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Abstract 

This dissertation investigates the phenomenon of “seismic strengthening”, which can be 
relevant to submarine landslide studies in active continental margins. Given that seismic 
strengthening is complex in nature and highly variable in different types of mixed sediments 
in the marine realm, this dissertation focuses on two types of siliceous soils only: natural 
diatomaceous mud offshore Japan, and a silica sand standard from the USA for generic 
laboratory testing. These materials underwent multi-methodological geotechnical testing, 
and the results are presented in three manuscripts in collaboration with partner institutions 
in Norway, France and Austria.  

The first manuscript of this study presents a comprehensive analysis of the sedimentology 
and geotechnical properties of four recently acquired sediment cores (5 meters long) on the 
continental slopes adjacent to the Japan Trench and Nankai Trough. We observe 
unexpectedly high undrained shear strength and apparent overconsolidation in the Japan 
Trench slope cores. We propose that this is due to the presence of diatoms (~ 15% dry 
weight), which amplifies the strength gains via seismic strengthening due to high particle 
interlocking and surface roughness of the diatom frustules, especially after they are crushed 
and compacted by earthquakes. This is supported by comparison to samples from the Nankai 
Trough slope where diatoms are less abundant, and the shear strength follows the expected 
trend for active margin sediments. 

Following the observation of seismic strengthening from Japan, we developed dynamic 
testing procedures to simulate the effect of seismic shaking in the laboratory. In the second 
manuscript, we conduct undrained cyclic triaxial tests on Ottawa Sand under a mean effective 
stress of 100 kPa (~ 10 m depth). After the loading, we drain the excess pore pressure and 
measure the monotonic undrained shear strength. The cyclic loading and excess pore 
pressure drainage are used to simulate the effect of small to moderate seismic events on sand 
deposits. The result shows that the first cyclic loading and pore pressure drainage (first 
seismic event) can increase the sediment’s undrained shear strength by around 30% without 
much change in relative density (DR). We also observe that as the intensity of the shaking 
increases, the undrained shear strength increases. However, the undrained shear strength of 
a sample subjected to multiple seismic events does not show a clear trend to increase.  

The third manuscript focuses on the the effect of prior seismic events on the cyclic shear 
strength of Ottawa Sand. The results show that when cyclic loads only induce partial 
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liquefaction (i.e. no failure) and subsequent drainage allows excess pore pressure to fully 
dissipate, there is a significant increase in the cyclic strength with negligible change of 
relative density. One seismic event (15 cycles of cyclic shear stress ratio ~ 0.147 and 
drainage) can increase the cyclic shear strength of an initially DR ~ 25% specimen to be 
stronger than an initially DR ~ 50% specimen. The results also show that as the intensity of 
the cyclic loading increases, the increase in the cyclic shear strength increases. However, in 
the case when cyclic loads lead to full liquefaction and subsequent drainage is allowed, 
although overall densification is observed, cyclic shear strength can either increase or 
decrease depending on the permanent deformation of the preceding undrained cyclic 
loading phase. The cyclic shear strength increases when the previous permanent 
(compressive) axial strain is less than 1%, and decreases when the permanent axial strain is 
5%. 
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Zusammenfassung 

Diese Dissertation untersucht das Phänomen der „seismischen Verfestigung“ von marinen 
Sedimenten, dass für Studien submariner Hangrutschungen an aktiven Kontinentalrändern 
relevant sein kann. Da die seismische Verfestigung ein komplexer Vorgang ist und marine 
Sedimente sehr unterschiedlich reagieren, fokussiert die vorliegende Dissertation auf zwei 
Arten von kieselsäurehaltigen Böden: natürlicher Kieselgurschlamm (Diatomeen-reiche 
hemipelagische Sedimente) vor der Küste Nord-Japans, und ein Quarzsand-Standard aus den 
USA für generische Labortests. Diese Materialien wurden multi-methodischen 
geotechnischen Tests unterzogen, deren Resultate in drei Manuskripten dargestellt sind, die 
in Zusammenarbeit mit Partnerinstituten in Norwegen, Frankreich und OÖ sterreich 
enstanden.  

Das erste Manuskript dieser Studie enthält eine umfassende Analyse der Sedimentologie und 
der geotechnischen Eigenschaften von vier kürzlich gewonnenen Sedimentkernen (je ca. 5 
Meter Länge) von den Kontinentalhängen des Japan-Grabens und dem Nankai-Trogs. Wir 
beobachten eine unerwartet hohe undränierte Scherfestigkeit und eine 
„vermeintliche“ UÖ berkonsolidierung in den Hangkernen des Japan-Grabens. Wir 
schlußfolgern, dass dies auf das Vorhandensein von Diatomeen (~ 15% Trockengewicht) 
zurückzuführen ist, die die Verfestigung durch seismische Verfestigung aufgrund der hohen 
Verzahnung der Partikel und Oberflächenrauhigkeit der Zellhülle der Kieselalgen (Frustel) 
verstärken, insbesondere nachdem sie durch Erdbeben zerkleinert und verdichtet wurden. 
Dies wird durch den Vergleich mit Proben aus dem Hang des Nankai-Trogs gestützt, wo 
Kieselalgen weniger häufig vorkommen und die Scherfestigkeit dem erwarteten Trend für 
Sedimente an aktiven Kontinentalrändern eher folgt. 

Nach der Studie der seismischen Verfestigung aus Japan entwickelten wir dynamische 
Testverfahren, um den Effekt der seismischen Erschütterungen im Labor zu simulieren. Im 
zweiten Manuskript führen wir undränierte zyklische Triaxialversuche mit Ottawa Sand 
unter einer mittleren effektiven Spannung von 100 kPa (~ 10 m Tiefe) durch. Nach dem 
Belade, bauten wir den Porenüberdruck ab und haben die monotone undränierte 
Scherfestigkeit gemessen. Die zyklische Belastung und das Abklingen des Porenüberdrucks 
werden verwendet, um die Auswirkung kleiner bis mäßiger seismischer Ereignisse auf 
Sandablagerungen zu simulieren. Das Ergebnis zeigt, dass die erste zyklische Belastung und 
Porendruckentlastung (erstes seismisches Ereignis) die Scherfestigkeit des Sediments ohne 
wesentliche AÖ nderung der relativen Dichte (DR) um etwa 30% erhöhen kann. Wir 
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beobachten auch, dass mit zunehmender Intensität der Erschütterungen die undränierte 
Scherfestigkeit zunimmt. Die undränierte Scherfestigkeit einer Probe, die mehreren 
seismischen Ereignissen ausgesetzt ist, zeigt jedoch keinen klaren zunehmenden Trend. 

Das dritte Manuskript befasst sich mit der Auswirkung früherer seismischer Ereignisse auf 
die zyklische Scherfestigkeit von Ottawa Sand. Die Ergebnisse zeigen, dass, wenn zyklische 
Belastungen nur eine teilweise Verflüssigung induzieren (d.h. kein mechanisches Versagen 
verursachen), und eine anschließende Entwässerung einen vollständigen Abbau des 
überschüssigen Porendrucks ermöglicht, die zyklische Festigkeit bei vernachlässigbarer 
AÖ nderung der relativen Dichte signifikant zunimmt. Ein seismisches Ereignis (15 Zyklen mit 
einem zyklischen Scherspannungsverhältnis von ~ 0,147 und einer Drainage) kann die 
zyklische Scherfestigkeit einer anfänglich DR ~ 25% -Probe erhöhen, um letztlich stärker zu 
sein als eine anfänglich Probe mit DR ~ 50%. Die Ergebnisse zeigen eine Zunahme der 
zyklischen Scherfestigkeit mit zunehmender Intensität der zyklischen Belastung. Wenn die 
zyklische Belastung zu einer vollständigen Verflüssigung führt und eine anschließende 
Entwässerung ermöglicht wird, kann die zyklische Scherfestigkeit in Abhängigkeit der 
permanenten Verformung der vorhergehenden undränierten zyklischen Belastungsphasen 
entweder zunehmen oder abnehmen, obwohl eine Gesamtverdichtung beobachtet wird. Die 
zyklische Scherfestigkeit nimmt zu, wenn die vorherige permanente axiale Dehnung 
(Stauchung) weniger als 1% beträgt, und nimmt ab, wenn die permanente axiale Dehnung 
5% beträgt.  
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Preface 

1. AFFILIATION OF THIS DISSERTATION 
 

This dissertation is part of the project SLATE (Submarine Landslides and their impact on 
European continental margins), an International Training Network funded by the Horizon 
2020 program of the European Union under the Marie Skłodowska-Curie grant agreement 
No 721403. The over-arching aim of SLATE is two-fold: 

• to understand key factors triggering submarine landslides, the subsequent motion and 
evolution of failed material, as well as ensuing geohazards, e.g. tsunamis; and 

• to integrate an innovative broad range of scientific disciplines and private sector needs 
into a novel training-through-research and co-supervision of 15 early-career researchers 
(ESRs). 

SLATE brings together a team of 11 beneficiaries and 4 partner organizations from academia 
and non-academia from 7 European countries with an unusually comprehensive set of 
interdisciplinary expertise. This doctoral thesis is the project ESR7, hosted in the Marine 
Geotechnics group supervised by Prof. Dr. Achim Kopf at the research faculty MARUM – 
Center for Marine Environmental Sciences of the University of Bremen, Germany. 
Collaborating institutes include the Norwegian Geotechnical Institute (NGI, Norway), the 
French Research Institute for Exploration of the Sea (IFREMER, France), and the Department 
of Geology, University of Innsbruck (Austria). 

 

2. MOTIVATION AND RESEARCH HYPOTHESES 
 

SLATE focusses on investigating submarine landslides and associated geohazards. Not only 
can submarine landslides produce tsunamis that threaten increasingly populated coastlines 
worldwide, they can also damage very expensive and critically important seafloor 
installations such as pipelines used for oil and gas recovery, or telecommunication cables that 
now carry over 95% of global data. 

To understand the initiation of submarine landslides, this PhD project (ESR7) studies the 
shear strength of marine sediments, which is a key parameter in evaluating submarine slope 
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stability. Two types of siliceous soils are examined: diatomaceous mud and Ottawa Sand. 
Under seismic shaking, these fluid-saturated granular materials can accumulate excess pore 
pressure until liquefaction. However, if the shaking is only moderate, the sediment may not 
fail (liquefy), and after dissipation of some pore fluids, the grains may settle and the contact 
forces may increase. This phenomenon, known as “seismic strengthening”, may explain the 
paucity of discovered submarine landslides on active continental margins where abundant 
non-failure earthquakes induce additional increments of strengthening, leading to higher 
shear resistance compared with passive margins. 

Therefore, this thesis aims to use (mainly but not exclusively) geotechnical laboratory 
methods to reveal the effect of seismic strengthening based on the following hypotheses: 

• There is a threshold between failure and strengthening under seismic shaking. 

• Seismic strengthening depends on the number of earthquakes and different burial depths. 

• The increase in strength results from densification of the sediment after shaking. 
(Spoiler: it is proved in this thesis that this is not entirely true!)  

• There is a maximum strength that can be attributed to seismic strengthening. (Spoiler: 
this thesis will demonstrate that this is difficult to test!)  

To investigate marine sediment's shear strength under static and cyclic loading conditions, a 
variety of tests were performed on different kinds of samples and were also complemented 
using machines at NGI and IFREMER during the secondments (extended research stays 
defined in the SLATE project). The chart below demonstrates a simple outline of the 
geotechnical methods used in this study: 
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3. ORGANIZATION OF THIS DISSERTATION 
 

This is a cumulative dissertation including three first-authorship manuscripts, one published 
as a peer-reviewed journal article, one under revision, and one in preparation. Each 
manuscript forms a separate chapter and can be considered an independent, stand-alone 
piece of work. Tables, figures, and equations are numbered continuously in each chapter, and 
author contributions and references are listed at the end of each chapter. In this dissertation, 
the manuscripts are not ordered chronologically by publication date, but are organized to 
reflect the scientific progress: 

• Manuscript 1: Profoundly enhanced seismic strengthening by diatoms offshore 
north-eastern Japan (in CHAPTER II and under revision in Marine Geology) 

• Manuscript 2: Effect of prior small to moderate seismic events on monotonic 
undrained shear strength of sand (in CHAPTER IV and published in Soil Dynamics and 
Earthquake Engineering) 

• Manuscript 3: Assessment of cyclic and monotonic undrained shear strength of 
sand affected by prior seismic events (in CHAPTER V)   

Admittedly, the material and methodology used in Manuscript 2 and Manuscript 3 are 
considerably different from Manuscript 1. However, the topic “seismic strengthening” ties 
these three manuscripts together. To explain the different approaches, an introduction will 
be given before Manuscript 1 and Manuscript 2. Manuscript 1 will demonstrate the 
observation with natural samples that seismic strengthening is a function of time (and 
inherently, number of earthquakes), while Manuscript 2 and Manuscript 3 will use laboratory 
methods to directly prove that there is a change of undrained shear strength after simulated 
“earthquake” events. After the three manuscripts, an overall discussion and conclusion will 
be given. This is followed by other contributions to the scientific advancement such as 
conference abstracts, etc. As a whole, this dissertation uses 7 main chapters to describe the 
advancement of knowledge in seismic strengthening on siliceous soils (diatomaceous mud 
and Ottawa Sand). 
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CHAPTER I – Introduction to seismic strengthening 
 

In populated coastal areas worldwide, geohazards such as earthquakes, submarine 
landslides and tsunamis pose deadly and destructive threats to the population as well as the 
infrastructure (e.g. Tappin et al., 2014). Previous studies showed that most of submarine 
mass movements (~ 80%) fail within 100 m below the seafloor (mbsf) (Hampton et al., 1996; 
McAdoo et al., 2000, 2004; Moscardelli, 2007).  

Slope failure occurs when the shear stress oriented downslope (driving shear stress) exceeds 
the shear strength (resisting stress) of the slope-forming material (Hampton et al., 1996). In 
the context of active margins where short events such as earthquakes may act as a trigger for 
slope failures, it is relevant to study the undrained shear strength (Su) for slope stability 
assessment. In places with an intact sediment column, Su increases with depth during 
gravity-controlled compaction (consolidation) process. The undrained shear strength of 
normally consolidated organic and inorganic soils is in the range of 20 – 40% of the effective 
overburden stress (σv’) (Karlsson and Viberg, 1967; Ladd and Foott, 1974; Skempton, 1969). 

At active margins, there are surprisingly fewer observed large landslides than passive 
margins despite the presence of abundant earthquakes (e.g. Urgeles and Camerlenghi, 2013; 
Shanmugan, 2015). In these regions, the normal consolidation process is accompanied with 
repeated seismic events. Previous researchers have proposed that if earthquakes are not 
strong enough to cause failure (landslides), an additional increment of shear strength will be 
induced because the sediment dewaters and results in additional consolidation, leading to 
higher shear resistance. This process, termed “seismic strengthening”, has been suggested to 
explain the observed paucity of submarine landslides on active margins (McAdoo et al., 2000; 
Locat and Lee, 2002; Strozyk et al., 2010; Nelson et al., 2011, Sawyer and DeVore, 2015).  

Sawyer and DeVore (2015) showed worldwide vane-shear data from the Ocean Drilling 
Program (ODP) and Integrated Ocean Drilling Program (IODP) down to 100 mbsf that active 
margin sites have consistently higher undrained shear strength than passive margins by a 
factor of approximately 2–3 (Fig. 1.1a). Su from active continental margins is typically in the 
range of 40 – 100% of σv’ in the upper 10 mbsf (Fig. 1.1b), higher than the normal strength 
zone for marine sediments under normal consolidation (Su/σv′ ~ 0.2–0.4). This observation 
is considered an (indirect) evidence of seismic strengthening. Yet so far, this understanding 
is based on statistics of undrained shear strength at present state. Still little is known about 
the amount of increase in sediment strength related to a single or multiple earthquake events 
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and increasing burial depth. It remains unknown whether there is a maximum strength that 
can be attributed to seismic strengthening and how sediment composition affects that value. 
In other words, a quantitative understanding of seismic strengthening is lacking.  

The first manuscript in this dissertation chooses the continental slope adjacent to the Japan 
Trench as a case study. Besides the possibility that the shear strength of this region may be 
high due to seismic strengthening, other factors such as the sediment composition may also 
play an important role. Previous literature (ODP Leg 186, Sacks et al., 2000) found that the 
dominant lithology in the Japan Trench was diatomaceous silty clay. It is speculated that the 
existence of diatoms may have a strong effect that can further increase the background 
sediment’s shear strength.  

Wiemer and Kopf (2017) examined the mechanical aspects of diatoms by performing direct 
shear tests and cyclic shear tests on generic diatomaceous earth and clayey-silt mixtures. 
They found that diatom microfossils in marine sediments could lead to an increased 
resistance under both static and cyclic loading conditions at low effective normal stresses. 
Wiemer et al. (2017) also attested from consolidation state analysis on these mixtures that a 
systematic apparent oversonsolidation occurred due to particle crushing and interlocking. 
However, these experiments were all carried out using artificial mixtures, but were not 
validated with natural samples yet.  

Despite the fact that the Japan Trench area has recently been the target of several IODP 
drilling (Exp 343, Chester et al., 2012) and MARUM (SO219A, Wefer et al., 2014) cruises, gaps 
in knowledge about causes and consequences of submarine earthquakes, landslides and 
tsunamis remain. During the R/V Sonne Research Cruise SO251-1 (EAGER-Japan, Extreme 
events Archived in the GEological Record of Japan’s Subduction margins) in October 2016, 
we added important new mapping and coring data that significantly increased the spatial 
resolution of data coverage along the deep Japan Trench, the upper slope and forearc 
escarpment from 36°N to 41°N (Strasser et al., 2017). The cruise aimed to provide samples 
to investigate the earthquake source areas and their slope stability conditions in order to 
deconvolve the geological record for the source and intensities of earthquake shaking.  

The first manuscript in this thesis will describe the geotechnical research theme of this cruise 
to investigate sediment’s strength along the Japan Trench subduction margin. Most 
importantly, we aim to show how the diatoms can contribute to excess shear strength in the 
Japan Trench aside from the seismic strengthening effect. The results will be compared with 
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Wiemer and Kopf (2017) and Wiemer et al. (2017) in order to validate their theories in 
natural settings.    

 

 

Fig. 1.1. Figures suggesting seismic strengthening from Sawyer and DeVore (2015) with slight 
modifications. a) Global pattern of undrained shear strength (Su) with depth reveals that active 
margin sediments (red) have higher undrained shear strength than passive margins (blue).  Data are 
the peak value recorded with Automatic Vane Shear (AVS) from the Ocean Drilling Program and 
Integrated Ocean Drilling Program data archive. Trend lines represent the arithmetic mean of each 
margin. b) Undrained shear strength, Su, versus vertical effective stress, σv′, for eight normally 
consolidated sites from passive margins (blue) and active margins (red). Dashed lines represent 
ratios of undrained shear strength to vertical effective stress (Su/σv′). Passive margins plot as 
expected within the normal strength zone for marine sediments under normal consolidation (Su/σv′ 
~ 0.2–0.4). Active margin sites all plot in the high strength zone, with Su/σv′ consistently between 0.4 
and 1.0.  
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Szczuciński d, Ken Ikehara e, Alexander Roesner a, b, Tobias Schwestermann c, Andre Hüpers a, 
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2. ABSTRACT 

 

The north-eastern Japan continental margin is frequently subjected to strong earthquake 
shaking and therefore its slope sedimentary sequences may be affected by the phenomenon 
called seismic-strengthening, potentially leading to elevated shear strength and enhanced 
slope stability. We present on-board undrained shear strength measurements acquired on 
new sediment cores from the continental slopes of Japan's active margins (Japan Trench and 
Nankai Trough). The data from the Japan Trench slope reveal higher than expected sediment 
strength, significantly beyond other active margins worldwide where seismic strengthening 
is suspected. One-dimensional consolidation tests on pristine core samples show high 
apparent overconsolidation, which contradicts the continuity of the age-depth models, 
excluding significant sediment removal in the past. We interpret that seismic strengthening 
is remarkably effective in the Japan Trench slope areas due to the existence of biogenic 
siliceous materials primarily consisting of diatom frustules (~ 15 % dry weight). This is 
supported by previous laboratory experiments on generic samples, showing increased shear 
strength and apparent overconsolidation due to high particle interlocking and surface 
roughness related to the shape of diatom frustules. This interpretation for the Japan Trench 
slope is supported by comparison with the Nankai Trough forearc slope (southeast of the 
Kumano Basin) where the sediment is composed of clayey-silt in which diatoms are less 
abundant (~ 7.5 % dry weight), and where shear strength data follow the upper limit of the 
expected trend for active margins. We conclude that seismically active margins with diatom-
rich sediments tend to demonstrate increased shear strength, thus reducing the 
susceptibility to submarine landslide hazards. 

 

Keywords: diatomaceous mud, undrained shear strength, consolidation state, submarine slope 
stability, Japan Trench 

 

2.1. Introduction 

 

Shear strength of marine sediment is a key parameter in submarine slope stability. It is of 
particular interest because submarine slope failures may pose a threat to offshore 
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infrastructure but also to the population as well as the infrastructure along coastal areas (e.g., 
Hampton et al., 1996; Tappin et al., 2014). Many of the failures are triggered by earthquake 
shaking (Sultan et al., 2004). Therefore, it is important to study the shear strength 
characteristics of marine sediments, particularly in earthquake-prone areas.  

Slope failure occurs when the shear stress oriented downslope (driving shear stress) exceeds 
the shear strength (resisting stress) of the slope-forming material (Hampton et al., 1996). 
The excess of stress over strength occurs mostly within the uppermost 100 m below seafloor 
(mbsf) (Moscardelli and Wood, 2016). In the context of active margins where short events 
such as earthquakes may act as a trigger for slope failures, it is relevant to study the 
undrained shear strength (Su) for slope stability assessment. In places with an undisturbed 
sediment column, Su generally increases linearly with effective overburden stress, which is 
typically proportional to depth. In this paper, we use σ’v0 to denote the vertical effective stress 
acting on a sediment assuming hydrostatic condition, as in-situ stress is difficult to measure. 
The undrained shear strength of normally consolidated organic and inorganic soils is in the 
range of 20 – 50 % of the effective overburden stress (Karlsson and Viberg, 1967; Skempton, 
1969; Ladd and Foott, 1974). Along active margins such as those offshore Japan (Fig. 2.1), 
the normal consolidation process is accompanied with repeated seismic events, which do not 
systematically lead to sediment failure, but may enhance sediment compaction. Sawyer and 
DeVore (2015) showed that due to seismically induced compaction, the undrained shear 
strength (Su) of active margin sediments exceeds the undrained shear strength of passive 
margin sediments by a factor of 2 – 3. Su along active margins is typically in the range of 40 – 
100 % of σ’v0 in the upper 10 mbsf (Sawyer and DeVore, 2015). They interpreted this 
observation as a result of seismic strengthening (first proposed in Boulanger, 2000; Locat 
and Lee, 2002; Lee et al., 2004), where shaking of sediments may induce an additional 
increment of shear strength by dewatering and inherent compaction if the earthquake 
loading is insufficient to lead to sediment failure. This process has also been suggested to 
explain the observed paucity of large submarine landslides on active margins (McAdoo et al., 
2000; Locat and Lee, 2002; Strozyk et al., 2010; Sawyer and DeVore, 2015; ten Brink et al., 
2016; Molenaar et al., 2019). However, it is not clear whether seismic strengthening may also 
decrease the occurrence of smaller-volume landslides at active margins, as small landslides 
are under-sampled in the database (e.g. Urgeles and Camerlenghi, 2013). 

Besides repeated earthquake shaking, sediment composition may also play an important role 
for shear strength along active margins. It has been shown in Wiemer et al. (2017) and 
Wiemer and Kopf (2017) that the presence of diatoms, with silica-based skeletons (frustules) 
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growing out from a circular (centric) or elongated (pennate) center during valve formation 
leads to unique geotechnical behaviors, including a significant increase in sediment shear 
strength under static and cyclic loading conditions. However, these results are mainly based 
on artificially created samples and need to be validated with cores recovered from natural 
settings. Shiwakoti et al. (2002) examined artificially prepared mixture of diatomite in clay, 
and showed that with the increase in diatomite content, the internal friction angle of a soil 
increases owing to the rough and interlocking surfaces of diatoms. This suggests that the 
presence of diatoms can be an explanation why many Japanese soils have a relatively high 
shear strength despite having a relatively large plasticity index. 

Other studies discussed the impact of diatoms with natural high-quality sediment samples 
(e.g. Tanaka and Locat, 1999; Tanaka et al., 2001; Locat et al., 2003). Tanaka and Locat (1999) 
used various microanalysis techniques to study a 400 m deep borehole in Osaka Bay 
containing microfossils and diatoms (making up more than 50% of the observed surface), 
and showed that they act as a structural component which provides a high compressibility 
when most of the interaggregate pore space is closed with burial. In addition, the diatoms 
can result in increased plastic and liquid limits, which was proposed by Tanaka and Locat 
(1999) to be “bias” because the water trapped in the intraskeletal pore space of the diatoms 
was included in the measurement of water content, but this water in fact might not actively 
control the plasticity of the sediment. Locat and Tanaka (2001) and Locat et al. (2003) 
developed a conceptual model suggesting that as consolidation takes place, diatomaceous 
soils will show lower compressibility at low consolidation stress (while clay matrix adjusts 
around these fossils by arching), and a transition to higher compressibility at a higher stress 
level once the yield strength is exceeded. This impact of structuration is also proposed for 
fossiliferous, cemented, highly bioturbated sediments, and volcanic glass particles (e.g. Locat 
et al., 2003; Mencaroni et al., 2020). 

During R/V Sonne Research Cruise SO251 in October 2016, we acquired new bathymetric 
data and sediment cores that significantly increased the data coverage along the deep Japan 
Trench and the Nankai Trough forearc (Kumano Basin transect) (Strasser et al., 2017) (Fig. 
2.1). The coring sites on the sedimentary slopes were targeted to study potential source 
areas of earthquake-triggered sediment remobilization (Molenaar et al., 2019) and to 
characterize the geotechnical properties of young active margin sediments. This paper has 
two main aims, both to be addressed using these piston cores: 
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i) to evaluate the observations made in Sawyer and DeVore (2015) regarding the 
elevated shear strength of active margin slope sediments and place them into the 
context of diatom-rich (Japan Trench) and diatom-poor (Nankai Trough) deposits.  

ii) to compare geotechnical data on new natural samples and evidence for a 
strengthening effect related to the presence of diatoms to earlier results (Wiemer and 
Kopf, 2017; Wiemer et al., 2017).  

For this purpose, we compare geotechnical data of the Japan Trench slope diatomaceous mud, 
to the clayey-silt of the Nankai Through slope (Kumano Basin) characterized by significantly 
lower diatom content, and IODP Site C0001 close to that site. The shear strength data of IODP 
Site C0001 (Nankai Trough slope) are presented, among others, in Sawyer and DeVore 
(2015) and are part of the database used to show that active margin sediments are stronger 
than passive margin sediments. We will present geotechnical data showing evidence that 
diatoms play a major role for enhanced seismic strengthening along the Japan Trench slope, 
while the diatom-poor Nankai Trough slope follows the expected shear strength for active 
margins. 

 

 

Fig. 2.1. Bathymetry map offshore Kumano (a) and Tohoku (b) including locations of the four studied 
GeoB coring locations on the continental slopes (yellow circles), as well as IODP expedition 315 Site 
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C0001 (red square). Blue-scale color represents high-resolution seafloor bathymetry obtained during 
the SO251 cruise. Gray-scale color represents bathymetry obtained from a global model 
SRTM15_PLUS (freely available at topex.ucsd.edu). Bathymetric contours are plotted every 500 m. 
White arrows show the directions and convergence rates of subducting plates (Yokota et al., 2016; 
McHugh et al., 2016). Inset shows tectonic plate boundaries around Japan. AM: Amurian Microplate 
(or Eurasian Plate). OK: Okhotsk Plate. PP: Pacific Plate. PSP: Philippine Sea Plate. 

 

2.1.1. Geologic and geodynamic setting of the Japan Trench (JT) subduction zone 

 

The subducting Pacific Plate east of Japan is responsible for most of northeastern Japan's 
large earthquakes as it descends beneath the overriding plate with a velocity of about 8 
cm/yr (Iwasaki et al. 2013) to 9.2 cm/yr (Lay et al. 2011) in west-northwest direction 
beneath the northeastern Japan Arc (Fig. 2.1b). Seismicity along-strike the Japan Trench is 
highly variable with large-magnitude events of Mw 7 to 8 (Yamanaka and Kikuchi, 2004) and 
a possible supercycle of giant Mw ~ 9 earthquakes (Satake, 2015). Recently, much of the 
marine research focus has been put on the consequences of the 2011 Mw 9.0 Tohoku-oki 
earthquake and its subsequent tsunami (e.g., Fujiwara et al., 2011, Strasser et al., 2013, Wefer 
et al., 2014, McHugh et al., 2016, Ikehara et al., 2016; Kioka et al., 2019). 

The sedimentary strata in the upper part of the JT forearc basin and slope apron are mainly 
composed of Neogene-to-Quaternary stratigraphic successions of diatomaceous-
hemipelagic mud and volcanic ash (Scientific Party, 1980; Sacks et al., 2000), reflecting the 
influence of high oceanic productivity due to the interplay between the cool Oyashio and 
warm Tsugaru and Kuroshio currents, and arc volcanism as important sediment sources. 
Tectonic history of the convergent margin near the Japan Trench is characterized by tectonic 
subsidence and erosion: The absence of young accreted strata in the forearc, as well as 
multichannel seismic records (e.g. Scientific Party, 1980; Tsuru et al., 2000; Kodaira et al., 
2012; Nakamura et al., 2013) attest that most of the sediment entering the trench is 
subsequently subducted. Detailed textural and structural analyses of multibeam bathymetry 
data by Sasaki (2004), Kawamura et al. (2012), Strasser et al. (2013) and Tappin et al. (2014) 
show evidence for both smaller and larger scale submarine landslides and gravitational slope 
collapse structures, mainly located directly at the trench whereas the upper and mid slope 
show little relicts of submarine landslides. 
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2.1.2. Geologic and geodynamic setting of the Nankai Trough (NT) subduction zone 

 

The Nankai Trough (Fig. 2.1a) is formed by subduction of the Philippine Sea Plate to the 
northwest beneath the Eurasian Plate at a rate of ~ 4.1 – 6.5 cm/yr (Miyazaki and Heki, 2001; 
Yokota et al., 2016). The region has a ca. 1300 yr-long historical record of recurring great 
(Mw ~ 8) earthquakes that are typically tsunamigenic (Ando, 1975; Garret et al., 2016). The 
accretionary wedge mainly consists of scraped-off strata from the incoming trench fill. The 
upper slope of the Nankai Trough contains several prominent forearc basins (Muroto, Tosa 
and Kumano), which accumulated vast sediment volumes originating from canyons and 
gullies closer to Japan in the north. 

A margin-perpendicular transect (SE-NW) through the Kumano Basin shows that the trench 
zone consists of a thick wedge of Quaternary trench deposits overlying Miocene-Pliocene 
Shikoku Basin sediments and subducting igneous basement (Strasser et al., 2009). Beneath 
the upper slope and Kumano forearc Basin, a major out of sequence thrust fault often named 
“megasplay fault” cuts across the older part of the accretionary prism (Moore et al., 2007, 
2009).  

During IODP expeditions 333 and 338 two sites were drilled and logged within the slope 
basin seaward of the megasplay fault to sample large-scale stacked mass-transport deposits 
(MTDs) clearly imaged in the 3D seismic data set (e.g. Strasser et al., 2011, 2012, 2014). The 
large spacing between individual MTDs suggest that submarine slope destabilization does 
not occur systematically during subduction earthquakes. In contrast, geological 
preconditioning factors such as slope oversteepening, extensional stress regimes, and lateral 
transmission of fluid overpressures may exert the first-order control on destabilization 
processes in this area (Strasser et al., 2011; Strasser et al., 2012). Another possibility is that 
the sediments could be seismically strengthened (e.g. Sawyer and DeVore, 2015). 

