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Abstract
In coastal areas, understanding the sandbar dynamics is crucial due to their
significant contribution to reducing the incident wave energy. Limited re-
search has focused specifically on evaluating sandbar morphology, consid-
ering ground-controlling parameters within the sediment bed. Recently,
the addition of filling sand in the form of submerged artificial sandbars in
the surf zone has been explored as a nature-based solution. To overcome
the challenges posed by complex wave-current-sediment interactions in the
surf zone, laboratory experiments offer an effective means to closely exam-
ine specific parameters. The aim of this study was to analyze the dynamic
correlation amongwave-induced pore pressure gradients, sediment concen-
tration, and bed-level erosion of a small-scale sandbar under varying com-
paction conditions. An artificial sandbar of 2 m cross-shore length was po-
sitioned on the surf zone of a 17 m long wave flume. A pressure transducers
array, concentration meter, wave gauges, and a grid system were installed
inside the wave flume. A torque meter was employed to evaluate the precise
ground compactness at various depths of the sandbar. A total of sixteen ex-
perimental cases of sandbar formation using medium sand (𝐷50 = 0.33 mm)
and very fine sand (𝐷50 = 0.08 mm) were tested.

The experimental results on sandbar morphology revealed that very fine
sand was more susceptible to erosion than medium sand in the mechanism
of wave breaking to impinging. Sandbars with medium sand exhibited ero-
sion primarily at the offshore sharp end, while those with very fine sand
experienced erosion at the impinging point. In loose compaction, medium
sand demonstrated a strong inverse correlation (𝑅2 = 0.80) between net ero-
sion volume and wave steepness, whereas very fine sand exhibited a sharp
peak in net erosion volume at medium wave steepness. In medium-dense
compaction of very fine sand, the reduction of net erosion volume was 67%,

i



57%, and 82% at low (0.024), medium (0.041), and high (0.081) wave steep-
ness, respectively. At themiddle depth of the sandbar, very fine sand yielded
an average increase in shear strength thatwas five times higher thanmedium
sand. At this depth, a strong inverse correlation (𝑅2 = 0.84) was established
between the change in average shear strength and wave steepness under
loose compaction of medium sand, however, similar to net erosion volume,
a sharp peak was found at the medium wave steepness of very fine sand.

The comprehensive analysis of liquefaction parameters formedium sand
showed that the liquefaction index decreased as sediment depth increased.
At the same wave height, the decreasing tendency of the liquefaction thick-
ness with increasing wave periodwas observed. Furthermore, a reduction in
wave height resulted in a reduction in the liquefaction thickness. A strong
correlation (𝑅2 = 0.96) was established between liquefaction thickness and
wave steepness. During the 10 min of wave action, an average of 16.5 % of
the liquefied thickness was eroded in loose compaction conditions, whereas
6.3 % of the liquefied thickness was eroded in medium-dense compaction
conditions. These findings underscore the importance of sediment com-
paction in influencing liquefaction potentiality.

In dynamic correlation analysis, the results showed a consistent hori-
zontal pore pressure variation for each experimental case involvingmedium
sand. However, as the sediment depth increased, there was a distinct attenu-
ation in pore pressure amplitude accompanied by a simultaneous rise in the
phase lag. Loosely compacted sandbar formations exhibited an average 1.3
times higher maximum vertical pressure gradient thanmedium-dense com-
pacted formations. The phase-averaged sediment concentration beneath the
wave crest was significantly higher than the trough. The erosion volume of
the sandbar under loosely compacted conditions exhibited a strong corre-
lation (𝑅2 = 0.84) with the average sediment concentration. A strong dy-
namic correlation (𝑅2 = 0.89) was established between themaximumphase-
averaged vertical pressure gradient and sediment concentration under the
same conditions. These significant inter-correlations contribute to enhanc-
ing the current understanding of erosion prediction in surf zone sandbars.
Ultimately, integrating these insights into beach nourishment strategies can
lead to more efficient and sustainable coastal management practices.
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Chapter 1

Introduction

1.1 Background

A persistently challenging issue in coastal engineering is related to sedi-
ment movement induced by wave breaking, particularly within the surf
zone (Madsen, 1974; Tang et al., 2017). In terms of sediment transport,
both wave action and the characteristics of the seabed sediment influence its
movement. The nearshore morphology changes rapidly due to the complex
fluid motions and the resulting sediment suspension andmovement (Tabasi
et al., 2022). During extreme storms, the sloped alluvial deposits of the es-
tuarine delta are highly susceptible to sediment instability (Yu et al., 2022).
This is where sandbars in the surf zone emerge as mitigating features in
beach profiles that impact wave dissipation, and ultimately contribute to
the protection of coast by changing their shapes and positions (Anderson
et al., 2023; Bryan et al., 2019). Their influence on coastal dynamics has
led to a shift in focus towards submerged artificial sandbars (SABs) as a
nature-based solution for beach protection. Furthermore, hard structures
(e.g., groins, sea walls, and breakwaters) for coastal protection result in ad-
verse impacts on the coastal ecosystem in the long run (Hamm et al., 2002).

