcs and qcv (Bonita, 2004), while negative values of RR show greater qcv 
than qcs. The soil liquefaction potential index (LPI) is used to interpret the liquefaction susceptibility in terms of 
severity over depth which was developed based on methodology proposed by Iwasaki (1982). He proposed 4 
discrete categories based on the numeric value of LPI as follows: 
 
LPI = 0  : Liquefaction risk is very low 
0 < LPI <= 5 : Liquefaction risk is low 
5 < LPI <= 15 : Liquefaction risk is high 
LPI > 15  : Liquefaction risk is very high 

GeoLogismiki, in collaboration with Gregg Drilling Inc. and Prof. Peter Robertson have developed a software 
which is called CLiq (2008). This program is a CPT based SBT and liquefaction assessment software. SBT is 
evaluated based on a chart proposed by Robertson et al. (1986) and soil liquefaction assessment procedure based 
on static CPT results is developed according to Robertson and Wride (1998). Robertson in 2009 revised his 
former procedure and that procedure is used in CLiq software for evaluation of liquefaction resistance of soils.  
 
4.4.5. Results and discussion 

4.4.5.1. Static CPT 
According to the origin of soil at the study area described in section 2, ignimbritic layers showing different 
degrees of weathering interlayered with weathered ashes and other pyroclastites are the cause for changes in the 
CPT profile (Figure 4.31). Specifying the location of saturated zones within the sequence is very important in 
interpreting the pore water pressure response during CPT. Pore water pressure values measured in unsaturated 
materials represent induced pore water pressures in response to the undrained loading applied by the cone 
penetration. In contrast, pore water pressure values measured within saturated zones represent these induced 
pressures, as well as the hydrostatic head associated with the standing water. 
 
Below 13.7 m the measured pore water pressure rapidly falls, indicating that free-draining material lies below 
this level. This material is interpreted as ignimbrite based on the known local stratigraphy. This ignimbrite has a 
sandy, pumiceous texture with minimal weathering. The material is highly permeable and induced pore water 
pressures from the cone penetration are insignificant. Immediately above the ignimbrite, a rapid rise in pore 
water pressure with depth is seen from 12.5 to 13.7 m. This zone marks the transition from the lower, uniformly 
free-draining material to an overlying sequence of clay and silt materials that show marked variations in the pore 
water response. These layers are mostly tephras from different eruptive events and have variable textures 
associated with the characteristics of each eruption. 
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Figure 4.31. Static CPT result (a) tip resistance, (b) sleeve friction, (c) friction ratio and (d) pore water pressure 

and hydrological situation of layers to a penetration depth of 16 m. 
 

 
Figure 4.32. CPT based (a) soil behavior type (b) sensitivity and (c) undrained shear strength calculated from 

SCPT results. 
 
The primary textures are overprinted with different levels of weathering representing the time of exposure at the 
ground surface; this weathering is expressed in the clay content, and in the extreme can be seen as well-
developed paleosols in the sequence. The hydrological conditions of these layers above 13.70 m are illustrated 
based on SCPT results (Figure 4.31). A lower semi-confined aquifer 2 extends from 7.20 to 13 m, and is 
surrounded by two sealed and semi-sealed aquitards at 6.90 to 7.20 m and 13 to 13.70 m. Above this is an upper 
aquifer 1 which extends from the unsaturated zone to 6.90 m; this aquifer contains two better permeable strata. 
Aquifer 2 receives water from aquifer 1 through the semi-sealed overlying aquitard. The upper leaky and 
unconfined aquifer 1 and lower semi-confined aquifer 2 are responsible for the pore water pressure increase 
seen in the layer between 7.20 and 13.70 m which is believed to represent both saturated pore pressure and an 
induced pore pressure signal due to penetration. The pore water pressure in the aquitard located at 6.90 to 7.20 
m is low which is related to the permeable layer immediately above the aquitard that drains pore water from the 
upper unconfined and leaky aquifer and transfers it to lower semi confined aquifer 2. In contrast, because of the 
build up of pore water pressure at the lower semi-confined aquifer 2 and very low permeability characteristics of 
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the aquitard located at the depth of 13 to 13.70 m, pore water pressure is high at the depth of 13.70 m. This 
results in a reduction of effective stress. Therefore, excessive rainfall can result in the situation of zero effective 
stress at the depth of 13.70 m, leading to failure of the slope.  
 
Taking the results of Figure 4.32b and values of Table 4.5 into consideration, the first 14.60 m of soil layers are 
predominantly categorized as medium sensitive/sensitive materials. Two extra-sensitive layers occur within this 
sequence: from 3.20 – 3.80 m and from 13.70 – 14.60 m. The apparent rapid increase of sensitivity at the depth 
of 0.20 m resulted from great values of sleeve friction in organic soils (Figure 4.31b & 4a). Given the coarse 
grain size of particles below the depth of 14.60 m, a sensitivity calculation can not be applied for this layer. 
High sensitivity values of the layers between depths of 3.20 - 3.80 m and 13.70 - 14.60 m indicate a dramatic 
decrease of remolded undrained shear strength compared with undisturbed undrained shear strength. This 
indicates a vulnerability of the layers to disturbance. Accordingly, at circumstances like earthquakes, the 
respective layers would be potential slip surfaces. 

 
Undrained shear strength values are shown in Figure 4.32c. From the depth of 8 m until 13.70 m, Su decreased 
continuously. The same reduction trend is also observed in tip resistance, sleeve friction and friction ratio 
profiles of the same layer (Figure 4.31a, 3b & 3c). On the other hand, pore water pressure at the respective layer 
increased progressively from the depth of 8 m and reached to its maximum at 13.70 m (Figure 4.31d). Fine 
grained materials started from the depth of 8 m until 13.70 m, created a relatively impermeable layer which kept 
water during precipitation. Very low values of tip resistance, sleeve friction, friction ratio and undrained shear 
strength and an increased sensitivity at the depth of 13.70 m indicate the vulnerability of the layer to fail under 
the effect of driving forces. Accordingly, on the occasion of excessive rainfall, the weak soil layer located at the 
depth of 13.70 m would be considered as the most probable slip surface. 
 