 

2.2. Methodology 

 

2.2.1. Coring 
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A piston coring system from the Japan Agency for Marine-Earth Science and Technology 
(JAMSTEC) was used to recover sediment cores during cruises SO251 Leg A and Leg B. The 
system allowed a free-fall of the piston core by a distance pre-set by the length of the trigger 
wire after the trigger core hit the seafloor (Strasser et al., 2017). The coring coordinates were 
monitored by the Ultra Short Baseline (USBL) positioning system Posidonia (transponding 
pinger mounted 50 m above the corer head). Three double-cores (GeoB21810-1, 
GeoB21810-3, GeoB21815-1, GeoB21815-3, GeoB21818-1, GeoB21818-3) were taken at 
three sites along the mid-slope during Leg A in water depth of 3.1 – 5.2 km and slope 
gradients between 2° and 4.2° (Fig. 2.1b). These cores were taken on broad ridges to 
minimize the potential for erosion by e.g. turbidity currents that may have been triggered 
upslope (Molenaar et al., 2019), and thus to maximize the potential to obtain an intact 
sediment stratigraphy without major hiatuses. One additional double-core (GeoB21845-1, 
GeoB21845-3) was taken on the slope to the southeast of the Kumano Basin in a water depth 
of ~ 2.9 km and slope gradient of 2.5° during Leg B. That coring location is set about 4 km to 
the south-east of IODP Expedition 315 Site C0001 (Fig. 2.1a). C0001 was cored by a hydraulic 
piston coring system (equivalent to the advanced piston corer) (Expedition 315 Scientists, 
2009). Zoom-ins of local morphology are provided in Supplementary Fig. 2.1 as 3D maps.  

The first core of each double core (GeoB21810-1, GeoB21815-1, GeoB21818-1, GeoB21845-
1) was split on board for sedimentological description and geotechnical analysis (Strasser et 
al., 2017). Sedimentological description was performed on the archive halve of the split 
piston cores following the conventional ODP and IODP procedures for recording 
sedimentologic information (Mazzullo et al., 1988). The second core of each double core 
(GeoB21810-3, GeoB21815-3, GeoB21818-3, GeoB21845-3) were preserved unsplit for 
advanced laboratory testing (sections 2.2.4, 2.2.5). 

 

2.2.2. Vane-shear tests 

 

Geotechnical analysis included measurements of undrained shear strength Su at intervals of 
~ 0.25 m on the working halves of the split cores. These measurements were conducted right 
after core-splitting using the fully automated Wille Geotechnik vane shear apparatus. A four-
bladed vane was inserted perpendicular to the bedding and rotated at a constant rate of 
8˚/min. Su (unit in Pa) is the product of the maximum torque T (unit in N*m) required to 
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shear the sediment, and the vane-constant K (unit in m-3) which defines the geometry of the 
vane: 

Su = T * K                                                                    eq.(2.1) 

K = 3 / (7*π*(D²/4)*H)                                                     eq.(2.2) 

where D is the vane diameter (0.0127 m) and H is the vane height (0.0127 m).  

More information on sediment description and undrained shear strength measurements are 
available in the cruise report by Strasser et al. (2017). All the data published in Sawyer and 
DeVore (2015) were acquired with an equivalent apparatus and method.  

 

2.2.3. Geotechnical index properties 

 

Subsequent to the undrained shear strength measurements, samples of ~ 10 cm3 were taken 
near the locations where the vane had previously been inserted into the cores. The aim was 
to keep the core as intact as possible for further sampling and testing. During the cruise, the 
samples were stored in sealed plastic bags at 4°C. After the cruise, they were brought to the 
geotechnical laboratory at MARUM – Centre for Marine Environmental Sciences to determine 
the geotechnical index properties of the material. The water content of each sample was 
determined following DIN 18121 (Deutsches Institut für Normung, 1998). The volume of the 
dry samples was determined with a gas pycnometer “Pentapyc 5200e” from the 
manufacturer Quantachrome Instruments. The pycnometer applies Archimedes’ principle of 
fluid displacement as well as the Boyle’s law of gas expansion to measure the volume of solid 
particles (Quantachrome-Instruments, 2008). The index properties grain density (ρs), bulk 
density (ρbulk) and void ratio (e) were derived from water content and solid volume (Mitchell 
and Soga, 2005). Grain size distributions of these sub-samples were measured via laser 
diffraction analysis with a Coulter LS-13320 (Agrawal et al., 1991; Loizeau et al., 1994). 

In order to correlate the split cores with the whole-round cores, magnetic susceptibility was 
measured on split cores (GeoB218XX-1, XX is a placeholder) using a Bartington point sensor 
(MS2E), and on whole-round cores (GeoB218XX-3, XX is a placeholder) by Multi Sensor Core 
Logger (MSCL) using a Bartington MS2 meter coupled to a MS2C loop sensor coil. Core 
correlations were made by identification of patterns produced by volcanic ash layers (i.e. 
peaks) and by small compositional variability within rather homogeneous, hemipelagic 
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background sediment sections described on the split cores. The whole-round sections of 
homogeneous hemipelagic sediments were sub-sampled for one-dimensional consolidation 
tests and direct shear tests. Atterberg limits using a Casagrande apparatus according to ASTM 
D4318-05 (2000) were determined exemplarily on one sub-sample of each whole-round 
core. 

 

2.2.4. One-dimensional consolidation (oedometer) tests 

 

The aim of one-dimensional consolidation tests is to quantify the state of consolidation of the 
sediments, which is typically also reflected in undrained shear strength. One-dimensional 
consolidation tests on intact cylindrical specimens extruded from the whole-round core 
samples followed the German norm DIN-18135 (Deutsches Institut für Normung, 2012). 
Samples of 20 – 40 cm² surface area and ~ 1.5 – 2.5 cm height were assessed in a standard 
oedometer cell at natural water contents. A vertical piston of a GIESA direct shear apparatus 
was used to conduct consolidation test on one sample of GeoB21845-3 (~ 2.5 cm height and 
~ 25 cm² area, laterally constrained) following the same procedure. 

The applied normal stress (σn) was incrementally doubled every 24 hours, to a maximum 
load close to 1 MPa. Subsequently the samples were unloaded by reducing the weight by 50 % 
every 24 hours. The data were then evaluated following the Casagrande (1936) method in 
order to infer the preconsolidation stress (σ’pc) from the analysis of the void ratio (e) to 
effective normal stress (σ’n) relationship (Terzaghi et al., 1996). σ’pc is the largest effective 
overburden stress a sediment was subjected to. Sediments that display values of σ’pc = σ’v0 
are called normally consolidated (NC), and present undrained shear strength values in the 
range of 20 – 50 % of the effective overburden stress depending on the lithology. Sediments 
that were subjected to effective overburden stresses in excess of the present effective 
overburden stress are called overconsolidated (OC). These sediments present Su values 
typically larger than 20 – 50 % of the effective overburden stress. Details and discussion of 
the consolidation theory are given in Terzaghi et al. (1996). In this study, relationship 
between stresses (σ’n and σ’pc) and depth is calculated following the principle of effective 
stress (Terzaghi, 1943) using an averaged bulk density along each core, and hydrostatic pore 
water pressure with sea water density = 1024 kg/m3. 

 



CHAPTER II – MANUSCRIPT 1: PROFOUNDLY ENHANCED SEISMIC 
STRENGTHENING BY DIATOMS OFFSHORE NORTH-EASTERN JAPAN 

Page 23 

2.2.5. Direct shear tests 

 

For further geotechnical characterization of the sediments, drained direct shear tests were 
performed on intact samples. These tests allow the determination of Mohr-Coulomb 
parameters, i.e. the angle of internal friction (φ’) and the effective cohesion (c’). Fundamental 
differences in e.g. mineralogy and grain size reflect in those parameters. The drained direct 
shear test samples were 56 mm in diameter and ~ 25 mm in height. The direct shear tests 
were performed following DIN 18137-3 (Deutsches Institut für Normung, 2002) with three 
largely identical GIESA direct shear apparatus. The applied effective normal stress σ’n ranged 
from 200 – 600 kPa. The lowest effective normal stress (σ’n = 200 kPa) applied to the samples 
exceeded the largest preconsolidation stress determined in one-dimensional consolidation 
tests in order to determine the Mohr-Coulomb parameters in a stress range where the 
sediment is in a state of normal consolidation. The horizontal shear displacement for each 
experiment was at least 12 mm (i.e. ~ 21 % shear strain). Effective normal stress, shear stress, 
as well as vertical and horizontal displacement were recorded at a frequency of 0.1 Hz. Shear 
rates were set to 0.002 – 0.004 mm/min, which is considered sufficiently slow to allow 
constant drainage and complete pore water pressure dissipation (DIN 18137-3, 2002). The 
Mohr-Coulomb failure criterion is defined as: 

τf = c’+ σ’n tan(φ’)                                                           eq.(2.3) 

where τf is the peak shear strength of the sediment under drained conditions.  

 

2.2.6. Age determination and sedimentation rates 

 

The 14C age determination on samples of cores GeoB21810-1, GeoB21815-1 and GeoB21818-
1 was determined on bulk organic matter using the EA/IRMS/AMS online system at ETH 
Zurich. About 30 mg of freeze dried and powdered subsamples of the split cores were 
weighed into pre-combusted Ag capsules. The Ag capsules containing the sediment were 
placed on a ceramic plate in a desiccator and were fumigated for 72 h at 60°C with ~ 30 ml 
of concentrated HCl (37 %, metal-trace purity), placed in a pre-combusted petri dish at the 
bottom of the desiccator. The acidified subsamples were neutralized with ~ 20 g NaOH 
pellets for another 72 h at 60°C. Six whole-round core samples of the GeoB21810-3 core were 
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14C dated using accelerator mass spectrometry (AMS) by Beta Analytic Inc., U.S.A. The dating 
was carried out on the bulk organic fraction. It was separated from the bulk sediment by 
sieving to remove macrofossils, and by acid washing to remove carbonates. The same fraction 
was also analyzed for δ13C. All the 14C ages are presented as uncalibrated (i.e. in 14C yr BP) 
and are not corrected for reservoir effects, which may be in order of approximately 2000 
years for the organic fraction (Ikehara et al., 2016; Bao et al., 2018). Since the bulk organic 
matter is a mixture of terrestrial and marine organic complexes, a single reservoir age cannot 
be estimated, and is most likely less than the bulk organic age shifts. 

The chronology of cores GeoB21810-1, GeoB21810-3, GeoB21815-1, GeoB21818-1, and 
GeoB21845-1 was also determined by tephra analysis. To identify and correlate the marine 
tephras with known terrestrial and/or marine records, quantitative analysis of the samples 
was conducted as follows: 1) Part of the tephra sample was washed through 61 and 125 µm 
sieves, and grains between 61 and 125 µm were mounted on glass slides. If the tephra was 
very fine-grained, all grain sizes were mounted. 2) The bulk grain composition, heavy mineral 
composition, and morphotype of the volcanic glass shards were determined and counted 
under the microscope. Morphotypes (large broken bubble-wall type (H type), fibrous and 
pumice type (T type), intermediate form between H and T types (C) and irregular type (It)) 
as defined by Yoshikawa et al. (1976) were used for classification. 3) The refractive index of 
each volcanic glass shard (n) was measured using the thermal immersion method by 
RIMS2000 analyzer (Danhara et al., 1992). The obtained 14C and tephra-based ages were 
used to estimate sediment accumulation rate using simple linear regression.  

 

2.2.7. Biogenic opal measurements 

 

Biogenic silica analysis was conducted on 50 mg subsamples of oven-dried pycnometer 
(section 2.2.3), consolidation (section 2.2.4), and direct shear samples (section 2.2.5) 
through alkaline extraction as described by Carter and Colman (1994) and Mortlock and 
Froelich (1989). First, organic matter and carbonate material were removed using 10 % H2O2 
and 5 % HCl, respectively. Subsequently, samples were extracted with 0.2 N NaOH while in a 
heated bath (95°) for 5 hours and vortex agitated every 2 hours. Finally, 5 mL of each 
dissolved sample was diluted in 35 mL of 5 % HNO3 and measured in triplicate for Si and Al 
using a Horiba Jobin Yvon ACTIVA ICP-OES. The ICP-OES uses a concentric glass nebulizer 
and was set to a plasma power of 1000 W, plasma flow of 12 L/min, sheath gas flow of 0.2 
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L/min and pump speed of 20 rpm. All samples, the blank and 5 calibration standard solutions 
(concentrations ranges: Si 1 – 40 mg/L and Al 0.1 – 4 mg/L) were analyzed at room 
temperature. A ratio of 2 Si to 1 Al was used to correct total measured Si content for detrital 
Si (i.e. biogenic silica = Si total - 2 * Al) assuming all measured Al is derived from dissolution of 
detrital material. Duplicate measurements of 5 samples resulted in an average relative 
standard deviation of 0.95 % for biogenic silica after detrital fraction correction. We 
calculated biogenic opal (SiO2 * nH2O) as biogenic silica concentration * 2.4 (Mortlock and 
Froelich, 1989) to account for the average water content of diatoms. 

 

2.2.8. Mineralogical analysis 

 

For each site, mineralogical composition was quantified by X-Ray Diffraction (XRD) pattern 
analyses. Bulk samples from the whole-round cores at 3.5 – 4.5 mbsf were dried in oven 
under 60°C, grounded to a fine powder (< 20 µm particle size) and prepared with the Philips 
backloading system. The X-ray diffractograms were measured on a Philips X’Pert Pro 
multipurpose diffractometer equipped with a Cu-tube (kα 1.541, 45 kV, 40 mA), a fixed 
divergence slit of ¼°, a 16 samples changer, a secondary Ni filter and the X’Celerator detector 
system. The measurements were done as a continuous scan from 3 – 85° 2θ, with a calculated 
step size of 0.016° 2θ (calculated time per step was 50 seconds). Mineral identification was 
done by means of the Philips software X’Pert HighScore™ and identification of sheet silicates 
was done with the freely available Apple MacIntosh X-ray diffraction interpretation software 
MacDiff 4.25 (Petschick et al., 1996). This was followed by full quantification of mineral 
assemblage of the bulk fraction via the QUAX full pattern method (c.f. Vogt et al., 2002). The 
quantification program was run 5 times independently, and the mean of these 5 times was 
used. 

 

2.2.9. CT (computed tomography) scans and microscopic imaging 

 

Whole-round cores GeoB21810-3 (JT slope) and GeoB21845-3 (NT slope) were scanned 
with a Siemens Somatom Definition AS X-Ray CT scanner at the Medical University Innsbruck. 
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Image slices were computer-processed and combined to produce along-core images of the 
whole-round cores without cutting.  

Subsamples from these whole-round cores were dried in room temperature, and examined 
under a SEM (Scanning Electron Microscope). These samples needed to be prepared to 
withstand the vacuum inside the microscope. After the samples got dry, some powders fall 
down from the samples and were examined directly (7 samples). 3 pieces of solid samples 
were coated with resin to improve their resistance, and a flat surface was cut with a saw, 
allowing the examination of a cross-section of each sample while preserving its internal 
structure.         

We used a SUPRA 40 SEM from the company Zeiss configured with the newest electron optics 
to study the microstructure of diatoms. Before being introduced into the SEM, the samples 
were coated with gold so that the surfaces were electrically conductive. The samples were 
struck by a fine focused electron beam of 5 kV from the top, and electrons with different 
energy levels were released. The secondary and backscattered electrons were detected by a 
SE2 detector mounted on the wall of the specimen chamber, and could demonstrate the 
surface morphology of each sample at high resolution. 

 

2.3. Results 

 

2.3.1. Magnetic susceptibility and core correlation 

 

Magnetic susceptibility measurements reveal high values in the shallowest 1 m, and at sand 
beds and laminae (coarser sand grain size fractions) (Fig. 2.2; Strasser et al., 2017). Average 
magnetic susceptibility for cores GeoB21810-1, GeoB21815-1, GeoB21818-1, and 
GeoB21845-1 is 8.6×10-4, 4.5×10-4, 4.9×10-4 and 1.7×10-4 (SI), respectively (blue-gray curves 
in Fig. 2.2 in the left subplots). Core GeoB21845-1 from the Nankai Trough slope displays 
lower magnetic susceptibility values compared with the other cores from the Japan Trench 
slope. 

Characteristic patterns of peaks in magnetic susceptibility allowed for a robust correlation 
between split cores (GeoB218XX-1 plotted in blue-gray) and whole-round cores 
(GeoB218XX-3 plotted in red). A vertical offset of up to 1 m between the split cores and 
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whole-round cores indicates the possibility that the piston core was not triggered exactly at 
the same distance compared to the ground surface with every deployment. In addition, the 
system may not have cored sediment from the water-sediment interface, but solely a few 
decimeters to a meter below the water-sediment interface. For example, our correlation 
shows that the top ~ 1 m of sediment in core GeoB21845-3 is not present in core GeoB21845-
1 (Fig. 2.2d). This mismatch may relate to wave action during coring and is inevitable. More 
information on the piston core system can be found in the cruise report (Strasser et al., 2017).  

By comparing the data and using simple compression and shifting procedures, the 
correlative depth of each core can be estimated by these simplified equations: 

                                                           D21810-1 = 0.93 * D21810-3 - 45.6                                             eq.(2.4) 

                                                           D21815-1 = 0.99 * D21815-3 - 13.1                                             eq.(2.5) 

                                                           D21818-1 = 0.67 * D21818-3 + 8.6                                               eq.(2.6) 

                                                           D21845-1 = 0.95 * D21845-3 - 90.2                                             eq.(2.7) 

in which D is the depth within each GeoB core (name in the subscript) in centimeters.  
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Fig. 2.2. Correlation of the magnetic susceptibility data of double cores taken at the same sites. Blue-
gray curves are data from split cores (GeoB218XX-1), and red curves are data from whole-round cores 
(GeoB218XX-3). Data from the whole-round cores are projected onto the split cores with adjustment 
to find the correlative depths. Note that in d), it indicates that the top ~ 1 meter of sediment is present 
in GeoB21845-3 but is not cored in GeoB21845-1. 
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2.3.2. Index properties and direct shear test results 

 

Fig. 2.3 presents the lithology, information on grain size, grain density, natural water content, 
bulk density, void ratio, and biogenic opal content of the split piston cores. Despite the fact 
that the sediment cores from the Japan Trench slope area are ~ 250 km apart, the main 
sediment constituents and their properties are very similar. They are composed of olive gray 
diatomaceous muds interbedded with thin sand beds and lenses as well as volcanic ash 
layers. In contrast, core GeoB21845-1 from the Nankai Trough slope mainly consists of 
slightly mottled, dark greenish gray clayey-silt in which diatoms form a minor component. 
Yet, it is likewise interbedded with sand and volcanic ash layers.  

There is little variation in clay fraction content with depth in all four cores (Fig. 2.3b). 
However, core GeoB21845-1 from the Nankai Trough slope contains the highest amount of 
clay (~ 20 %) whereas the cores from the Japan Trench slope contain 10 – 15 % of clay. The 
amount of clay and silt size particles remains relatively constant with depth and sums up to 
> ~ 80 – 90 % in each core except for the core GeoB21818-1 (JT slope). The latter contains 
less silt in the upper 3 mbsf on account of higher sand fraction content (30 – 40 %) in that 
interval. In general, core GeoB21845-1 (NT slope) has a slightly finer grain size than the 
diatomaceous mud samples from the Japan Trench slope.  

The grain densities (Fig. 2.3c) of the diatomaceous muds from the Japan Trench slope are 
lower (ρs = 2.40 – 2.65 g/cm3) than in the core GeoB21845-1 samples (ρs = 2.55 – 2.75 g/cm3). 
The natural water content (Fig. 2.3d) of the core GeoB21845-1 shows a clearer decreasing 
trend with depth compared with the Japan Trench slope cores. The bulk density (Fig. 2.3e) 
generally slightly increases with depth, while the void ratio (Fig. 2.3f) slightly decreases with 
depth. Among the cores from the Japan Trench slope (Fig. 2.1b), the southern core 
GeoB21810-1 reveals the lowest bulk densities (ρbulk = 1.33 – 1.50 g/cm3), while the northern 
core GeoB21818-1 has the highest bulk density values (ρbulk = 1.40 – 1.65 g/cm3). Yet, it is 
noteworthy that the bulk density in core GeoB21818-1, and partly also in GeoB21815-1, 
decreases from 2.5 mbsf to the bottom of the core. Core GeoB21845-1 from the Nankai 
Trough slope presents moderate bulk density values (ρbulk = 1.4 – 1.6 g/cm3) and void ratio 
(1.5 – 3.0).   

The biogenic opal content (Fig. 2.3g) is determined in weight percentage on both split cores 
and whole-round cores. Data from the whole-round cores are expressed as equivalent depths 
on the split cores using eqs.(2.4) – (2.7) (Fig. 2.2 and Supplementary Table 2.1). The 
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biogenic opal contents determined on core GeoB21845-1 from the Nankai Trough slope 
show the lowest values (~ 7.5 wt %), which are about a factor 2 smaller than the average 
biogenic opal content of all three Japan Trench slope cores (~ 15 wt %). Note that the 
biogenic opal contents of the Japan Trench slope cores reflect similar trends to the void ratio 
(Fig. 2.3f), and the increase of biogenic opal of cores GeoB21818-1 and GeoB21815-1 below 
2.5 mbsf corresponds to a decrease in bulk density (Fig. 2.3e).  

The Atterberg limit tests were conducted on whole-round cores (GeoB218XX-3), but the 
grain densities (ρs) were estimated from the corresponding equivalent depths on split cores 
(GeoB218XX-1) based on core correlation (Fig. 2.2). Table 2.1 shows that for all the cores, 
the natural water content is close to their liquid limits. According to the British Standard 
plasticity chart (BS 1377-2, 1990), the sediments from the Japan Trench slope areas are 
classified as clay of extremely high plasticity with average liquid limit (wL) of 99.0 %, and 
average plastic limit (wP) of 39.7 %. GeoB21845 (NT slope) is classified as silt of very high 
plasticity, with liquid limit of 71.7 %, and plastic limit of 36.9 %. As will be discussed later, 
Atterberg limits are high because of biogenic opal, but this does not imply that the sediment 
will behave like a plastic clay. These Atterberg limit results are compared with index 
properties of generic samples from Wiemer et al. (2017) in Table 2.1. The Atterberg limits 
and grain density values from the Nankai Trough slope sediments generally match to the 
values of the pure clayey-silt standard presented in Wiemer et al. (2017), whereas values 
from the Japan Trench slope sediments are relatively more similar to the clayey-silt standard 
mixed with 25 % of pure diatomaceous earth.  

The direct shear tests results (Table 2.2) reveal that variation in the angle of internal friction 
of the diatomaceous muds on the Japan Trench slope is very small (φ’ = 32° – 33°), and 
corresponds to  small variability in grain size and grain density (Fig. 2.3b and 2.3c). 
Cohesion values, which correspond to the intercepts of the linear regression lines with the y-
axis in σ’n versus τ plots, vary from 3 – 19 kPa (Table 2.2). Under the same effective normal 
stresses, GeoB21845-3 (NT slope) shows lower drained shear strength values and a lower 
angle of internal friction (30°) than the Japan Trench slope samples.   
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Fig. 2.3. Lithology and index properties of the four sediment cores that were split on board. a) 
lithology based on visual core description, b) volume percentage contents of particles in clay size 
fraction (< 2 µm) and smaller than sand fraction (< 63 µm), c) grain density (ρs), d) natural water 
content (wN), e) bulk density (ρbulk), f) natural void ratio (e), and g) biogenic opal in weight percentage. 
Data in parentheses are from whole-round cores correlated to respective depths on split cores 
according to Fig. 2.2. 
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Table 2.1. Comparison of natural water content (wN), liquid limit (wL), plastic limit (wP) and grain 
density (ρs) of the analyzed samples with laboratory mixtures of clayey-silt with 0 %, 25 %, and 50 % 
diatomaceous earth in Wiemer et al. (2017) 

Core ID / sample depth 
interval (cm) 

wN 
(%) 

wL (%) wP (%) 

Correlative 
depth on the 

respective split 
core (cm) 

ρs (g/cm3) on 
the split core at 

correlative 
depth 

GeoB21810-3 / 429-439 

(Japan Trench slope 
sample) 

112.5 111.9 44.9 358.0* 2.49 

GeoB21815-3 / 381-391 

(Japan Trench slope 
sample) 

108.3 104.0 40.0 369.0† 2.47 

GeoB21818-3 / 445-460 

(Japan Trench slope 
sample) 

74.8 81.1 34.3 311.8‡ 2.51 

GeoB21845-3 / 344-349 

(Nankai Trough slope 
sample) 

76.3 71.7 36.9 239.0§ 2.68 

Mixtures of clayey-silt with 
0 %¶, 25 %#, and 50 %◊ 
diatomaceous earth in 

weight, respectively 
(Wiemer et al., 2017) 

 

56.2¶, 
93.4#, 
and 

153.1◊ 

37.9¶, 
59.1#, 
and 

83.6◊ 

 
2.71¶, 2.42#, and 

2.35◊ 

* according to eq.(2.4)  

† according to eq.(2.5)  

‡ according to eq.(2.6)  

§ according to eq.(2.7)  
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Table 2.2. Direct shear test results. σ’n : effective normal stress, τf : peak shear strength, φ’: angle of 
internal friction, c’: effective cohesion 

Core ID / sample depth 
interval (cm) 

Correlative depth on the 
respective split core (cm) 

σ′n 
(kPa) 

τf 
(kPa) 

φ′ 
(°) 

c' 
(kPa) 

GeoB21810-3 / 414-419 341.7* 200 144 

33 10 GeoB21810-3 / 424-429 351.0* 400 266 

GeoB21810-3 / 439-444 364.5* 600 405 

GeoB21815-3 / 371-376 356.7† 200 143 

32 19 GeoB21815-3 / 401-406 386.4† 400 263 

GeoB21815-3 / 376-381 361.6† 600 389 

GeoB21818-3 / 430-435 298.4‡ 200 131 

33 3 GeoB21818-3 / 438-440 303.7‡ 400 261 

GeoB21818-3 / 440-445 305.1‡ 600 387 

GeoB21845-3 / 349-354 243.7§ 200 134 

30 19 GeoB21845-3 / 354-359 248.5§ 400 251 

GeoB21845-3 / 359-364 253.2§ 600 364 

* according to eq.(2.4)  

† according to eq.(2.5)  

‡ according to eq.(2.6)  

§ according to eq.(2.7)  

 

 

 

 



CHAPTER II – MANUSCRIPT 1: PROFOUNDLY ENHANCED SEISMIC 
STRENGTHENING BY DIATOMS OFFSHORE NORTH-EASTERN JAPAN 

Page 34 

2.3.3. Mineralogy 

 

Based on XRD data, we analyze the mineralogical composition of the sediments from the JT 
slope and NT slope (Table 2.3). The results are presented as weight percentage of the bulk 
sediment normalized on the minerals recognized. For the concision, we do not list mineral 
species in abundances smaller than 4 % in the table. As some clay minerals (smectite, 
montmorillonite, mixed-layer clay) are extremely variable, they are put together as a sum of 
“expandable clays”. The general composition of the analyzed samples is quartz, feldspar, clay 
minerals and various trace minerals. All sites have primarily quartz, plagioclase and feldspar 
in composition (~ 49 %), and the phyllosilicate component of these samples is primarily illite 
and mica (~ 17 %). Core GeoB21845-3 (NT slope) has relatively higher calcite (carbonate) 
and chlorite content. Note that the JT slope samples, especially GeoB21810-3, contain 
significant amount of amorphous opal or volcanic glass, which is not observed in the NT slope 
sample.  
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Table 2.3. Mineral composition measured by X-Ray Diffraction analysis. Individual mineral contents are expressed as percentages of bulk materials. 
“Other components” include mineral species in abundances < 4 % not listed in previous columns 

 

Core ID / 
sample depth 
interval (cm) 

Quartz 
(%) 

Plagioclase 
(%) 

K-
feldspar 

(%) 

Calcite 
(%) 

Expandable 
Clays (Smectite 

& 
Montmorillonite 
& Mixed-layer 

Clay) (%) 

Illite 
& 

Mica 
(%) 

Kaolinite 
(%) 

Chlorite 
(%) 

NaCl 
(%) 

SiO2 nearly 
amorphous 

(Opal, 
Glass) (%) 

Other 
components 

(%) 

Error (relative 
%) ± 1 ± 2-5 ± 2-5 ± 1 ± 5-10 ± 5 ± 2-5 ± 2-5 ± 1 ± 5-10  

GeoB21810-3 
/ 424-429 16.2 20.6 5.1 0.5 1.6 15.2 4.8 2.5 4.1 20.6 8.8 

GeoB21815-3 
/ 441-451 17.7 22.3 10.4 0.5 6.1 23.6 3.1 3.0 1.3 2.5 9.5 

GeoB21818-3 
/ 440-445 23.9 24.8 8.1 2.1 3.4 13.8 4.3 5.4 2.2 8.2 3.8 

GeoB21845-3 
/ 359-364 29.7 13.3 3.3 11.9 5.3 16.9 3.0 9.0 1.8 0.0 5.8 
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2.3.4. CT scans and microscopic observation 

 

Fig. 2.4 show the CT-scans of core GeoB21810-3 (Japan Trench slope) and GeoB21845-3 
(Nankai Trough slope). It can be seen that GeoB21845-3 is in general denser than 
GeoB21810-3, and that both cores present evidence of strong bioturbation. 

SEM images (Fig. 2.5) reveal that the Japan Trench slope is rich in diatoms, whose shapes 
are mostly centric. For core GeoB21810-3, it was the easiest to observe full-shape diatoms 
from the shallow sample (10 – 15 cmbsf). At deeper depth (424 – 429 cmbsf), small diatoms 
can still be found in full-shape, but bigger diatoms are broken into fragments. SEM images 
are also available on other JT slope cores, and demonstrate similar results (Supplementary 
Fig. 2.2). At the site GeoB21845 (Nankai Trough slope), fragments from big diatoms are still 
observable, but are far less abundant than the JT slope. A few foraminifera are observable 
(e.g. Fig. 2.5L), which possibly contribute to the higher calcite content of the NT slope than 
the JT slope (Table 2.3). A list of sampling locations of all cores for SEM analysis are given in 
Supplementary Table 2.4. 

 



CHAPTER II – MANUSCRIPT 1: PROFOUNDLY ENHANCED SEISMIC 
STRENGTHENING BY DIATOMS OFFSHORE NORTH-EASTERN JAPAN 

Page 37 

 

Fig. 2.4. CT scans of the Japan Trench slope core GeoB21810-3 and the Nankai Trough slope core 
GeoB21845-3. Scale: black = CT number 300; white = CT number 1000. Black patches indicate less 
dense materials, suggesting bioturbation. Locations of selected sites for SEM analysis are marked in 
letters A-L. 
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Fig. 2.5. SEM analyses on cores GeoB21810-3 (A–H; Japan Trench slope core) and GeoB21845-3 (I–
L; Nankai Trough slope core). a) machinery configuration. Powder and solid samples are placed on 
the sample holders and shot by an electron beam from the top. b) SEM images analyzed at 2 locations 
on each core, 4 locations in total (see Fig. 2.4). ABCD: centric diatoms as big as ~ 220 μm in diameter 
and smaller ones can be preserved in almost full-shape at this shallow depth (~ 12.5 cmbsf). EFGH: 
only small diatoms can be observed in full-shape. Fractures of bigger diatoms are observable. IJ: 
Traces of fractured diatoms are observable, but are far less abundant than on the Japan Trench slope. 
KL: Traces of diatom fractures and shells of foraminifera are observable. 

 

2.3.5. Undrained shear strength 

 

Fig. 2.6 presents the undrained vane shear strength with depth of i) the JT slope cores 
containing diatomaceous muds (GeoB21810-1, GeoB21815-1, GeoB21818-1), ii) the NT 
slope core GeoB21845-1 containing mainly clayey-silt, and iii) the IODP active margin sites 
published in Sawyer and DeVore (2015). These data show that the strength of the 
diatomaceous muds from the Japan Trench slope sediments drastically exceeds the strength 
of sediments from world-wide active margins, which is 40 – 100 % of the effective 
overburden stress. The diatomaceous muds exceed this strength by a factor of up to 10. Yet, 
Fig. 2.6 also shows that the shear strength values of the NT core GeoB21845-1 coincide with 
the values measured on the nearby reference site C0001. Fig. 2.6a presents data in the depth 
range from 0 – 5 mbsf and Fig. 2.6b presents the same data in the range from 0 – 50 mbsf in 
order to illustrate the variability of undrained shear strength values at active margins down 
to a depth more relevant for landslide nucleation.  
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Fig. 2.6. Vane-shear measurements of undrained shear strength (Su) with depth. Data shown by gray 
curves represent the shear strength values from active margins published in Sawyer and DeVore 
(2015). Gray-shaded areas indicate ratios of undrained shear strength to effective overburden stress 
(Su /σ’v0) in the range of 0.4 – 1 which is considered typical for seismically strengthened sediment 
along active margins (Sawyer and DeVore, 2015). 