Recent studies have shown that SABs are not consistent with conven-
tional views of existing sediment dynamics, demonstrating their capacity to
induce onshore sediment movement under storm wave conditions (Li et al.,
2022). Along with the wave and current conditions, sediment properties
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1.2 Objectives of the Research

such as median grain size and sediment compaction (e.g., low or high) also
affect the hydrodynamic properties within the sediment bed (Virtanen et al.,
2020; Rijn and Havinga, 1995; Tabasi et al., 2021). However, obtaining de-
tailed field measurements of surf zone sandbars is challenging because of
the the complex wave-current-sediment interactions and the periodic mo-
tion of sandbars in the cross-shore direction (Mieras et al., 2017; Pape et al.,
2010; Zheng et al., 2023). Several hydro-morpho dynamic parameters must
be considered to further clarify the phenomenon. Demirci et al. (2014) re-
vealed that prediction of cross-shore sandbar volume relies on an under-
standing of complex physical relationship between sediment transport rates
and other key factors such as waves, currents, base slope, sediment proper-
ties, and water depth. In addition, long-term data recording in surf zone is
often considered impractical due to time and financial constraints, and the
risk of instrument failures. To address this, laboratory experiments are an
effective way to closely examine specific parameters under controlled con-
ditions, ensuring complete and reliable datasets for further analysis.

1.2 Objectives of the Research

The main objective of this research was to conduct a comprehensive analy-
sis of the dynamic correlation amongwave-induced pore pressure gradients,
sediment concentration, and bed-level erosion of a small-scale sandbar un-
der varying compaction conditions. Initially, the effect of wave steepness
on wave-induced pore water pressure, sediment concentration, and sand-
bar morphology under loose andmedium-dense compaction conditions was
assessed. Subsequently, dynamic inter-correlations were explored by con-
ducting both average and phase-average analyses of datasets, enhancing the
understanding of temporal aspects and fluctuations within the complex dy-
namics governing sandbar erosion. To achieve this main objective, the fol-
lowing specific objectives were formulated.

(1) To investigate the effect of sediment size on sandbar morphology un-
der loose and medium-dense compaction conditions.

2



1.3 Presentation of the Dissertation

(2) To quantify liquefaction parameters for a small-scale surf zone sand-
bar under varying compaction conditions.

(3) To explore the influence of sediment compaction onwave-inducedpres-
sure gradients and sediment concentration of a small-scale sandbar.

1.3 Presentation of the Dissertation

The remainder of the dissertation is organized as follows:
Chapter 2 provides a concise overview of the relevant literature, empha-

sizing significant findings and recognized limitations that pave the way for
the research questions of the present study. Chapter 3 includes detailed de-
scriptions of the experimental setup, instrumentation, sediment properties,
and the data processing procedure.

Chapter 4 primarily discusses the influence of sediment size on sandbar
morphology under varying compaction conditions. It presents findings re-
garding local erosion depth and net erosion volume, along with exploring
the correlation between changes in shear strength and wave steepness.

Chapter 5 presents the results of the dynamic correlation analysis among
key parameters. First section of this chapter is dedicated for the variations
in pressure gradients and the attenuation of amplitude combined with its
corresponding phase-lag. Second section focuses on the quantitative mea-
surements of liquefaction parameters. The variation of critical liquefaction
thickness and sandbar erosion depth in different wave steepness is also pre-
sented. Third section focuses on the effect of wave steepness on the average
sediment concentration. The inter-correlations among the key parameters
of pressure gradient, sediment concentration, and erosion volume are pre-
sented in last section. These discussions continue by exploring the dynamic
correlation between the maximum phase-averaged vertical pressure gradi-
ent and the sediment concentration with the aim of understanding the tem-
poral variation of these parameters.

Finally, Chapter 6 presents the concluding remarks, including the limi-
tations and scope for future research. Following this chapter, the bibliogra-
phy, appendix, and list of publications offer valuable additional resources.
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Chapter 2

Literature Review

A comprehensive overview of essential literature related to sandbar dynam-
ics is presented here. This chapter is divided into three sections, each focus-
ing on key aspects of the current study. Section 2.1 provides an overview of
sandbarmorphology, discussing the various factors that influence the shape,
formation, and evolution of sandbars. Section 2.2 reviews previous research
on liquefaction parameters, examining the critical factors that contribute to
the liquefaction of sediments. It also explores the governing equations de-
veloped to quantify liquefaction index and liquefaction thickness. Finally,
the section 2.3 reviews literature on pore pressure responses and sediment
concentration. This section aims to provide a comprehensive understand-
ing of how pore pressure gradients and sediment concentration jointly affect
sandbar erosion dynamics.