4.4.5.2. Vibratory CPT 
A slight decrease in values of tip resistance under the effect of vibration is observed in the first 4 m of the VCPT 
profile (Figure 4.33a), whilst the most significant reduction of tip resistance is observed at a layer between 4 m 
and 4.50 m. From 4.50 m until 13.70 m, static and vibratory tip resistances become compatible with each other 
and from 13.70 m until the end of CPT profile, vibratory tip resistance decreased progressively. Based on static 
and vibratory tip resistance, RR was defined (Figure 4.33c). According to Tokimatsu (1988), soils with RR 
values more than about 0.80 have high liquefaction potential. Thus, the layer from 4 to 4.50 m is vulnerable to 
liquefaction. The 0.20 m of topsoil layer has RR > 0.80, however, since this layer consists of organic materials, 
it is not considered as a liquefiable layer (Figure 4.32a).   
 

  
Figure 4.33. Static and vibratory piezocone test results of (a) tip resistance and (b) pore water pressure (c) tip 

resistance reduction ratio. Calculated values of RR, SCPT and VCPT results are presented together to show the 
key role of vibration on sediments. (d) Soil liquefaction potential index analyzed by CLiq software using SCPT 

data. 
 
An apparent increase of pore water pressure was observed under the effect of vibration at layer from 7.80 m to 
13.70 m (Figure 4.33b). Konrad (1985) made an experiment to evaluate effects of cyclic loadings on saturated 
silty soils and based on his observations in all tested samples, the residual pore water pressure increased 
progressively with cycles of loading. Accordingly, a greater concentration of silt is verified at the above-
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mentioned layer which causes increased pore water pressure under the effect of vibration. With the increase of 
pore water pressure, effective stress decreases respectively. Maximum increase in pore water pressure under the 
effect of vibration occurred at the depth of 13.50 m which indicates the vulnerability of this layer to failure due 
to dynamic loads which are predominately induced by earthquake.     

4.4.5.3. Dissipation test 
As can be observed from dissipation curves, pore water pressures first increased from an initial value to a 
maximum and then decreased to the hydrostatic value (Figure 4.34). These kinds of dissipation curves are called 
non-standard dissipation curves (Chai et al., 2012). According to Teh and Houlsby (1991), volumetric 
expansion, resulting from movement of soil element from the tip to the sleeve of the penetrometer, is the 
possible reason for occurrence of non-standard dissipation curves.    
 

 
Figure 4.34. Dissipation of pore water pressure vs. time performed at penetration depths of 6 m, 9 m and 11 m 

following static cone penetration. 
 
According to Robertson (2010), the most precise soil permeability (kh) estimation formula based on CPT 
dissipation tests is defined by the following equation: 
 
kh = (ch . w)/M           (4.8)                             
 
Where: ch is the coefficient of consolidation in the horizontal direction, w is the unit weight of water and M is 
compressibility. 
 
Robertson (2010) reported his findings to estimate 1-D constrained modulus (M) using: 
 
M = M (qt - vo)                             (4.9) 
 
When Ic > 2.2: 
   M = Qtn when Qtn  14 
   M = 14 when Qtn > 14 
 
Ic = [(3.47 – log Qtn)2 + (log Fr + 1.22)2]0.5                             (4.10) 
Fr = [fs/(qt - vo)] 100%                     (4.11) 
Qtn = [(qt - vo)/pa] (pa/ 'vo)n                    (4.12) 
n = 0.381 (Ic) + 0.05 ( 'vo/ pa) – 0.15                   (4.13) 
 

M =  coefficient of constrained modulus   fs = CPT sleeve friction 
qt = CPT corrected total cone resistance = qc + (1-a)u  a = area ratio of the cone = (An/Ac) 

vo = pre-insertion in-situ total vertical stress 'vo = pre-insertion in-situ effective vertical stress 
pa = reference atmospheric pressure = 100 kPa  n = stress exponent    
Ic = soil behavior type index    Fr = normalized friction ratio  
Qtn = normalized cone resistance 
 
To facilitate calculation of Ic , the value of the stress exponent (n)  is assumed to be 1.  
 
The most widely used formula for calculating ch is the one proposed by Teh and Houlsby (1991): 
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ch = (Cp . r0

2 . Ir
(0.5))/t50                     (4.14) 

 
Cp = is a factor related to the location of the filter element and for a cone with shoulder filter element is equal to 
0.245 (Teh and Houlsby, 1991) 
r0 = radius of the cone      Ir = rigidity index 
t50 = time required for 50% of dissipation 
 
Ir = G/su                       (4.15) 
G =  . Vs

2                       (4.16) 
 
Where, G is shear modulus, su is undrained shear strength,  is mass density ( /g) and Vs is the shear wave 
velocity. 
 
Hegazy and Mayne (1995) proposed a formula for shear wave velocity calculation based on CPT results which 
is as follows: 
 
Vs = [10.10 log qt – 11.40]1.67  [fs/qt]0.30                   (4.17) 
 
To calculate values of t50, an equation which was proposed by Lunne et al. (1997) is introduced as follows: 
 
U = (ut – u0)/(ui – u0)                     (4.18) 
 
Where, U is a degree of dissipation, ut is pore pressure at time t, u0 is in-situ equilibrium pore pressure and ui is 
pore pressure at start of dissipation test. 
 
Since the target is to calculate t50 for all dissipation tests, U = 50% is considered. According to the hydrological 
information of the study area as the ground water level was located down the slope and it was not touched by the 
cone during penetration, value of in-situ equilibrium pore pressure is considered to be zero. Having values of ui 
from dissipation test, ut at 50% of dissipation is calculated. Accordingly, with the use of dissipation curves 
(Figure 4.34), values of t50 are calculated. 
 
Chai et al. (2012) proposed an empirical equation to correct the value of t50 for non-standard dissipation test as 
follows: 
 
t50c = t50/[1 + 18.50 . (tu max/ t50)0.67 . (Ir/200)0.30]                  (4.19) 
 
Taking the above-mentioned equations into consideration, kh in respective depths are calculated and presented in 
Table 4.6.  
 