 

2.3.6. One-dimensional consolidation  

 

The excess in undrained shear strength is evaluated in terms of overconsolidation in one-
dimensional consolidation tests. The results validate and quantify the observation made by 
means of undrained shear strength (Fig. 2.6). Typical e vs. σ’n relationships (Fig. 2.7) show 
that the void ratio decreases with increasing overburden stress and increases slightly during 
rebound phases. The initial void ratios of the whole-round core samples tested in one-
dimensional consolidation are similar to the values of void ratio from measurements on split 
cores (Fig. 2.3f). What is striking to these data is that the samples from the Japan Trench 
slope area present very high preconsolidation stresses. σ’pc ranges from a minimum of 21 
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kPa at 0.1 mbsf in core GeoB21810-3 to a maximum of 117 kPa at 2.6 mbsf in core 
GeoB21818-3. When converted to corresponding depths in mbsf (Fig. 2.7) using the bulk 
density data given in Fig. 2.3, the preconsolidation stresses suggest that the shallow samples 
from a depth ≤ 0.5 mbsf experienced a load corresponding to an additional burial depth of 5 
to 10 m (the “in-situ” stress is assumed hydrostatic). The deepest samples of each Japan 
Trench slope core have experienced a load corresponding to an additional burial depth of ~ 
20 m. Hence, the corresponding calculated additional load generally increases with depth, i.e. 
the difference between the preconsolidation stress and the in situ overburden stress 
increases. In comparison to the Japan Trench slope cores, the test done on GeoB21845-3 
(Nankai Trough slope) at 3.5 mbsf also shows higher preconsolidation stress suggesting an 
additional burial depth of ~ 6 m, but this contrast is much smaller than that of the deepest 
Japan Trench slope samples (~ 20 m).  

Table 2.4 provides a summary of the results. The reason for writing “apparent” in front of 
the preconsolidation stress will be discussed in section 2.4.1. The compression index (Cc) is 
calculated from the nearly linear part of the virgin compression line at high stress level. Table 
2.4 shows that Cc decreases with increasing sampling depth in the core GeoB21810-3, but 
this trend is not obvious in other cores. 

The “apparent” overconsolidation ratio (OCR) is defined as the ratio of the “apparent” 
preconsolidation stress (σ’pc) to the vertical effective stress under hydrostatic condition 
(σ’v0): 

OCR = σ’pc / σ’v0                                                            eq.(2.8) 

It can be seen from Table 2.4 that OCR is generally very high at shallow depth, and decreases 
with sampling depth. 
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Fig. 2.7. Void ratio (e) versus effective normal stress (σ′n) (log scale) curves from one-dimensional 
consolidation tests. Preconsolidation stress σ′pc is deduced after Casagrande (1936) (filled triangles). 
Empty triangles indicate the effective overburden stress (σ′v0) at sampling depth assuming 
hydrostatic pore water pressure. Numbers on the top of the triangles indicate sampling depths on 
whole-round cores, and the calculated depths in mbsf derived from preconsolidation stresses.  
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Table 2.4. Oedometer test results. σ′v0 : vertical effective stress under hydrostatic condition, σ′pc : 
“apparent” preconsolidation stress, OCR: “apparent” overconsolidation ratio, Cc: compression index 

Core ID / sample depth 
interval (cm) 

Correlative depth on the 
respective split core (cm) 

σ′v0 
(kPa) 

σ′pc 
(kPa) 

 
OCR 

 
Cc 

GeoB21810-3 / 10-15 -34.0* 0.4 21 53 1.18 

GeoB21810-3 / 54-59 6.9* 2.2 43 20 1.13 

GeoB21810-3 / 419-424 346.4* 16.8 100 6 0.96 

GeoB21815-3 / 51-56 39.9† 2.4 39 17 0.77 

GeoB21815-3 / 161-166 148.8† 7.4 89 12 0.70 

GeoB21815-3 / 366-371 351.7† 16.6 110 7 0.76 

GeoB21818-3 / 100-105 77.3‡ 5.2 80 16 0.55 

GeoB21818-3 / 260-265 184.5‡ 13.4 117 9 0.56 

GeoB21845-3 / 344-349 239.0§ 24.6 70 3 0.21 

* according to eq.(2.4)  

† according to eq.(2.5)  

‡ according to eq.(2.6)  

§ according to eq.(2.7)  

 

2.3.7. Sediment age and accumulation rates 

 

Fig. 2.8a shows the age models determined by both petrographic analysis of tephra layers 
and radiocarbon dating. Data are available in Supplementary Tables 2.2 and 2.3. In core 
GeoB21810-1, tephra layers at 1.49, 2.99, and 3.66 mbsf likely correlate to “Towada-
Hachinohe (To-H)”, “Towada-Ofudo (To-Of)”, and “Shikotsu pumice fall deposit 1 (Spfa-1)”, 
respectively. Their ages are To-H: ~ 15.7 ka (Ikehara et al. 2013), To-Of: 29.0 – 29.6 ka BP 
(Aoki and Arai, 2000), and Spfa-1: 39.5 – 40.1 ka BP (Aoki and Arai, 2000). A tephra layer is 
identified at 2.14 mbsf on GeoB21818-1, and is correlated to “Aso-4” with the age of 85 – 90 



CHAPTER II – MANUSCRIPT 1: PROFOUNDLY ENHANCED SEISMIC 
STRENGTHENING BY DIATOMS OFFSHORE NORTH-EASTERN JAPAN 

Page 44 

ka BP (Machida, 2000). The oldest dated horizon of GeoB21815-1 (4.40 mbsf) likely 
correlates to a well-documented tephra called “Toya” with an age of 112 – 115 ka BP, which 
was independently determined based on onshore stratigraphy and offshore record in the 
Japan Sea sediments (Machida and Arai, 2003). The petrographic analysis of tephra samples 
was also applied in the Nankai Trough slope core GeoB21845-1, and 60 from 66 analyzed 
glass shards from the shallower tephra layer (2.80 mbsf) suggested that it corresponds to a 
widespread tephra around Japan called “Aira-Tanzawa (AT)”, while 6 shards are 
contaminated or mixed from unknown sources. AT has an age of 29.428 – 30.148 ka BP in 
Lake Suigetsu chronology (Smith et al., 2013). The deeper layer (3.73 mbsf) is likely 
correlated to “Aira-Iwato (A-Iw)” that occurred offshore Shikoku slope basin, and its 
suggested age is around 58.0 ka BP (Ikehara et al., 2006).  

The obtained radiocarbon and tephra ages are generally in agreement and show a consistent 
increase in age with depth suggesting an overall continuous sediment accumulation except 
for core GeoB21818-1 (Fig. 2.8). On the Japan Trench slope, the average sediment 
accumulation rates, calculated using linear regressions, are 13.3 cm/ka (GeoB21810-3 and -
1), 5.0 cm/ka (GeoB21815-1), and 1.7 – 6.7 cm/ka (GeoB21818-1). For core GeoB21818-1, 
the large change in calculated sedimentation rate between 1.4 and 2.1 m could be caused by 
a hiatus in the sequence (see sections 2.4.1 and 2.4.2; Supplementary Fig. 2.5). The 
accumulation rates on the Nankai Trough slope inferred from GeoB21845-1 are 3.3 – 12.6 
cm/ka (assuming 1 m of coring overshoot on top of the core, Fig. 2.2d). The value for the 
lower part of the section (3.3 cm/ka) is similar to the average accumulation rate deduced on 
core C0001 (3.2 cm/ka) over the top 11 m (Fig. 2.8b), but considerable scatter in the ages 
compared to the simple regression fit indicates significant variations in sediment 
accumulation rate. Moreover, as shown in Kinoshita et al. (2009), biostratigraphic age 
determination has a considerable error range with depth.  

The regressions based on data from the Japan Trench slope cores extrapolate to negative 
depth values on attempting to intersect the origin of axes (theoretically 0 depth, 0 age). This 
is likely partly due to the reservoir effect, as previous core top radiocarbon dates and 
comparisons of tephra ages and radiocarbon dates on bulk organic matter suggest that bulk 
organic carbon in the Japan Trench is on average 2,000 years older than its depositional age 
(Ikehara et al., 2016; Bao et al., 2018). However, our top core radiocarbon ages are much older, 
i.e. ranging between circa 8,000 to 25,000 14C years BP (Fig. 2.8; Supplementary Table 2.2). 
Thus, taking into account the respective average sedimentation rates, it is likely that the top 
ca. 1 meter of surface sediment was not cored, which is supported by the vertical offsets 
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found in the correlation of two cores on each site (i.e. split and whole-round sections; Fig. 
2.2). In addition, the tephra analysis indicates that the deepest analyzed tephra sample of 
core GeoB21810-3 (4.45 mbsf sampling depth, 3.68 mbsf correlative depth by eq.(2.4)) and 
GeoB21810-1 (3.66 mbsf) correspond to the same eruption (Spfl), which corroborates our 
correlation and inferred offsets between double cores at the same locations (Fig. 2.2).  

 

 

Fig. 2.8. Sediment ages and inferred linear regression lines (dashed lines) used for sediment 
accumulation rate assessments for sediment cores GeoB21810-3, GeoB21810-1, GeoB21815-1, 
GeoB21818-1 and GeoB21845-1 (abbreviations used in the legend: 10-3, 10-1, 15-1, 18-1 and 45-1, 
respectively). Results include radiocarbon dating of bulk organic fraction (C) and tephra chronology 
(T). Data obtained from the whole-round core GeoB21810-3 are plotted at correlative depths on the 
split core GeoB21810-1 with parentheses. a) the results with extrapolated regression lines used to 
assess the amount of missing core top sediments. For core GeoB21845-1, it is assumed that 1 m was 
uncored (based on correlation of magnetic susceptibility data, see Fig. 2.2). b) the new data 
compared to biostratigraphic ages at site C0001 (Kinoshita et al. 2009). 
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2.4. Discussion 

 

2.4.1. The enigmatic state of consolidation 

 

The results of both undrained shear strengths (Fig. 2.6) and one-dimensional consolidation 
tests on samples from the Japan Trench slope (Fig. 2.7) suggest that these sediments are 
strongly overconsolidated. In fact, the overconsolidation exceeds the state expected along 
other active margins (Sawyer and DeVore, 2015). In the geological context, overconsolidation 
can be “true” and related to removal of previous loads induced by e.g. ice sheets (Boulton and 
Dobbie, 1993; Sauer et al., 1993) or sediment overburden (Baltzer et al., 1994; Lee and 
Baraza, 1999; Sultan et al., 2004; Dan et al., 2007; Lafuerza et al., 2012; Wiemer et al., 2015). 
Taking into account the geographical position and the water depth of coring sites (> 3 km), 
the possibility of an ice sheet loading can be excluded. Moreover, evidence of recent 
landslides, which could cause removal of thick sediment cover and explain the high 
preconsolidation stresses, is missing for two reasons: a) bathymetric data do not reveal head 
scarps (or side scarps) of ~ 20 m in height, and b) preconsolidation stress increases with 
depth more than is to be expected from the additional sediment load (Fig. 2.7), which hints 
towards a process that evolves with time and sediment burial. We thus propose seismic 
strengthening as the process governing the strong increase in strength. Hence, the 
overconsolidation state must not be regarded as “true”, but as “apparent”, i.e. the 
overconsolidated sediments have never really experienced the corresponding effective 
preconsolidation stress as deduced from the one-dimensional consolidation tests. Apparent 
overconsolidation typically occurs within the uppermost sediment cover of 0 – 5 m and may 
be related to strengthening by currents and wave action, interparticle bonds, bioturbation 
and/or seismic shaking (e.g. Sultan et al., 2000; Sawyer and DeVore, 2015).  

Yet, although apparent overconsolidation may be “typical” within the upper 0 – 5 mbsf, we 
are confronted with unusually high values of overconsolidation in the Japan Trench slope 
area. All the factors that may play a role for apparent overconsolidation are evaluated for 
both the Japan Trench slope area as well as the Nankai Trough slope:  

i) The cores were all taken at water depth > 2 km which is beyond the depth of wave 
action influence during storms (Dean and Dalrymple, 1991).  
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ii) Interparticle bonds should intuitively increase with clay content, or perhaps 
carbonate cementation (e.g. Locat et al., 2003). Since GeoB21845-1 (NT slope) 
contains the largest amount of clay size particles and the highest calcite content of all 
cores, yet presents the lowest difference between preconsolidation and in-situ 
overburden stress, cohesion-related interparticle bonds could not be the major 
contributor to shear strength increase.  

iii) Strong bioturbation was detected in X-ray CT (computed tomography) scans 
throughout the cores GeoB21810-3 (JT slope) and GeoB21845-3 (NT slope) (see Fig. 
2.4), which excludes bioturbation as explanation for the difference in shear strength 
and preconsolidation stress (e.g. Lee et al., 2007) observed in the two areas.  

iv) The process of seismic strengthening should be a function of a) seismicity and b) the 
susceptibility of sediment to seismic strengthening.  

However, there is no evidence for major difference in seismicity in the two study regions, 
given that both exhibit a long history of recurrent strong megathrust earthquakes, caused by 
high plate convergence rates (6.5 – 8.3 cm/a; Fig. 2.1) and a generally strong interplate 
coupling along the subduction megathrusts (Ito et al., 2000; Kimura et al., 2019). Satake 
(2015) indicated that there is a variety of sizes and recurrence intervals of interplate 
earthquakes along the subduction zones around Japan, making it difficult to define a simple 
“characteristic earthquake” for each subduction zone. Along the Japan Trench off northern 
Honshu, it is inferred from historical records and tsunami deposits that giant (M ∼ 9) 
earthquakes similar to the 2011 Tohoku Earthquake have an average recurrence interval of 
approximately 600 years, whereas great (M ∼ 8) earthquakes have an average recurrence 
interval of approximately 100 years (Satake, 2015). Along the Nankai Trough off western 
Japan, recurrence of great earthquakes with an interval of approximately 100 years has also 
been identified from historical literature, although paleo-tsunami deposits indicate 
important variability in earthquake size (Satake, 2015). Yet, the Japan Trench sediments are 
significantly stronger than the sediments from any other active margin site (Fig. 2.6) 
presented in Sawyer and DeVore (2015), covering multiple subduction zones with variable 
seismic activity, namely Nankai (IODP Site C0001), Cascadia (Site U1329), and Costa Rica 
(Sites 1039 and U1414). We therefore consider it unlikely that differences in seismicity are 
the primary explanation of the profoundly elevated Su and σ’pc on the Japan Trench slope.  

Since phyllosilicate mineral content may directly control frictional strength (e.g. Ikari et al., 
2011), we conducted XRD analysis to evaluate if there is a relationship between frictional 
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behavior and mineralogy considering the amount of phyllosilicates (Table 2.3). As we do not 
observe significantly less phyllosilicate content (particularly illite and mica) in the JT slope 
samples than the NT sample, we cannot relate the higher strength and frictional coefficient 
to the phyllosilicate content (Fig. 2.6, Table 2.2 and Table 2.3). In Supplementary Fig. 2.7, 
sensitivity derived from remolded shear strength generally fall between 2 – 8 for all the sites, 
thus cannot be a dominant control of the different shear strength in the two study areas, 
either. 

Fig. 2.9a presents the same data as in Fig. 2.6, yet the undrained shear strength values of the 
Japan Trench slope and Nankai Trough slope cores are shifted down by 20 m and 6 m 
respectively, as suggested by one-dimensional consolidation test results (Fig. 2.7). Fig. 2.9a 
shows that our depth-shifted undrained shear strength values fall in the expected range for 
active margins. This indicates that our results from shear strength measurements and one-
dimensional consolidation tests are consistent with each other. However, the geotechnical 
data are inconsistent with geological evidence. Given the fact that the age-depth models are 
continuous (Fig. 2.8), it may be excluded that the sediment has been buried down to some 
additional 20 m (with an exception of GeoB21818, where a hiatus in the sedimentary record 
cannot be excluded (Fig. 2.8)). The coring effect (section 2.3.1 and Fig. 2.2) which may have 
led to overshoot by 1 m, as also suggested by sediment ages (Fig. 2.8), does not explain the 
observed overconsolidation corresponding to a burial depth of some additional 20 m either. 
Considering a shift of 1 m down (Fig. 2.9b), the undrained shear strength of the Japan Trench 
sediments still exceeds the range of seismically strengthened sediments from other 
subduction zones.  

Several studies proposed that high sedimentation rates may counteract the influence of 
seismic strengthening in several ways (ten Brink et al., 2016; Sawyer et al., 2017). Firstly, a 
high sedimentation rate leads to a relatively young sediment age at a given depth, which thus 
has been subjected to fewer earthquakes than a same sequence depth in a low-
sedimentation-rate site. Secondly, high sedimentation rates of fine-grained material may 
induce excess pore pressure inhibiting the (static and dynamic) consolidation process 
(Dugan and Sheahan, 2012). This mechanism was proposed to explain the relatively low Su 
values (i.e. comparable to passive margins) for sediment cores of the active margin south of 
Alaska where the average sedimentation rate is about 158 cm/ka in the top 25 mbsf (Jaeger 
et al., 2014; Sawyer et al, 2017). As our sediment cores exhibit much lower sedimentation 
rates (1.7 – 13.3 cm/ka), excess pore pressure due to rapid sedimentation is highly unlikely, 
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and the role of sedimentation rate is limited to determining the sediment age at a given depth 
and thus the number of earthquakes it experienced.  

It has to be noted that the calculated sedimentation rates of the slope sequences are a 
function of i) sediment accumulation on the ocean floor, ii) static and dynamic compaction, 
and iii) the (possible) repeated removal of the topmost few centimeters due to strong 
earthquake shaking (e.g. McHugh et al., 2016). Evidence of the latter was found by Molenaar 
et al. (2019) in a surface core (15 cm long) at site GeoB21818. Here, small temporal gaps 
within the stratigraphic sequence, as unraveled by excess 210Pb profiles, correspond to ages 
of the largest (Mw > 8) historical earthquakes near the coring site (Molenaar et al., 2019). 
Moreover, the decrease of sedimentation rate at site GeoB21818-1 from 1.3 m downwards 
may be explained by a change in the balance between sediment accumulation and 
remobilization related to strong seismic shaking or a larger hiatus between the two lowest 
ages.  

 

 

Fig. 2.9. Variation of undrained shear strength (Su) with depth. Gray curves are data after Sawyer and 
DeVore (2015) displaying undrained shear strength from active margins in the ODP and IODP data 
archives. See Fig. 2.6 for further explanations. a) the Japan Trench slope data plotted assuming the 
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top core to be at 20 meters sediment depth, and Nankai Trough slope at 6 meters depth. These depths 
are the suggested equivalent depths of the maximum past effective overburden stresses derived from 
the oedometer tests (see Fig. 2.7). b) the data plotted assuming that the cores miss 1 meter of the 
core top sediments as inferred from the extrapolated accumulation rates (see Fig. 2.8a). Note that 
these figures visualize stress ranges only if past sediment removal is real; however, it is proposed in 
the main text that real sediment removal is unlikely.   

 

2.4.2. The influence of diatoms on seismic strengthening 

 

In comparison to the Nankai Trough slope, we consider that the main difference in sediment 
properties at the Japan Trench slope is the high content of diatoms, as indicated by the 
biogenic opal values and observations on smear slides (Fig. 2.3g and Supplementary Figs. 
2.3 – 2.5). We thus hypothesize that seismic strengthening is more “effective” on 
diatomaceous mud than on hemipelagic silt or clay.  

Diatoms typically have rough surfaces, low densities, a high absorptive capacity, a large 
surface area, and are abrasive (Round et al., 1990). The void space of a single diatom frustule 
is as high as 60 – 70 % (Losic et al., 2007), which explains higher natural void ratios and 
lower bulk densities of the Japan Trench slope cores when the determined biogenic opal 
contents are higher (Fig. 2.3f, 2.3e, and 2.3g).  

From XRD analysis, the high shear strength of the JT slope samples is likely contributed by 
the presence of the amorphous SiO2, e.g. diatoms and volcanic glass (Table 2.3). Although 
unlike crystalline forms of silica, the amorphous character of opal makes this type of material 
inevitably more difficult to quantify with XRD method, the different amount between the JT 
slope and NT slope can still be distinguished. The high SiO2 measured at GeoB21810-3 might 
be influenced by the very high amount of volcanic glass at that depth (Supplementary Fig. 
2.3).    

The influence of diatoms on the geotechnical properties of sediment are extensively 
documented in Wiemer et al. (2017) and the literature cited therein. Almost all the 
observations made on generic samples in Wiemer et al. (2017) are validated here on the 
natural samples from the Japan Trench slope and the Nankai Trough slope areas. By 
comparing the index properties obtained from the reconstituted samples in Wiemer et al. 
(2017) who mixed a customized clayey-silt with different amount of diatomaceous earth, the 
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Japan Trench slope sediments in our study are expected to contain 0 – 25% diatoms in weight 
(Table 2.1). Moreover, Table 2.2 shows that the angles of internal friction of the Japan 
Trench slope materials (φ’ = 32° – 33°) are similar to the typical angle of internal friction of 
silica (quartz) sand (33°). 

Due to the porous structure and uneven surface of diatom frustules (Fig. 2.5, 
Supplementary Fig. 2.2), diatoms take up a significantly larger percentage of volume (hence 
larger particle contact surfaces) in the sediment texture than expected from their weight % 
(given their low grain densities as shown in Fig. 2.3c). While the alkaline extraction 
procedure shows that the Japan Trench slope sediments have ~ 15 % biogenic opal in weight 
(Fig. 2.3g), the semi-quantitative planimetric smear slide analyses reveal that biogenic silica, 
formed primarily by diatoms and secondarily by sponge spicules, takes up considerably more 
space (~ 25 %) in area (Supplementary Figs. 2.3 – 2.5). On the contrary, biogenic opal 
determined on GeoB21845-1 (Nankai Trough slope) is about 7.5 % in weight, while smear 
slides only show ~ 8 % biogenic siliceous materials in area, and the lithology is rather 
homogeneous throughout the core (Supplementary Fig. 2.6).  

In the alkaline extraction method, silica content related to detrital material is corrected using 
the measured Al concentration (assuming this is directly derived from detrital material 
dissolution) with a correction factor of 2 (ratio 2Si : 1Al) as described in section 2.2.7. This 
correction factor is based on the common assumption that leached detrital silica originates 
mainly from montmorillonite, a common clay mineral that most easily dissolves during 
alkaline leaching (Müller and Schneider 1993; Koning et al. 2002; Ohlendorf and Sturm 
2008). However, strong input of other silica-containing materials with different Al : Si ratios 
could lead to under or over-estimation of biogenic silica content. This could explain the 
possible over-estimation of biogenic opal content (weight %) at 3.5 mbsf in core GeoB21810-
1 (Fig. 2.3g) where volcanic glass becomes more abundant (Supplementary Fig. 2.3). 
However, despite these uncertainties in the absolute amount of diatoms, the main relative 
differences between the Japan Trench slope and Nankai Trough slope remain significant. 

Static drained direct shear test and dynamic undrained triaxial test results from Wiemer and 
Kopf (2017) show that incorporating 25 weight % of diatoms in a clayey-silt sediment 
strongly alters the mechanical behavior, resulting in higher static shear strength and lower 
strain-softening potential when shaken. Particle interlocking of these biogenic siliceous 
materials might lead to a high friction angle and is a favored explanation for the high rates of 
strength increase on the Japan Trench slope (Table 2.2; Fig. 2.6). Wiemer et al. (2017) also 
conducted one-dimensional consolidation tests without real preconsolidation, and found 
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that when the proportion of diatoms increases, the compression index (Cc) increases with 
σ’n during loading. They stated that diatoms alter geotechnical properties to an extent that 
the preconsolidation stress may not be well-inferred from common consolidation state 
analysis because the change of data curvature (passage from recompression to the virgin 
consolidation) is affected not only by overburden, but also by particle crushing of diatom 
frustules. As a result, the observed change in the data slope calculated by the Casagrande 
(1936) method does not represent its true preconsolidation stress due to the overburden in 
the past. This statement is herein supported by data on natural samples on the Japan Trench 
slope, indicating that one-dimensional consolidation data alone (Fig. 2.7a,b,c) may lead to 
false interpretation of maximum burial depth in the past because of the systematic “apparent” 
oversonsolidation. Therefore, interpretation of one-dimensional consolidation data obtained 
from diatomaceous sediments requires high precaution, and needs to be assessed together 
with age determination (Fig. 2.8).  

It can be seen from SEM (Fig. 2.5, Supplementary Fig. 2.2) and smear slides 
(Supplementary Figs. 2.3 – 2.5), that diatoms are crushable into smaller fractions, 
consistent with Wiemer et al. (2017) who measured a significant reduction of grain size after 
oedometer loading. Despite the possible shrinkage of the pores and sediment structure by 
air-drying, microscopic images in Fig. 2.5 illustrate what a powder and what an impregnated 
silty matrix with diatom fragments in it look like. The images demonstrate that the 
fragmentations are present, and are partly (to almost fully) masked by the silt matrix. At 
shallow depths like 1 mbsf, diatoms are protected in the silt matrix. At deeper depths like 4 
mbsf, diatoms may be broken not only by consolidation, but also by previous cyclic shear 
stress during seismic ground motion. The sample taken at 4.4 mbsf from GeoB21818-3 for 
SEM analysis (Supplementary Table 2.4, Supplementary Fig. 2.2) is the oldest sample, and 
also the most broken sample in terms of diatom microfossils among all the SEM samples. Its 
age might be around 142 ka BP (extrapolation from Fig. 2.8 at 3.1 mbsf correlative depth). 
Although it is not deeper than the sample taken at 4.5 mbsf from GeoB21815-3 (estimated 
age: 112 ka from Fig. 2.8 at 4.3 mbsf correlative depth), it likely suffered 300 more M ~ 8 
earthquakes if we assume a recurrence interval of 100 years (Satake, 2015).   

The increased apparent preconsolidation stress with depth (Fig. 2.7a,b,c) may be partly 
explained by the continuous particle crushing during loading, influenced by the highly 
variable sizes of diatom species, particle interlocking, and surface roughness. Due to the 
crushable nature, fresh diatomaceous mud exhibits higher compressibility (i.e. higher Cc) 
compared to hemipelagic clay or silt. Once the diatoms start to crush, a high Cc is favorable 
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for seismic strengthening because it facilitates sediment compaction and an increase in the 
grains’ contact surfaces, leading to even higher frictional shear strength after seismic shaking 
and/or sediment accumulation. Shiwakoti et al. (2002) also proposed that large Cc caused 
by diatoms is due to a combination of breakage of structural bonding, crushing of diatom 
skeletons, and subsequent particles rearrangement. During the consolidation process, the 
prominent mechanism changes from compression to crushing at larger stress. This transition 
to crushing (the “apparent” presonsolidation stress) is delayed when the sample is at greater 
depth (Fig. 2.7, Table 2.4). It may indicate that part of the diatoms were already crushed, 
and an even higher stress level is needed to further crush the remaining parts. Another cause 
may be the increase of bonding forces of older sediments (see section 2.4.3 below). 

Wiemer et al. (2015) and Wiemer and Kopf (2017) showed that diatomaceous ooze and 
diatomaceous earth can build up excess pore water pressure when shaken, which makes 
them behave more similar to sandy (granular) material under cyclic loading conditions, and 
contrasts to (cohesive) clayey-silt which is more susceptible to strain-softening type of 
failure. Pittenger et al. (1989) proposed that high permeability of diatoms at low overburden 
stress and slow rate of deposition allows rapid drainage of excess pore water, which 
facilitates the development of apparent overconsolidation in surficial sediments. Hence, 
facile sediment dewatering and enhanced grain interlocking after seismic shaking may 
support effective seismic strengthening in the Japan Trench slope sediments. 

 

2.4.3. The age dependency of seismic strengthening 

 

As older sediments experienced more earthquakes, the “magnitude” of seismic 
strengthening is expected to be age − and thus deposition rate − dependent. In Fig. 2.3g, 
cores GeoB21815 and GeoB21810 display similar biogenic opal content, but GeoB21815 has 
sediments of higher undrained shear strength (Fig. 2.6), probably because they are older 
than in GeoB21810 at comparable subsurface depths (Fig. 2.8), thus providing a larger 
cumulative effect of repeated seismic strengthening. Although core GeoB21818 has lower 
biogenic opal content than cores GeoB21810 and GeoB21815 (Fig. 2.3g), its sediments 
present the highest strength among all the cores, which may be caused by the oldest age 
determined below 2 mbsf (Fig. 2.8) and the highest sand-sized fractions in the core (Fig. 
2.3b). Since diatomaceous mud exhibits geotechnical properties similar to granular 
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materials, higher initial particle size may exhibit higher shear strength due to higher sliding 
resistance between the grains’ contact surfaces, as demonstrated by e.g. Islam et al. (2011).  

Table 2.5 summarizes all information obtained previously, and picks out two pairs of cores 
GeoB21810-3 and GeoB21815-3 for comparison. Each pair of the samples have very similar 
depth, vertical effective stress under hydrostatic condition, void ratio under hydrostatic 
condition, grain size distribution, and diatom content. In both pairs, the core GeoB21815-3 
has higher undrained shear strength, which may be contributed by its higher sediment age. 
It was observed from the SEM images that the older the sample is, the more broken the 
diatoms are. Although OCR is similar, Cc is generally lower in the case when the sediment’s 
age is higher, indicating that the diatoms were already partially broken by more earthquake 
events, and cannot contribute to much more crushing and reduction of void ratio than a more 
recent sample. Our results indicate that seismic shaking can break the diatoms even when 
the depositional in-situ stress is low, because repeated loading takes place in both 
contractional and extensional domains, and the sediment’s shear resistance is usually 
smaller in the extensional domain. 

The age-dependency was also evaluated in Moernaut et al. (2020), where they found more 
consistent trends (i.e. lower variability in the trend line slope) when normalizing the 
undrained shear strength profiles of the Japan Trench margin and Chilean lakes over their 
sediment age instead of over their overburden stress. As older sediments experienced more 
earthquakes, this dependency of sediment’s shear strength on its age forms a new argument 
supporting the hypothesis of seismic strengthening.  

Interestingly, sediment age and number of earthquakes cannot explain the significant 
difference in shear strength between the Nankai Trough slope and the Japan Trench slope. 
For example, cores GeoB21845-1 (Nankai Trough slope) and GeoB21810-1 (Japan Trench 
slope) exhibit very similar sedimentation rate in their upper ~ 2.8 m, yet the latter shows Su 
values of ca. 30 % higher, which can be explained by the higher diatom content and its 
strengthening effect. Altogether, we consider sediment age (and thus sedimentation rate) as 
a key parameter for the “magnitude” of seismic strengthening, whereas the diatom content 
(or other special lithology) forms the dominant parameter governing the “effectiveness” of 
seismic strengthening on active margin sediments.  

Strength of older sediments might also increase by a phenomenon called “aging”. Different 
laboratory experiments reported a slight increase in strength and stiffness over time, which 
can be explained by the growing of cohesive bonds at the contact points between the particles, 
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or dispersive particle movements and internal stress arching under drained conditions 
(Schmertmann, 1991; Dieterich and Kilgore, 1994; Gassman et al, 2004). These cohesive or 
frictional effects lead to greater soil resistance against shear deformation. However, since 
there is a lack of research on aging in our study areas, the role of this effect remains an open 
question for future studies.  

 

Table 2.5. Comparison pairs of the cores GeoB21810-3 and GeoB21815-3 with similar sediment 
composition but different ages 

 Comparison pair 1 Comparison pair 2 

Core ID / sample 
depth interval (cm) 

GeoB21810-3 
/ 54-59 

GeoB21815-3 
/ 51-56 

GeoB21810-3 / 
419-424 

GeoB21815-3 / 
366-371 

Correlative depth on 
the respective split 

core (cm) 
6.9* 39.9† 346.4* 351.7† 

Clay (%), silt (%), sand 
(%)◊ 

~ 14, 71, 15 ~ 9, 68, 23 ~ 12, 73, 15 ~ 10, 73, 17 

Biogenic opal content 
(wt %)¶ 

18.3 17.7 20.3 ~ 22.3 

Biogenic opal content 
(area %)#◊ 

~ 39 ~ 29 ~ 33 ~ 29 

Vertical effective 
stress under 

hydrostatic condition 
(kPa) 

2.2 2.4 16.8 16.6 

Void ratio under 
hydrostatic condition 

~ 2.86 ~ 2.50 ~ 2.54 ~ 2.55 

SEM observation 
big and small 

diatoms 
small diatoms small diatoms 

mostly 
fragments 

OCR 20 17 6 7 

Cc 1.13 0.77 0.96 0.76 

Age (ka)Δ ~ 10.7 ~ 34.6 ~ 35.0 ~ 96.3 

Su (kPa)◊ ~ 1.7 ~ 5.6 ~ 38.2 ~ 41.5 
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* according to eq.(2.4)  

† according to eq.(2.5)  

◊ interpolation from the nearest data points at correlative depth on the respective split core  

¶ from alkaline leaching method (Fig. 2.3g) 

# from smear slides (Supplementary material 2.E) 

Δ from age regression lines (Fig. 2.8) 

 

2.4.4. The role of diatoms on submarine slope stability 

 

For the Japan Trench slope, the presence of diatomaceous mud reduces the susceptibility of 
submarine landsliding due to i) the high internal friction angle (ϕ‘ ~ 33°, Table 2.2) that 
makes static failure on < 5° slopes (Fig. 2.1) unlikely, ii) the increased effectiveness to be 
strengthened by seismic shaking through time, which results in high undrained shear 
strength exceeding the expected values of active margin sediments (Fig. 2.6), and iii) the low 
bulk density resulting in low downslope shear stress on potentially critical layers, decreasing 
the driving forces for translational slope failure. Therefore, diatoms influence not only the 
sediments’ static parameters, but also their dynamic ones.  