2.1 Sandbar Morphology

Beaches tend to become more prone to storm damage with changes in the
dynamic nearshore processes, such as large morphological changes of sand-
bars (Demirci et al., 2014). As a result of the growing interest from the
coastal researchers, extensive efforts have been made to understand the nat-
ural shoreface nourishments (Grunnet and Ruessink, 2005; Grasso et al.,
2011). Researchers often devote themselves to finding out the effect of the
sandbar on the morphological change of beach areas (Anderson et al., 2017;
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Li et al., 2022). In terms of sediment transport, under a certain hydraulic
loading, grain size of the sediment is a controlling physical property that
determines whether a sediment grain moves (Shields, 1936).

The addition of filling sand in the form of submerged artificial sandbar
(SAB) in the surf zone has been shown in studies to have the potential not
only to reduce incident waves but also to supply sand towards the beach
and/or beach-bar area (Pan et al., 2017; Kuang et al., 2021). Li et al. (2022)
conducted laboratory experiments on different beach profiles with multi-
ple SAB designs and noted that the artificial sandbar migrates onshore as its
bar shape decays, and the stability of the sandbar is controlled by its sea-
ward slope as well as the ratio of crest water depth to bar height. Grasso
et al. (2011) observed the shoreface nourishment at different positions of
SAB implemented on a barred profile in a wave flume and found that the
nourishment in the trough and on the outer bar feeds the bar, and as a re-
sult, the bar acts as a wave filter and reduces the erosion of shore. To utilize
the above laboratory studies in the field, the compaction of the filling sedi-
ment on the sandbar needs to be considered. However, only few works are
available in the literature on the behavior of sandbars under different com-
paction conditions (Tabasi et al., 2021). In addition, the sandbar profile may
vary when taking into account the impinging points for different sediment
sizes.

2.2 Wave-induced Liquefaction

2.2.1 Past Studies on Wave-induced Liquefaction

Wave-induced liquefaction on the seabed is an important phenomenon for
designing offshore and coastal structures such as breakwaters, platforms,
pipelines, and anchors, where pore pressure counterbalances the effective
stresses in the soil (Kirca and Ulker, 2014; Zen and Yamazaki, 1990). The
seabed sediment loses its original strength and undergoes an abrupt change
in behavior from being more solid-like to more fluid-like when the accumu-
lated excess pore pressure exceeds the effective stress of the sediment (van
Kessel and Kranenburg, 1998). In the past few decades, several studies have
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2.2 Wave-induced Liquefaction

investigated the wave-induced liquefaction in the process of pore pressure
buildup (Qi andGao, 2018; Du et al., 2020; Chowdhury et al., 2006; Yu et al.,
2022; Wang et al., 2023; Jia et al., 2014; Yang et al., 2019). The analytical
findings by Qi and Gao (2018) revealed that the excess pore pressure ra-
tio is recommended for quantitatively assessing the instantaneous degree of
liquefaction and depth of influence, particularly when the effective stress
is significantly reduced beneath a fully liquefied layer. In addition, their
parametric investigations further demonstrated that depth of influence in-
creases with increasing wave height for a specific excess pore pressure ratio,
while it decreases with increasing degree of saturation and soil permeabil-
ity (Qi and Gao, 2018). Du et al. (2020) computed the depth of liquefaction
using field data and concluded that their method of calculation of lique-
faction depth was appropriate. In a large-scale experiment, Chowdhury
et al. (2006) demonstrated that momentary liquefaction depth is governed
by wave and seabed properties, and the probability of such momentary liq-
uefaction occurring increases with shorter wave periods. Yu et al. (2022) ex-
perimentally concluded that wave-induced liquefied sediment mass origi-
nates from the sediment within the liquefied layer, and its motion is sig-
nificantly influenced by the orbital velocity of wave. In another laboratory
experiment, Wang et al. (2023) clarified that sea-bed scour and liquefaction
process promote each other by changing sediment transport near the bottom
of seabed.

The previous laboratory studies have been conducted with the sediment
bed positioned below the wave flume. However, installing the sediment bed
on the wave flume and focusing on the effect of wave breaking and bed-level
change might lead to varying outcomes. Consequently, assessment of liq-
uefaction can be divided into two phases: the first occurs while the wave
breaking has no influence on the sediment bed, and the second occurs when
it does. When considering the installation of any coastal structurewithin the
surf zone, the significance of the second phase becomes crucial. Moreover, a
clear research gap emerges, as the quantification of liquefaction under var-
ious sediment compaction conditions of sandbar has not been thoroughly
investigated.
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2.2.2 Governing Equations to Quantify Liquefaction

According toMcDougal et al. (1989), when the excess pore pressure (Δ𝑝) ex-
ceeds themaximum excess pore pressure (Δ𝑝max), liquefaction first emerges.
Furthermore, if the quantity of Δ𝑝max is equal to the initial average normal
stress, the liquefaction criterion can be expressed according to Sumer et al.
(2006).