Table 4.6. Horizontal soil permeability calculation details based on pore pressure dissipation test 

Depth 
(m)

qt
(kPa)

Vs
(m/sec)

G
(kPa) Ir

t50
(sec)

tu max
(sec) 

t50c
(sec)

Ch
(m2/sec) Fr Qtn Ic M

M
(kPa)

kh
(m/sec)

6 1156.87 43.50 3556.98 55.10 1949 3898 88 3.13E-06 2.21 8.48 2.98 8.48 8359.97 3.67E-09
9 2458.38 55.97 6292.89 43.18 2383 4766 115 2.11E-06 2.04 10.19 2.90 10.19 22429.16 9.23E-10

11 1940.52 55.52 6175.56 57.97 5155 10310 229 1.23E-06 2.76 6.72 3.21 6.72 10905.37 1.11E-09
 

According to Table 4.6, values of kh are very low in all samples which indicate the presence of fine grained 
materials in the layers. The lowest value of kh is calculated at the depth of 9 m while the greatest value of kh is 
achieved at the depth of 6 m.  

 
The greatest value of kh is achieved at the depth of 6 m which is located in the upper unconfined and leaky 
aquifer 1.  As this point is situated above the permeable strata, it has greater permeability (Figure 4.31). Values 
of kh at depths of 9 m and 11 m are very close to each other and are lower than kh at the depth of 6 m. These 
points are located at the lower semi-confined aquifer 2 which is surrounded by aquitards at depths of 7 and 
13.70 m.  

 
Taking the very low horizontal permeability values of layers at depths of 9 and 11 m and pore water pressure 
condition of the layer between depths of 7.20 to 13.70 m into consideration the aquitard located at the depth of 
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13.70 m is considered as the most impermeable layer (Figure 4.31). Because of this characteristic, at times of 
precipitation, infiltrated water can not percolate rapidly toward the groundwater table causing excessive extra 
weight cumulating on the weakest and the most impermeable layers and increasing the failure potential of the 
slope.   
 
4.4.5.4. Liquefaction analysis with CLiq software 
Liquefaction potential index derived using SCPT data was analyzed by CLiq software and results are presented 
in Figure 4.33d. Considering discrete categories of LPI proposed by Iwasaki (1982), the first 2.70 m of the 
profile has a very low risk for liquefaction (Figure 4.33d). Soil layers between depths of 2.70 m and 8.60 m are 
at low risk of liquefaction and from the depth of 8.60 m until the end of CPT profile, soil layers are potentially 
at high risk of liquefaction (Figure 4.33d). The layer located at the depth of 13.70 m, which was indicated before 
as the most probable slip surface, is in the zone with high risk of liquefaction. Comparing the results of this 
section with the liquefaction probability evaluation discussed in the VCPT section, CLiq specifies greater areas 
with a risk of liquefaction than VCPT. Areas that CLiq indicates with high liquefaction potential by using SCPT 
data to make assumptions about cyclic behavior of layers are basically concentrated at the lower part of CPT 
profile while in VCPT, liquefiable layers are detected at the upper part of CPT profile by measuring the change 
in fabric upon small strain activation. For analysis of liquefaction in CLiq, the software considers coarse grain 
sized materials concentrated at the lower part of CPT profile as loose pulverized sand while these materials are 
actually the product of ignimbrite weathering and are not considered necessarily as pulverized sand which is the 
proof for a significant difference between the two methods.   

4.4.6. Summary and conclusions 
In this study a preliminary evaluation of the site conditions was made by using the map of the study area and site 
history as reported by published geological information. Static, vibratory and dissipation tests were performed 
by using the cone penetration test unit which is called GOST at the top of the slide scar. Cone penetration tests 
were performed to provide subsurface information. A static cone penetration test provided information in regard 
to soil grain size variations and the local strength variations with depth. The location of a possible slide plane 
was detected at a depth of 13.70 m based on low values of tip resistance, sleeve friction, undrained shear 
strength. Sensitivity of subsurface layers was also evaluated by using static cone penetration test results. The 
upper 14.60 m of layers were considered as medium sensitive/sensitive materials except for the layers between 
depths of 3.20 m and 3.80 m and 13.70 m and 14.60 m which were identified as extra sensitive layers and 
indicated the vulnerability of the latter mentioned layers to disturbance. A vibratory cone penetration test was 
basically performed to evaluate subsurface layers liquefaction probability. Accordingly, the layer between 
depths of 4 m and 4.50 m is potentially vulnerable to liquefaction. Pore water pressure increased under the effect 
of vibration in the layer between depths of 7.80 and 13.70 m which indicates the reduction of effective stresses 
under the effect of vibration. The maximum increase in pore water pressure happened at the depth of 13.70 m. 
Dissipation tests were performed at depths of 6 m, 9 m and 11 m to evaluate the in-situ horizontal soil 
permeability at the respective depths. These measurements gave an average value of horizontal permeability of 
1.9 x 10-9 m/sec. The low values of horizontal permeability showed impermeable properties of layers above the 
proposed slip surface. Least permeable layers provided a barrier to infiltrated rain water which causes extra 
weight on the slope. The extra weight is an important factor in triggering the slide. The CLiq software was used 
to evaluate soil layers liquefaction potential. The software results showed the layers between 8.60 m and 16 m to 
be at high risk for liquefaction. The software was unable to specify any liquefiable layer at the first 8.60 m of 
cone penetration test profile while vibratory cone penetration test specifies vulnerable layers to liquefaction in 
that area. Software considered coarse grain sized materials located at the bottom of the CPT profile as the 
pulverized sand and reported high risk of liquefaction for the respective layers while the materials are weathered 
ignimbrite.  
 
In conclusion, based on static CPT, Vibratory CPT and dissipation test, the layer located at the depth of 13.70 m 
is identified as the most probable slip surface. The landslide is a shallow translational slide with a length of 
approximately 30 m and 6 m wide, and is formed on a slope of 27°. This equates to the scarp base at 
approximately 14 m depth. The lower portion of the scarp itself is covered by debris, but ignimbrite is exposed 
immediately below the base of the scarp. Therefore, the depth of 13.7 m observed in the CPT results is believed 
to be entirely consistent with the geomorphic evidence of the scarp face. 