One should also note that although the two regions considered in this study may have similar 
earthquake magnitude and frequencies, they have different sedimentological or geological 
context (see sections 2.1.1 and 2.1.2), which may also influence the presence or absence of 
significant slope failures. A full analysis about this is, however, beyond the scope of this study. 
Another factor to be taken into account is that in-situ shear strength may be underestimated 
by laboratory vane shear experiments because they are close to unconfined conditions (e.g. 
Wiemer et al., 2015). Nevertheless, this paper aims to relatively compare the sediment 
strength of two settings. Since the same sampling method and testing devices were applied 
to all sites, all the samples can be considered to have the same level of sample quality. 

Contrary to our results for sediments from active margins, diatomaceous muds on passive 
margins may not present elevated shear strength values. In fact, due to their high water 
content and compressibility, diatomaceous muds along passive margins can contribute to the 
formation of weak layers and submarine landsliding. For the slope offshore northwest Africa, 
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Urlaub et al. (2018) proposed that rapid decrease in pore space during compaction of 
relatively thin (< 10 m) diatom ooze layers could have induced excess pore pressure. Upward 
drainage of excess fluids was prevented due to a low-permeable clay cap, facilitating slope 
instability and leading to the Cap Blanc slide, which developed 3 glide planes between 69 – 
183 mbsf. In addition, significant amount of excess fluid can be released from the diatoms’ 
intraparticle water once the confining stress exceeds a critical threshold and the particles 
crush (Urlaub et al., 2018). Although Urlaub et al. (2018) suggested that failure may more 
likely take place in the clay cap than in the ooze, the presence of diatom ooze is crucial for 
the formation of the “weak layer” as it provides an effective source of excess pore fluid. Hence, 
diatomaceous muds overlain by a lower permeability material and the lack of frequent 
seismic shaking along passive margins may spare them from breakage, dewatering and 
compaction, leading to usual shear strength values and elevated water contents. Although we 
have not focused on this comparison, our paper provides a first comprehensive explanation 
for the strength duality of diatom-rich sediments deposited along active vs. passive margins. 
However, inspired by Sawyer and DeVore (2015), a comparison of shear strength values of 
diatomaceous muds deposited on more sites along active and passive margins will be 
required in the future.  

 

2.5. Conclusions 

 

Vane-shear measurements show that shallow subsurface Japan Trench slope sediments have 
much higher than expected shear strength for active margins. Our geotechnical approach of 
comparing undrained shear strength data with one-dimensional consolidation tests, direct 
shear tests, Atterberg limit tests and age models allows the identification of “apparent” 
overconsolidation, because “true” overconsolidation is unlikely to be the primary reason to 
induce much of the observed elevated strength.  

Evaluation of possible controlling mechanisms suggests that the elevated shear strength is 
caused by effective seismic strengthening by diatoms, because diatom frustules with ~ 15 % 
in weight enhance particle interlocking, surface roughness, and compressibility after seismic 
shaking. Given their hollow structure, even a modest weight % of diatoms takes up a 
considerable space in the in-situ sediment texture, which significantly alters the mechanical 
properties of sediment. Moreover, the “magnitude” of seismic strengthening is proposed to 
be age-dependent, as older sediments experienced more earthquakes. Microscopic analysis 
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confirms the breakage of diatoms in older sediments, possibly resulting from a combination 
of overburden stress and cyclic stress due to earthquake shaking. An older sample tends to 
demonstrate a smaller compression index, providing a smaller rate of void ratio reduction 
with stress increase. It indicates that during the past earthquake history, part of the diatoms 
was already crushed and compacted. Therefore, the ability of further compaction is no longer 
as high as a freshly deposited sample. 

Our data further attest that laboratory mixtures of diatomaceous earth and clayey-silt 
sediments of Wiemer and Kopf (2017) and Wiemer et al. (2017) are suitable to reconstruct 
natural settings of slope sediments adjacent to the Japan Trench and Nankai Trough (Kumano 
Basin). We conclude that shallow subsurface diatomaceous muds along active margins tend 
to demonstrate profoundly enhanced seismic strengthening that go beyond the expected 
trend suggested by Sawyer and DeVore (2015), resulting in higher slope stability hindering 
shallow submarine landslides. 

 

2.6. Author contributions 

 

G. Wiemer was the main contributor to the early conception and design of this study. T.-W. 
Wu completed the data analysis and the interpretation of the results. 

Geotechnical, SEM and XRD data were acquired by T.-W. Wu, G. Wiemer, A. Roesner, and A. 
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2.9. Supplementary materials  

 

Supplementary material 2.A: 3D bathymetry maps 

 

High-resolution bathymetry of the study area was obtained by two cruises, SO219 (Wefer et 
al., 2014) and SO251A (Strasser et al., 2017). For the cruise SO219 taken place in 2012, the 
EM 120 KONGSBERG multibeam echosounder was operated at 12 kHz. The transducers had 
a nominal opening of 2° in along-track and also across-track directions. The maximum swath 
width used during this cruise was between 120/130°. 

For the cruise SO251 in 2016, the EM 122 KONGSBERG multibeam echosounder was 
operated at 12 kHz. The transducers had a nominal opening of 0.5° in along-track direction, 
and 1° in across-track direction. The maximum swath width was 120°.  
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Supplementary Fig. 2.1. 3D bathymetry maps of the study areas. The figures of GeoB21010 and 
21815 are merged multibeam bathymetry from SO219 (Wefer et al., 2014) and SO251A (Strasser et 
al., 2017). The figure of GeoB21818 is bathymetry from SO251A, and GeoB21845 from SO251B. 
Geographic coordinates are in decimal degrees. 
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Supplementary material 2.B: Biogenic opal analysis 

 

Supplementary Table 2.1. Determination of biogenic opal content by the wet-alkaline extraction 
procedure 

Core ID sample depth or interval (cm) 
correlative depth on the 

respective split core 
GeoB218XX-1 (cm) 

Biogenic opal 
weight (%) 

GeoB21810-1 

29  15.7 

100  15.7 

225  14.3 

350  19.7 

425  15.7 

GeoB21810-3 

10-15 -34.0* 21.7 

54-59 6.9* 18.3 

154-159 99.9* 16.6 

419-424 346.4* 20.3 

GeoB21815-1 

25  12.0 

50  14.7 

122  13.3 

425  9.6 

GeoB21815-3 

51-56 39.9† 17.7 

161-166 148.8† 15.0 

371-376 356.7† 22.5 

GeoB21818-1 

20  11.3 

124  9.6 

224  11.6 

350  13.7 
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424  18.5 

GeoB21818-3 
100-105 77.3‡ 12.0 

260-265 184.5‡ 10.9 

GeoB21845-1 

22  7.9 

115  7.3 

352  7.3 

225  7.4 

GeoB21845-3 349-354 243.7§ 7.4 

* according to eq.(2.4) in the main text section 2.3.1 

† according to eq.(2.5) in the main text section 2.3.1 

‡ according to eq.(2.6) in the main text section 2.3.1 

§ according to eq.(2.7) in the main text section 2.3.1 

 

Supplementary material 2.C: Radiocarbon dating and petrographic analysis of tephra layers  

 

Supplementary Table 2.2. AMS 14C BP (years before AD 1950) dates of bulk organic fraction samples 
and the δ13C of the organic fraction 

Core ID Lab No. 
Sample 
depth 

interval (cm) 

correlative depth on 
the split core (cm) 

14C age (yr 
BP) 

δ13C 

GeoB21810-1 
 7.5-9  10,960 ± 114  

 32.5-34  11,455 ± 130  

GeoB21810-3 
Beta-

491804 
0-10 -41.0* 7,910 ± 30 -21.7 
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Beta-
491805 

44-54 -0.0* 13,240 ± 40 -21.9 

Beta-
491806 

144-154 93.0* 18,400 ± 60 -21.5 

Beta-
491807 

244-254 186.0* 22,530 ± 80 -21.3 

Beta-
491808 

344-354 279.0* 29,540 ± 140 -21.8 

Beta-
491809 

444-454 372.0* 34,960 ± 240 -21.2 

GeoB21815-1 

 7-8.5  24,618 ± 267  

 12-14  28,510 ± 120  

 32.5-34  38,140 ± 1038  

 54-56  37,190 ± 310  

GeoB21818-1 

 6-7.5  18,762 ± 171  

 31.5-33  23,926 ± 256  

 127-131  37,410 ± 310  

* according to eq.(2.4) in the main text section 2.3.1 
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Supplementary Table 2.3. Age information from tephra chronology   

Core ID 

Sample 
depth 

interval 
(cm) 

correlative 
depth on the 

split core (cm) 

Correlation to 
documented 

tephra 
Tephra age (yr BP) 

GeoB21810-1 

148.5-150  To-H? 
15,700 ± ? (Ikehara et al., 

2013) 

298-299.5  To-Of? 
29,300 ± 300 (Aoki and 

Arai, 2000) 

365-367  Spfa-1? 
39,800 ± 300 (Aoki and 

Arai, 2000) 

GeoB21810-3 444-445 367.8* Spfa-1? 
39,800 ± 300 (Aoki and 

Arai, 2000) 

GeoB21815-1 439-440  Toya? 

113,500 ± 
1500 

(Machida 
and Arai, 2003) 

GeoB21818-1 212.5-214.5  Aso-4 
87,500 ± 2500 (Machida., 

2002) 

GeoB21845-1 
 

279-280  
AT (slightly-

contaminated) 
30,009 ± 189 (Smith 

et al., 2013) 

372-373  A-Iw? 
58,000 ± ? 
(Ikehara et 
al., 2006) 

* according to eq.(2.4) in the main text section 2.3.1 
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Supplementary material 2.D: SEM sampling depths and images of cores GeoB21815 and 
GeoB21818 

 

Supplementary Table 2.4. Locations of selected samples taken for SEM analysis    

Core ID 
sample depth 
interval (cm) 

correlative depth on 
the respective split 
core GeoB218XX-1 

(cm) 

Images 

GeoB21810-3 
10-15 -34.0* ABCD in Fig. 2.5 (powder and solid) 

424-429 351.0* EFGH in Fig. 2.5 (powder and solid) 

GeoB21815-3 

51-56 39.9† 
AB in Supplementary Fig. 2.2 

(powder) 

441-451 428.4† 
CD in Supplementary Fig. 2.2 

(powder) 

GeoB21818-3 

100-105 77.3‡ 
EF in Supplementary Fig. 2.2 

(powder) 

440-445 305.1‡ 
GH in Supplementary Fig. 2.2 

(powder) 

GeoB21845-3 
349-354 243.7§ IJ in Fig. 2.5 (powder) 

359-364 253.2§ KL in Fig. 2.5 (solid) 

* according to eq.(2.4) in the main text section 2.3.1 

† according to eq.(2.5) in the main text section 2.3.1 

‡ according to eq.(2.6) in the main text section 2.3.1 

§ according to eq.(2.7) in the main text section 2.3.1 
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Supplementary Fig. 2.2. SEM analyses on cores GeoB21815-3 and GeoB21818-3 (Japan Trench 
slope cores). Analysis was done on powder subsamples from whole-round cores (GeoB218XX-3), and 
their correlative positions are marked as black dots on the split cores (GeoB218XX-1) according to 
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eq.(2.5) and eq.(2.6) in the main text. For the full legend of the lithologic representation, see Fig. 2.3 
in the main text. The shallower sample at GeoB21815-3 has mainly small diatoms, mostly centric and 
a few pennate, while the deeper sample contains mostly fragments. The deeper sample of 
GeoB21818-3 consists of abundant diatom content, but are mostly very broken fragments (the most 
broken among all the sites in this study). 

 

Supplementary material 2.E: Smear slide analysis 

 

Smear slides were analyzed under a polarization microscope in accordance with Rothwell 
(1989) and Marsaglia et al. (2012). Semi-quantitative estimates for biogenic siliceous 
components (i.e. diatoms and sponge spicules), volcanic glass and other components (e.g. 
minerals, pumice, coccoliths) were conducted and described as percentages in area. Tables 
containing data and more information are available in the cruise report (Strasser et al., 2017). 

 

 

Supplementary Fig. 2.3. Lithology and smear slide analysis of the core GeoB21810-1. a) and b) show 
representative smear slides from respective depths (marked with dashed lines). For the full legend 
of the lithologic representation, see Fig. 2.3 in the main text.  
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Supplementary Fig. 2.4. Lithology and smear slide analysis of the core GeoB21815-1. a) and b) show 
representative smear slides from respective depths (marked with dashed lines).  For the full legend 
of the lithologic representation, see Fig. 2.3 in the main text. 
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Supplementary Fig. 2.5. Lithology and smear slide analysis of the core GeoB21818-1. a) and b) show 
representative smear slides from respective depths (marked with dashed lines). For the full legend 
of the lithologic representation, see Fig. 2.3 in the main text. A layer with poorly sorted pumice up to 
gravel size is shown with a photograph on the left. 

 

 

Supplementary Fig. 2.6. Lithology and smear slide analysis of the core GeoB21845-1. a) and b) show 
representative smear slides from respective depths (marked with dashed lines). For the full legend 
of the lithologic representation, see Fig. 2.3 in the main text. 
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Supplementary material 2.F: Fall-cone, vane-shear, and sensitivity data 

 

In addition to vane-shear tests, undrained shear strength was also determined by a Wille 
Geotechnik fall-cone penetrometer (for the details, see Strasser et al., 2017) directly after 
core splitting. Undrained shear strength values from the two types of tests are overall 
coherent. However, fall-cone data locally reveal higher values of Su, which are related to 
higher sampling frequency, and the testing of also coarser-grained layers, e.g. silt or sandy 
silt. Vane-shear tests were only performed on fine-grained sediments. 

Residual strength measurement was conducted by the vane-shear device after measuring the 
maximum shear strength (Su). The vane was rotated five times with 1200°/min in order to 
entirely remold the sediment. Then, the residual shear strength (Su,res) measurement started, 
and was stopped when constant shear strength or when rotation angle of 25-30° was reached. 
This measurement allowed for the determination of the sediment’s sensitivity, which is 
defined as the ratio of its undrained shear strength (Su) to its residual shear strength (Su,res). 
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Supplementary Fig. 2.7. Fall-cone (FC), vane-shear (VS), and sensitivity data measured on the split 
cores of the studied sites. Data are also available in the cruise report (Strasser et al., 2017). For the 
full legend of the lithologic representation, see Fig. 2.3 in the main text. 
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CHAPTER III – Introduction to dynamic testing 
 

It was shown in CHAPTER II that the topic seismic strengthening is very complicated in 
nature as it depends on many factors, for example, different degrees of consolidation, grain 
size distribuition, particle shape, and lithological composition (variable mineralogy, different 
amount of organic material or, in our case, diatom content). The following two chapters aim 
to directly prove the change of shear strength caused by seismic shaking using cyclic triaxial 
tests in the laboratory to simulate “earthquakes”. As the first approach to gain fundamental 
knowledge of seismic strengthening via dynamic testing, test conditions with the easiest 
setting were decided using a mono-mineralic geotechnical standard. The tests in CHAPTER 
IV and CHAPTER V will focus on one of the many controlling factors: dynamic loading, while 
other factors such as consolidation state and variance in lithology (e.g. grain size, chemical 
composition) need to be fixed as non-variables. Therefore, we avoided using diatomaceous 
mud as it is a very complex and crushable material. Instead, a silica sand standard called 
Ottawa Sand 20/30 from the USA, with nearly uniform grain size, was chosen for these 
generic laboratory experiments.  

An important prerequisite to test the change of shear strength by cyclic loading is to first be 
able to reconstitute many samples with the same initial state. The advantages of testing 
Ottawa Sand 20/30 are: 1. It is a specific sand standard whose physical properties are well-
investigated in previous literatures (e.g. Santamarina and Cho, 2001; Sandoval and Pando, 
2012; Polito et al., 2013). 2. The near-uniform grain size avoids particle segregation during 
sample preparation. 3. There is no variation in chemical composition: it is 100% quartz. 4. 
Compared with silt and clay, it is faster to do tests on sand in terms of (re)consolidation. 
Therefore, in this way, it is more efficient to get a large number of data required for this 
generic parameter study. 

In this study, we conduct cyclic triaxial tests to estimate the cyclic shear strength 
(liquefaction resistance) of saturated Ottawa Sand 20/30. In a triaxial test, a cylindrical 
specimen is placed between top and bottom loading platens and surrounded by a thin rubber 
membrane (Fig. 3.1). The difference between the axial stress and the radial stress is called 
the deviator stress. During a cyclic test, the deviator stress is applied cyclically under stress-
controlled conditions to simulate seismic shaking. 

To estimate how much stress is induced by an earthquake, Seed and Idriss (1971) and Idriss 
(1999) developed empirical relationships with past liquefaction cases, and derived a 
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simplified procedure to convert an arbitrary earthquake acceleration time series (obtained 
at ground level) into an equivalent number of uniform loading cycles (Neq) to be applied in a 
dynamic machine at a given equivalent cyclic shear stress ratio (CSReq) (Fig. 3.2):  

                                                       CSReq= 0.65 ×  σv
σ'v

 ×  amax
g

 ×  rd                                             eq. (3.1)

where σv is the total vertical stress (Pa) at depth z (m), σ’v is the effective vertical stress (Pa) 
at sample depth z (m), amax is the maximum horizontal ground surface acceleration in m/s2 
(also called PGA, peak ground acceleration), g is gravitational acceleration (~ 9.81 m/s2), and 
rd is a stress reduction factor to account for a deformable body instead of a rigid body. Youd 
et al. (2001) expressed rd as a function of depth z (m): 

                   rd =
(1.000 − 0.4113𝑧𝑧0.5 + 0.04052𝑧𝑧 + 0.001753𝑧𝑧1.5)

(1.000 − 0.4177𝑧𝑧0.5 + 0.05729𝑧𝑧 − 0.006205𝑧𝑧1.5 + 0.001210𝑧𝑧2)         eq. (3.2)                                                                         

The equivalent number of uniform loading cycles (Neq) to be applied in the experiment 
depends most strongly on the earthquake magnitude (M), with a lesser dependence on the 
distance to the fault surface and the site conditions (Liu et al., 2001). Empirical correlation 
suggested that Neq = 15 when M = 7.5 (Seed and Idriss, 1982; Idriss, 1999). For other 
earthquake magnitudes than 7.5, Idriss (1999) and Youd et al. (2001) provided tables to 
adjust Neq, and magnitude scaling factors to adjust eq.(3.1). Note that the above equations 
are only applicable on samples at depths < 20 m because liquefaction evaluations at greater 
depths require more detailed site response analyses with sufficient subsurface 
characterization (Idriss and Boulanger, 2008). 

In Manuscript 2 (CHAPTER IV) and Manuscript 3 (CHAPTER V), we will perform stress-
controlled cyclic triaxial tests with 15 cycles (i.e. Neq = 15) corresponding to magnitude 7.5 
earthquakes, but with 2 different CSReq to simulate 2 different “seismic intensities” (amax). 
Manuscript 2 aims to point out the threshold between liquefaction and strengthening under 
cyclic loading, and investigate the change of monotonic undrained shear strength affected by 
a single or multiple seismic events. 

In Manuscript 3, we will compare results from two triaxial machines, and develop equations 
to represent the cyclic shear strength of Ottawa Sand 20/30 with different relative densities 
at consolidation state. Then, we will measure the change of cyclic shear strength (liquefaction 
resistance) after cyclic loading and drainage (simulated “seismic event”), and compare the 
new strength with the strength at consolidation state. We will show that the increase of 
strength attributed to seismic strengthening is not solely a function of density increase, as 
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the strengthening effect is a lot more significant than what can be expected only by density 
increase. 

 

 

 Fig. 3.1.  Example of a triaxial apparatus. Figure slightly modified from Knappett and Craig (2012).  
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Fig. 3.2.  Schematic representation showing the approach to empirically convert an irregular 
accelerogram time series (from actual earthquake) to an equivalent number of uniform sinusoidal 
loading cycles for laboratory application.  

 

3. References 

 

Idriss, I.M., 1999. An Update to the Seed-Idriss Simplified Procedure for Evaluating Liquefaction Potential. 
Proceedings of TRB Workshop on New Approaches to Liquefaction, Federal Highway Administration, 
Washington DC, 10 January 1999.  

Idriss, I.M., Boulanger, R.W., 2008. Soil liquefaction during earthquakes, Publication (Earthquake Engineering 
Research Institute) ; MNO-12. Oakland, Calif: Earthquake Engineering Research Institute. ISBN: 978-1-
932884-36-4. 

Knappett, J.A., Craig, R.F., 2012. Craig’s soil mechanics, 8th ed. ed. Spon Press, London. ISBN: 978-0-415-
56126-6 (pbk) 

Liu, A.H., Stewart, J.P., Abrahamson, N.A., Moriwaki, Y., 2001. Equivalent Number of Uniform Stress Cycles for 
Soil Liquefaction Analysis. Journal of Geotechnical and Geoenvironmental Engineering 127, 1017–1026. 
https://doi.org/10.1061/(ASCE)1090-0241(2001)127:12(1017) 

Polito, C., Green, R.A., Dillon, E., Sohn, C., 2013. Effect of load shape on relationship between dissipated energy 
and residual excess pore pressure generation in cyclic triaxial tests. Can. Geotech. J. 50, 1118–1128. 
https://doi.org/10.1139/cgj-2012-0379 

Sandoval, E.A., Pando, M.A., 2012. Experimental assessment of the liquefaction resistance of calcareous 
biogenous sands. Earth Sciences Research Journal 16, 55–63. 

Santamarina, J.C., Cho, G.C., 2001. Determination of Critical State Parameters in Sandy Soils—Simple 
Procedure. GTJ 24, 185–192. https://doi.org/10.1520/GTJ11338J 

Seed, H.B., Idriss, I.M., 1971. Simplified Procedure for Evaluating Soil Liquefaction Potential. Journal of the Soil 
Mechanics and Foundations Division 97, 1249–1273.  

Seed, H. B., and Idriss, I. M., 1982. Ground Motions and Soil Liquefaction During Earthquakes, Earthquake 
Engineering Research Institute, Oakland, CA, 134 pp. 

Youd, T.L., Idriss, I.M., Andrus, R.D., Arango, I., Castro, G., Christian, J.T., Dobry, R., Finn, W.D.L., Harder, L.F., 
Hynes, M.E., Ishihara, K., Koester, J.P., Liao, S.S.C., Marcuson, W.F., Martin, G.R., Mitchell, J.K., Moriwaki, Y., Power, 
M.S., Robertson, P.K., Seed, R.B., Stokoe, K.H., 2001. Liquefaction Resistance of Soils: Summary Report from the 
1996 NCEER and 1998 NCEER/NSF Workshops on Evaluation of Liquefaction Resistance of Soils. J. Geotech. 
Geoenviron. Eng. 127, 817–833. https://doi.org/10.1061/(ASCE)1090-0241(2001)127:10(817) 

https://doi.org/10.1061/(ASCE)1090-0241(2001)127:12(1017)
https://doi.org/10.1139/cgj-2012-0379
https://doi.org/10.1520/GTJ11338J
https://doi.org/10.1061/(ASCE)1090-0241(2001)127:10(817)


CHAPTER IV – MANUSCRIPT 2: EFFECT OF PRIOR SMALL TO MODERATE SEISMIC 
EVENTS ON MONOTONIC UNDRAINED SHEAR STRENGTH OF SAND 

Page 88 

CHAPTER IV – Manuscript 2: Effect of prior small to moderate 
seismic events on monotonic undrained shear strength of sand 

 

Ting-Wei Wu a,*, Yusuke Suzuki b, Brian Carlton b, Carl Harbitz b, Achim Kopf a 

 

a Center for Marine Environmental Sciences (MARUM), University of Bremen, 28359 Bremen, 
Germany 

b Norwegian Geotechnical Institute (NGI), N-0855 Oslo, Norway 

 

* Corresponding author (email: tingweiwu@marum.de) 

 

Published in Soil Dynamics and Earthquake Engineering 

Citation: Wu, T.-W., Suzuki, Y., Carlton, B., Harbitz, C., Kopf, A., 2021. Effect of prior small to 
moderate seismic events on monotonic undrained shear strength of sand. Soil Dynamics and 
Earthquake Engineering 141, 106465. https://doi.org/10.1016/j.soildyn.2020.106465 

 

4. ABSTRACT 

 

In this study we investigate the effect of prior seismic shaking on the monotonic shear 
strength of saturated Ottawa Sand 20/30. We perform a series of stress-controlled undrained 
cyclic triaxial tests with different seismic intensities intentionally without causing failure, 
followed by drainage of the excess pore pressure and an undrained monotonic loading test 
to determine the undrained shear strength. The experimental data show that small to 
moderate seismic events that do not fail the specimen can significantly increase undrained 
shear strength without much change in relative density. One prior seismic event with peak 
ground acceleration ~ 1.3 m/s2 may increase the undrained shear strength of a specimen at 
~ 10 m depth by around 30%. The results also show that as the intensity of the shaking 
increases, the increase in the monotonic shear strength increases. However, the 
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strengthening effect does not increase with the number of seismic events although a small 
degree of global densification in the sample is observed. The results of this paper will help 
assess the change in static slope stability after a single or multiple small to moderate events 
occurred without causing initial instability. 

 

Keywords: undrained triaxial test, Ottawa Sand, earthquake, liquefaction, reconsolidation, 
undrained shear strength, seismic strengthening 

 

4.1. Introduction 

 

Submarine landslides are a major threat to offshore infrastructure and coastal communities 
because of their large displacements and potential to trigger tsunamis. On active continental 
margins there are surprisingly fewer observed landslides than passive margins, despite the 
increase in earthquake activity (e.g. Shanmugan, 2015). In addition, Nelson et al. (2011) 
found shorter run-out distances of mass transport deposits on active margins compared with 
passive margins. Sawyer and DeVore (2015) showed from worldwide vane-shear data tested 
on previously unfailed sediments that active margin sites have consistently higher shear 
strengths than passive margins by a factor of approximately 2–3, at least until 10 meters 
below the seafloor. It has been proposed that repeated small to moderate earthquakes that 
do not fail the soil densify it, which leads to higher shear resistance and requires a larger 
earthquake as a trigger (McAdoo et al., 2000; Lee et al., 2004; Strozyk et al., 2010; Nelson et 
al., 2011). This phenomenon is called “seismic strengthening”.  

Several researchers have investigated the effect of seismic strengthening on liquefaction 
resistance of cohesionless soils. Wichtmann et al. (2005) conducted drained preloading tests 
on sand to represent minor shaking followed by undrained cyclic loading to determine the 
increase in its liquefaction resistance. The drained cyclic preloading reduced the rate of pore 
pressure accumulation in the undrained cyclic loading phase afterwards. Therefore, the 
sample required more cycles to reach liquefaction after pre-straining. However, during 
earthquakes there is usually not enough time for pore pressure to dissipate, and it is more 
reasonable to conduct undrained tests to simulate earthquakes. Teparaska and Koseki 
(2017) conducted a series of repeated liquefaction tests on silica sand #7 with stress-
controlled undrained triaxial loading followed by drainage after liquefaction took place. They 
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showed that a sample that already liquefied had the potential to liquefy again, but the 
potential gradually decreased because of the densification resulting from the drainage 
(reconsolidation) phases. Wahyudi et al. (2015) and Koseki et al. (2019) studied re-
liquefaction with cyclic stacked ring simple shear tests on Toyoura sand with constant 
volume followed by reconsolidation. They suggested that the re-liquefaction resistance 
increases if the double-amplitude shear strain caused by the immediate past liquefaction 
history was < 5%; otherwise, the re-liquefaction resistance would decrease if the past strain 
history was too large. Song et al. (2020) collected natural submarine silts from non-liquefied 
and post-liquefied seabed (induced by wave action) in the Yellow River subaqueous delta. 
Triaxial tests indicated that due to reconsolidation, the monotonic and cyclic strengths in the 
post-liquefied area were both increased in comparison to non-liquefied soil.  

Most seismic strengthening studies so far have only examined the change in a sample’s 
dynamic resistance by cyclic loading (e.g. re-liquefaction potential), but little is known about 
the change in its static resistance by monotonic loading (e.g. undrained shear strength, the 
resistance to trigger a landslide without dynamic sources like earthquakes or wave actions). 
In addition, it remains unknown how sediment composition affects seismic strengthening 
and whether there is a maximum strength that can be achieved after multiple events. 
Therefore, additional research related to seismic strengthening is necessary. 

In this study, 16 cyclic and monotonic triaxial tests were performed on Ottawa Sand 20/30 
to investigate the effects of cyclic loading and reconsolidation on post-cyclic monotonic 
loading. We first perform stress-controlled, undrained cyclic triaxial tests on the specimens 
without causing them to fail. We then dissipate the excess pore pressure by allowing drainage 
and conduct undrained monotonic tests to determine the undrained shear strength. The 
objective of this study is to estimate the change in the monotonic undrained shear strength 
due to prior cyclic loading. This is extremely important to assess the change in the static slope 
stability after a single or multiple earthquakes that do not cause failure.  

 

4.2. Simplified procedure for estimating stresses induced by an earthquake 

 

For experimental liquefaction analyses, Seed and Idriss (1971) and Idriss (1999) developed 
a simplified procedure to convert an earthquake acceleration time series into an equivalent 
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number of uniform loading cycles (Neq) at a given equivalent cyclic shear stress ratio (CSReq) 
for a specific depth z (m):  

                                                        CSReq= 0.65 ×  σv
σ'v

 ×  amax
g

 ×  rd                                            eq. (4.1)

where σv is the total vertical stress (Pa) at depth z, σ’v is the effective vertical stress (Pa) at 
depth z, amax is the maximum ground surface acceleration in m/s2 (also called PGA, peak 
ground acceleration), g is gravitational acceleration (~ 9.81 m/s2), and rd is a stress reduction 
factor expressed as in Youd et al. (2001): 

                   rd =
(1.000 − 0.4113𝑧𝑧0.5 + 0.04052𝑧𝑧 + 0.001753𝑧𝑧1.5)

(1.000 − 0.4177𝑧𝑧0.5 + 0.05729𝑧𝑧 − 0.006205𝑧𝑧1.5 + 0.001210𝑧𝑧2)         eq. (4.2)                                                                         

in which z is the sample’s depth in meters. These equations were formed empirically with 
Neq = 15 and past earthquake data with magnitudes of approximately 7.5. For other 
magnitudes than 7.5, Idriss (1999) and Youd et al. (2001) provide tables to adjust Neq, and 
magnitude scaling factors to adjust eq. (4.1). In this work, we perform 15 cycles in a traixial 
device (i.e. Neq = 15) corresponding to magnitude 7.5 earthquakes, but with different CSReq 
to simulate different “seismic intensities” (amax). Note that the above equations are only 
applicable on samples at depths < 20 m because liquefaction evaluations at greater depths 
require more detailed site response analyses with sufficient subsurface characterization 
(Idriss and Boulanger, 2008). 

 

4.3. Grain size analysis and maximum and minimum void ratio determination of 
Ottawa Sand 20/30 

 

We use Ottawa Sand 20/30, a sand mined from the Ottawa, Illinois area in the USA used in 
some previous liquefaction studies (e.g. Polito et al, 2013). Ottawa Sand 20/30 is a rounded, 
poorly-graded coarse sand. According to the certificate of analysis from the producer 
(RESTEK, 2018), 100% of the mineralogy is quartz, and its specific gravity (Gs) is 2.635 – 
2.66 at 20°C. In this study, we use Gs = 2.65.  