Δ𝑝 = Δ𝑝max =
1
3[𝛾

′𝑧(1 + 2𝑘0)] (2.1)

Where 𝛾′(= 𝛾𝑠 −𝛾𝑤) is the submerged specific weight of the soil (kN/m³),
𝑘0 is the coefficient for lateral earth pressure at rest condition, and 𝑧 is the
depth of soil (m) at the level of the pressure transducer.

According to Jia et al. (2014), the degree of stability of soil against lique-
faction can be expressed by the liquefaction index (𝑌).

𝑌 = 3Δ𝑝
𝛾′𝑧(1 + 2𝑘0)

× 100 (2.2)

Where 𝑌 differs from 0 to 100, and the higher 𝑌 means the soil is closer
to the liquefied state, and thus more susceptible to erosion and collapse.

According to Yang et al. (2019), the critical liquefaction thickness (𝑧) may
be calculated using a formula that is derived from both the equation of liq-
uefaction criterion (i.e., Eq. 2.1) and the equation of excess pore pressure
decay.

𝛾𝑤𝐻
2 cosh(𝜆ℎ)𝑒

−𝜆𝑧 = 1
3[𝛾

′𝑧(1 + 2𝑘0)] (2.3)

Where 𝜆 represents the wavenumbers (m⁻¹), 𝛾𝑤 is the seawater gravity
(kN/m³), 𝐻 is the wave height (m), and ℎ is the water depth (m).

2.3 Pore Pressure and Sediment concentration

A proper understanding of the pore pressure distribution within the un-
derlying sand layer is necessary for a comprehensive investigation of sand-
bar morphodynamics. The pore pressure within the underlying sand layer
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plays a dual role in sediment mobility: an upward force facilitates sedi-
ment movement and a downward force hinders it (Sakai and Gotoh, 1996;
Suzuki et al., 2009). Previous studies, which often classified seabed con-
figurations using bottom shear stress or Shields numbers, rarely discussed
the secondary influence of wave-induced water pressure on sediment move-
ment within a wave field (Sakai and Gotoh, 1996). Based on experimental
and theoretical evidence of fluid accelerations in surf zone sediment move-
ment, Madsen and Durham (2007) highlighted the significance of horizon-
tal pressure gradients in driving subsurface sediment movement beneath
breaking waves. In a large-scale laboratory experiment, Anderson et al.
(2017) demonstrated that both the horizontal and vertical pore pressure gra-
dients influence the initiation of onshore sediment movement beneath steep
near-breaking waves in the surf zone, and the magnitude of these gradients
during each rotation phase correlates with local wave steepness and relative
depth. Li and Gao (2022) validated their experimental findings using a the-
oretical analysis, confirming the amplitude attenuation and phase lag of the
pore pressure phenomena in fine and medium sand beds when waves pass
over a porous seabed. Their findings emphasized the combined effects of
the wave parameters and soil properties, demonstrating that the phase lag
becomes increasingly prominent as the pore pressure amplitude within the
seabed attenuates more rapidly.

In a recent study on the effect of history of wave exposures on liquefac-
tion, Sui et al. (2023) concluded that the initial strongest wave climate initi-
ates liquefaction independently of prior exposures, subsequent waves, even
with greater properties, do not induce liquefaction. Their findings further
showed that while pore pressure may accumulate with stronger subsequent
wave climates after the completion of the liquefaction-compaction cycle, it is
insufficient to cause liquefaction, or in some cases, the pore pressuremay not
even build up at all. Upon initiation of liquefaction, seabed particles become
prone to entrainment as a fluid under the influence of ocean waves, and pe-
riodic responses during a storm sequence stem from two mechanisms: the
progressive development of excess pore pressure at the onset of cyclic load-
ing and the generation of oscillatory pore pressure, accompanied by damp-
ing amplitude and phase lag (Jeng, 2001). Zhang et al. (2018) determined
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that the erodibility of fluidized silts leads to the loss of particle cohesive
forces, which is highly sensitive to the direction and magnitude of seepage
flows. A flume experiment investigated the effects of wave-induced seabed
pore pressure on the liquefaction risk, revealing that while short waves had
high energy but rapidly decaying high-frequency pressure, long waves car-
ried low energy but effectively propagated low-frequency pressure (Xu et al.,
2022). This suggests that relying solely on statistical wave parameters for
engineering design may lead to an underestimation of marine geohazards.