 
In this investigation cone penetration testing provided valuable information in landslide characterization when 
evaluated in conjunction with topographical and geological information. 
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4.5.1. Abstract 
In the Tauranga region sensitive soil failures commonly occur after heavy rainfall events, causing considerable 
infrastructure damage. Several notable landslides include a large failure at Bramley Drive, Omokoroa in 1979, 
the Ruahihi Canal collapse in 1981, and numerous landslides in May 2005; recently the Bramley Drive scarp 
was reactivated in 2011. These failures are associated with materials loosely classified as the Pahoia Tephras - a 
mixture of rhyolitic pyroclastic deposits of approximately 1 Ma. The common link with extreme rainfall events 
suggests a pore water pressure control on the initiation of these failures. Recent research on the structure of the 
soils shows a dominance of halloysite clay minerals packed loosely in arrangements with high porosity (51 – 77 
%), but with almost entirely micropores. This leads us to conclude that the permeability is very low, and the 
materials remain continuously wet. The formation of halloysite is encouraged by a wet environment with no 
episodes of drying, supporting this assumption. A high-resolution CPT trace at Bramley Drive indicates induced 
pore water pressures rising steadily to a peak at approximately 25 m depth; this depth coincides with the base of 
the landslide scarp. We infer that elevated pore water pressures develop within this single, thick aquifer, 
triggering failure through reduced effective stresses. The inactive halloysite clay mineral results in low plasticity 
indices (13 – 44 %) and hence high liquidity indices (1.2 – 2.4) due to the saturated pore space; remoulding 
following failure is sudden and dramatic and results in large debris runout distances. 

Keywords: sensitive soil, Tauranga, halloysite, pore water pressure 

4.5.2. Introduction 
In the Tauranga region sensitive soil failures commonly occur after heavy rainfall events, causing considerable 
infrastructure damage. A history of large landslides over the past 35 years includes: 

a large failure at Bramley Drive, Omokoroa in 1979, as a result of which 5 houses were removed 
(Gulliver and Houghton, 1980); 
the collapse of the Ruahihi Canal in 1981 which resulted in more than 1 million m3 of material being 
eroded and transported into the Wairoa River (Hatrick, 1982); and 
a series of landslides in various parts of Tauranga City and its surroundings in May 2005.  

Recently, the Bramley Drive scarp, which had remained essentially stable for 30 years and had developed a 
good vegetation cover, was reactivated in 2011, and continued regression of the scarp face has occurred 
throughout 2012 (Figure 4.35). 
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Figure 4.35. Reactivated landslide at Bramley Drive, Omokoroa, January 2013. 

A striking feature of these landslides is the long run-out distance of the debris and apparent fluidity of the debris 
flow. This long runout is associated with, and evidence of, the sensitive nature of many materials in the 
Tauranga region (Keam, 2008, Wyatt, 2009, Arthurs, 2010, Cunningham, 2013). Sensitivity is recognised as a 
loss of strength upon remoulding, and is quantified as the ratio of undisturbed to remoulded undrained strength 
where both strengths are determined at the same moisture content. Values of < 2 are insensitive, 4 – 8 are 
considered sensitive, 8 – 16 are “extra sensitive”, and > 16 are referred to as “quick clays” (New Zealand 
Geotechnical Society, 2005).  

Sensitive behaviour is well described from glacial outwash deposits in Norway and Canada, where leaching of 
salt from an open, flocculated structure in low activity illite clay minerals results in a loss of cohesion of the 
soils, which are then prone to failure in response to a weak trigger. Characteristic failures are spreads and flows 
as the loose structure contains large quantities of water that is released upon remoulding. In Tauranga however, 
we do not have glacial clays, and the sensitivity is developed in sequences of rhyolitic pyroclastic materials, 
including primary pyroclastic fall deposits (tephra), pyroclastic flow deposits (ignimbrite), and a wide variety of 
reworked pyroclastics including slope wash, fluvial, and aoelian variants. A different origin for the development 
of sensitivity in these materials is thus needed. This paper considers the microstructural influences on the 
properties of the soils leading to sensitivity. 

4.5.3. Materials 
The stratigraphic sequence seen in the Tauranga area is complex, but an overall stratigraphy recognizes several 
“packages” of material that are well exposed in the present scarp of the Bramley Drive failure at Omokoroa 
where the sequence is very thick (Figure 4.36). At the top are Pleistocene and Holocene materials representing 
recent eruptives, predominantly from the Taupo Volcanic Zone, and modern soil materials; the base of this unit 
is comprised of the Rotoehu Ash of approximately 60,000 years (Briggs et al., 1996). The Rotoehu Ash lies on a 
very distinctive paleosol formed on the Hamilton Ashes. The Hamilton Ashes are comprised of a series of 
tephra deposits with intercalated paleosols ranging from ~0.08 to 0.38 Ma (Lowe et al., 2001). At Bramley 
Drive the Hamilton Ashes reach a total thickness of ~ 9 m; this thickness is variable around the region. The 
Hamilton Ashes lie on top of another very well developed, dark brown paleosol (Figure 4.36) which marks the 
top of the Pahoia Tephra sequence – a poorly defined sequence of primary and reworked rhyolitic volcaniclastic 
materials ranging in age from approximately 0.35 to 2.18 Ma (Briggs et al., 1996). The Pahoia Tephras are part 
of the Matua Subgroup which is a widespread, complex unit throughout the Bay of Plenty (Briggs et al., 1996). 
At the Bramley Drive site, the Pahoia Tephras include at least 6 units to a thickness of > 12 m. Below this is 
believed to be the Te Puna Ignimbrite (Briggs et al., 1996, Gulliver and Houghton, 1980) based on nearby 
exposures, which in turn is underlain by a lignite deposit at shore platform level. 
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Figure 4.36. Profile log and cone penetrometer trace from the scarp of the Bramley Drive landslide. CPT trace 
measured in March 2012, profile log described in January 2013; textural descriptions are from particle size 

analysis, classification from Atterberg limits.

It is the Pahoia Tephras that are associated with the sensitive soil failures observed in the Tauranga region. This 
sequence is in places very thick, but thinner in others, and it is difficult to correlate single layers across any 
significant distance. It is likely that many of the units are formed by local reworking of primary pyroclastic 
material, and hence have small lateral extents. In this paper, materials from individual units within the Pahoia 
Tephras at Omokoroa Peninsula (OMOK1 and OMOK2), Pahoia Peninsula (PAHO1), Te Puna (TEPU1), 
Otumoetai (OTUM1, OTUM2, OTUM3 and OTUM4), and Tauriko (TAUR1, TAUR2 and TAUR3) were 
sampled and tested. Site locations are presented in Table 4.7, and further details of site stratigraphy and sample 
locations can be found in Wyatt (2009) and Cunningham (2013). 