Fig. 4.1 shows the grain size distribution curve. The median particle size (D50) is 
approximately 0.73 mm, and the coefficient of uniformity (Cu = D60/D10) is about 1.22. The 
minimum void ratio (emin) was determined by vibrating thin layers of sand in a mold for 30 
seconds each. The maximum void ratio (emax) was determined by retracting a tube that allows 
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sand to fall inside a mold below and averaging the density values obtained from 5 tests. More 
details of the method are described in Lunne et al. (2019) (NGI dry method). These values 
are used to calculate the relative density (DR), which is defined as: 

DR =
emax −  e

emax − emin
 ×  100%                                                 eq. (4.3) 

where e is the void ratio of the prepared sample for further testing.   

Table 4.1 shows the comparison of the determined emax and emin with three other papers. 
Table 4.1 shows that our values are similar to Polito et al (2013), but smaller than the other 
two studies. This has a significant effect on the calculated relative density for a given void 
ratio. An example of void ratio 0.65 used in Polito et al (2013) results in DR ranging between 
21% and 46% by different emax and emin determinations. Thus, comparison of sand densities 
in different papers should be based on void ratios, or by DR calculated with the same emin and 
emax values. 

 

 

Fig. 4.1. Photograph of Ottawa Sand 20/30 and grain size distribution curve obtained with two ASTM 
sieves (RESTEK, 2018) marked as black dots and six additional sieves marked as blue circles. The red 
curve is calculated with shape-preserving piecewise cubic interpolation. 
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Table 4.1. Comparison of determined maximum and minimum void ratios (emax, emin) of Ottawa Sand 

20/30 in different studies 

 emin emax Calculated DR with e = 0.65 

Santamarina and Cho 

(2001) 
0.502 0.742 38% 

Sandoval and Pando 

(2012) 

0.50 (alternative 

method) 

0.78 (ASTM 

D4254) 
46% 

Polito et al. (2013) 0.46 0.70 21% 

This study 
0.469 (NGI dry 

method) 

0.711 (NGI dry 

method) 
25% 

 

4.4. Triaxial sample preparation 

 

Triaxial tests are performed at the Norwegian Geotechnical Institute (NGI) using an 
Advanced Dynamic Triaxial Testing System (DYNTTS) with up to 5 Hz and 10 kN capabilities 
manufactured by the GDS instruments Ltd (GDS, last accessed in 2020). The cell is screw-
driven from an integral base unit housing the motor drive, which allows the axial load to be 
applied through the base of the cell. The axial load is measured by a load cell placed on top 
of the specimen. The triaxial cell top is removable to allow the test specimen to be prepared 
in place. NGI in-house bender elements (Dyvik and Madshus, 1985) are mounted in the 
triaxial system, which allow the calculation of the specimen’s small strain shear modulus 
(Gmax) with shear wave velocity measurement (Appendix 4.A; Appendix 4.B).    

Moist-tamped specimens are prepared by placing predetermined quantities of soil in a mold 
in six layers and carefully compacting each layer to the desired density using a flat-bottom 
tamper and supporting equipment developed by NGI that allows an accurate height control 
of each layer. NGI also developed a modified under-compaction method after Ladd (1978) 
with initial water content chosen to be 3% in this study. The first (bottom) layer is compacted 
to slightly lower density than succeeding layers with under-compaction factor of 0.03 
(definition in Ladd, 1978). The interface of each succeeding layer is crisscrossed with a 
spatula to avoid distinct layering. After placing a top cap on the sixth layer, a suction of about 
20 kPa is applied, and the height and circumference of the specimen are measured to 
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calculate the specimen’s dimension. Target values are 5.4 cm in diameter and 10.8 cm in 
height, with a sand mass of around 397g to form DR ~ 21% before consolidation.  

After mounting, the sample is flushed with CO2 for 20 minutes, saturated with de-aerated 
water under a cell pressure of 20 kPa, and a back-pressure of around 500 kPa is applied with 
a rate of 0.2 kPa/s to obtain better saturation in the specimen. Saturation is checked by 
decreasing and increasing the confining stress by 30 kPa to obtain a minimum Skempton’s 
B-value of 0.96 (Skempton, 1954). After saturation, all specimens are isotropically-
consolidated to a mean effective stress of 100 kPa with a rate of 0.1 kPa/s. Consolidation is 
typically kept for 2 hours, and is considered finished when axial displacement change is ≤ 
0.001 mm and volume change is ≤ 2 mm3 within five minutes. Mean effective stress is defined 
by: 

                                                               p′ =  σ1+2 σ3
3

− u                                                            eq. (4.4) 

where σ1 is the major principal stress (in the axial direction), σ3 is the minor principal stress 
(in the radial direction), and u is the pore pressure. Deviator stress q is the difference 
between principal stresses, which is defined by: 

                                                                  q = σ1 − σ3                                                                 eq. (4.5) 

The sample undergoes densification during consolidation; therefore, final relative density is 
recalculated by the volume change of the specimen and is close to 25%. Maximum shear 
modulus (Gmax) is subsequently measured with bender elements (Appendix 4.B). 

 

4.5. Monotonic and cyclic triaxial testing procedures  

 

We perform monotonic and cyclic experiments with a similar state after consolidation (void 
ratio e ~ 0.65, relative density DR ~ 25% and mean effective stress p’ ~ 100 kPa) but with 
different cyclic shear stress ratios (CSR) to investigate the influence of an earthquake’s 
intensity on seismic strengthening. In all of the tests, we correct the deviator stresses for the 
membrane and we compute the cross-sectional areas based on a simplified assumption that 
the specimens deform as right circular cylinders during shear (ASTM D4767-11, 2011). 
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4.5.1. Undrained monotonic loading 

     

We conduct monotonic shear tests by compressing the sample in the vertical (axial) direction 
with 0.1 mm/min while keeping the lateral (radial) stress constant. Wang and Luna (2012) 
compared several failure criteria of silt, and suggested “limiting strain” to be the best one 
owing to better consistency and rational results of the friction angle. In this study, undrained 
shear strength (τmax5) is defined by: 

   τmax5 =
q5
2

                                                                  eq. (4.6) 

where q5 is the maximum deviator stress before or at the time when 5% axial strain (εa) is 
achieved. The 5% conventional axial strain limit is made to be consistent with the strain 
failure criterion of cyclic loading in the following section.  

 

4.5.2. Undrained cyclic loading 

 

We perform cyclic shear tests with harmonic stress-controlled compression – extension in 
the axial direction. Most tests are conducted at a frequency of 1 Hz, which is a standard 
frequency used in earthquake engineering (Kramer, 1996), and a few tests are conducted 
with 0.5 Hz. For sands, the cyclic frequency of the wave loading has negligible effect on the 
cyclic strength, as shown by data from other laboratory studies (e.g. Wang, 1972; Lee and 
Vernese, 1978; Tatsuoka et al., 1986). The radial stress is kept constant. The GDS device has 
an adaptive control function to estimate the soil’s stiffness change during the process of cyclic 
loading to maintain the target load (Rees et al., 2015). The cyclic shear stress ratio (CSR) is 
calculated by normalizing the cyclic shear stress τcyc (one-way amplitude of the imposed 
maximum cyclic shear stress, which is half of the value of the cyclic deviator stress qcyc) over 
the effective confining stress at the end of consolidation (σ’3c): 

 CSR = 
τcyc
σ′3c

  = 
qcyc

2 σ′3c
          eq. (4.7) 

We calculate an average CSR from the first loading cycle until the cycle of failure. The excess 
pore pressure ratio (ru) is calculated throughout the process, which is the measured excess 
pore pressure (∆u) normalized to σ’3c : 
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ru =
∆u

σ′3c
                                                                     eq. (4.8) 

In a cyclic test, a sample is considered failed when 5% double-amplitude axial strain is 
reached (ASTM D5311/D5311M-13, 2013) (termed “strain failure”) and/or when the excess 
pore pressure ratio exceeds 0.95 (termed “liquefaction”). The first failure criterion 
represents softening of the soil, and the second represents when there is enough pore 
pressure buildup to make the soil reach a state close to zero effective stress. We test samples 
at different CSR values and obtain the number of cycles to failure (NOC). We then fit a 
polynomial interpolation curve through the CSR-log(NOC) space to represent the sediment’s 
cyclic shear resistance during earthquakes. We define CSR15 as the CSR required for the 
sample to reach failure in 15 cycles.    

 

4.5.3. Test series 

  

Fig. 4.2 shows the testing procedure. First, we perform undrained monotonic and cyclic 
shear tests on "fresh" reconstituted specimens to obtain their shear resistance (τmax5 and 
CSR15). Next, we prepare another sample with the same initial conditions and impose a 
smaller earthquake (15 cycles with a CSR smaller than CSR15) to ensure that the sample does 
not fail. Then, we drain the sample with sufficient time (~ 1 hour) to dissipate the excess 
pore pressure for reconsolidation. The same as consolidation, drainage is considered 
finished when axial displacement change is ≤ 0.001 mm and volume change is ≤ 2 mm3 over 
a five minute time period. The undrained cyclic loading simulates an earthquake when it 
happens, and the following drainage simulates the condition in the field when there is 
sufficient time for the sediment to reconsolidate. The undrained cyclic loading and the 
following drainage defines one “seismic event”. Finally, we conduct an undrained monotonic 
test and measure the sample's undrained shear strength again (τmax5). In this way, the 
undrained shear strength after reconsolidation can be compared to the strength of a fresh 
sample.  
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Fig. 4.2. Schematic diagram for the procedure of monotonic/cyclic and post-cyclic shear tests to 
assess seismic strengthening. CSR15: cyclic shear stress ratio required to reach failure in 15 cycles; 
τmax5: maximum shear stress of the sample before or at the time when 5% axial strain is achieved. 

 

4.6. Triaxial testing results 

 

Table 4.2 presents a summary of test results. All tests are consolidated to a target confining 
pressure of 100 kPa, whereas actual values range from 98.8 kPa to 102.0 kPa. 
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Table 4.2.  Summary of initial conditions and the testing results. All tests are consolidated to p’~ 100 kPa 

 
Initial state 

after 
reconstitution 

State after consolidation Cyclic loading1 State after 
drainage1 Cyclic loading2 State after 

drainage2 
Monotonic 
undrained 

shear 
strength 
with 5% 

axial strain 
limit τmax5 

(kPa) 

Effective 
friction 

angle 
with 5% 

axial 
strain 

limit φ'5 

(°) 

Lab ID 
Void 
ratio 

ei 

Relative 
density 
DRi (%) 

Void 
ratio 

ec 

Relative 
density 
DRc (%) 

B 
value 

Small 
strain 
shear 

modulus 
Gmaxc 

(MPa) 

Cyclic 
shear 
stress 
ratio 
CSR1 

Number of cycles 
NOC1 [strain 

failure/liquefaction¶] 

Pore 
pressure 
increase 

Δu1 
(kPa) 

Relative 
density 

DRd1 
(%) 

Small 
strain 
shear 

modulus 
Gmaxd1 

(MPa) 

Cyclic 
shear 
stress 
ratio 
CSR2 

Number 
of 

cycles 
NOC2 

Pore 
pressure 
increase 

Δu2 
(kPa) 

Relative 
density 

DRd2 
(%) 

Small 
strain 
shear 

modulus 
Gmaxd2 

(MPa) 

Test8 0.669 17.4 0.659 21.7 0.96 * 0.194† [20/20] (failure) > 95.0          

Test16 0.660 21.3 0.648 26.1 1.00 96.9 0.200† [4/4] (failure) > 95.0          

Test18 0.663 19.8 0.653 23.9 1.00 91.9 0.188† [9/9] (failure) > 95.0          

Test19 0.655 23.0 0.645 27.1 1.00 97.6 0.178† [982/983] (failure) > 95.0          

Test20 0.663 20.0 0.652 24.2 0.99 97.5 0.189‡ [13/13] (failure) > 95.0          

Test31 0.658 21.9 0.648 26.0 0.98 98.8 0.200‡ [3/4] (failure) > 95.0          

Test38 0.707 1.8 0.694 7.2 1.00 89.6 Monotonic 40.7 22.2 

Test9 0.666 18.6 0.653 24.0 0.96 * Monotonic 167.8 28.0 

Test26 0.660 21.0 0.650 25.1 1.00 100.6 Monotonic 170.2 27.9 

Test25 0.656 22.8 0.646 27.0 1.00 95.8 0.146† 15 (no failure) 9.1 27.3 97.9 Monotonic 199.6 28.2 

Test21 0.654 23.5 0.644 27.8 1.00 95.8 0.143† 15 (no failure) 10.0 28.1 97.9 0.150† 15 (no 
failure) 2.1 28.2 97.0 183.6 27.9 

Test33§ 0.658 22.0 0.647 26.3 0.98 101.5 0.147† 15 (no failure) 10.7 26.6 100.2 0.148† 15 (no 
failure) 1.9 26.7 100.2 189.6 28.0 

Test12 0.657 22.4 0.645 27.3 0.99 * 0.165† 15 (no failure) 11.8 27.6 * Monotonic 228.6 28.4 

Test24 0.655 23.1 0.645 27.5 1.00 96.9 0.161† 15 (no failure) 11.6 27.8 99.1 0.166† 15 (no 
failure) 2.8 27.9 98.7 210.1 28.1 

Test32§ 0.654 23.5 0.643 28.1 1.00 96.2 0.168‡ 15 (no failure) 17.9 28.7 97.9 0.170† 15 (no 
failure) 2.7 28.8 97.5 165.4 27.5 

Test39 0.654 23.6 0.644 27.7 0.99 102.8 0.147‡ 15 (no failure) 10.6 28.0 102.4 0.167‡ 15 (no 
failure) 3.8 28.1 101.5 190.2 27.9 
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¶Decimals are rounded up to integers 

*No measurement 

†Frequency 1 Hz 

‡Frequency 0.5 Hz 

§Five cyclic loading events. Cyclic loading and drainage data after the second event are not presented here for the concision
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4.6.1. Stress-strain behavior and shear strength parameters from monotonic loading tests 

 

Fig. 4.3 compares the monotonic testing results on loose samples (DR ~ 25%, saturated 
density around 2000 kg/m3) and a very loose sample (DR ~ 7%, saturated density around 
1974 kg/m3) of Ottawa Sand 20/30. In Fig. 4.3ef, Test26 shown as blue and Test9 shown as 
yellow are two tests intended to be done with the same condition (DR ~ 25%). The two tests 
demonstrate very good repetition of the stress-strain patterns, showing that the sand 
reconstitution method used in this study is capable of reproducing specimens. Fig. 4.3ae and 
Fig. 4.3bf show the patterns of deviator stress and excess pore pressure ratio with axial 
strain. The very loose sample (DR ~ 7%) demonstrates limited strain softening behavior with 
a peak deviator stress observed at εa ~ 0.6%. The DR ~ 25% samples demonstrate slightly 
increasing pore pressure with strain before decreasing and becoming negative. This decrease 
is because of a tendency of the soil to dilate. They therefore demonstrate strain hardening 
behavior with increasing deviator stress. The difference of strain softening (contractive) and 
strain hardening (dilative) behaviors is due to the different void ratio positions relative to 
the critical void ratio line, consistent with the undrained triaxial test results by Santamarina 
and Cho (2001) (Appendix 4.C). 

Calculation of shear modulus degradation during shear is explained in Appendix 4.D. We 
normalize the shear modulus by Gmax obtained from bender element tests after 
consolidation, and obtain a non-linear curve of G/Gmax versus shear strain (Fig. 4.3cg). The 
shear modulus degrades quickly within the range of 1% shear strain in both cases, but the 
initial shear modulus of the DR ~ 7% sample (89.6 MPa) is smaller than the DR ~ 25% sample 
(100.6 MPa), see also Table 4.2.  

Fig. 4.3dh represents the approximate Mohr-Coulomb envelop at failure (5% axial strain 
limit as defined in eq. (4.6)). Definitions of the coordinates are: 

σ′ =  
σ1 + σ3

2
− u                                                            eq. (4.9) 

                                                              τ =
σ1 − σ3

2
                                                                eq. (4.10) 

Undrained shear strength (τmax5) of a DR ~ 7% specimen is 41 kPa when the shear stress 
reaches a peak at εa ~ 0.6% before the strain limit 5% is achieved, and a DR ~ 25% specimen 
is 170 kPa picked at εa = 5%. 
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The angle of shearing resistance (also called friction angle) using 5% axial strain limit (φ’5) 
is calculated with a tangent line intersecting the Mohr-circle assuming zero cohesion 
intercept on the shear stress axis (i.e. there is no cementation or other bonding between the 
particles). It is around 22° for the very loose sample (DR ~ 7%) and 28° for the loose sample 
(DR ~ 25%). The value 28° is consistent with the friction angle determined by Santamarina 
and Cho (2001) for their critical state undrained test results on Ottawa Sand 20/30. 
Comparing with other friction angles determined by Santamarina and Cho (2001) (from 30° 
of “ASTM graded sand” to 34° of “Blasting sand”), Ottawa Sand 20/30 demonstrates a 
relatively lower frictional property than the other kinds of sand.  

In the study by Denekamp and Tsur-Lavie (1981), it was shown that very loose sediment 
rarely exists in natural environments, and can only be found in slip deposits formed by 
avalanching. In this study, we only aim to test the level ground condition; therefore, we only 
choose DR ~ 25% to test seismic strengthening hereafter. However, it is evident from the 
above-mentioned comparison of undrained shear strength, shear modulus, and friction angle 
on DR ~ 7% and DR ~ 25% specimens that initial density is an important parameter that 
controls the initial shear strength properties of a reconstituted specimen. 
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Fig. 4.3. Undrained monotonic test results conducted at p' ~ 100 kPa. Black dots mark the points 
where undrained shear strength (maximum shear stress before or at the time of 5% axial strain) is 
calculated. (abcd) Test38 conducted at DR ~ 7%. Undrained shear strength is 41 kPa. (efgh) Test26 in 
blue and its repetition test in yellow (Test9). Both tests are conducted at DR ~ 25%. Undrained shear 
strength is 170 kPa. 

 

4.6.2. Liquefaction and strain failure from cyclic loading tests 

 

Fig. 4.4 shows the response of Test20 with DR ~ 25% and CSR = 0.189 subjected to cyclic 
loading. The figure presents the applied deviator stress (Fig. 4.4a), the axial strain (Fig. 
4.4b), and the excess pore pressure ratio (Fig. 4.4c) versus the number of cycles, as well as 
the stress path in the p’-q space (Fig. 4.4d). Fig. 4.4c shows that ru accumulates 
incrementally to 50% until a sudden increase takes place to almost 100%, causing the soil to 
reach a state of nearly zero effective stress. Fig. 4.4b shows that the sample deforms very 
little during the early loading phase, but experiences a sudden increase in axial strain in the 
extension domain just before liquefaction. After the sample liquefies, large axial deformation 
is easily triggered without much applied stress. Test results in this study show that strain 
failure and liquefaction happen mostly at the same time. For example, Test20 had strain 
failure at the 13th cycle and liquefaction also at the 13th cycle. 

Filled black squares in Fig. 4.5 show six test results of CSR versus the number of cycles to 
cause failure. We fit a polynomial interpolation curve through the data to estimate CSR15 = 
0.190 (dashed black curve in Fig. 4.5). Under effective confining stress of 100 kPa 
(approximate depth 10.2 m) and according to eq. (4.1) , CSR15 = 0.190 suggests that the 
sample will fail when an earthquake happens with peak ground acceleration (amax) larger 
than 1.59 m/s2 (0.16 g). We also plot data from Polito et al (2013) with the same void ratio 
(0.65) and effective stress (100 kPa) in blue for comparison purpose, and for consistency, DR 
of these data is recalculated to be 25% using emin= 0.469 and emax= 0.711 determined by the 
NGI method used in this study (Table 4.1). Their data demonstrate higher CSR probably due 
to the different sample preparation method in their study (dry deposition). Compared with 
our study, they also had bigger specimen dimension (7.1 cm in diameter and 15.4 cm in 
height).  
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Fig. 4.4. Results of Test20, tested at DR ~ 25%, p’ ~ 100 kPa, and 0.5 Hz. (a) Deviator stress versus 
number of cycles. CSR = 0.189. (b) The sample reaches strain failure when double-amplitude axial 
strain εda ≥ 5% at the 13th cycle marked as a red diamond. (c) The sample liquefies at the 13th cycle 
marked as a green circle (when ru ≥ 0.95). (d) p’-q stress path. Color indicates the axial strain. 
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Fig. 4.5. Cyclic strength curve at DR ~ 25% and p' ~ 100 kPa obtained with polynomial interpolation 
of six test results marked as black filled squares. CSR15 is 0.190 in this curve. Data points from Polito 
et al. (2013) are plotted for comparison (blue unfilled squares). Two levels of earthquakes without 
failure tested in this study are shown with green stars.   

 

4.6.3. Effects of seismic intensity and number of events on seismic strengthening 

 

In this study we tested two levels of moderate earthquakes in the Japanese JMA Scale (Japan 
Meteorological Agencya, last accessed in 2020) and the Taiwanese CWB Scale (Central 
Weather Bureaua, last accessed in 2020). When we apply 15 cycles of CSR ~ 0.147, 
approximate peak ground acceleration (amax) according to eq. (4.1) is ~ 1.23 m/s² (0.13 g), 
which corresponds to an instrument intensity scale of “5-lower” in the JMA and CWB Scales. 
When CSR ~ 0.167, amax according to eq. (4.1) is ~ 1.40 m/s² (0.14 g), which corresponds to 
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“5-upper” in the JMA and CWB Scales. This is a simplified approximation of intensity as we 
do not take into account the duration of shaking in real earthquake cases (Japan 
Meteorological Agencyb, last accessed in 2020; Central Weather Bureaub, last accessed in 
2020). Since these two levels of seismic intensities (i.e. 15 cycles of different CSRs) are 
plotted below the cyclic strength curve determined in the previous section, they are not 
strong enough to cause failure (green stars in Fig. 4.5).  

Fig. 4.6 demonstrates an example of seismic strengthening test with two levels of prior 
seismic events (Test39). The sample is first consolidated to DR ~ 25% and p’ ~ 100 kPa. 15 
cycles of CSR ~ 0.147 are applied with the drainage valves closed to simulate an earthquake 
of amax ~ 1.23 m/s². The earthquake increases the pore pressure by about 11 kPa (i.e. it makes 
the mean effective stress p’ to drop to about 89 kPa). Subsequently, we open the drainage 
valves to allow the excess pressure to dissipate. It reconsolidates the sample back to 100 kPa. 
The second earthquake without failure (15 cycles of CSR ~ 0.167 with amax ~ 1.40 m/s²) is 
applied undrained which causes the pore pressure to increase by about 4 kPa. Then, we allow 
drainage again for reconsolidation. Finally, the sample is tested by monotonic loading until 
at least 5% axial strain is reached to determine the undrained shear strength after seismic 
strengthening. Volumetric strain (εv) is defined by:  

  εv ~ 
−ΔV

V
 =

−Δe
1 + e

                                                     eq. (4.11) 

where e is the void ratio, and V is the sample volume. In this test, V = 246.99 cm3 after 
consolidation. Compressive εv is regarded as positive. 

Fig. 4.7 shows the effect of shaking a specimen but not failing it on the subsequent monotonic 
loading test. For comparison, the residual axial strain after cyclic loading and drainage is 
resumed back to 0% before the undrained monotonic loading phase (i.e. we substitute the 
initial sample height with the new height after drainage). The blue curve in Fig. 4.7a shows 
that the fresh specimen (Test26, without prior shaking) has τmax5 of about 170 kPa. The 
dashed brown curve shows the result of Test25, which is subjected to one round of shaking 
(15 cycles of CSR ~ 0.147) and then drainage before the monotonic test. The steeper shear 
stress increase is caused by the steeper pore pressure decrease (Fig. 4.7b). 

The change of relative density, maximum shear modulus, and undrained shear strength after 
each drainage stage is listed in Table 4.3. Although the relative density in Test25 increases 
by only 1.1%, the increase of undrained shear strength is about 30 kPa (τmax5 ~ 200 kPa, an 
17.3% increase). The Gmax value after the drainage (reconsolidation) stage also increases 
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from 95.8 MPa to 97.9 MPa (2.2% increase). The steeper slope of Test25 compared with 
Test26 also means an increase in the sample’s Young’s modulus (eq. (4.D.1)). This is similar 
to the results of Toki and Kitago (1974), who observed an increase in Young’s modulus of a 
loose dry sand that underwent several hundred cycles of small-amplitude vibratory stresses.  

However, in the case of two rounds of seismic events (Test21, dashed green curve in Fig. 
4.7a) with similar intensity (15 cycles of CSR ~ 0.147), although relative density still slightly 
increases after drainage, the undrained shear strength decreases with respect to the case 
with just one round of seismic event. It is still larger than the fresh specimen. The Gmax value 
after the second drainage stage (Gmaxd2, 97.0 MPa) also slightly decreases with respect to 
the first one (Gmaxd1, 97.9 MPa). Fig. 4.7a also shows that a larger CSR that does not fail the 
specimen results in more strengthening of the sample. In Test12 (dotted brown curve in Fig. 
4.7a), the undrained shear strength increases by 34.3% due to one round of prior seismic 
event with 15 cycles of CSR ~ 0.167. Similar to the case before, the second seismic event 
seems to have a destructive effect that decreases the undrained shear strength with respect 
to the case with just one event (Test24, dotted green curve in Fig. 4.7a).     

Fig. 4.8a demonstrates the evolution of the undrained shear strength with up to five seismic 
events. The smaller (CSR ~ 0.147) events demonstrate a somewhat stabilized undrained 
shear strength after five events (Test33), whereas five bigger (CSR ~ 0.167) events (Test32) 
demonstrate a decrease of undrained shear strength to even lower than that without any 
seismic events (Test26). Test39 that undergoes a smaller seismic event and then a bigger 
seismic event  has an undrained shear strength value between the previous two curves. The 
details of Test32 (five events of 15 cycles of CSR ~ 0.167) are shown in Fig. 4.8b. Pore 
pressure becomes less likely to increase after multiple seismic events (unfilled blue circles). 
Relative density after each drainage stage keeps increasing but with incrementally smaller 
steps, showing a stabilizing trend. Gmax measurements are made directly after each cyclic 
loading phase (unfilled orange diamonds), and after each drainage phase (filled orange 
diamonds). Immediately after each undrained cyclic loading, Gmax decreases due to the 
decrease in effective stress, but increases after reconsolidation. In Test32, Gmax after 
reconsolidation increases after the first seismic event, but starts to decrease from the second 
event onwards. The Gmax after the fifth drainage stage drops to a smaller value than the 
Gmax before the first cyclic loading phase, showing a similar trend like the undrained shear 
strength’s evolution of CSR ~ 0.167 events presented in Fig. 4.8a (dotted blue curve). In 
Test32, the undrained cyclic loading phases induce only small axial strain values, but it is 
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worth noticing that the axial strain change is negative in the first cyclic loading phase, and 
positive in the following cyclic loading phases.    

 

 

Fig. 4.6. Time history of Test39, a typical seismic strengthening test for simulating an earthquake 
without failure (15 cycles of CSR ~ 0.147) followed by drainage, and another earthquake without 
failure (15 cycles of CSR ~ 0.167) followed by drainage. After the seismic events, the sample goes 
under monotonic loading until at least 5% axial strain is reached.  
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Fig. 4.7. Monotonic seismic strengthening testing results conducted at p' ~ 100 kPa and DR ~ 25%. 
One or two events with different seismic intensities (15 cycles of CSR ~ 0.147 or CSR ~ 0.167) are 
tested. Blue curves are Test26 without strengthening. (a) Shear stress versus axial strain. Black 
markers mark the points where the undrained shear strengths τmax5 are determined. (b) Pore 
pressure ratio versus axial strain. 



CHAPTER IV – MANUSCRIPT 2: EFFECT OF PRIOR SMALL TO MODERATE SEISMIC 
EVENTS ON MONOTONIC UNDRAINED SHEAR STRENGTH OF SAND 

Page 109 

 

Fig. 4.8. (a) Evolution of the undrained shear strength of DR ~ 25% specimens with different seismic 
intensity and number of seismic events. (b) Details of Test32 showing the evolution of a DR ~ 25% 
specimen under 5 events of 15 cycles of CSR ~ 0.167. Unfilled markers of ru and Gmax indicate the 
measurements made immediately after the cyclic loading phases, and filled markers indicate the 
measurements after (re)consolidation. 

 

Table 4.3. Change of DR, Gmax and τmax5 after each seismic event (earthquake followed by drainage). We 

take τmax5c = 170.2 kPa as the undrained shear strength without prior shaking (result of Test26 in Table 4.2) 

  After one seismic event After two seismic events After five seismic events 

“Earthquake” 
Lab 

ID 

(DRd1-

DRc)/DRc 

(Gmaxd1-

Gmaxc) 

/Gmaxc 

(τmax5-

τmax5c)/ 

τmax5c 

(DRd2-

DRc)/DRc 

(Gmaxd2-

Gmaxc) 

/Gmaxc 

(τmax5-

τmax5c)/ 

τmax5c 

(DRd5-

DRc)/DRc 

(Gmaxd5-

Gmaxc) 

/Gmaxc 

(τmax5-

τmax5c)/ 

τmax5c 

15 cycles of 

CSR ~ 0.147 

Test25 1.1% 2.2% 17.3%       

Test21 1.1% 2.2% ? 1.4% 1.3% 7.9%    

Test33 1.1% -1.3% ? 1.5% -1.3% ? 1.5% -2.2% 11.4% 

15 cycles of 

CSR ~ 0.167 

Test12 1.1% ? 34.3%       

Test24 1.1% 2.3% ? 1.5% 1.9% 23.4%    

Test32 2.1% 1.8% ? 2.5% 1.4% ? 2.8% -0.4% -2.8% 
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4.7. Discussion 

 

4.7.1. Significant shange in undrained shear strength due to prior seismic event without 
significant change in relative density 

 

From Fig. 4.7, the fact that larger CSR that does not fail the specimen results in more 
strengthening of the sample may be partly due to a larger change in effective stress (affected 
by the pore pressure change) and larger increase in density with drainage. Fig. 4.9 shows 
that the volumetric strain increase after drainage can be well-correlated with the pore 
pressure increase by the preceding undrained cyclic loading phase before liquefaction takes 
place. Here we use eq. (4.11) with 𝛥𝛥V the volume change during reconsolidation, and V the 
sample volume during the immediate past undrained cyclic loading phase. Shamoto et al. 
(1996) found similar results with stress-controlled undrained cyclic triaxial tests on Toyoura 
sand followed by drainage. Fig. 4.9 also shows that the correlation of volumetric 
compression and pore pressure change is independent of the number of past seismic events.  

However, the density increase might not be the most significant factor that governs seismic 
strengthening. From Table 4.2 it can be seen that for one seismic event that does not fail the 
sample, the increase in relative density (change of absolute values of 0.3-0.6%) is less than 
the error in sample preparation (DR can be ± 3% different from the target value 25% after 
consolidation). However, there is a significant increase in the undrained shear strength 
(change of 17-34%). Therefore, this increase of shear strength is most likely not solely due 
to an increase in relative density. Koseki et al. (2019) and Wahyudi et al. (2015) found similar 
results, and hypothesize that it is due to the change of the sediment’s micro-structure 
associated with the seismic shaking. Wichtmann et al. (2005) also found significant 
strengthening on triaxial specimens with drained cyclic preloading followed by undrained 
cyclic loading. They found an increase of the intensity of drained cyclic preloading correlated 
with an increase in liquefaction resistance, similar to the results of Fig. 4.7.   

Our results demonstrate that the stress/strain history (i.e. prior seismic events that do not 
fail the sample) may have a profound influence on the static shear strength of sand. 
Consequently, the shear strength of a material obtained in an earthquake-prone area cannot 
be described by the in-situ density alone. The strength is significantly influenced by the past 
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earthquake history, and may change in the future due to small to moderate earthquakes that 
do not fail the soil.  

 

 

Fig. 4.9. Relationship between the excess pore pressure ratio generated in the undrained cyclic 
loading phase, and the volumetric strain due to following reconsolidation.  