Using flow velocity and sediment concentration quantification, Gross-
mann et al. (2023) showed that during storms, sandbar move offshore owing
to breaking-induced flows, and whereas they move onshore during calmer
conditions. In a laboratory experiment with non-breaking waves, Tabasi
et al. (2021) revealed significant variations in the pore water pressure and
sediment concentration due to different sediment compaction levels under
the same hydrodynamic conditions. Their findings emphasized the neces-
sity for a comprehensive investigation into the influence of sediment com-
paction. Understanding the dynamics of surf zone sandbars requires con-
sidering complex interactions among waves, currents, sediment properties,
and hydro-morpho dynamic factors. Previous studies have highlighted the
necessity of comprehensively assessing sediment transport rates alongside
factors like base slope and water depth for accurate prediction of cross-
shore sandbar volume (Mieras et al., 2017; Pape et al., 2010; Zheng et al.,
2023; Demirci et al., 2014). Laboratory experiments are an effective way
to closely examine specific parameters under controlled conditions. How-
ever, existing research has mainly focused on sediment beds placed beneath
wave flumes, without adequately addressing the impact of bed-level erosion
caused by breaking waves. Additionally, the temporal relationship between
pore water pressure gradients and sediment concentration under varying
compaction conditions has not been thoroughly investigated. These signifi-
cant research gaps, particularly concerning the influence of compaction lev-
els, highlight the necessity for further studies to fully understand sandbar
dynamics.
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Chapter 3

Methodology

This chapter provides a comprehensive overview of the methodologies uti-
lized to effectively address the research objectives. It begins by outlining
the experimental setup for measuring the key parameters, ensuring metic-
ulous attention to detail. Furthermore, the chapter delves into the analysis
process. To provide a visual representation of the overall research method-
ology, Fig. 3.1 is presented, offering readers a coherent framework for un-
derstanding the approach taken in this research.

Figure 3.1: Flow chart of the research methodology.
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3.1 Laboratory Experiment

3.1.1 Laboratory Scaling

An artificial sandbar was geometrically down-scaled fromfield observations
during the period from 1993 to 1997 on the Hasaki coast, Japan. The varia-
tion of the sandbar profiles in field observations are presented in Fig. 3.2.
From this observation, 13 cross-shore profiles were selected prior to the
storm event to determine various morphometric parameters of the sand-
bar. Sandbars with heights exceeding 1 m and cross-shore lengths greater
than 100 m were considered when determining the morphometric parame-
ters. Details of the morphometric parameters are provided in the Appendix
(Table A.1).

The summary of morphometric parameters for both field observations
and the laboratory scale sandbar is presented in Table 3.1. In the laboratory
setup, the cross-shore length of the sandbar was down-scaled at a ratio of
1:65, while the height of the sandbar was down-scaled at a ratio of 1:10.
The decision to employ a trapezoidal shape for the laboratory sandbar was
made to ensure a uniform shear strength over the sandbar surface and to
consistently position the pressure transducer within the sand. To maintain
consistency with the horizontal scale (1:65), the position of the crest in the
laboratory sandbar was 3.5 m from the shoreline. The laboratory sandbar
exhibited onshore and offshore slopes of 12.5 deg, approximately half of the
average slope observed in the field.

Table 3.1: Summary of sandbar morphometric parameters

Morphometric parameters Field Avg. (St. dev.) Laboratory scale

Cross-shore length (m) 131.7 (12.28) 2.00
Sandbar height (m) 1.65 (0.23) 0.165
Shoreline to crest distance (m) 215.3 (38.17) 3.50
Water depth above the crest (m) 2.95 (0.54) 0.135
Offshore slope (deg.) 33.7 (7.61) 12.50
Onshore slope (deg.) 26.7 (9.66) 12.50
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3.1 Laboratory Experiment

Figure 3.2: Sandbar profile variation from 1993 to 1997. Shaded area indi-
cates the daily profile variations.

3.1.2 Experimental Setup and Instrumentation

Experiments were conducted at the estuarine and coastal engineering lab-
oratory of Yokohama National University using a small-scale wave flume
(17 m long and 0.6 m wide), as shown in Fig. 3.3a. The wave flume was
equipped with a piston-type wave generator at one end. At the other end
of the wave flume, a non-erodible cross-shore beach profile was constructed
using a steel frame, maintaining a beach slope of 1:10. Following the down-
scaling from field observations, a 200 cm sandbar was constructed using a
wooden frame in the surf zone of the flume. A detail pictorial view of flume
set-up is outlined in the Appendix (see Fig. A.2).

Four capacitance wave gauges (𝑊𝐺𝑠) were mounted on the wave flume.
𝑊𝐺1 was installed closest to the wave generator (150 cm) to measure the
offshore wave characteristics at the laboratory scale. 𝑊𝐺2, 𝑊𝐺3, and 𝑊𝐺4
were installed at the offshore edge, middle, and onshore edge of the sand-
bar, respectively. All the 𝑊𝐺𝑠 were connected to a data logger (Model: midi
LOGGERGL900, Graphtec Corporation). The data logger was set up to record
data in Voltage (V) at a frequency of 50 Hz. A conductivity concentration
meter (CCM; Model: PMT5-50, Kenek Co. Ltd.) was installed in the middle
(𝑥 = 200 cm), maintaining a 2 cm clear distance above the top surface of
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3.1 Laboratory Experiment

Figure 3.3: (a) Flume setup (b) plan view at the level of A-A’, and (c) cross-
sectional view of B-B’. The red dot marks the locations of maximum torque
rotationmeasurement. PT stands for pressure transducer,WG denotes wave
gauge, and CCM refers to conductivity concentration meter.