Sampling was undertaken based on recognition of sensitive layers in the field from vane shear tests following 
standard methods (New Zealand Geotechnical Society, 2001). A selection of data from sensitive units is 
presented in Table 4.7. Mineralogy was determined from XRD analysis of both bulk samples and clay separates. 
Natural water content, dry bulk density, and Atterberg limits were determined following ISO standards (ISO/TS 
17892-1:2004(E), ISO/TS 17892-2:2004(E), ISO/TS 17892-12:2004(E)), except that specimens were not 
allowed to dry when preparing for Atterberg limits tests; and particle density was determined using density 
bottles following the method outlined by Head (1992). Effective cohesion and friction angle from consolidated, 
undrained triaxial testing were measured following standard BS 1377-8:1990. Coefficients of consolidation (cvi)
and volume compressibility (mvi) were determined for each applied loading in consolidation stages of the 
triaxial testing (BSI, 1999), and the coefficient of permeability was estimated using the method described by 
Head (1986). 

Texturally, the samples are identified in the field as clayey silts or silty clays.  This is in keeping with a 
pyroclastic fall (tephra) origin, but does not preclude reworking of initial tephra deposits as suggested by 
Arthurs (2010). Mineralogically the samples are dominated by glass or alteration products of volcanic glass 
(Table 4.7). The clay mineralogy is in all cases dominated by halloysite clay minerals, with some kaolinite also 
identified in OTUM3 and OTUM4 samples. Allophane was not identified in any of the samples. Sensitivity 
values (Table 4.7) show generally “sensitive” to “extra sensitive” materials (New Zealand Geotechnical Society, 
2005). These values are comparable with others measured on volcanic soils in NZ, both in Tauranga (Wesley, 
2007, Keam, 2008, Arthurs, 2010) and more widely (Jacquet, 1990). Dry bulk density is typically very low 
(Table 4.7), with associated high porosity and void ratio values. Natural moisture content is high, meaning that 
the soils are characteristically at or close to saturation in their normal field conditions (Table 4.7). 

Atterberg limits (Table 4.7) are high, but are in keeping with those measured on halloysite-dominated soils in 
Indonesia by (Wesley, 1973), though values of the plastic and liquid limits and plasticity index all extend to 
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lower values than the ranges given by Wesley (1973) suggesting the inclusion of some dehydrated halloysite. 
All samples plot below, but parallel to, the A-line in the same range as shown for halloysite soils by Wesley 
(1973); they are classed as high compressibility silts (MH). Likewise, effective strength parameters (c’, ’) are 
also high; they span a range for the soils measured, but averages of c’ = 15 kN m-2 and ’ = 33° are in 
agreement with Wesley’s (1973) values. 

Estimated coefficients of permeability are generally within the range of 10-8 to 10-9 m s-1, in keeping with 
Wesley’s (1977) results in the range of 10-7 cm s-1.  Wesley interprets this as a high permeability given that the 
soils he was considering were dominantly clay materials. In this case, however, the soils have a very large silt 
component, and the measured coefficients of permeability are much lower than might be anticipated.  

4.5.4. Microstructure
Components of the microstructure include: 

glass fragments which are generally angular and show pumice vesicle wall forms indicating the 
fragmental pyroclastic origin (Figure 4.37a) - these are generally of silt to fine sand sizes; 

occasional sand-sized quartz and plagioclase crystals; and 
ubiquitous fine clay-size (< 2 m) material (Figure 4.37b). 

Halloysite is commonly envisaged as a tubular mineral (Joussein et al., 2005).  However, in the halloysites 
identified here a wide range of morphologies is seen, including tubes (Figure 4.37c) which range from common 
short, stubby forms (< 0.4 m) to less common long tubes up to 2 m, plates (up to 2 m) that have coalesced 
into books as large as 50 m long (Figure 4.37d), and spheres of approximately 0.2 – 0.7 m (Figure 4.37f). 

The microstructure sees few grain-to-grain interactions, with most being mediated by clays (Figure 4.37b).  
Interactions between matrix clay minerals create a flocculated structure, but not in the normal way of a card 
house, in this case the tubes etc interact by edge contacts alone as there are no platy surfaces (Figure 4.37e). 
Interaction of clays in this way results in a highly porous structure (porosity 62 – 77 %), but the pore space is 
hugely dominated by ultrapores (< 0.1 m) and micropores (< 5 m) with dominant pore sizes being < 1 m
(Figure 4.37f). Whilst these micropores impart high porosity, we infer that they are poor at transmitting water, 
hence the low measured coefficients of permeability. 

4.5.5. Cone penetrometer
A cone penetrometer test (CPT) was undertaken at a site immediately behind the scarp of the Bramley Drive 
landslide at Omokoroa in February 2012. The instrument used (GOST) is an off-shore CPT instrument 
developed at Bremen University (MARUM – Center for Marine Environmental Sciences) in Germany.  GOST 
incorporates a small (5 cm2) piezocone, and thus gives high-resolution traces. The traces of tip resistance and 
pore water pressure are shown alongside a graphic log of the scarp face in Figure 4.36. 
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Table 4.7. Measured geomechanical data for sensitive materials from the Tauranga region.  1 Data for halloysite 
and allophane from Indonesia from Wesley (1973, 1977), 2 Allophane data from Wesley (2010). 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.37. (a) Glass fragment from Tauriko showing vesicular pyroclastic texture. (b) Accumulated clay 
minerals forming bridge between two glass shards. (c) Typical tubular halloysite forms. (d) Platy halloysite 

joined to form books. (e) Edge to edge contacts between tubular clay minerals form an open, porous structure.  
(f) Spherical clay mineral grains form ultrapores. Photos H. Turner. 

In the CPTu profile, the tip resistance is responsive to effects of soil formation, with increased tip resistance 
near the present ground surface, and spikes in the measured resistance at each of the identified paleosols. 
Between these spikes, the tip resistance of the materials is generally low (< 1.5 MPa). However, just below the 
exposed sequence (about 28 m), the tip resistance increases, and generally stays high until the maximum depth 
of 38 m was reached; this represents the ignimbrite underlying the Pahoia Tephra sequence. 

The pore water pressure shows a water table depth of approximately 1.5 m, followed by a steady rise in induced 
water pressures to a depth of 24 m. It then falls sharply at this point, corresponding with a spike in the tip 
resistance (a coarser layer) and then rises to a further peak at approximately 28 m, after which the induced pore 
water pressures fall in the ignimbrite, though still remain above hydrostatic. A zone from about 17 – 24 m depth 
shows particularly high induced pore water pressures, indicating low permeability in these materials. This 
location is believed to be the approximate position of the initial failure zone for the 1979 failure at Bramley 
Drive (Gulliver and Houghton, 1980), where it was assumed to lie near the contact of the ignimbrite and 
overlying materials.  