     

4.7.2. Change in static shear strength due to multiple seismic events  

 

As shown in Fig. 4.8b and Fig. 4.9, the pore pressure generated by multiple seismic events 
tend to decrease, which indicates an increase in liquefaction resistance (i.e. cyclic shear 
strength). The increase of liquefaction resistance by multiple seismic events without failure 
has been studied by e.g. Wang et al. (2020) with pluviated sand samples, and Dobry et al. 
(2015) with field observations on natural sand. However, as shown in Fig. 4.7 and Fig. 4.8a, 
the monotonic undrained shear strength only increases once and tends to decrease after two 
rounds of seismic events compared with only one round of seismic event. This phenomenon 
becomes even more interesting as monotonic shear strength does not follow the expected 
trend as cyclic shear strength. We hypothesize that this may also be caused by a change in 



CHAPTER IV – MANUSCRIPT 2: EFFECT OF PRIOR SMALL TO MODERATE SEISMIC 
EVENTS ON MONOTONIC UNDRAINED SHEAR STRENGTH OF SAND 

Page 112 

the sediment’s microstructure (particle re-orientation), which may have a destructive effect 
that overwhelms the strengthening effect from the density increase, and only influences the 
monotonic shear strength but not the cyclic shear strength. In Table 4.3 and Fig. 4.8, it was 
shown that the change of undrained shear strength generally corresponds to the change of 
Gmax (derived from shear wave velocity). However, despite the expected increase of cyclic 
shear strength, the shear wave velocity (and the monotonic shear strength) may not 
necessarily increase accordingly. This observation was found in El-Sekelly et al. (2016) who 
performed centrifuge tests on silty sand and found that the increase in cyclic strength caused 
by prior seismic shaking without failure did not result in a corresponding increase in the 
shear wave velocity (measured by bender elements) of the soil.   

 

 4.7.3. Potential changes in sand structure 

 

Alshibli et al. (2000) performed CT scans of a drained triaxial monotonic-loaded Ottawa F-
75 sample and found that the arrangement of the sand particles was highly inhomogeneous, 
with failure of the specimens characterized by circular shear cones and multiple shear bands 
demonstrating lower densities where the material dilated during shearing. Oda et al. (2001) 
discussed the construction of a highly anisotropic column-like structure and connected voids, 
which started growing in the “preshearing” process in their triaxial test (in our case, it is the 
prior seismic shaking without failure). The anisotropy grew parallel to the major principal 
stress direction and could grow without changing the global void ratio much. The structure 
became unstable when the major stress was rotated. In our case with a cyclic triaxial test on 
an isotropically-consolidated specimen, there is a 90° rotation of the major principal stress’ 
direction between the two halves of the loading cycle. From a micro-structural point of view, 
a destruction of the existing elongated voids might be induced by the second seismic event, 
when the induced axial strain changes direction (Fig. 4.8b). To further prove this hypothesis, 
particle-scale numerical modeling will be needed in the future.  

Gutierrez (2013) conducted CT analysis on Ottawa 20/30 specimens liquefied after shake 
table tests, and the results showed that even though the soil was observed to have densified 
(settled) after liquefaction, some pockets of loose soil (i.e. high void ratio) were observed 
during image processing. These soil pockets were along the rim of a possible sand boil that 
went through the middle of the specimen. The occurrence of some strain by cyclic loading, 
although just small values, also results in a non-cylindrical shape of the specimen which 
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makes the applied deviator stress non-uniform. Teparaksa and Koseki (2017) did repeated 
liquefaction tests in a triaxial apparatus and suggested to limit the tests up to 3-4 stages of 
liquefaction because of the non-uniform shapes of the specimens after shearing.  

In our study, we intentionally impose small seismic shakings with the aim not to liquefy the 
specimen. However, there may still be some zones of loosened soil in the specimen due to the 
upward flow of pore water pressure. Fig. 4.10 shows the patterns of two stages of 
earthquakes in Test24 (15 cycles of CSR ~ 0.167). Fig. 4.10 shows that even though the 
second earthquake has net pore pressure buildup being positive, it generates negative pore 
pressure when the deviator stress is applied in the extensional domain. This is not observed 
during the first earthquake event. It suggests that the second earthquake acting on a 
densified material may induce more dilative behavior during shear, which may have caused 
the formation of micro-shear bands like those observed by Alshibli et al. (2000). Therefore, 
local void ratios in the shear bands might deviate from the measured global void ratio. These 
shear bands may eventually decrease the undrained shear strength of the material even after 
reconsolidation and global densification. These shear bands may also lower the transmission 
of shear waves, thus decreasing the shear wave velocity and the calculated shear modulus of 
the material.  

Our observations are similar to Wang et al. (2020), who conducted shake table tests on F50 
Ottawa sand with multiple liquefaction stages. They found that the first partial liquefaction 
stage without failure that induced negative pore pressure (dilatancy) of the specimen (their 
Event #4-1) temporarily reduced the specimen’s liquefaction resistance in the subsequent 
shaking event, whereas in previous events when the excess pore pressure was positive the 
liquefaction resistance only increased after reconsolidation. Wang et al. (2020) also studied 
the cone penetration resistance before and after each shaking event and observed that prior 
seismic events without failure significantly disturbed the existing soil structure and reduced 
the cone resistance at shallow depths, but increased the cone resistance at deeper depths 
after reconsolidation. These results show that prior seismic shaking can cause a significant 
disturbance in the homogeneity of a sample, as the process involves upward migration of the 
fluid with excess pore pressure. The bottom of the sample might be more efficiently 
compacted than the top of the sample where particles were suspended during liquefaction. 
For future analysis, we suggest to perform CT scans during the process of cyclic loading to 
directly observe the change in the sediments’ microstructure.  

In addition, if there is particle crushing, grain size reduction plus the change in angularity 
may also play a role on the shear strength. This effect was estimated by sieve analysis 
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(Appendix 4.E) on Ottawa Sand 20/30 before and after triaxial tests. After being reused about 
8 times, the median particle size (D50) was reduced by approximately 0.02 mm, and the 
percentage of grains finer than 0.63 mm increased from 13% to 22% (Fig. (4.E.1)). It may 
further increase the difference of internal structures of two specimens even though the 
measured global void ratio (thus the relative density) may be similar. Given the low effective 
stress tested in this study, we assume that it is more likely to be grain abrasion instead of 
crushing. However, we estimate that the impact of grain abrasion to our test results might 
not be significant because: 1. Despite the finer sand portion increase, still 99% of the sand is 
coarser than the definition of fine sand (0.42 mm) according to the Unified Soil Classification 
System (USCS). 2. Testing materials in this study were reused 4 times maximum, so the 
abrasion impact should be smaller than in Fig. (4.E.1). 3. In addition, repetition monotonic 
tests Test9 and Test26 (being reused twice maximum) were in good agreement with each 
other (Fig. 4.3). Gmax of all the DR ~ 25% specimens in this study do not deviate too much 
from 97 MPa after consolidation (Table 4.2). To further investigate the effect of particle size 
change on the undrained shear strength, more analyses are needed in the future. 

 

 

Fig. 4.10. Comparison of two earthquake stages (15 cycles of CSR ~ 0.167) in Test24. Note that the 
second earthquake generates negative pore pressure in the extensional domain, whereas the first 
earthquake only generates positive pore pressure.  
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4.7.4. Potential different effect of seismic strengthening between sand and clay 

 

 The result in this study that undrained shear strength does not increase after multiple 
seismic events is contrary to O’Loughlin et al. (2020) who used load-controlled cyclic T-bar 
tests to assess effects of cyclic loading and reconsolidation on kaolin clay. 20 cycles 
mobilizing 25% – 75% initial monotonic strength led to 2.1 and 2.5 times the initial 
monotonic strength after the first and second consolidation periods. Their result seems to 
better demonstrate the observations from natural settings in e.g. Moernaut et al. (2020) who 
found that undrained shear strength increased with sediment age in both Chilean lakes and 
Japan Trench margin, suggesting a cumulative strengthening effect where the sediment had 
experienced a long earthquake history. Song et al. (2020) showed that after wave-induced 
liquefaction and reconsolidation process, the monotonic shear strength of the Yellow River 
seabed silt was enhanced, and exhibited an overconsolidation characteristic in comparison 
to non-liquefied silt. 

In the marine deposition environment (usually composed of cohesive silt or clay), the 
increase of shear strength caused by overconsolidation may have different origins: 1) 
mechanical origin (e.g. erosion, mechanical loading), and 2) chemical origin (e.g. cementation, 
bioturbation, ionic exchange, aging) (e.g. Sultan et al. 2000; Yenes et al., 2020). By testing 
cohesionless sand, we can rule out the chemical origin and expect that the change of strength 
is caused by mechanical loading and the change of effective stress during cyclic loading and 
reconsolidation processes (Fig. 4.6). Our results demonstrate the possible mechanical effect 
caused by small to moderate seismic shocks, but it may not be significant enough to present 
the field observation that active margins have 2–3 times larger shear strength than passive 
margins after multiple events (Sawyer and DeVore, 2015). In addition, O’Loughlin et al. 
(2020) showed that soil with higher sensitivity gains greater strength after reconsolidation. 
Therefore, clay-related cohesion and sensitivity may play important roles on seismic 
strengthening in marine settings. For future studies, we suggest to test natural clayey 
materials and account more realistically for their geologic ages (aging effect + seismic 
history). To evaluate the earthquake history around a potential submarine landslide site, it 
requires further geologic investigation such as determining the age of existing landslide 
deposits. 
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4.8. Summary and conclusions 

 

The objective of this paper was to enhance our understanding of the effect of prior seismic 
shaking on the monotonic undrained shear strength of a granular material and its 
dependence on parameters such as seismic intensity and the number of seismic events. To 
achieve this objective we performed a series of triaxial experiments on Ottawa Sand. The 
specimens were first subjected to undrained cyclic loading followed by reconsolidation 
allowing drainage. Afterwards, drainage was closed and undrained shear strength was 
determined by monotonic loading. The experimental data show that without a significant 
change in the relative density (1%), the monotonic undrained shear strength can be 
increased by 34% due to small to moderate seismic events. The small-strain shear modulus 
(mechanical stiffness) obtained by bender element tests also generally increased after 
reconsolidation of the first seismic event and the strengthening effect increased as the 
seismic intensity increased. However, the results did not show a clear increase in monotonic 
undrained shear strength for more than one seismic event. One possible reason for this 
behavior could be changes in the soil microstructure. However, more research is needed to 
confirm this hypothesis. Future research could include investigating the effects of particle re-
orientation by seismic shaking, variability in local void ratio, examining the effect of 
increasing the heterogeneity of the specimen, comparing results between triaxial and direct 
simple shear devices, and performing tests for clayey material with a higher initial void ratio. 

The results of this study provide much needed information to assess the change in the static 
slope stability after small to moderate events have occurred, which is not only relevant to 
submarine landslide and tsunami risk assessment, but also to other geotechnical practices 
such as the design and maintenance of platform foundations, submarine pipelines and cables. 
However, we only tested Ottawa Sand 20/30 with one effective confining stress (100 kPa) 
and one relative density (25%). More tests are needed with different sediment types such as 
clays, and sand with more fines, as well as different confining stresses and loading conditions 
to provide a comprehensive understanding of the effect of seismic strengthening.  

 

 

 

 



CHAPTER IV – MANUSCRIPT 2: EFFECT OF PRIOR SMALL TO MODERATE SEISMIC 
EVENTS ON MONOTONIC UNDRAINED SHEAR STRENGTH OF SAND 

Page 117 

4.9. Credit author statement  

 

Ting-Wei Wu: Conceptualization, Methodology, Software, Formal analysis, Investigation, 
Data curation, Writing- Original Draft, Visualization. Yusuke Suzuki: Methodology, Software, 
Supervision, Writing - Review & Editing, Visualization. Brian Carlton: Methodology, 
Supervision, Writing - Review & Editing, Visualization. Carl Harbitz: Resources, Supervision, 
Project administration, Funding acquisition. Achim Kopf: Conceptualization, Supervision, 
Project administration, Funding acquisition.      

 

4.10. Acknowledgement 

 

This project is funded by the European Union, project SLATE (Submarine landslides and their 
impact on European continental margins). It has received funding from the Horizon 2020 EU 
Framework Program for Research and Innovation under the Marie Skłodowska-Curie grant 
agreement No. 721403. The authors acknowledge the Schmertmann Research Laboratory 
(SRL) at the Norwegian Geotechnical Institute (NGI) for supporting the triaxial apparatus 
presented in this work. We thank Amir Kaynia, Maarten Vanneste, and two anonymous 
reviews for their helpful comments to improve the manuscript. We also thank Morten 
Sjursen, Helge Rolandsgard and Thomas Vestgården for their technical support and 
maintenance of the lab facilities. Ting-Wei Wu thanks Nabil Sultan from IFREMER (Center of 
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4.11. Appendices 

 

Appendix 4.A: Triaxial cell 

 

Fig. (4.A.1) shows the configuration of a triaxial specimen placed in the cell. After filling it 
fully with water to provide confining pressure, an external compliance calibrator is placed 
on top of the cell to measure the slight axial deformation of the cell resulting from the change 
of cell pressure during the test. During the testing process, this small deformation is 
corrected (subtracted) from the axial deformation measurement of the bottom pedestal. The 
two cables extending in front of the cell are connected to a separate machine to trigger and 
receive signals from the bender elements inserted in the specimen. 

 

 

Fig. (4.A.1). Photo of the triaxial testing system used in this study. 
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Appendix 4.B: Bender elements 

 

Piezoceramic bender elements are incorporated in the triaxial specimen, and a bender 
element test can be done at any stage during the test. On top of the specimen, the transmitter 
element generates a sinusoidal pulse with small shear strain (< 0.001%) that propagates 
along the length of the specimen. The receiver element at the bottom of the specimen detects 
the arrival time of the shear wave. More details are described in Dyvik and Madshus (1985). 
The shear modulus of the soil at small strains, termed “Gmax”, can be calculated using the 
shear wave velocity VS calculated from the tip-to-tip distance between the two elements, and 
the time difference between the major first peaks (as defined in Lee and Santamarina, 2005) 
of the trigger and the receiver shear waves. Bender element tests are conducted at input 
frequencies around 12.5 kHz when the effective confining stress is around 100 kPa. Gmax is 
computed from the formula: 

                                                                       Gmax  =  Vs2 ×  ρ                                               eq. (4. B. 1) 

where: Vs = shear wave velocity (m/s) and ρ = density of the soil (kg/m3). DR ~ 25% 
specimens have Vs about 220 m/s, ρ about 2000 kg/m3, making Gmax around 97 MPa. 

 

Appendix 4.C: Critical void ratio line 

 

Fig. (4.C.1) compares the positions of the DR ~ 7% and DR ~ 25% Ottawa Sand 20/30 
samples in this study relative to the critical void ratio line determined by the undrained 
triaxial testing results from Santamarina and Cho (2001). 
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Fig. (4.C.1). States of the samples used in this study relative to the critical void ratio line (CVR line).  

 

Appendix 4.D: Young’s modulus and shear modulus 

 

Young's modulus (E) during undrained monotonic loading is directly calculated as the ratio 
of measured axial stress change (equals to the change of deviator stress) to axial strain. 
Tangent shear modulus (G) is subsequently calculated using the theory of elasticity, assuming 
Poisson's ratio (ν) equals 0.5 representing fully saturated, undrained conditions. 

E =
Δq
Δεa

                                                            eq. (4. D. 1) 

G =
E

2 (1 + ν)
                                                      eq. (4. D. 2) 

It can be deduced from eq.(4.D.2) that the tangent shear modulus is one-third of the Young’s 
modulus. The definition of shear strain (γ) is: 

γ = εa − εr =  εa − (−νεa) = εa (1 + ν)                          eq. (4. D. 3) 
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where εa is axial strain, εr is radial strain, and ν is Poisson's ratio. For an undrained test where 
ν = 0.5, shear strain is 1.5 times of axial strain. Shear modulus degradation curves with shear 
strain are plotted in Fig. 4.3cg. 

 

Appendix 4.E: Grain abrasion 

 

Particle breakage or abrasion is quantified through a comparison of pre- and post-test 
particle size distribution curves. Around 80 triaxial tests were conducted between these two 
measurements, with each test using about 1/10 of the whole available material. Each particle 
of the sand is therefore estimated to be reused about 8 times between these two grain size 
measurements. Grain abrasion results in an increase in the number of finer particles, which 
broadens the grading of particle sizes (dotted blue curves in Fig. (4.E.1)). Note that the sand 
used in the experiments in this study (Table 4.2) was reused only 4 times maximum. 

 

 

Fig. (4.E.1). Estimation of grain abrasion of Ottawa Sand 20/30 before and after being reused 8 times. 
Six sieves are used to do the analysis (0.25, 0.45, 0.5, 0.63, 0.8, 1 mm). (a) Cumulative grain size 
distribution curves. (b) Mass distribution between each sieve presented in percentage.  
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5. ABSTRACT 

 

We simulate the effect of seismic shaking on submarine sediments by performing cyclic 
triaxial experiments on Ottawa Sand 20/30. We conduct load-controlled undrained cyclic 
triaxial tests with different amplitudes to simulate various seismic intensities, then drain any 
excess pore pressure and conduct undrained cyclic or monotonic tests to estimate the cyclic 
or monotonic shear strength. When cyclic loading generates excess pore pressure ratios less 
than 0.95 (termed “partial liquefaction”) and subsequent drainage allows the excess pore 
pressure to fully dissipate, we observe a significant increase in the cyclic strength with 
negligible change of relative density (DR). One seismic event (15 cycles of cyclic shear stress 
ratio ~ 0.147 and drainage) can increase the cyclic shear strength of an initially DR ~ 25% 
specimen to be stronger than an initially DR ~ 50% specimen. The results also show that as 
the intensity of the cyclic loading increases, the increase in the cyclic shear strength increases. 
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However, when cyclic loading causes excess pore pressure ratios greater than 0.95 (termed 
“full liquefaction”) and subsequent drainage is allowed, although overall densification is 
observed, cyclic shear strength can either increase or decrease depending on the permanent 
deformation of the preceding undrained cyclic loading phase. The cyclic shear strength 
increases when the previous permanent axial strain is less than 1%, and decreases when the 
permanent axial strain is 5%. The monotonic shear strength increases after full liquefaction 
and drainage.    

 

Keywords: triaxial test, Ottawa Sand, earthquake, liquefaction, reconsolidation, undrained 
shear strength, seismic strengthening 

 

5.1. Introduction 

 

In populated coastal areas, geohazards such as submarine landslides and landslide triggered 
tsunamis pose a serious hazard to the population as well as infrastructure (e.g. Tappin et al., 
2014). On active continental margins, there are surprisingly fewer observed large landslides 
than passive margins despite the presence of abundant earthquakes (e.g. Urgeles and 
Camerlenghi, 2013). It has been proposed that repeated shaking without failure induces 
additional increments of densification of the sediment, leading to higher shear resistance and 
requiring larger earthquakes as triggers, termed "seismic strengthening" (McAdoo et al., 
2000; Locat and Lee, 2002; Strozyk et al., 2010; Nelson et al., 2011). Sawyer and DeVore 
(2015) showed from worldwide vane-shear data tested on previously unfailed sediments 
down to 100 mbsf that active margin sites have consistently higher shear strength than 
passive margins by a factor of approximately 2–3. This may explain the paucity of discovered 
submarine landslides on active continental margins where abundant non-failure 
earthquakes induce additional increments of strengthening, leading to higher shear 
resistance compared with passive margins. Wu et al. (2021) (the same first author as in this 
study) conducted triaxial experiments on Ottawa Sand 20/30 and found that prior seismic 
shaking without failure could significantly increase the sediment’s monotonic shear strength 
after dissipation of excess pore pressure.  

Under intense earthquake shaking or cyclic loading conditions, one typical response of fluid-
saturated granular samples is liquefaction. Density can be a factor to influence sand’s shear 
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strength and liquefaction potential. Several works investigated the effect of densification by 
cyclic loading. Youd (1972) studied the progressive densification of a sand specimen in a 
simple shear device subjected to drained strain-controlled cyclic loading. The specimen went 
through alternating cycles of incremental contraction (a decrease in void ratio) and 
incremental dilation (an increase in void ratio), with the net effect being an accumulation of 
contractive strains. The specimen became progressively denser as cyclic loading continued, 
with the change in void ratio per loading cycle becoming progressively smaller. Duku et al. 
(2008) also utilized simple shear testing to investigate the volume change of clean sands 
subject to drained strain-controlled cyclic loading. The authors found that the principal 
compositional factor to affect seismic compression susceptibility was the relative density, 
and an important environmental factor was the confining stress, with volumetric strains 
decreasing with increasing stress.  

For engineering and risk assessment purposes, it is important to link the amount of seismic 
compression to the possible increase of shear strength of the sediment. Wichtmann et al. 
(2005) conducted drained prestraining tests on sand to represent minor shaking followed 
by undrained cyclic loading to determine the increase in its liquefaction resistance. The 
drained cyclic preloading reduced the rate of pore pressure accumulation in the undrained 
cyclic loading phase afterwards. Therefore, the sample required more cycles to reach 
liquefaction after prestraining. 

However, earthquakes are short shaking events without enough time for pore pressure to 
dissipate. Therefore, it is more appropriate to investigate the shear strength under undrained 
conditions. Teparaska and Koseki (2017) conducted a series of repeated liquefaction tests on 
silica sand #7 with stress-controlled undrained triaxial loading followed by drainage after 
liquefaction took place. They showed that a sample that had already liquefied had the 
potential to liquefy again, but the liquefaction potential gradually decreased because of the 
densification resulting from the drainage (reconsolidation) phases. 

This study is a continuation of the work by Wu et al. (2021) and mainly focuses on the effect 
of prior seismic event on the cyclic shear strength of sand. All the tests were prepared and 
performed by the same person (T.-W. Wu) to eliminate the possible user difference. In this 
study, 27 triaxial tests were conducted in total. In the first part of this study, 19 tests were 
performed to investigate the strategy to produce comparable results with two different 
machines. The rest of the tests investigated the effect of prior seismic shaking (partial 
liquefaction or full liquefaction) on the re-liquefaction potential of sand. Load-controlled 
cyclic loading was first imposed under undrained condition to simulate seismic shaking 
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which caused partial or full liquefaction. Subsequently, the excess pore pressure was drained 
and another cyclic or monotonic loading was conducted until failure to determine the 
“strengthened” cyclic or monotonic shear strength.  

 

5.2. Ottawa Sand 20/30 

 

Except for one test (FTest35), a standard sand (Ottawa Sand, ASTM 20/30 mesh) mined from 
the Ottawa, Illinois area in the USA used in many previous liquefaction studies (e.g. Polito et 
al, 2013) was tested in this study. Ottawa Sand 20/30 is a rounded, poorly-graded coarse 
sand. According to the certificate of analysis from the producer (RESTEK, 2018), 100% of the 
mineralogy is quartz and specific gravity (Gs) is 2.635 – 2.66 at 20⁰C. In this study, we use Gs 
= 2.65. FTest35 also uses Ottawa Sand with the same mineralogy and specific gravity, but the 
grains are abraded. 

The grain size distribution curve was determined at the French Research Institute for 
Exploration of the Sea (IFREMER) by passing dry sand through six sieves and measuring the 
weight retaining on each sieve (Fig. 5.1). The minimum and maximum void ratios (emin, emax) 
of Ottawa Sand 20/30 were determined using dry methods developed at the Norwegian 
Geotechnical Institute (NGI) as described in Wu et al. (2021) (see also Lunne et al., 2019),  
and are 0.469 and 0.711. emin and emax are used to calculate the relative density (DR), which 
is defined as: 

DR =
emax −  e

emax − emin
 ×  100%                                              eq. (5.1) 

where e is the void ratio of the prepared sample for testing.   
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Fig. 5.1. Photograph of Ottawa Sand 20/30, and grain size distribution curve obtained with six sieves 
marked as blue circles. The maximum and minimum void ratios (emax, emin) are determined by NGI’s 
in-house dry methods. One test in this study (FTest35) uses abraded sand which has a different grain 
size distribution (magenta triangles). 

 

5.3. Triaxial testing system and sample preparation 

 

Triaxial tests were performed at IFREMER and NGI using two triaxial machines both 
manufactured by the GDS company (GDSa, last accessed in 2021; GDSb, last accessed in 2021). 
IFREMER uses an Enterprise Level Dynamic Triaxial Testing System (ELDYN) and NGI uses 
an Advanced Dynamic Triaxial Testing System (DYNTTS). Photos and machinery 
configurations are shown in Fig. 5.2.  

The ELDYN is GDS’s basic, lower cost dynamic triaxial testing system based on an axially-stiff 
load frame with a beam mounted electromechanical actuator. Axial load is applied through 
the top of the cell. The GDS bender elements were inserted in the top cap and pedestal to 
send S wave and P wave through a soil specimen and measure their velocities (Vs and Vp). 
The cell pressure, back pressure, and pore pressure sensors have a resolution of 1 kPa.   
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The DYNTTS cell is screw-driven from an integral base unit housing the motor drive, which 
allows axial load to be applied through the base of the cell. NGI in-house bender elements 
(Dyvik and Madshus, 1985) were mounted in the triaxial system to measure the shear wave 
velocity (Vs) of the sample and to calculate its small strain shear modulus, Gmax. The cell 
pressure, back pressure, and pore pressure sensors have a resolution of 0.1 kPa.   

Reconstituted sand specimens were prepared by a modified undercompaction method after 
Ladd (1978) with initial water content of 2–5% and undercompaction factor of 0.03 chosen 
in this study. Predetermined quantities of moist sand was placed in a mold in six layers, and 
each layer was carefully compacted to the desired density using a flat-bottom tamper. The 
first (bottom) layer was compacted to slightly lower density than succeeding layers. The 
interface of each succeeding layer was crisscrossed with a spatula to avoid distinct layering. 
After placing a top cap on the sixth layer, a suction of about 20 kPa was applied, and the height 
and circumference of the specimen were measured to calculate the specimen’s initial 
dimension. Resolutions of length measurements were 0.25 mm and 0.1 mm for ELDYN and 
DYNTTS specimens. Sample dimension for the ELDYN was about 5.0 cm in diameter and 9.5 
cm in height (9.8 cm in height for FTest32, FTest33, FTest35), and for the DYNTTS was about 
5.4 cm in diameter and 10.8 cm in height (Fig. 5.2).  

After mounting, the sample was flushed with CO2 for 20 minutes, saturated with deaerated 
water under cell pressure of 20 kPa, and a back-pressure of around 500 kPa was applied with 
a rate of 0.2 kPa/s to obtain better saturation in the specimen. Degree of saturation was 
checked by decreasing and increasing the confining stress by 30 kPa for the DYNTTS, and 40 
kPa for the ELDYN to obtain a minimum Skempton’s B-value of 0.95 (Skempton, 1954). After 
saturation, all specimens were isotropically-consolidated to mean effective stress of 100 kPa 
with a rate of 0.1 kPa/s. Consolidation was typically kept for 3 hours, and was considered 
finished when axial displacement change was ≤ 0.001 mm and volume change was ≤ 3 mm3 
within five minutes. New relative density was recalculated after consolidation. 
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Fig. 5.2. Photographs and machinery configurations of the triaxial testing systems used in this study. 
Both machines are manufactured by the GDS company. ELDYN: Enterprise Level Dynamic Triaxial 
Testing System. DYNTTS: Advanced Dynamic Triaxial Testing System. 
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5.4. Triaxial testing procedures  

 

Cyclic and monotonic experiments were performed at mean effective stress p’ ~ 100 kPa. In 
all the tests, deviator stress were membrane corrected, and cross-sectional areas were 
computed based on a simplified assumption that the specimens deformed as right circular 
cylinders during shear (ASTM D4767-11, 2011). Mean effective stress is defined by: 

                                                            p′ =  σ1+2 σ3
3

− u                                                           eq. (5.2) 

where σ1 is the major principal stress (in the axial direction), σ3 is the minor principal stress 
(in the radial direction), and u is the pore pressure. Deviator stress q is the difference 
between principal stresses, which is defined by: 

                                                               q = σ1 − σ3                                                               eq. (5.3) 

 

5.4.1. Undrained cyclic loading 

 

Cyclic shear tests were conducted with harmonic load-controlled compression – extension 
in the axial direction. Most (18) tests were conducted at a frequency of 0.5 Hz, and a few (8) 
tests were conducted with 1 Hz. For sands, the cyclic frequency of the wave loading has 
negligible effect on the cyclic strength, as shown by data from other laboratory studies (e.g. 
Wang, 1972; Lee and Vernese, 1978; Tatsuoka et al., 1986). The radial stress was maintained 
constant. The excess pore pressure ratio (ru) was calculated throughout the process, which 
is the measured excess pore pressure (∆u) normalized to σ’3c : 

ru =
∆u
σ3c′

                                                                  eq. (5.4) 

In a cyclic test, a sample is considered liquefied when the excess pore pressure ratio exceeds 
0.95. The soil starts to flow as there is enough pore pressure buildup to make the soil reach 
a state close to zero effective stress.    

The DYNTTS has an adaptive control function to estimate the soil’s stiffness change during 
the process of cyclic loading to maintain the target load before liquefaction takes place (Rees 
et al., 2015). This function is not available for the ELDYN. The cyclic shear stress ratio (CSR) 
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is calculated by normalizing the cyclic shear stress τcyc (one-way amplitude of the imposed 
cyclic shear stress, which is half of the value of the cyclic deviator stress qcyc) over the 
effective confining stress at the end of consolidation (σ’3c): 

  CSR = 
τcyc
σ′3c

  = 
qcyc

2 σ′3c
           eq. (5.5) 

Wu et al. (2021) calculated an average CSR from the first loading cycle until the cycle of failure. 
In this paper, we propose a modified cyclic shear stress ratio called CSR* by averaging all the 
CSRs calculated on the peaks and troughs of the loading cycles until the smallest cycle m 
when ru reaches 0.5: 

 CSR* = 
1

m
 � CSRn

𝑚𝑚

𝑛𝑛=1

       eq. (5.6) 

This modification of cyclic shear stress ratio is developed to merge the data obtained by 
ELDYN and DYNTTS (see section 5.5.1 and Appendix 5.A). Using interpolation, we can obtain 
the CSR* value required to reach liquefaction in 15 cycles, called CSR15, as a representation 
of the cyclic shear strength of a sample (After Wu et al., 2021; see also section 5.5.1).    

 

5.4.2. Undrained monotonic loading 

     

Two monotonic tests were conducted in this study by compressing the sample in the axial 
direction with 0.1 mm/min while keeping the radial stress constant. Following Wu et al. 
(2021), monotonic shear strength is defined by: 

   τmax5 =
q5
2

                                                              eq. (5.7) 

where q5 is the maximum deviator stress before or at the time when 5% axial strain (εa) is 
achieved. 
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5.4.3. Test series 

  

Fig. 5.3 shows a schematic diagram of the testing program in this study to assess seismic 
strengthening. Undrained monotonic and cyclic triaxial tests are first conducted to obtain the 
shear resistance of a “fresh” reconstituted sample (τmax5 and CSR15). Next, the test series 
diverges in two ways:  

i) To assess the effect of partial liquefaction, we prepare another sample with the same 
initial condition and impose a smaller “earthquake” (15 cycles with a CSR smaller than 
CSR15) to ensure that the sample does not liquefy. Then, we drain the sample with 
sufficient time (30–60 minutes) to dissipate the excess pore pressure. The same as 
consolidation, drainage is considered finished when axial displacement change is ≤ 
0.001 mm and volume change is ≤ 3 mm3 over a five minute time period. The 
undrained cyclic loading simulates an earthquake when it happens, and the following 
drainage simulates the condition in the field when there is sufficient time for the 
sediment to reconsolidate. The undrained cyclic loading and the following drainage 
defines one “seismic event”. Finally, we conduct an undrained cyclic test with bigger 
stress amplitude until liquefaction, and measure the sample's new cyclic shear 
strength (CSR15). In this way, the cyclic shear strength after reconsolidation can be 
compared to the strength of a “fresh” sample. 

ii) To assess the effect of full liquefaction (ru > 0.95), we prepare another sample with 
the same initial condition, and apply undrained cyclic loading strong enough to liquefy 
the specimen in the first place. Then, we allow drainage to dissipate the excess pore 
pressure for reconsolidation. Finally, we conduct an undrained monotonic loading 
test to obtain a new monotonic shear strength (τmax5), and compare it with the 
monotonic shear strength obtained from the “fresh” sample.  
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Fig. 5.3. Schematic diagram for the procedure of cyclic/monotonic and post-cyclic shear tests to 
assess seismic strengthening. CSR15: cyclic shear stress ratio required to reach liquefaction in 15 
cycles; τmax5: maximum shear stress of the sample before or at the time when 5% axial strain is 
achieved. 

 

5.5. Triaxial testing results 

 

Summary of test results are shown in Table 5.1. All tests are consolidated to target p’= 100 
kPa. Lab IDs include “Tests” which are conducted at NGI with DYNTTS, and “FTests” which 
are conducted at IFREMER with ELDYN (F in the front stands for France). 
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Table 5.1.  Summary of initial conditions and the testing results. All tests are consolidated to p’~ 100 kPa. “FTests” are conducted with ELDYN. “Tests” are 
conducted with DYNTTS.  