sandbar. The concentration meter was connected to the same data logger
that was used for the 𝑊𝐺𝑠. The measuring frequency for the concentration
meter was set to match that of 𝑊𝐺𝑠 to enable the concurrent analysis of
both wave-related parameters and sediment concentration. The whole data
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3.1 Laboratory Experiment

recording unit is outlined in the Appendix (see Fig. A.3).
The sandbar was filled by maintaining a constant falling height of sand

and submerged under 35 cm of water. Inside the sandbar sediment, a liq-
uefaction device consisting of a hose pipe was installed at the bottom of the
sandbar (𝑧′ = 16.5 cm) between the cross-shore distance of x = 150 and 250
cm, as shown in Fig. 3.3b . The black loop in the Fig. 3.3b indicates plan
view of the hose pipe. The spacing of the hose pipe was 7 cm, and small
holes (~ 1 mm) were created every 7 cm throughout the length of the hose
pipe. Both ends of the hose pipe were connected to a tap for continuous wa-
ter flow of 2.5 gpm (~ 0.15 L/s) for 5 min to achieve the uniform looseness
inside the sandbar. A constant spacing of hole in pipe and a consistent dis-
tance between each loop of the pipe, ensuring a nearly homogeneous water
pressure distribution on the sediment bed. An overview of the liquefaction
device, both before and after its installation, is provided in the Fig. 3.4.

Figure 3.4: Overview of liquefaction device: (a) liquefaction device before
setup inside flume and (b) liquefaction device after setup inside flume

To record pore pressure, small-strain-gauge pressure transducers (𝑃𝑇𝑠)
or piezoresistive transmitters are frequently used (Pedrozo-Acuña et al.,
2011; Suzuki et al., 2010). In this study, pore water 𝑃𝑇𝑠 were arranged in a

14



3.1 Laboratory Experiment

T-shaped array, similar to the experimental setup of Anderson et al. (2017).
A T-shaped transducer arrangement was then placed inside the sandbar to
measure the pore pressure during thewave action, as shown in Fig. 3.3c. The
transducer arrangement consisted of six sensors and one connector (Sensors:
P306A-01, SSK Co. Ltd.; Connector: PCD-400A, Kyowa Electric Co. Ltd.). The
cylindrical transducer heads of the sensor were covered with a steel strainer.
The dynamic data acquisition software (DCS-100A) was utilized to record
data at a frequency of 100 Hz. The horizontal row of the arrangement con-
sisted of three transducers, 𝑃𝑇1, 𝑃𝑇2, and 𝑃𝑇3, which were placed 1.5 cm
beneath the top surface of the sandbar. 𝑃𝑇2 was the most common trans-
ducer in both directions; the vertical column consisted of four transducers:
𝑃𝑇2, 𝑃𝑇4, 𝑃𝑇5, and 𝑃𝑇6. The transducers were spaced 2 cm center-to-center
in both directions. To minimize flow interference, the cables of each trans-
ducer were fixed to the flume wall and buried in the sediment. Before the
pore-𝑃𝑇𝑠 were embedded in the sandbar, they were soaked in water to en-
sure complete saturation. The pictorial view of this setup is provided in the
Appendix (see Fig. A.4.)

Figure 3.5: A grid system for measuring bed-level change of sandbar.

A grid system (5 cm x 5 cm) was affixed to right side of the glass flume
wall, as shown in Fig. 3.5. During the wave action, the bed-level change of
the sandbar was monitored using this grid system. In addition to the grid
system, the entire experiment were recorded using a video camera. This
continuous video recording ensured all aspects of the sandbar’s response to
wave action.
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3.2 Sandbar Sediment Properties

Two different type of silica sand were used to fill the sandbar. The median
diameter (𝐷50) of these sediments was 0.33 mm and 0.08 mm, which were
classified as medium sand and very fine sand, respectively according to the
Udden-Wentworth grain size scale (Udden, 1914;Wentworth, 1922). Fig. 3.6
shows the grain size distribution curve of the sandbar sediment. The coeffi-
cient of curvature (𝐶𝑐) for 𝐷50 = 0.33 mm and 𝐷50 = 0.08 mm was 1.15 and
1.25, respectively, while the uniformity coefficient (𝐶𝑢) for these sediments
was 1.89 and 2.22, respectively, classifying them as uniformly graded sand.

Figure 3.6: Grain size distribution curve of the sandbar sediment.