From this we infer that there is essentially a single aquifer overlying the ignimbrite near the base. There seems 
to be little leakage through any more permeable zones, and even the paleosols, which have a well-developed soil 
structure that in other traces in the region allow partial water transmission (Jorat et al., in press), are of low 
permeability. The only “leak” is in the zone just below 24 m, above the top of the ignimbrite, but within the 
volcaniclastic sequence.  
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4.5.6. Discussion 
In summary, the results presented here show these halloysite-dominated soils to have high porosity, high 
Atterberg limits, but with non-plastic characteristics, and high shear strength, all in keeping with previously 
published data for halloysite. The materials are saturated under field conditions, and with high porosities they 
have liquidity indexes typically greater than one. These conditions make for highly sensitive materials with low 
remoulded strength. 

Initial estimates of the permeability from laboratory testing suggest low permeabilities. These values are 
supported by the CPTu testing that indicates that the profile at Bramley Drive consists largely of a single aquifer 
with very high induced pore water pressures developed in poorly-drained materials. The microstructure of these 
materials shows a variety of morphologies of the halloysite minerals, but most importantly, the clay sizes are 
small, and their arrangements mean that the high porosity occurs almost entirely within very small pore spaces. 
Thus, the materials can hold very large amounts of water, but that water cannot move readily within the soils 
(low permeability). 

Wesley (1973, 2010) suggests that allophane is transformed to halloysite as a later stage in the weathering 
sequence. However, more recent work indicates that allophane and halloysite form directly from dissolution of 
primary minerals via different pathways. Halloysite formation is favoured by a Si-rich environment (Joussein et
al., 2005) and a wet, even “stagnant”, moisture regime (Churchman et al., 2010). Allophane, conversely, forms 
preferentially in soils where Si is low in solution, allowing development of Al-rich allophane. This occurs with 
better drainage where Si is removed from the profile, and in andesitic materials where the original Si content is 
lower. Thus, halloysite forms preferentially in the Tauranga region where the overlying rhyolitic Hamilton 
Ashes provide a ready source of Si that is leached into the Pahoia Tephras; the high porosity yet low 
permeability of these units results in consistently high natural moisture contents with limited water transport. 

The materials at the top of the profile are highly permeable, allowing rapid infiltration of surface water. Deeper 
layers have lower permeability, meaning that transport from the profile is low, and water tables remain high 
year-round, creating consistently high saturation levels.  Consequently, pore water pressures can rise quickly 
and easily, triggering failure; the very high porosity and high liquidity indexes result in sensitive soils that 
generate extensive debris flows. 
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Chapter 5 

Conclusions

This dissertation aimed at (i) the soil mechanical intervention for stabilization of peat using cost-effective and 
environmentally-friendly stabilization method and focus on a comparison between mechanical characteristics of 
undisturbed and stabilized peat, (ii) geological setting, lithology and depositional history investigation of off-
shore sub-seafloor volcanic soils and tackle on geotechnical properties of near-surface sediments and (iii) the 
role of volcanic soils in occurrence of on-shore landslides in Pyes Pa and Omokoroa, New Zealand. The 
following conclusions are drawn from the analysis of laboratory and in-situ measurements. 

For geotechnical characterization of on-shore peat, in-situ static Cone Penetration Test (CPT) and physical and 
mechanical laboratory tests were conducted on undisturbed peat samples and the results were unsatisfactory. 
Quartz sand was selected as a cost-effective and environmentally-friendly additive to improve the geotechnical 
performance of the peat and was introduced into the natural peat sample in the form of cylindrical columns. As a 
result, the permeability of natural peat was improved significantly and maximum values were achieved with 
40% sand by volume. The sand columns provided access to permeable pathways for water to dissipate and thus 
improved the drainage of peat. In consolidation tests, the sample with 70% peat showed greater compressibility 
than the natural peat since vertical drainage provided by sand columns leads to faster consolidation of the peat 
layer. In terms of strength improvement, significant increase of shear strength was exhibited in samples treated 
with sand columns. Sand columns expedite the consolidation rate, resulting in an increase in overall shear 
strength. By adding sand to peat, the shear strength of samples increased and reached a maximum value for 
samples with 70% peat and 30% sand. Likewise, the maximum increase in values of internal friction angle was 
observed for the peat samples treated with 30% sand. The influence of sand column number and geometry on 
compressibility and shear strength was qualitatively examined in samples containing 60% peat and 40% sands. 
Specimens with three sand columns showed greater compressibility, greater maximum shear strength and 
internal friction angle compared to samples with two sand columns which demonstrate that sand column 
distribution influences the compressibility and shear strength of stabilized peats. The mechanism by which 
stabilization is believed to occur is via improved drainage through the sand columns allowing faster 
consolidation of the peat fiber network. Increased consolidation leads to tighter interlocking of the fibers, and 
hence increased shear strength and angle of internal friction. It appears that the insertion of sand columns could 
be a suitable method of peat soil stabilization. The mechanism by which improvement is believed to occur is 
through improved drainage through the sand columns leading to greater capacity for consolidation of the peat 
fiber network. Increased consolidation leads to tighter interlocking of the fibers, and hence increased shear 
strength and angle of internal friction. The poor geotechnical behavior of peat in its natural state is a result of the 
very high water contents which effectively separate the fibers into a loose network. By artificially enhancing 
drainage, the high compressibility of peat can be exploited to bring the fibers into much closer contact to 
dramatically improve the geotechnical performance. However, to achieve fibers interlocking, loading of the 
treated samples are necessary. 