  
Initial state 

after 
reconstitution 

State after consolidation Cyclic loading1 
State after 
drainage1 

Cyclic loading2 
State after 
drainage2 

Lab ID 
DR 

group 
(%) 

Void 
ratio 

ei 

Relative 
density 
DRi (%) 

Void 
ratio 

ec 

Relative 
density 
DRc (%) 

B 
value 

Small 
strain 
shear 

modulus 
Gmaxc 

(MPa) 

Cyclic 
shear 
stress 
ratio 
CSR*1 

Number of 
cycles NOC1 

[liquefaction¶] 

Pore 
pressure 
increase 

Δu1 

(kPa) 

Relative 
density 

DRd1 
(%) 

Small 
strain 
shear 

modulus 
Gmaxd1 

(MPa) 

Cyclic 
shear 
stress 
ratio 
CSR*2 

Number of 
cycles NOC2 

[liquefaction¶] 

Pore 
pressure 
increase 

Δu2 
(kPa) 

Relative 
density 

DRd2 
(%) 

Small 
strain 
shear 

modulus 
Gmaxd2 

(MPa) 

FTest2 2 0.718 -3.0 0.705 2.3 1.00 ** 0.123† [3] > 95.0        

Test4 7 0.704 3.1 0.691 8.4 0.96 ** 0.102† [8005] (failure) > 95.0        

Test34 7 0.706 1.9 0.693 7.3 0.99 90.6 0.144‡ [4] (failure) > 95.0        

Test35 7 0.710 0.3 0.697 5.7 1.00 92.1 0.118‡ [79] (failure) > 95.0        

Test36 7 0.707 1.5 0.695 6.6 1.00 92.8 0.126‡ [24] (failure) > 95.0        

FTest5 18 0.683 11.8 0.671 16.7 0.96 97.4 0.158‡ [3] (failure) > 95.0        

Test8 25 0.669 17.4 0.659 21.7 0.96 ** 0.193†§ [20] (failure) > 95.0        

Test16 25 0.660 21.3 0.648 26.1 1.00 96.9 0.205†§ [4] (failure) > 95.0        

Test18 25 0.663 19.8 0.653 23.9 1.00 91.9 0.195†§ [9] (failure) > 95.0        

Test19 25 0.655 23.0 0.645 27.1 1.00 97.6 0.178†§ [983] (failure) > 95.0        

Test20 25 0.663 20.0 0.652 24.2 0.99 97.5 0.185‡§ [13] (failure) > 95.0        

Test31 25 0.658 21.9 0.648 26.0 0.98 98.8 0.200‡§ [4] (failure) > 95.0        

FTest9 27 0.655 23.0 0.646 27.0 0.96 102.2 0.198‡ [7] (failure) > 95.0        
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FTest11 27 0.653 23.9 0.644 27.8 0.98 ** 0.186‡ [11] (failure) > 95.0        

FTest21 27 0.660 21.3 0.648 26.1 0.97 98.3 0.179‡ [8496] (failure) > 95.0        

FTest13 50 0.599 46.3 0.588 50.7 0.97 109.7 0.213‡ [5] (failure) > 95.0        

FTest14 50 0.600 45.9 0.590 50.1 0.97 102.9 0.205‡ [13] (failure) > 95.0        

FTest30 87 0.510 83.0 0.501 86.8 0.97 110.1 0.282‡ [28] (failure) > 95.0        

Test10 25 0.660 21.0 0.650 25.3 0.96 ** 0.146† 15 (no failure) 8.5 25.5 ** 0.219† [13] (failure) > 95.0   

Test13 25 0.665 19.1 0.656 22.6 1.00 84.7 0.144† 15 (no failure) 7.6 22.8 93.1 0.193† [689] (failure) > 95.0   

Test27 25 0.658 21.8 0.649 25.8 0.98 98.1 0.151‡ 15 (no failure) 10.7 26.1 99.2 0.207‡ [57] (failure) > 95.0   

Test28 25 0.658 21.9 0.649 25.5 0.99 99.5 0.170‡ 15 (no failure) 16.1 26.0 100.0 0.215‡ [44] (failure) > 95.0   

Test29 25 0.654 23.4 0.643 28.0 0.99 93.8 0.169‡ 15 (no failure) 16.2 28.5 98.4 0.224‡ [28] (failure) > 95.0   

Test30 25 0.662 20.3 0.651 24.9 1.00 96.0 0.163‡ 15 (no failure) 14.6 25.4 100.4 0.207‡ [101] (failure) > 95.0   

FTest33 18 0.678 13.8 0.668 17.6 0.95 100.8 Monotonic 

FTest32 18 0.676 14.3 0.663 19.7 0.96 92.0 0.147‡ [15] (failure) > 95.0 35.5 98.0 0.134‡ [7] (failure) > 95.0 48.3 98.9 

FTest35# 21 0.674 15.5 0.660 21.0 0.95 93.4 0.128‡ [11] (failure) > 95.0 33.2 94.4 0.134‡ 
> 2005 (no 

failure) 
< 48.5   

¶Decimals are rounded up to integers 

**No measurement 

†Frequency 1 Hz 

‡Frequency 0.5 Hz 

§Reprocessed from Wu et al. (2021) 

#Abraded sand 
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5.5.1. Merging cyclic shear strength data obtained by ELDYN and DYNTTS 

 

Fig. 5.4 shows the cyclic response of DR ~ 25–27% specimens by two machines. FTest11 
(ELDYN) and Test20 (DYNTTS) are subject to similar cyclic stress, and liquefaction also 
happens at similar number of cycles (FTest11: the 11th cycle; FTest21: the 13th cycle); 
therefore, the calculated cyclic shear stress ratio (CSR) are expected to be similar. Fig. 5.4a 
shows the stress paths in the p’-q space. The main cause of the different patterns of stress 
path is the existence of the “adaptive stiffness control” system, which is only available for the 
DYNTTS tests. ELDYN tests use a traditional fixed gain proportional-integral-derivative (PID) 
control. Uniformity of load amplitude cannot be maintained throughout the cyclic test, 
especially as material stiffness starts to change (softens) (FTest11). Adaptive control 
implemented within the loading actuator control system firmware of the DYNTTS improves 
the performance by rapidly adapting to variations in soil specimen compliance as the cyclic 
test progresses (Test20). The load is uniformly applied until large strain or soil specimen 
failure is reached. More details about the adaptive control system are given in Rees et al. 
(2015). 

Fig. 5.4b reports the applied deviator stress (q), the axial strain (εa), and the excess pore 
pressure ratio (ru) versus the number of cycles. It can be seen that for Test20 (DYNTTS), ru 
accumulates incrementally to 50% until a sudden increase takes place to almost 100%, 
causing the soil to reach a state of nearly zero effective stress. The sample deforms very little 
during the early loading phase, but experiences a sudden increase in axial strain in the 
extensional domain just before liquefaction. After the sample liquefies, large axial 
deformation can be triggered easily without much stress input. In turn, the pore pressure in 
FTest11 (ELDYN) accumulates almost linearly up to 100%. The axial strain starts to deform 
in the extensional domain when ru reaches 50%, and the amplitude of the deviator stress 
noticeably dropped below the initially specified input as the soil softens. If we follow Wu et 
al. (2021) to calculate an average CSR from the first cycle until the cycle of liquefaction, the 
reduced amplitudes of the deviator stress when the soil softens will result in a too small 
calculated CSR (FTest11: 0.173; Test20: 0.189). Therefore, we used CSR* in eq.(5.6) to 
calculate an average CSR only until when the pore pressure ratio accumulates to 0.5, as the 
deviator stress applied by both machines is more or less constant in this range. This modified 
definition of CSR will have a higher impact on the ELDYN than on the DYNTTS (CSR* for 
FTest11: 0.186; Test20: 0.185). See also Appendix 5.A for the explanation of the necessity to 
use CSR* instead of conventional definition of CSR for the ELDYN machine.    
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In Fig. 5.5, CSR* is plotted against the number of cycles to failure (liquefaction). Cyclic 
strength curves of the DYNTTS tests are obtained with 2nd degree polynomial interpolation 
in semi-log space. Since there are not enough ELDYN tests for curve fitting, we create a curve 
using average curvature from the two DYNTTS curves and shift the curve to pass through the 
ELDYN test points as best as possible. Following Wu et al. (2021), we define the cyclic shear 
strength at a given relative density, called CSR15, as the CSR required for the sample to reach 
failure in 15 cycles (i.e. the CSR* value at the 15th cycle).    

Results of maximum shear modulus after consolidation (Gmaxc) and cyclic shear strength 
(CSR15) with respect to relative density after consolidation (DRc) are summarized in Table 
5.2 and plotted in Fig. 5.6a and Fig. 5.6b. Despite a considerable scatter, Fig. 5.6a shows 
that Gmaxc has a general trend to increase with DRc. CSR15 merging data from the two 
machines also indicates a continuous increase with DRc (Fig. 5.6b). Having enough data to 
produce linear regressions, we obtained the following equations that can be used to predict 
Gmaxc (in MPa) and CSR15 of Ottawa Sand 20/30 by its relative density after consolidation 
(in %):             

Gmaxc = 0.256 * DRc + 90.4                                                 eq. (5.8) 

CSR15 = 0.002 * DRc + 0.118                                                eq. (5.9) 

Note that DR for a given void ratio is a calculated value that can significantly differ if the 
methods used to determine emin and emax are different (Wu et al., 2021). Therefore, equations 
based on void ratios are provided below, and plotted in Fig. 5.6c and Fig. 5.6d: 

Gmaxc = -105.71 * ec + 165.5                                            eq. (5.10) 

CSR15 = -0.81 * ec + 0.695                                               eq. (5.11) 
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Fig. 5.4. Comparison of the results of FTest11 (ELDYN) and Test20 (DYNTTS) loaded with similar 
stress inputs. a) p’-q diagrams of  FTest11 (calculated CSR* = 0.186) and Test20 (calculated CSR* = 
0.185). Color indicates the axial strain (same scale on both plots). b) Deviator stress (q), axial strain 
(εa), and excess pore pressure ratio (ru) of FTest11 (in magenta) and Test20 (in black) overlaid on 
each other. Green dots mark the place when FTest11 liquefies (when ru ≥ 0.95 at the 11th cycle), and 
blue dots mark the place when Test20 liquefies (at the 13th cycle). 
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Fig. 5.5. Cyclic strength curves obtained with polynomial interpolation of the test results at different 
relative densities marked with different colors. Squares and solid curves are results from DYNTTS, 
and diamonds and dashed curves are results from ELDYN. Test IDs of the DR ~ 25% DYNTTS tests are 
plotted in Fig. 5.8.  
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Table 5.2. Summary of the maximum shear modulus and cyclic shear strength at different relative 
density values of Ottawa Sand 20/30. Results of FTest35 are excluded from this table due to different 
grain size distribution. 

Average DRc (%) Average Gmaxc (MPa) Approximate CSR15 Machine 

2 ** 0.107 ELDYN 

7 92 0.130 DYNTTS 

18 95 0.143 ELDYN 

25 95 0.190 DYNTTS 

27 100 0.190 ELDYN 

50 106 0.203 ELDYN 

87 110 0.286 ELDYN 

**No measurement 
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Fig. 5.6. Linear regressions of the maximum shear modulus after consolidation (Gmaxc) and cyclic 
shear strength (CSR15) obtained in this study. Results of FTest35 are excluded from this figure due to 
different grain size distribution. a) Gmaxc with respect to relative density after consolidation (DRc). b) 
CSR15 with respect to relative density after consolidation (DRc). c) Gmaxc with respect to void ratio 
after consolidation (ec). d) CSR15 with respect to void ratio after consolidation (ec). 
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5.5.2. Effect of partial liquefaction on seismic strengthening 

 

Filled black squares in Fig. 5.8 show six test results of DR ~ 25% specimens. The estimated 
cyclic shear strength CSR15 is 0.190 (black curve in Fig. 5.8). Following a simplified 
procedure for estimating stresses induced by an earthquake after Seed and Idriss (1971), 
Idriss (1999) and Youd et al. (2001), Wu et al. (2021) related CSR15 values to seismic 
intensities that can be measured in the field. Under effective confining stress of 100 kPa 
(approximate depth 10.2 m), CSR15 = 0.190 means that the sample will fail when an 
earthquake happens with peak ground acceleration (amax) larger than 1.59 m/s2 (0.16 g) (Wu 
et al., 2021).  

The same as in Wu et al. (2021), we tested two levels of moderate earthquakes in the 
Japanese JMA Scale (Japan Meteorological Agency, last accessed in 2020) and the Taiwanese 
CWB Scale (Central Weather Bureau, last accessed in 2020) in this study. When we apply 15 
cycles of CSR ~ 0.147, approximate amax is ~ 1.23 m/s² (0.13 g), which roughly corresponds 
to an instrument intensity scale of “5-lower” in the JMA and CWB Scales (Wu et al., 2021). 
When CSR ~ 0.167, amax is ~ 1.40 m/s² (0.14 g), which roughly corresponds to “5-upper” in 
the JMA and CWB Scales (Wu et al., 2021). Since these two levels of seismic intensities (i.e. 
15 cycles of different CSRs) are plotted below the cyclic strength curve (black curve in Fig. 
5.5 and Fig. 5.8), they are not strong enough to cause failure (green and blue stars in Fig. 
5.8).  

Fig. 5.7 Demonstrates an example of seismic strengthening test with prior seismic event 
(Test27, DYNTTS). The sample is first consolidated to 100 kPa and DR ~ 25%. 15 cycles of 
CSR ~ 0.151 (target: CSR ~ 0.147) are applied with the drainage valves closed to simulate an 
earthquake of amax ~ 1.23 m/s². The earthquake without failure increases the pore pressure 
by about 11 kPa, making the effective stress (p’) to drop to about 89 kPa. Subsequently, 
drainage valves are opened to allow the excess pore pressure to dissipate. It re-consolidates 
the sample back to 100 kPa. Volumetric strain (εv) is defined by:  

  εv ~ 
−ΔV

V
 =

−Δe
1 + e

                                                        eq. (5.12) 

where e is the void ratio, and V is the sample volume. In this test, V = 245.69 cm3 after 
consolidation. The volumetric strain increases by 0.04% during the drainage stage. Finally, 
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the sample is tested by a bigger cyclic loading until liquefaction to determine the cyclic shear 
strength after seismic strengthening. 

Test results of new cyclic shear strength of DR ~ 25% specimens undergone one partial 
liquefaction event and subsequent drainage are plotted in Fig. 5.8. It can be seen that the 
cyclic shear strength increases as the intensity of the prior seismic shaking increases. Using 
eq.(5.9), the strengthened CSR15 values 0.217 and 0.242 correspond to an initially DR ~ 50% 
and DR ~ 62% specimen, respectively. Using the interpretation in Wu et al. (2021) to 
transform CSR15 to earthquakes’ intensities, CSR15 values 0.217 and 0.242 correspond to amax 
~ 1.82 m/s² (0.19 g) and amax ~ 2.03 m/s² (0.21 g), respectively. It means that a bigger 
earthquake trigger is required to liquefy the soil if it is previously strengthened by a partial 
liquefaction event. It can also be seen in Fig. 5.8 that Test16 (no earthquake’s effect), Test27 
(strengthened by 15 cycles of CSR ~ 0.147) and Test30 (strengthened by 15 cycles of CSR ~ 
0.167) are subject to similar stress input, but the number of cycles for the soil to liquefy 
increases when the soil is previously strengthened (4, 57, and 101 cycles, respectively).  

In all the tests, Gmax measured by bender elements increases after one event of partial 
liquefaction (Fig. 5.9a). Despite the scatter of Gmax measurements after consolidation, the 
increase of Gmax by prior partial liquefaction event has a slope steeper than the regression 
line obtained in Fig. 5.6a, meaning that the increase in Gmax is higher than what can be 
expected just by the increase of relative density. Fig. 5.9b shows that the change of relative 
density is very little (only within 0.5% of the absolute value), yet the cyclic shear strength is 
significantly enhanced that goes beyond the regression line determined by consolidation 
without prior seismic event (Fig. 5.6b). Fig. 5.9c appends seismically strengthened CSR* 
curves from Fig. 5.8 on Fig. 5.5.  
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Fig. 5.7. Time history of Test27 (DYNTTS) at DR ~ 25%, an example of seismic strengthening test for 
simulating an earthquake without failure (15 cycles of target CSR ~ 0.147) followed by drainage. After 
the seismic event, the sample goes under a bigger cyclic loading until liquefaction marked as a green 
dot at the 57th cycle.  
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Fig. 5.8. Increase of cyclic shear strength by one prior partial liquefaction event (DYNTTS). Black 
curve is the cyclic strength curve obtained from DR ~ 25% specimens without earthquake’s effect. 
Green curve is stengthened by 15 cycles of CSR ~ 0.147, and blue curve is stengthened by 15 cycles 
of CSR ~ 0.167. 
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Fig. 5.9. Seismically strengthened test results (green and blue squares) appended on previous plots. 
a) Increase of Gmax by prior partial liquefaction appended on Fig. 5.6a. b) Increase of CSR15 by prior 
partial liquefaction appended on Fig. 5.6b. c) Seismically strengthened CSR* curves from Fig. 5.8 
plotted on Fig. 5.5.  
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5.5.3. Effect of full liquefaction on seismic strengthening 

 

In the previous section, it was shown that partial liquefaction and drainage is beneficial to a 
specimen’s liquefaction resistance. In this section, 2 tests are conducted to assess if a 
specimen can also be strengthened after full liquefaction and drainage. Fig. 5.10 shows data 
from FTest35 that include two stages of undrained cyclic loading with similar stress input. 
The first cyclic loading phase reaches liquefaction and the test is stopped when the 
permanent axial strain accumulates to ~ 1%. Subsequently, drainage is allowed and there is 
an increase in DR and slight increase in Gmax after reconsolidation. Then, with similar stress 
input, the sample does not liquefy again. It indicates that the cyclic shear strength has 
significantly increased. The patterns of the two cyclic loading stages are demonstrated in Fig. 
5.10bc. For comparison purpose, residual axial strain after the first cyclic loading and 
drainage phase is resumed back to 0% before the next cyclic loading phase (i.e. we substitute 
the initial sample height with the new height after drainage). P-wave velocity (Vp) and S-
wave velocity (Vs) are measured at the end of consolidation and drainage phases (Fig. 5.10a). 
It is noticeable that Vp increases after the drainage phase (from 1613 to 1647 m/s), while Vs 
remains a constant value (215 m/s).  

However, in the case of a full-liquefaction event when the permanent axial strain accumulates 
to εa ~ 5% (FTest32, Fig. 5.11), despite a relatively high increase in DR and Gmax after the 
drainage phase, the cyclic shear strength decreases as liquefaction happens within fewer 
cycles in the second cyclic loading stage (change from 15 to 7 cycles, Fig. 5.11bc). Vp is 
measured at the end of consolidation, cyclic loading and drainage phases, and Vs is measured 
at the end of consolidation and drainage phases (Fig. 5.11a) (it is not possible to measure Vs 
when the sample liquefies). Compared with the consolidation state, Vp decreases after the 
first drainage phase (from 1598 to 1594 m/s), while Vs increases (from 214 to 220 m/s). Vs 
stays a constant value when another drainage is done. After two stages of full liquefaction to 
εa ~ 5% and drainage, monotonic loading is applied to obtain the monotonic shear strength.   

Fig. 5.12 shows the monotonic test results of FTest32 (DR ~ 48% after two stages of full 
liquefaction to εa ~ 5% and drainage), and FTest33 (DR ~ 18%, comparable to the 
consolidation state of FTest32). The pore pressure ratio in FTest33 increases to a peak to 
0.53 at 3.1% axial strain and starts to decrease until it becomes negative at 14.0% axial strain. 
The pore pressure in FTest32 slightly increases to 0.27 at 0.5% axial strain before it 
decreases and becomes negative at 1.3% axial strain, showing dilative behavior. Fig. 5.12 



CHAPTER V – MANUSCRIPT 3: ASSESSMENT OF CYCLIC AND MONOTONIC 
UNDRAINED SHEAR STRENGTH OF SAND AFFECTED BY PRIOR SEISMIC EVENTS 

Page 151 

also represents the approximate Mohr-Coulomb envelops at failure defined at 5% axial strain. 
Definitions of the coordinates are: 

σ′ =  
σ1 + σ3

2
− u                                                        eq. (5.13) 

                                                              τ =
σ1 − σ3

2
                                                               eq. (5.14) 

Monotonic shear strength (τmax5) values are 41 kPa and 490 kPa for FTest33 and FTest32, 
respectively. The angle of shearing resistance (also called: friction angle) at 5% axial strain 
(φ’5) is calculated with a tangent line intersecting the Mohr-circle assuming zero cohesion 
intercept on the shear stress axis (i.e. there is no cementation or other bonding between the 
particles). It is 26⁰ for the FTest33 (DR ~ 18%) specimen, and 31⁰ for the FTest32 (DR ~ 48%) 
specimen. The test results demonstrate that after two events of full liquefaction and 
reconsolidation, the monotonic shear strength and friction angle both increase.  

 

 

Fig. 5.10. Results of FTest35 (ELDYN). a) Test flow with two undrained cyclic loading phases to full 
liquefaction until permanent axial strain (εa) accumulates to ~ 1%. P-wave velocity (Vp) and S-wave 
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velocity (Vs) are measured at the end of consolidation and drainage phases. bc) Plots of the deviator 
stress (q), axial strain (εa), and excess pore pressure ratio (ru) of the two undrained cyclic loading 
stages. 

       

 

Fig. 5.11. Results of FTest32 (ELDYN). a) Test flow with two undrained cyclic loading phases to full 
liquefaction until permanent axial strain (εa) accumulates to ~ 5%. S-wave velocity (Vs) is measured 
at the end of consolidation and drainage phases. P-wave velocity (Vp) is measured at the end of 
consolidation, cyclic loading and drainage phases. bc) Plots of the deviator stress (q), axial strain (εa), 
and excess pore pressure ratio (ru) of the two undrained cyclic loading stages. 
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Fig. 5.12. Undrained monotonic test results conducted at p' ~ 100 kPa. Black dots mark the points 
where monotonic shear strength (maximum shear stress before or at the time of 5% axial strain) is 
calculated. a) FTest33 conducted at DR = 18%. Monotonic shear strength is 41 kPa. b)  FTest32 
conducted at DR = 48% (after 2 full liquefaction events). Monotonic shear strength is 490 kPa. 

 

5.6. Discussion 

 

5.6.1. Partial liquefaction and drainage: significant seismic strengthening without significant 
increase in relative density 

 

It was shown in Fig. 5.8 that an “earthquake” without failure with higher intensity results in 
more strengthening of the sample. This may be partly due to more change in effective stress 
(affected by the pore pressure change) and more density increase after drainage (Table 5.1). 
This is in accordance with Shamoto et al. (1996) and Wu et al. (2021) who did undrained 
cyclic triaxial tests on sand followed by drainage, and found that the volumetric strain 
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increase after drainage could be well-correlated with the pore pressure increase by the 
preceding undrained loading when the excess pore pressure ratio ru was less than 1. 

However, from Fig. 5.9 and Table 5.1 it can be seen that the increase in relative density by 
the two different intensities of “earthquakes” followed by drainage (reconsolidation) is only 
0.2–0.5% (absolute values), which is even less than the DR variation during sample 
preparation. Yet, the increase in cyclic shear strength is remarkable (CSR15 increases from 
0.190 to 0.217 and 0.242, which is a 14–27% increase of the original value). This result is 
consistent with Wu et al. (2021) who demonstrated a significant increase in a sample’s 
monotonic shear strength (17–34% increase) after the same “seismic shaking” and drainage 
as those used in this study. This study agrees with Wu et al. (2021) that the increase of shear 
strength is not solely a result of density increase, but may be influenced by the change of the 
sediment’s micro-structure associated with previous seismic shaking.  

The strengthening caused by minor shaking was also significant in Wichtmann et al. (2005)’s 
triaxial results with drained cyclic preloading followed by undrained cyclic loading. One 
example of prestraining in Wichtmann et al. (2005) with 100 cycles of CSR = 0.25 induced 
only 0.3% of volumetric contraction, but the increase in the sample’s liquefaction resistance 
was remarkable (CSR15 increased by about 55%). Similar to our comparison of strengthening 
effects with different seismic intensities, it was also discovered in Wichtmann et al. (2005) 
that an increase of the intensity of drained cyclic preloading also correlated with the increase 
of liquefaction resistance.   

Our result indicates that studying about compression alone (e.g. Youd, 1972; Duku et al., 
2008) is not sufficient to predict the cyclic shear strength of a seismically strengthened 
specimen, as the cyclic shear strength increase is not proportional to the CSR15 – DR trend 
line determined by consolidation (Fig. 5.9b). Therefore, the shear strength of a material 
obtained in an earthquake-prone area cannot be described by the density at the current stage 
alone, because the shear strength may be more profoundly influenced by its stress/strain 
history (past earthquake events).  
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5.6.2. Full liquefaction and drainage: cyclic shear strength changes depending on permanent 
deformation 

 

By comparing Fig. 5.10 and Fig. 5.11, it can be observed again that the change of cyclic shear 
strength is not solely a function of density change, as the density increases more in FTest32 
after the first cyclic loading and drainage event, yet the cyclic shear strength decreases (i.e. 
re-liquefaction potential increases). It is worth noticing that Vp and Vs do not change in the 
same direction, and Vp decreases after the first drainage phase while Vs increases. It may 
suggest that Vp change can be an indicator of cyclic shear strength change. In FTest35 (Fig. 
5.10), Vs after the cyclic loading and drainage event stays constant, thus cannot be an 
indicator of the cyclic shear strength change. However, Vp increases in this case, 
corresponding to the increase in cyclic shear strength.   

After once full liquefaction and drainage event, permanent εa ~ 1% is beneficial to 
strengthening (Fig. 5.10), while permanent εa ~ 5% is destructive and weakens the cyclic 
shear strength (Fig. 5.11). This threshold is similar to that determined by Wahyudi et al. 
(2015) and Koseki et al. (2019) who studied re-liquefaction with cyclic stacked-ring simple 
shear tests on Toyoura sand under constant volume followed by reconsolidation. They 
suggested that the re-liquefaction resistance would increase if the double-amplitude shear 
strain caused by the immediate-past liquefaction history was < 5%; otherwise, the re-
liquefaction resistance would decrease if the past strain history was too large.     

 

5.6.3. Different behaviors of monotonic and cyclic shear strength  

 

It was found in Wu et al. (2021) that the change of Gmax is roughly in accordance with the 
change of monotonic shear strength. Therefore, in Fig. 5.11 (FTest32), although there is no 
direct measurement of the monotonic shear strength after the first cyclic loading and 
drainage event, we expect that the monotonic shear strength would increase because there 
is an increase of Gmax. Gmax does not increase much again after the second cyclic loading 
and drainage event, but the monotonic shear strength, probably strengthened by the first 
event already, is higher than a “fresh” specimen without prior liquefaction event (Fig. 5.12).  
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Fig. 5.13 summarizes the observations in this study and the previous study by Wu et al. 
(2021) and provides an idea how a specimen’s cyclic and monotonic shear strength might be 
affected by one prior seismic event. In general, there is strengthening of the cyclic and 
monotonic shear strengths by one prior seismic event; however, one exception is a full 
liquefaction event with permanent εa ~ 5% (Fig. 5.11, FTest32). The cyclic shear strength 
decreases despite an increase of Gmax (and monotonic shear strength). In Wu et al. (2021), 
it was also observed that multiple partial liquefaction events might increase the cyclic shear 
strength, but the monotonic shear strength measurements showed a decreasing trend. 
Therefore, it seems that monotonic shear strength and cyclic shear strength do not have the 
same behavior and do not necessarily increase and decrease at the same time.   

This study proposes that density change is not a good parameter to predict shear strength 
change. Instead, Gmax (and Vs) and Vp may be better indicators for the change of monotonic 
shear strength and cyclic shear strength, respectively. The strengthening/weakening may not 
be governed by density change, but may be more influenced by particles’ re-orientation in a 
way that changes the microstructure of the sediment after cyclic loading and drainage. A way 
to examine the structure of sand fabric is to perform CT (computed tomography) scans. 
Alshibli et al. (2000) conducted CT scans on a drained triaxial monotonic-loaded sample with 
dry fine-grained Ottawa sand F-75 tested at 1.3 kPa effective confing stress. Failure of the 
specimens was characterized by multiple shear bands including two circular shear cones 
extending at large angles from each end of the specimen, and multiple shear planes extending 
in the radial direction outwards from the center (Alshibli et al., 2000). It demonstrates that 
the arrangement of the sand particles during monotonic loading is highly inhomogeneous. 
The question arises how cyclic loading may have similar or different influence on the local 
structure of a triaxial specimen.  

Salvatore et al. (2016) performed cyclic triaxial tests with dry Hostun sand and scanned them 
periodically with X-ray tomography to understand the mechanisms activated by alternated 
compression and extension. They found that deformation was highly non-uniform within a 
triaxial sample from early loading phases and that the yielding mechanisms activated by the 
compression and extension stress paths were different. Primary compression induced a 
concentration of shear deformation about 44°–47° from the horizontal plane and reduced to 
32° when the sample is sheared extensionally. Our experimental observations may support 
the thesis by Salvatore et al. (2016) that yielding in compression and extension follows 
independent rules dictated by the previous stress and strain history. 
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Another factor to be noted is that cyclic loading process promotes a change in specimen 
shape. The occurrence of permanent strain by cyclic loading results in a non-cylindrical 
shape of the specimen which makes the applied confining stress or deviator stress non-
uniform. Towards liquefaction, there may be pockets of loosened soil in the sand boil due to 
upward flow of pore water pressure buildup. It can be seen in Appendix 5.B, Fig. (5.B.1) that 
full liquefaction to εa ~ 5% generates localized bulging which is most prominent at the 
bottom of the ELDYN sample (the far end from the load ram). Teparaksa and Koseki (2017) 
also did repeated liquefaction tests in a triaxial apparatus and suggested to limit the test up 
to 3-4 stages because of the non-uniform shapes of the specimens after shearing. In the 
future, we suggest to substitute the tests with direct simple shear tests with lateral constrain 
to eliminate the influence of lateral change in the specimen’s dimension. 

 

 

Fig. 5.13. Summary of the observations from this study and Wu et al. (2021), showing the change of 
cyclic and monotonic shear strength of sand affected by one prior seismic event.  

 

5.7. Conclusion and outlook 

 

The aim of this paper was to enhance the understanding of seismic strengthening of granular 
material and its dependence on different scenarios such as partial liquefaction and full 
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liquefaction. The Ottawa Sand 20/30 specimens were first subject to undrained cyclic 
loading followed by drainage. Afterwards, drainage was closed and undrained cyclic or 
monotonic loading was conducted to determine the undrained cyclic or monotonic shear 
strength. Two machines from the GDS company were used in this study, and the following 
conclusions were driven: 

i) DYNTTS is a better choice for cyclic triaxial tests as it has the adaptive stiffness control 
function, and better resolution in the data measurements. However, by defining a 
modified cyclic shear stress ratio (CSR*) in this study, we could produce comparable 
results with ELDYN, a lower-cost machine.   

ii) The experimental data to assess the effect of one partial liquefaction and drainage 
event report that without significant compaction of the sample (relative density 
increase), the strengthening effect is remarkable. Small-strain shear modulus 
(mechanical stiffness) obtained by bender elements also demonstrates strengthening 
after reconsolidation. The strengthening effect increases with the intensity of the 
cyclic loading. 

iii) For the case of one full liquefaction and drainage event, although overall densification 
is observed, cyclic shear strength can either increase or decrease depending on the 
permanent deformation of the preceding undrained cyclic loading phase. The effect is 
constructive when permanent axial strain was only 1%, and turns to destructive when 
permanent axial strain accumulated to 5%. Monotonic shear strength increases after 
full liquefaction and drainage.    

iv) Monotonic and cyclic shear strengths seem to behave differently, and do not always 
increase or decrease at the same time. Despite the scatter in absolute values, the 
change of Gmax (and Vs) can be an indicator of the change of monotonic shear 
strength. Two test results show that the change of cyclic shear strength may follow 
the change of Vp, although more data are needed to attest this in the future.     