To assess the maximum and minimum dry density of 𝐷50 = 0.33 mm,
laboratory tests were conducted following to the procedure of JGS 0161-
2009, Japanese Geotechnical Society Standard (Japanese Geotechnical Soci-
ety, 2015), as shown in the Appendix (see Fig. A.5). Furthermore, a model
ground (0.445m long, 0.32 mwide, and 0.15m high) was constructed to de-
termine the dry density (𝜌𝑑) and relative density (𝐷𝑟), as shown in Fig. 3.7.
The initial state involved filling the model ground with loose sand, which
was subsequently submergedunder awater head of 35 cm for 5 d to achieve a
medium-dense condition. The shear strength of themodel groundwasmea-
sured using a torque meter both before and after 5 d. The maximum torque
rotation was recorded at nine different locations, considering three differ-
ent depths (e.g., 𝑧′ = 1.5 cm, 7.5 cm, and 15 cm), as shown in Fig. 3.7c. The
relative density values of the model ground were determined both initially
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Figure 3.7: Model ground (a) before filling with sand, (b) during filling with
sand, (c) torque measuring locations, and (d) under 35 cm water head.

Table 3.2: Summary of properties for sand sample and model ground

(a) Measured from the sand sample Values

Median particle size, 𝐷50 (mm) 0.33
Specific gravity, 𝐺𝑠 2.65
Minimum dry density, 𝜌𝑑min (kg/m³) 1420
Maximum dry density, 𝜌𝑑max (kg/m³) 1710

(b) Measured from the modeled ground Initial After 5 d

Shear strength (𝑧′ = 1.5, 7.5, 15 cm), 𝜏 (kN/m²) 0.4, 1.7, 2.5 2.5, 5.8, 9.4
Average settlement (cm) - 1.4
Volume reduction, Δ𝑉 (%) - 9.33
Dry density, 𝜌𝑑 (kg/m³) 1450 1600
Void ratio, 𝑒 0.823 0.656
Saturated unit weight, 𝛾𝑠 (kN/m³) 18.68 19.58
Submerged unit weight, 𝛾′ = 𝛾𝑠 − 𝛾𝑤 (kN/m³) 8.87 9.77
Relative density, 𝐷𝑟 (%) 13.5 66.8

(13.5%) and after 5 d (66.8%) classified the sand deposits as being in the
“loose” and “medium-dense” compaction conditions, following the criteria
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proposed by Das and Sobhan (2014). Table 3.2 summarizes the sediment
properties for 𝐷50 = 0.33 mm.

3.3 Calibrations Process

Before the instrumental setup, calibration equations were determined for
the𝑊𝐺𝑠, CCM, and 𝑃𝑇𝑠, as shown in Fig. 3.8. To compute water surface el-
evation (𝜂), calibration of thewave gauge is required as it records the changes
in water level in voltage (V). While maintaining a stable water surface, the
wave gauge was gradually lowered by 5 cm at 1 cm intervals. At each 1
cm interval, the data (frequency: 50 Hz) was recorded using a data logger
(Model: midi LOGGER GL900, Graphtec Corporation). The calibration results
are visually presented in Fig. 3.8a.

For the CCM, the calibration process involved the preparation of a light-
proof bucket, filling it with 10 L of water, and gradually adding 20 g of 𝐷50
= 0.33 mm silica sand while stirring with a mechanical stirrer. The picto-
rial view of this procedure is outlined in the Appendix (see Fig. A.6). The
addition of each 20 g of sand in 10 L resulted in a 2 g/L increase in sus-
pended sediment concentration. The cumulative sand weight reached 400
g (equivalent to 40 g/L). At each stage of adding 20 g of sand, the corre-
sponding voltage (V) was recorded in the data logger (frequency: 50 Hz) for
20 s. The 20 s average of voltage was then plotted against the suspended
sediment concentration (C), and this data was utilized to calculate the cali-
bration equation, as illustrated in Fig. 3.8b.

To calibrate a pore pressure gauge (𝑃𝑇𝑠), the transducers were affixed
with L-shaped ruler at 2 cm intervals. The whole setup was again taped
with elevator to maintain a horizontal alignment with the elevator. The
measuring procedure included lowering the elevator at 1cm intervals. At
each water depth, the data was recorded (frequency: 100 Hz) by a dynamic
data acquisition software (DCS-100A) as the strain value. The details of the
measuring procedure are presented in the Appendix (see Fig. A.7). Mea-
surements were taken for approximately 10 s at each depth, and the average
value was calculated and plotted against water level, as shown in Fig. 3.8c.
The water level (h) was initially calculated from the recorded strain values
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Figure 3.8: Calibration for (a) wave gauges (b) conductivity concentration
meter, and (c) pressure transducers.

using the calibration equations. The pore pressure (p) was then calculated in
kPa using Eq. 3.1, where h is the water level (cm), and g is the gravitational
acceleration (m/s²).

𝑝 = 𝑔ℎ
100 (3.1)

3.4 Experimental Scenarios

A total of 16 experiments were conducted with the sandbar setup for a sed-
iment size (𝐷50) of 0.33 mm and 0.08 mm under loose and medium-dense
compaction conditions, as shown in Table 3.3. Before the wave action for
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each loose compaction condition (e.g., cases C1, C1a, C3, C5, C5a, C7, C7a,
and C9), a water flow of 2.5 gpm (~ 0.15 L/s) was passed through the hose
pipe for 5min to achieve the loose compaction state of the sandbar. The sed-
iment bed became loose due to the upward flow of water that reduced the
shear strength (𝜏). The sandbar profile changed after completion of thewave
action under loose compaction. The entire sandbar setup was left undis-
turbed for 5 d to achieve medium-dense compaction (M. Dense) conditions.
A piston-type wavemaker was used to generate regular waves in absorption
mode. The breaker-type in each case was identified based on the surf simi-
larity parameter (𝜉0) proposed by Battjes (1974).