For sub-seafloor investigation of volcanic soil, 2D sediment stratigraphy along the southern Tauranga Harbor is 
constructed based on available core description and static CPT data. By analyzing sediments identified in the 2D 
sediment stratigraphy, six major geological sequences were identified which in ascending order are the 
Waiteariki Ignimbrite, Matua Subgroup, Te Ranga and Te Puna Ignimbrite, Pahoia Tephra, Hamilton Ash and 
Holocene marine sediments. All these sequences except the Waiteariki Ignimbrite will likely be encountered 
near the seafloor in future dredging operations. Materials from Matua Subgroup and Te Puna-Te Ranga 
Ignimbrite are considerably stiff and may require special machinery for future dredging operations. Materials 
from the Pahoia Tephra and Hamilton Ash sequences are highly weathered and accordingly may be dredged 
relatively easily. Turbidity in the water column during dredging should also be taken into account. Holocene 
sediment along the channel has been considerably dredged in previous operations and is currently only present 
in a very thin layer in the north part of the harbor. Dredging this sequence is likely to be easy however, in 
undredged locations the sequence is thicker and possibly more consolidated. For installation purposes, 
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Waiteariki Ignimbrite, Matua Subgroup and Te Ranga and Te Puna Ignimbrite sequences are sufficiently stiff in 
order to be considered as a stable base for installation purposes (e.g. pile installation). Materials from Pahoia 
Tephra and Hamilton Ash sequences are considered to be very soft and not stable for installation purposes and 
may cause failure in structures constructed on these sequences. Formation of Pahoia Tephra and Hamilton Ash 
sequences in the study area is found to be highly impacted by the ancestral Wairoa River. SEM images indicate 
significant presence of diatoms within the Pahoia Tephra sequence. This observation, in addition to the 
lamination of sediments from Pahoia Tephra observed in core samples indicates a low energy lacustrine 
deposition environment.  

Piezovibrocone tests were performed in volcaniclastic and marine sediments at the southern Tauranga Harbor 
and these results are compared to static CPT-based liquefaction analyses. Two liquefaction-vulnerable layers are 
identified based on the piezovibrocone method: one slightly vulnerable volcanic material; and one highly 
vulnerable marine sand. However, the liquefaction-vulnerability of the sand is not detected by the static CPT 
based liquefaction analysis. Measuring the reduction in vibratory tip resistance in off-shore in-situ 
piezovibrocone tests in marine sediments is proven to be effective more reliable method of identifying 
potentially liquefiable sediment layers. 

For sub-surface investigations of on-shore landslides, static CPT, vibratory CPT and dissipation tests were 
performed at the top of a slide scar in Pyes Pa, New Zealand. A static CPT provided insights to soil grain size 
variations and local strength variations with depth. Location of a possible slide plane was identified based on 
low values of tip resistance, sleeve friction and undrained shear strength and high values of sensitivity. 
Comparison between static and vibratory CPT shows that the maximum increase of pore water pressure under 
the effect of vibration occurs at a location that static CPT data suggests is the possible slide plane. Horizontal 
soil permeability measured from the CPT dissipation test close to the location of the slide plane indicates a very 
low value of horizontal permeability. Very low permeability soil acts as a barrier for rain water seepage and 
causes extra weight on the slope. Since sediments at the location of the proposed slide plane possess 
geotechnical properties favorable for slope instability, triggering of the slide is likely for any major rainfall 
event. In addition, because the maximum increase of induced vibratory pore water pressure was recorded at the 
location of proposed slide plane, this particular layer could experience decreased effective stresses during 
earthquake shaking and would be a potential slip surface. In this investigation, cone penetration testing provided 
valuable information for landslide characterization when evaluated in conjunction with topographical and 
geological information. 

In-situ static CPT was performed at the top of a slide scar in Bramley Drive, Omokoroa, New Zealand. Initial 
estimates of the permeability from laboratory testing performed by other researchers at the University of 
Waikato suggest low permeability of weathered volcanic ashes. These values are supported by the static CPT 
that indicates that the sediments at Bramley Drive consist largely of a single aquifer with very high induced pore 
water pressures developed in poorly-drained materials. The materials at the top of the profile are highly 
permeable, allowing rapid infiltration of surface water. Deeper layers have lower permeability, meaning that 
transport from the profile is low, and water tables remain high year-round, creating consistently high saturation 
levels.  Consequently, pore water pressures can rise quickly and easily, triggering failure and generate extensive 
debris flows. 

OUTLOOK 
Laboratory-based research on on-shore peat soil treated with sand columns has shown the possibility that sand 
should be considered as an easily available and environmentally-neutral stabilizer for peat-rich soils. However, 
further laboratory investigations, field-studies, and numerical modeling will be required in order to further 
develop the ideas presented in this thesis toward a possible application. In-situ tests on peat treated with sand 
columns are necessary to measure in-situ mechanical properties and confirm stabilization of the treated soil prior 
to constructional applications. 

Sub-surface 2D and 3D off-shore sediment stratigraphy within the upper tens of meters along the southern 
Tauranga Harbor were evaluated in this thesis. Sequences stratigraphy is complex and undoubtedly even more 
complex than shown in this study. Further investigations such as CPT and seismic analysis will help 
understanding complexity of these sequences to greater extents.  
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By using the in-situ piezovibrocone testing technique for off-shore site investigations, huge amounts of time and 
money may be saved. However, since the off-shore realm is unexplored by piezovibrocone tests, additional 
testing analysis is needed. 

Sub-surface investigation of on-shore landslides by using in-situ CPT is a very quick and relatively cheap 
method of investigating the mechanism of slope failure. However, this technique has to be accompanied by 
extensive geotechnical and geophysical in-situ measurements in addition to wide range of laboratory tests. The 
next chapter (Chapter 6) describes ongoing projects focusing on additional in-situ and laboratory measurements 
at the Omokoroa landslide. 
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Chapter 6 

Ongoing study – toward a refined in-situ and laboratory 
measurements at the Omokoroa landslide 

It is beyond the scope of this Ph.D. program to tackle on this subject however, Omokoroa landslide was 
discussed in chapter 6 of this thesis and this ongoing study will be conducted party by me during the three 
month Postdoctoral fellowship sponsored by the Marum and IC4 Ph.D. successor, Max Kluger and number of 
other Master students.  

In early August 1979, immediately following a period of heavy rainfall, a large landslide involved 20 m 
recession of a 34 m high cliff along 60 m length and subsequent removal of five endangered houses in 
Omokoroa (Figure 6.1a). On May 2011, the giant slip tore away a chunk of land at the same location and cause 
further slope failure (Figure 6.1b). Several further slips has happened since May 2011 which have brought 
scarface very close to residential area (Figure 6.1c). This has brought all attention to control further failures and 
prevent possible damage to public and private properties.

Figure 6.1. Photos after first Omokoroa landslide in (a) 1979 that demolished 5 houses took by Brad Scott GNS 
Science, (b) 2012 and (c) 2013. 