Our experimental results imply that the cyclic shear strength at present is more affected by 
the stress/strain history (previous earthquake events) than by the current relative density. 
We suggest that particle re-orientation by seismic shaking may substantially influence the 
variability in local void ratio, increasing the degree of non-homogeneity in the specimen. 
However, more research is needed to confirm this hypothesis. Future research could include 
investigating the effects of particle re-orientation by CT scans, and comparing results 
between triaxial and direct simple shear devices.    
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Our test results can feed back to risk assessment purposes because full liquefaction can cause 
large residual ground deformation in natural or artificial sand deposits during large-
magnitude earthquakes. On the other hand, if liquefaction does not take place (i.e. there is 
only partial liquefaction), the sediment may strengthen after dissipating the excess pore 
pressure. However, we only tested Ottawa Sand 20/30 with one effective confining stress 
(100 kPa) and one prior seismic event in this study. More tests are needed with different 
sediment types, as well as different confining stresses, loading conditions and multiple 
events to provide a comprehensive understanding of the effect of seismic strengthening.  
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5.10. Appendices 

 

Appendix 5.A: Necessity to define a modified CSR (CSR*) for the ELDYN machine  

 

Wu et al. (2021) used a conventional definition of CSR by averaging all the cyclic shear stress 
ratios from the first loading cycle until the cycle of failure (when ru reaches 0.95). However, 
as described in section 5.5.1, this definition will calculate a too small CSR due to stress 
reduction during cyclic loading in the ELDYN machine. Fig. (5.A.1) compares the test results 
in this study plotted with conventional CSR and the modified CSR* (described in section 5.4.1 
and eq.(5.6)). It can be seen from the left plot of Fig. (5.A.1) that it is not possible to fit a 
concave up, decreasing curve through the ELDYN data points. Using CSR* (right plot of Fig. 
(5.A.1)), the data points in the range of smaller cycles (1 to 15 cycles) are risen upwards, 
allowing the ELDYN tests to distribute more reasonably, and also making the DYNTTS curves 
more concave.  

The reason that the conventional CSR (averaging all the CSRs before the liquefaction point) 
causes problems for the ELDYN machine is demonstrated in Fig. (5.A.2) by comparing DR ~ 
27% samples FTest11 and FTest21. The bigger stress application in FTest11 would evidently 
make liquefaction happen faster. However, because the sample softens quickly and q cannot 
be maintained constant, the calculated CSR (accounting for 11 cycles) can be apparently 
lower than the case of a smaller stress application (FTest21)! Therefore, there is a need to 
use CSR* to account for only 7 cycles for FTest11 (because ru reaches 0.5 in the 7th cycle) in 
order to calculate a bigger CSR value than that of FTest21.    
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Fig. (5.A.1). Test results in this study plotted with conventional CSR and the modified CSR*. 
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Fig. (5.A.2). Comparison of the results from DR ~ 27% specimens FTest11 (ELDYN) and FTest21 
(ELDYN) loaded with different stress inputs. a) p’-q diagram of FTest11 (calculated CSR = 0.173, CSR* 
= 0.186). b) p’-q diagram of FTest21 (calculated CSR = 0.179, CSR* = 0.179). cd) Deviator stress (q), 
axial strain (εa), and excess pore pressure ratio (ru) of FTest11 (in magenta) and FTest21 (in blue) 
overlaid on each other. Green dots mark the place when FTest11 liquefies, and orange dots mark the 
place when FTest21 liquefies. 
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Appendix 5.B: Comparison of specimen deformation under monotonic loading with or without 
prior full liquefaction  

 

 

Fig. (5.B.1). Photos of a) FTest33 at DR = 18% (no liquefaction, then monotonic loading to εa ~ 22%), 
and b) FTest32 at DR = 48% (after two full liquefactions to εa ~ 5%, then monotonic loading to εa ~ 
15%). 
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https://doi.org/10.1680/geot.1954.4.4.143 

https://doi.org/10.1139/cgj-2017-0738
https://doi.org/10.1029/2003TC001570
https://doi.org/10.1016/S0025-3227(00)00050-5
https://repositories.lib.utexas.edu/handle/2152/13267
https://doi.org/10.2110/sepmsp.096.039
https://doi.org/10.1139/cgj-2012-0379
https://doi.org/10.1680/ecsmge.60678.vol6.519
https://www.restek.com/catalog/view/6606
https://doi.org/10.1016/j.proeng.2016.08.411
https://doi.org/10.1002/2015GL066603
https://doi.org/10.3208/sandf.36.39
https://doi.org/10.1680/geot.1954.4.4.143


CHAPTER V – MANUSCRIPT 3: ASSESSMENT OF CYCLIC AND MONOTONIC 
UNDRAINED SHEAR STRENGTH OF SAND AFFECTED BY PRIOR SEISMIC EVENTS 

Page 166 

Strozyk, F., Strasser, M., Förster, A., Kopf, A., Huhn, K., 2010. Slope failure repetition in active margin 
environments: Constraints from submarine landslides in the Hellenic fore arc, eastern Mediterranean. Journal 
of Geophysical Research 115. https://doi.org/10.1029/2009JB006841 

Tappin, D.R., Grilli, S.T., Harris, J.C., Geller, R.J., Masterlark, T., Kirby, J.T., Shi, F., Ma, G., Thingbaijam, K.K.S., Mai, 
P.M., 2014. Did a submarine landslide contribute to the 2011 Tohoku tsunami? Marine Geology 357, 344–361. 
https://doi.org/10.1016/j.margeo.2014.09.043 

Tatsuoka, F., Toki, S., Miura, S., Kato, H., Okamoto, M., Yamada, S., Yasuda, S. Tanizawa, F., 1986. Some factors 
affecting cyclic undrained triaxial strength of sand. Soils and Foundations 26, 99–116. 
https://doi.org/10.3208/sandf1972.26.3_99 

Teparaksa, J., Koseki, J., 2017. Silica Sand Behavior under Repeated Liquefaction in Cyclic Triaxial Test. Proc. of 
19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul, Korea, September 17- 
22. 

Urgeles, R., Camerlenghi, A., 2013. Submarine landslides of the Mediterranean Sea: Trigger mechanisms, 
dynamics, and frequency-magnitude distribution: LANDSLIDES IN THE MEDITERRANEAN SEA. J. Geophys. 
Res. Earth Surf. 118, 2600–2618. https://doi.org/10.1002/2013JF002720 

Wahyudi, S., Koseki, J., Sato, T., Chiaro, G., 2015. Multiple-Liquefaction Behavior of Sand in Cyclic Simple 
Stacked-Ring Shear Tests. International Journal of Geomechanics 16, C4015001. 
https://doi.org/10.1061/(ASCE)GM.1943-5622.0000596 

Wang, M. S., 1972. Liquefaction of Triaxial Sand Samples Under Different Frequencies of Cyclic Loading, M. S. 
Dissertation, University of Western Ontario, London, Canada. 

Wichtmann, T., Niemunis, A., Triantafyllidis, T., Poblete, M., 2005. Correlation of cyclic preloading with the 
liquefaction resistance. Soil Dynamics and Earthquake Engineering 25, 923–932. 
https://doi.org/10.1016/j.soildyn.2005.05.004 

Wu, T.-W., Suzuki, Y., Carlton, B., Harbitz, C., Kopf, A., 2021. Effect of prior small to moderate seismic events on 
monotonic undrained shear strength of sand. Soil Dynamics and Earthquake Engineering 141, 106465. 
https://doi.org/10.1016/j.soildyn.2020.106465 

Youd, T.L., 1972. Compaction of Sands by Repeated Shear Straining. Journal of the Soil Mechanics and 
Foundations Division 98, 709–725. 

https://doi.org/10.1029/2009JB006841
https://doi.org/10.1016/j.margeo.2014.09.043
https://doi.org/10.3208/sandf1972.26.3_99
https://doi.org/10.1002/2013JF002720
https://doi.org/10.1061/(ASCE)GM.1943-5622.0000596
https://doi.org/10.1016/j.soildyn.2005.05.004
https://doi.org/10.1016/j.soildyn.2020.106465


CHAPTER VI – OVERALL DISCUSSION 

Page 167 

CHAPTER VI – Overall discussion 
 

As a first approach (CHAPTER II, Manuscript 1), we presented the results of sedimentological, 
geochemical and geotechnical tests (the latter including consolidation and shear strength 
measurements) to derive further understanding on the nature and origin of the high shear 
strength of diatomaceous sediments offshore north-eastern Japan. We proposed that seismic 
strengthening is enhanced by the rough and crushable nature of diatoms: as the 
diatomaceous sediment is sheared, the rough, open structured diatoms would be forced to 
interact, and rub against each other, thus causing the friction to be high. When diatoms are 
crushed, packing is facilitated and causes the sediment strength to increase even more. In 
engineering practice, compacting soil to increase its density is also a useful method to 
increase its stability for further constructions. Derived from the concept of Herle and 
Gudehus (1999), a schematic representation of seismic strengthening is shown in Fig. 6.1. 
Due to repeated shaking, sediments in active margins are densified (void ratio approaches 
the minimum). The speed of densification depends on the sedimentation rate and seismicity 
of the region. Sawyer and DeVore (2015) showed that Su of active margins stays apart from 
passive margins at least until 100 mbsf, although the amount of separation in Su between the 
two groups decreases at effective stresses higher than 60 kPa (deeper than ~ 10 mbsf).  

Seismic strengthening may cause an effect like “overconsolidation” with respect to the in-situ 
vertical effective stress, though this overconsolidation is “apparent” because the sediment 
has never experienced more stress in the past than the present in-situ stress (CHAPTER II, 
Manuscript 1). It can explain the observation from Sawyer and DeVore (2015) why active 
margins have elevated shear strength by a factor of 2–3 relative to passive margins even 
though evidences of “real” overconsolidation is not observed. Seismic strengthening may 
explain the paucity of discovered submarine landslides on active continental margins due to 
the increase of strength that requires larger earthquakes as landslide triggers. The idea that 
repeated earthquakes without failure might strengthen the sediment also suggests that the 
older the sediment gets, the more resistant it may become. It was observed in Manuscript 1 
(CHAPTER II), and may also explain the aging effect in liquefaction resistance such as in 
Towhata (2008) (its section 18.13).  

In Manuscripts 2 and 3 (CHAPTER IV and CHAPTER V), we also observed significant seismic 
strengthening in Ottawa Sand; however, the change in relative density is very little (or almost 
negligible). Therefore, we propose that seismic strengthening is most likely not solely due to 
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densification, but due to the change in the sediment‘s micro-structure associated with prior 
seismic shaking. To examine the sediment’s micro-structure, particle-scale imaging or 
modeling techniques are required. Alshibli et al. (2000) performed CT scans of a drained 
triaxial monotonic-loaded Ottawa F-75 sample and found that the arrangement of the sand 
particles was highly inhomogeneous, with failure of the specimens characterized by circular 
shear cones and multiple shear bands demonstrating lower densities where the material 
dilated during shearing (Fig. 6.2a). It can be seen that local densities can largely differ from 
global density. Other factors that can occur during a triaxial tests such as grain abrasion, 
crushing and liquefaction all have a potential to change the packing of the grains, which 
further influences the shear strength measurement (Fig. 6.2b). 

Can we also observe the effect of “apparent overconsolidation” in Ottawa Sand 20/30 like 
that in diatomaceous mud? Fig. 6.3 shows a test result conducted at NGI (lab ID: Test37, 
machine: DYNTTS) on a DR ~ 25% specimen first consolidated to p’ ~ 100 kPa, then went 
under an “earthquake” without failure (15 cycles if CSR ~ 0.167) and drainage. Afterwards, 
we applied loading (consolidation) to p’ ~ 700 kPa, then unloading to p’ ~ 400 kPa. Finally, 
we determined the “preconsolidation stress” by the Casagrande (1936) method, which is 
close to 215 kPa. Since the sample has never been truely preconsolidated to more than 100 
kPa, the overconsolidation here is “apparent” only caused by prior cyclic loading and 
drainage. However, although this “preconsolidation stress” is mathematically correct, it is 
very uncertain for geological interpretation, as the change of data curvature is very 
unobvious. Even the Cc (compression index) and Ce (expansion index) lines are not very 
distinguishable from each other (Cc = 0.00164, Ce = 0.00156). This is due to the fact that the 
range of void ratio of sand (between emin and emax) is not as wide as silt or clay; therefore, the 
compressibility of sand is significantly lower, assuming no crushing within this stress level 
(recall from CHAPTER II that the Japan Trench slope diatomaceous mud has Cc = 0.55–1.18, 
and the Nankai Trough slope clayey-silt has Cc = 0.21). If more tests like Fig. 6.3 can be done 
on silty or clayey samples, the results may be used to create a more reliable correlation 
between the "apparent overconsolidation" of the soil and the intensity of previous vibratory 
sources such as earthquakes. Thereafter, the addition to the soil's shear strength can be 
predicted. 

In Manuscripts 2 and 3 (CHAPTER IV and CHAPTER V), we also determined the maximum 
shear modulus (Gmax) from bender elements (via Vs), and the shear modulus degradation 
from undrained monotonic triaxial tests. Shear modulus is important for the design of 
shallow foundations or retaining walls for the estimation of settlement of the soil (Knappett 
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and Craig, 2012). Under engineering working loads the operative stiffness beneath a 
foundation will usually be between 0.2 and 0.5 Gmax (within 1% of shear strain) (Knappett 
and Craig, 2012). Care must be taken, however, if the aim is to investigate natural samples. 
Because of the effects of sampling disturbance (see Chap.6 in Knappett and Craig, 2012), it 
can be preferable to determine G (or E) from the results of in-situ measurements rather than 
laboratory tests.    

     

 

Fig. 6.1. Conceptual model of void ratio (e) versus effective normal stress (σ′n) curves from passive 
and active continental margins. Solid blue curve represents a compression curve of a sediment in a 
passive margin. Dashed red curve is the lower bound of void ratio which can be reached 
asymptotically by cyclic loading (i.e. the sediment is seismically strengthened when it is in an active 
margin). 
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Fig. 6.2. a) 3-D visualization of CT-scan images on a triaxial specimen with dry Ottawa sand F-75 
sheared under monotonic loading, modified from Alshibli et al. (2000). Darker color represents lower 
density. b) Schematic diagrams showing potential ranges of packing at the same relative density. 
Inhomogeneity can be caused by grain abrasion (increase of fine content), crushing (increase of fine 
content and angularity), and liquefaction (sand boil).   
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Fig. 6.3. Result of a consolidation test (Test37, DYNTTS) after an “earthquake” without failure (15 
cycles of CSR ~ 0.167) and drainage. a) Deviator stress and void ratio with respect to mean effective 
stress. A–B: consolidation; B–C: undrained cyclic loading; C–D: drainage (reconsolidation); D–E: 
drained loading; E–F: drained unloading. b) 3-dimensional consolidation after an “earthquake” 
without failure and drainage. The “apparent” preconsolidation stress is determined by the 
Casagrande method.  
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CHAPTER VII – Conclusion and outlook 
 

This thesis aims to enhance the understanding of: 

i) seismic strengthening of granular material and its dependence on parameters such as 
seismic intensity and number of seismic events 

ii) seismic strengthening of geotechnically more complex types of soils, e.g. 
diatomaceous mud 

The strategy, however, went from “complex” to “simple”: as a starting point, we first studied 
the effects of sedimentary composition on consolidation and shear strength using data and 
samples from two places along an active convergent margin. We presented analysis of four 
short sediment cores sites, three from the Japan Trench region and one from the Nankai 
Trough region (Kumano Basin). We applied a rigorous suite of geotechnical analyses to each 
of the cores and some age control based on 14C dates and tephra chronology. The key 
sedimentological difference between the two regions is that cores along the Japan Trench 
slope are rich in diatomaceous mud, which is proposed to be the primary cause for apparent 
overconsolidation and elevated shear strength relative to the Nankai Trough slope site (and 
other active margin sites studied by Sawyer and DeVore, 2015). We propose that 
overconsolidation cannot be explained by burial, sediment removal or differences in the 
frequency of large earthquakes between the two regions and conclude that diatomaceous 

sediments are more prone to seismic strengthening than hemipelagic clay or silt. The idea 
that diatom-rich sediments may be prone to seismic strengthening is potentially very 
important to our understanding of landslide susceptibility and preconditioning of submarine 
slopes.  

Based on the observations presented in the first manuscript, we simplified the problem and 
designed dynamic triaxial testing series to study seismic strengthening with reconstituted 
Ottawa Sand 20/30 samples. The second and the third manuscript investigated the effect of 
prior seismic shaking on the monotonic and cyclic undrained shear strength, respectively. On 
the basis of our experimental findings, we propose that the strengthening effect is not solely 
a result of densification. One “partial liquefaction” event (when cyclic loading does not trigger 
full liquefaction and subsequent drainage allows excess pore pressure to fully dissipate) can 
significantly increase both the monotonic and cyclic shear strength with negligible change of 
relative density (DR). However, in the case when the prior seismic shaking causes full 
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liquefaction and large permanent deformation (εa ~ 5%), the cyclic shear strength decreases 
despite a global densification of the specimen. This study of dynamic loads’ influence on the 
subsoil’s shear strength can feed back to engineering practice because marine soil’s shear 
strength plays a key role in submarine slope stability assessment.  

Within the time frame of this PhD, we only conducted triaxial tests on reconstituted Ottawa 
Sand samples. With this type of material, we were not able to obtain a maximum strength 
that can be attributed to seismic strengthening, as the monotonic undrained shear strength 
value did not converge within 5 seismic events (CHAPTER IV, Manuscript 2). In the future, 
we propose to extend the previous knowledge by applying identical triaxial test series on 
different types of sediments (e.g. cohesive sediment vs. granular media, tephra, diatom ooze). 
The objective is to reveal the link between seismic strengthening and the mineralogical as 
well as grain size composition of the tested material. Mixed materials with different ratios 
can be tested (similar to the approach by Wiemer and Kopf, 2017; Wiemer et al., 2017). The 
testing results will show if there is a relationship of the strengthening effect with these ratios, 
and with this new knowledge, it will become possible to hypothesize if there is an upper end 
of seismic strengthening effect in natural settings given the assumption of known sediment 
compositions. 

Subsequently, we propose to test seismic strengthening on natural samples in a case study. 
The “in-situ” shear strength can depend on many factors, e.g. the duration of shaking (this is 
analogous to the number of loading cycles), the effective overburden stress, and the presence 
of sloping ground (Idriss and Boulanger, 2008). Besides, we can expect that the results on 
natural samples will be different from reconstituted specimens because of their differences 
in soil fabric, even when densities and applied stresses are similar.  

This dissertation contributes to the understanding of how earthquakes that do not cause 
failure may be beneficial to submarine slope stability development in seismically active 
regions of the world, though more case studies with natural samples of different 
mineralogical compositions need to be investigated in the future. Additional soil testing tools 
such as submarine CPT (cone penetration testing) may provide valuable supportive 
information to fully characterize the seismic strengthening effect in a geological setting.   
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A.1.1. ABSTRACT 

 

In geotechnical laboratory testing, we simulate the effect of initial static shear stress on 
inclined grounds analogous to those found on submarine continental slopes by performing 
various triaxial experiments on anisotropically compacted samples. If such slopes are 
subjected to seismic shakings, as they are near subduction zones, the experiments must be 
carried out using dynamic triaxial systems. Under cyclic loading conditions, one typical 
response of fluid-saturated granular samples such as sands may be the loss of their fabrics. 
If pore pressure rises to nearly lithostatic levels, where the effective stress is zero and the 
sample flows, liquefaction is achieved. However, if the cyclic loading is only moderate in 
terms of either amplitude or duration, the sample may not fail and may dissipate some pore 
fluids, causing the grains to settle and contact forces to increase. This phenomenon, known 
as seismic strengthening, results in densification and strengthening of sediment after 
earthquake events that are not strong enough to cause failure. In our study conducted on 
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Ottawa Sand 20/30, we developed a testing procedure that utilizes load-controlled 
undrained cyclic triaxial tests in anisotropic conditions with different initial relative 
densities and mean effective stresses. We observe that anisotropy (the presence of initial 
static shear stress) results in dilatancy of the tested sand and is beneficial to liquefaction 
resistance, though this does not necessarily mean that the sample is very resistant to seismic 
shaking. If a significant cyclic amplitude brings the effective stress state close to the critical 
state, "strain failure" criterion can still be reached. We also observe significant strengthening 
when cyclic loads do not lead to specimen failure and subsequent drainage allows excess 
pore pressure to fully dissipate. We aim to demonstrate the threshold between failure and 
strengthening under cyclic loadings, document the density increase after drainage, and 
eventually discover the trends of seismic strengthening for Ottawa Sand 20/30, one of the 
most well-studied sand standards available. 

 

A.1.2. My contributions 

 

This is a poster contribution in the EGU General Assembly 2019. The data come from my first 
secondment (2 months) at IFREMER. I improved the ELDYN triaxial machine, designed and 
conducted all the experiments, and produced the first dynamic data, and also the first sand 
data from the IFREMER geotechnical laboratory. During the EGU conference, I presented my 
poster at the Austria Center Vienna (ACV). 
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A.2. Seismic strengthening of diatom-rich sediments: A comparison of slo-
pe sediments from Chilean lakes and the Japan Trench margin 

 

Jasper Moernaut a, Gauvain Wiemer b, Ting-Wei Wu b, Ariana Molenaar a, Achim Kopf 

b, Michael Strasser a 

 

a Institute of Geology, University of Innsbruck, Innsbruck, Austria 

b MARUM - Center for Marine Environmental Sciences, University of Bremen, Bremen, Germany 

 

Citation: Moernaut, J., Wiemer, G., Wu, T.-W., Molenaar, A., Kopf, A., Strasser, M.,2020. Seismic 
strengthening of diatom-rich sediments: A comparison of slope sediments from Chilean lakes 
and the Japan Trench margin, EGU General Assembly 2020, Online, 4–8 May 2020, EGU2020-
2578, https://doi.org/10.5194/egusphere-egu2020-2578 

 

A.2.1. ABSTRACT 

 

Earthquakes are a main trigger of subaqueous landslides and surficial sediment 
remobilization at ocean margins and lake basins. If the earthquake loading is insufficient to 
lead to sediment failure, the subsequent dewatering and inherent compaction may enhance 
the  strength of sedimentary slopes, a process termed „seismic strengthening“, which is 
believed to be especially relevant for the upper 10s of meters. This mechanism has been 
suggested to explain the observed paucity of submarine landslides on active margins when 
compared to the short recurrence of strong earthquakes in such settings. However, only few 
field studies were dedicated on this topic and little is known about which settings are 
especially prone to seismic strengthening. 

Here, we present geotechnical data from diatom-rich sedimentary slopes in Chilean lakes and 
at the Japan Trench margin. We use the overburden-normalized undrained shear strength as 
an indicator of consolidation state. In Chile, this data is derived from in-situ dynamic cone 
penetrometer measurements, whereas the Japan data is obtained by lab vane shear tests on 
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sediment cores. Both settings show extremely elevated shear strength of about ~5-10 times 
higher than expected for normally-consolidated sediment in the upper meters of a sequence. 
Significant overconsolidation is confirmed by one-dimensional compression tests, providing 
overconsolidation ratios of ~2-8 (Chilean lakes) and 4-9 (Japan Trench). For each setting, the 
shear strength profiles of sites with different sedimentation rates show very similar trends 
when they are normalized over the sediment age instead of over overburden stress. As older 
sediments experienced more earthquakes, this apparent age-dependency may form a new 
argument supporting the hypothesis of seismic strengthening. Following previous lab 
experiments on mixtures of diatoms and clayey-silt, we postulate that a high susceptibility to 
seismic strengthening in both settings is caused by the abundance of diatom frustules which 
are typically characterized by a high particle interlocking and surface roughness. On the 
Japan Trench margin, biogenic opal forms ~15% in dry weight, and given the hollow 
structure of diatom frustules, we infer that diatoms take up a considerable space in the in-
situ sediment texture. We conclude that seismically active margins with diatom-rich 
sediments have a reduced susceptibility to submarine landslide hazards. 

 

A.2.2. My contributions 

 

This is a presentation contribution in the EGU General Assembly 2020. In response to the 
COVID-19 pandemic, the conference was changed to online format “Sharing Geoscience 
Online” (live text chat + messages). I provided figures, reviewed and commented on the 
abstract before its submission. During the online conference, I helped with answering a 
question from the audience. 
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Appendix B: Abstracts of other papers published during this PhD 
 
 

B.1. Impact of seismicity on Nice slope stability—Ligurian Basin, SE France: 
a geotechnical revisit 

 

Alexander Roesner a, *, Gauvain Wiemer a, Stefan Kreiter a, Stefan Wenau a, b, Ting-Wei Wu a, 
Françoise Courboulex c, Volkhard Spiess a, b, Achim Kopf a 

 

a MARUM – Center for Marine Environmental Sciences, University of Bremen, Bremen, Germany 

b Faculty of Geosciences, University of Bremen, Bremen, Germany 

c Université Côte d’Azur CNRS, IRD, Observatoire de la Côte d’Azur, Géoazur, Valbonne, France 

 

* Corresponding author 

 

Published in Landslides 

Citation: Roesner, A., Wiemer, G., Kreiter, S., Wenau, S., Wu, T.-W., Courboulex, F., Spiess, V., 
Kopf, A., 2019. Impact of seismicity on Nice slope stability—Ligurian Basin, SE France: a 
geotechnical revisit. Landslides 16, 23–35. https://doi.org/10.1007/s10346-018-1060-7 

 

B.1.1. ABSTRACT 

 

The shallow Nice submarine slope is notorious for the 1979 tsunamigenic landslide that 
caused eight casualties and severe infrastructural damage. Many previous studies have 
tackled the question whether earthquake shaking would lead to slope failure and a repetition 
of the deadly scenario in the region. The answers are controversial. In this study, we assess 
for the first time the factor of safety using peak ground accelerations (PGAs) from synthetic 
accelerograms from a simulated offshore Mw 6.3 earthquake at a distance of 25 km from the 
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slope. Based on cone penetration tests (CPTu) and multichannel seismic reflection data, a 
coarser grained sediment layer was identified. In an innovative geotechnical approach based 
on uniform cyclic and arbitrary triaxial loading tests, we show that the sandy silt on the Nice 
submarine slope will fail under certain ground motion conditions. The uniform cyclic triaxial 
tests indicate that liquefaction failure is likely to occur in Nice slope sediments in the case of 
a Mw 6.3 earthquake 25 km away. A potential future submarine landslide could have a slide 
volume (7.7 × 106 m3) similar to the 1979 event. Arbitrary loading tests reveal post-loading 
pore water pressure rise, which might explain post-earthquake slope failures observed in the 
field. This study shows that some of the earlier studies offshore Nice may have overestimated 
the slope stability because they underestimated potential PGAs on the shallow marine slope 
deposits. 

 

B.1.2. My contributions 

 

As part of my master thesis work, I participated in the cruise POS500 in 2016 to acquire 
multichannel seismic reflection data as well as AUV bathymetry, CTD, and gravity cores/mini 
cores on the 1979 landslide scar offshore Nice, France. I subsequently processed and 
interpreted the seismic reflection data. I reviewed and commented on the draft paper before 
its submission. 
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B.2. Temperature as a tracer for fluid movement at hydrothermal sites near 
the Yonaguni Knoll IV, Okinawa Trough 

 

Ting-Wei Wu a, b, Wu-Cheng Chi a, *, Yu-Sian Lin a, Song-Chuen Chen c 

 

a Institute of Earth Sciences, Academia Sinica, Taipei City, Taiwan 

b MARUM - Center for Marine Environmental Sciences, University of Bremen, Bremen, Germany 

c Central Geological Survey, Ministry of Economic Affairs, Taipei City, Taiwan 

 

* Corresponding author 

 

Published in Terrestrial, Atmospheric and Oceanic Sciences 

Citation: Wu, T.-W., Chi, W.-C., Lin, Y.-S., Chen, S.-C., 2019. Temperature as a tracer for fluid 
movement at hydrothermal sites near the Yonaguni Knoll IV, Okinawa Trough. Terr. Atmos. 
Ocean. Sci. 30, 695–704. https://doi.org/10.3319/TAO.2019.01.10.02 

 

B.2.1. ABSTRACT 

 

This paper aims to understand the hydrothermal sites near the Yonaguni Knoll IV in the 
Okinawa Trough, and to develop new techniques to study fluid flow patterns for 
hydrothermal systems and their impact on ore deposits on the seafloor. Hydraulic 
parameters are important for hydrothermal system studies, but in-situ measurements of 
fluid migration rates are difficult. Hydrothermal fluids can reach several hundred degrees 
Celsius, temperatures high enough to perturb hydrothermal fields and pore water migration 
patterns. Using in-situ temperature data as constraints, we model and synthesize 1-D and 3-
D cylindrical hydrothermal models to fit the spatial variations of observed temperature fields. 
The 1-D modeling uses Péclet number analysis along the conduit. We also construct a 3-D 
cylindrical model to estimate the temperature and fluid velocity fields using a finite element 
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software. All domains are set to be porous to allow the fluid to flow. The simulation is run 
until it reaches a semi steadystate solution, allowing both the temperature and velocity fields 
to stabilize. Results show the dimension of the thermal anomaly zone is likely controlled by 
advective heat transfer along the vent due to upward fluid flow. We estimate a Péclet number 
of -1.6, and the vertical fluid flow velocities at these sites are high, approximately 106 m s-1, 
that is, about 100 m yr-1. This is a spatially averaged estimate over tens to hundreds of meters 
and does not take into account finer-scale venting, which may be very heterogeneous. The 
results of this work may help estimate the quantity of metal elements transported through 
pore fluid migration at modern hydrothermal sites. 

 

B.2.2. My contributions 

 

During my one-year employment at the Academia Sinica, Taiwan before my PhD project, I 
was invited to contribute to the special issue on tectonic environment and seabed resources 
of the southern Okinawa Trough as part of the project “Investigation of mineral resource 
potential in the northeastern Taiwan offshore areas: seismic and heat flow studies (1/4, 2/4) 
- fluid migration model” from the Central Geological Survey. I conducted most of the modeling 
work and drafted the original paper.    
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Appendix C: Credit author statement of the manuscripts 
 
 

C.1. Manuscript 1: Profoundly enhanced seismic strengthening by diatoms 
offshore north-eastern Japan (in CHAPTER II and under revision in Marine 
Geology) 

 

T.-W. Wu conducted all the Atterberg limit tests and part of the oedometer and direct shear 
tests. She also obtained and interpreted the SEM and XRD data with some help from P. Witte 
(in acknowledgement) and C. Vogt (in acknowledgement). She discussed the paper scheme 
with G. Wiemer and A. Kopf before drafting the original paper with partial contribution from 
G. Wiemer and J. Moernaut. She led the major revision process of the paper as the 
corresponding author.  

G. Wiemer contributed to the early conception and design of this study, and provided part of 
the oedometer and direct shear data. A. Roesner and A. Hüpers contributed to the discussion 
of the geotechnical aspect of the paper. Other geological data (datings, biogenic opal 
measurements, CT scans and smear slides) were provided by J. Moernaut, A. Molenaar, W. 
Szczuciński, K. Ikehara, T. Schwestermann, and N. Haghipour. All authors revised the article 
critically for important intellectual content. M. Strasser and A. Kopf obtained the funding, 
provided essential resources, and supervised the project. 

 
C.2. Manuscript 2: Effect of prior small to moderate seismic events on 
monotonic undrained shear strength of sand (in CHAPTER IV and 
published in Soil Dynamics and Earthquake Engineering) 

 

T.-W. Wu developed the testing program, prepared and performed all the 16 triaxial tests. She 
also performed bender element measurements, grain size analysis, and determined the 
minimum and maximum void ratios of Ottawa Sand. She wrote her own Matlab code to 
process the data, evaluated and interpreted the data, prepared the figures, drafted the 
original paper and led the major revision process of the paper as the corresponding author. 
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Y. Suzuki partially developed the methodology of triaxial sample preparation and testing 
procedure, and supervised the triaxial testing process. Y. Suzuki and B. Carlton participated 
in the discussion of the results and edited the draft paper before its submission. C. Harbitz 
and A. Kopf provided the funding and essential resources. 

 
C.3. Manuscript 3: Assessment of cyclic and monotonic undrained shear 
strength of sand affected by prior seismic events (in CHAPTER V)   
 

T.-W. Wu designed the testing program, partially developed the methodology of sample 
preparation, and prepared and performed all the 27 triaxial tests. She also performed bender 
element measurements and grain size analysis. She wrote her own Matlab code to process 
the data, evaluated and interpreted the data, prepared the figures, and drafted the original 
paper.  

Y. Suzuki partially developed the methodology of triaxial sample preparation and testing 
procedure, and supervised the triaxial testing process. S. Garziglia helped with the 
calibration of the ELDYN machine and supervised the triaxial testing process together with 
N. Sultan. Y. Suzuki, N. Sultan, B. Carlton and S. Garziglia participated in the discussion of the 
results. Y. Suzuki and B. Carlton edited the draft paper. A. Cattaneo and A. Kopf provided the 
funding and essential resources. 
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