In March 2012, following May 2011 landslide, in-situ measurements of sediment physical and mechanical 
properties were carried out with a CPT unit which is called GOST. GOST, a new Geotechnical Off-shore 
Seabed CPT Tool developed at University of Bremen, Center for Marine and Environmental Sciences (Marum), 
was utilized for investigations (Figure 6.2a). Static and vibratory CPT were performed to evaluate response of 
soil to static and cyclic penetration. Preliminary data analysis indicates weak layers which are most probably 
responsible for slope failure. 

According to findings of CPT, new tests were proposed in order to verify CPT data and determine exact layer 
which generates failures. Understanding the layer responsible for triggering the slope will help to understand the 
mechanism of failure and lead to find a pattern to prevent future failures to happen. Accordingly, in March 2013 
series of tests consists of borehole drilling, piezometers installation and geophysical logging were conducted to 
investigate the slope condition in greater details (Figure 6.2b, c & d). Physical and mechanical tests are going to 
be performed on cores which were taken to depth of 43.5 m. The drilled hole was geotechnically logged to 
evaluate lithology of layers. Piezometers were installed at depth of 10, 18 and 24 m to measure pore water 
pressure of respective layers in next 3 years in different hydrological condition. In addition, weather station is 
installed to record rainfall, wind direction and wind speed at different climatic condition. 
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Figure 6.2. (a) GOST CPT tests, (b) core drilling, (c) piezometers preparations before installation into 
excavated borehole and (d) lowering logging tools into the excavated hole at Omokoroa landslide location. 

Figure 6.3a presents static CPT up to depth of 36 m. Static and vibratory CPT tests results are presented together 
for better comparisons (Figure 6.3b). Cores are stored and ready for geotechnical tests (Figure 6.3c). Lithology 
of the layers are logged in Figure 6.3d. Pore water pressures at different depths are measured by piezometers 
and plotted in Figure 6.3e. 
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Figure 6.3. (a) CPT tip resistance, sleeve friction, friction ratio and pore water pressure up to depth of 36 m, (b)
static and vibratory CPT up to depth of 30 m, (c) cores taken up to depth of 43.5 m at Omokoroa landslide, (d)
logging profile of the drilled hole and (e) pore water pressure of piezometers of the piezometers mounted at the 

depths of 10, 18 and 24 m. 
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Chapter 9 

Appendix

The following chapter presents supplementary data to scientific issues that this thesis addressed. These data are 
not discussed or interpreted in the former chapters because they are partially irrelevant for publication purposes 
however, they may be considered relevant to this dissertation. This chapter is organized in sections related to 
former chapters/sections. 

9.1. # to Chapter 4.1 
Following the CPT field campaign in Tauranga Harbor, New Zealand, four CPTs were deployed at the entrance 
of Tauranga Harbor on a hard patch area explicitly for the Tauranga Harbor Administration Office mainly in 
return of their non-stop help and logistic support during the field campaign. In this section, the four CPTs and 
preliminary interpretation of the data are presented. 

9.1.1. Field Investigation
Field investigations were undertaken on February 27, 2012. Testing was conducted from a barge supplied by 
Port of Tauranga (Figure 9.1).  

Figure 9.1. Port of Tauranga barge. 

The barge was towed into position by tugboat which was also supplied by port of Tauranga (Figure 9.2). 
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Figure 9.2. Port of Tauranga tugboat. 

The site is located on the occurrence of a hard patch at the Tauranga Harbor entrance (Figure 9.3). The water 
depth varies from 13 m to 15 m. 

Figure 9.3. CPT locations at Tauranga harbor entrance. Map is modified from the original Port of Tauranga 
map presented by Land Information New Zealand (LINZ).

9.1.2. Cone Penetration Test
The four Cone Penetration Tests (CPT) were completed to depths between 0.5 and 5.5 m. The equipment was a 
standard peizocone with a projected end area of 5 cm2 and sleeve area of 150 cm2. The rate of penetration used 
during tests was 2 cm/s. CPT logs consist of tip resistance (MPa), sleeve friction (MPa), and friction ratio (%). 

The cone resistance is the force per unit area which is obtained by dividing the total axial force acting against 
the tip by the cross sectional area of the tip base while the local sleeve friction is obtained by dividing the total 
friction force acting axially on the friction sleeve by the outer surface area of the sleeve. The friction ratio is the 
ratio between the local side friction and the cone resistance at the actual level and always presents in percent. 
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Table 9.1 summarizes the CPT logs in terms of total depth, the depth of which a tip resistance of 4 MPa was 
first encountered, and the depth at which 20 MPa was first encountered. Interpreted stratigraphy based on tip 
resistance using the relationships of Clark and Walker (1977) is given in Figure 9.5. Weak materials in the upper 
part of the profiles are interpreted as modern sands overlaying Matua Subgroup sands and clays. A hard layer 
which we have preliminarily interpreted as ignimbrite occurs at the depth between 0.8 and 3.7 m. 

Table 9.1. CPT logs detailing. 

Site
No. 

Final depth of  
penetration (m) 

Maximum tip  
resistance (MPa) 

Depth tip encountered 
4 MPa (m) 

Depth tip encountered 
20 MPa (m) 

17 0.5 33 0.35 0.43 
18 5 24 0.4 3.85 
19 1.1 42 0.32 0.72 
20 5.5 28 0.34 1.8 

Detailed CPTs are presented in Figure 9.4.  

Figure 9.4. Tip resistance, sleeve friction and friction ratio of (a) CPT17, (b) CPT18, (c) CPT19 and (d) CPT20. 
Interpreted stratigraphy by using the CPTs is presented in Figure 9.5. 
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Figure 9.5. Interpreted Straightgraphy of CPTs. 

9.2. # to Chapter 4.2 
In chapter 4.2, nine CPT were utilized for sub-surface investigation of sediments at Southern Tauranga Harbor, 
New Zealand. Of those, CPT1, 3, 4, 5 and 9 logs were illustrated and CPT2, 6, 7 and 8 were illustrated only in 
the forms of Soil Behavior Type logs. Therefore, their CPT logs of tip resistance (MPa), sleeve friction (MPa), 
friction ratio (%) and pore pressure (MPa) are presented in this section (Figure 9.6).  
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Figure 9.6. Tip resistance, sleeve friction, friction ratio and pore water pressure of (a) CPT2, (b) CPT6, (c) 
CPT7 and (d) CPT8. 
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