Table 3.3: Summary of hydrodynamic and sediment conditions

Cases 𝐷50
(mm)

Compaction
(𝜏mid, kN/m2)

𝐻
(m)

𝑇
(s)

𝐻0/𝐿0 Breaker-type
(𝜉0)

C1 0.33 Loose (3.24) 0.10 1.0 0.081 Spilling (0.35)

C1a 0.08 Loose (1.08) 0.10 1.0 0.081 Spilling (0.35)

C2 0.33 M. Dense (5.12) 0.10 1.0 0.077 Spilling (0.36)

C2a 0.08 M. Dense (8.90) 0.10 1.0 0.077 Spilling (0.36)

C3 0.33 Loose (3.67) 0.10 1.8 0.032 Plunging (0.56)

C4 0.33 M. Dense (6.24) 0.10 1.8 0.031 Plunging (0.57)

C5 0.33 Loose (4.59) 0.10 1.4 0.041 Plunging (0.50)

C5a 0.08 Loose (3.46) 0.10 1.4 0.041 Plunging (0.50)

C6 0.33 M. Dense (6.92) 0.10 1.4 0.040 Plunging (0.50)

C6a 0.08 M.Dense (10.18) 0.10 1.4 0.040 Plunging (0.50)

C7 0.33 Loose (4.57) 0.08 1.8 0.024 Plunging (0.65)

C7a 0.08 Loose (3.56) 0.08 1.8 0.024 Plunging (0.65)

C8 0.33 M. Dense (7.76) 0.08 1.8 0.024 Plunging (0.65)

C8a 0.08 M. Dense (8.07) 0.08 1.8 0.024 Plunging (0.65)

C9 0.33 Loose (4.85) 0.08 1.0 0.062 Spilling (0.40)

C10 0.33 M. Dense (7.28) 0.08 1.0 0.063 Spilling (0.40)
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3.5 Data Processing

3.5.1 Shear Strength Measurement

Themaximum torque rotationwas recordedusing a torquemeter (FTD20CN-
S, Tohnichi Mfg. Co. Ltd.) at three different cross-shore locations (𝑥 = 150,
200, 250 cm) of sandbar, as shown in Fig.3.3b. The red dot in the figure
indicates the location where the maximum torque rotation was measured.
Additionally, to understand the variation in different layers of the sandbar,
torque was recorded at three different depths (𝑧′) of 1.5, 7.5, and 15 cm from
the top surface of the sandbar, as shown in Fig. 3.9.

Figure 3.9: Torque measuring locations at different depths of sandbar.

Hence, shear strength (𝜏) in N/m² was calculated using Eq. (3.2), where
𝑀𝑚𝑎𝑥 represents the maximum torque rotation (N-m), D is the vane width
(m), and H is the vane height (m). After 10 min of wave action, the change
in shear strength (Δ𝜏) was calculated by Eq. (3.3).

𝜏 = 𝑀max

𝜋 ⒧𝐷2𝐻
2 + 𝐷3

6 ⒭
(3.2)

Δ𝜏 = 𝜏t=10 − 𝜏t=0 (3.3)

3.5.2 Phase-averaged Analysis

To calculate the phase-averaged values of the pore pressure, water surface
elevation, and sediment concentration, a Python library called SciPy was
used (Virtanen et al., 2020). In this method, 10 consecutive periods are
selected from the time-series data based on the zero-up-crossing method

21



3.5 Data Processing

within a specific time interval (Fig. 3.10a). An overlapping procedure was
then applied for 10 consecutive periods. During this process, the selected
time intervals overlapped to ensure continuous analysis. Calculations were
performed for each overlapping period to determine the standard deviations
and phase-averaged values (Fig. 3.10b).

Figure 3.10: Phase-averaging of the pore pressure in case C7: (a) 10 consec-
utive wave periods based on zero-axis crossing; and (b) phase-averaged pore
pressure values over the 10 periods.

3.5.3 Pore Pressure Gradients

Pore pressure (p) was calculated from the strain values recorded in the dataset.
During the experiment, 𝑃𝑇3 and 𝑃𝑇6 did not provide reliable data because of
instrumental malfunctions. These 𝑃𝑇𝑠 were therefore, not considered when
calculating the pore pressure gradient. The horizontal pore pressure gradi-
ent (𝜕𝑝/𝜕𝑥) was calculated using Eq. 3.4, whereΔ𝑥 represents the horizontal
spacing (2 cm) between each PT. A positive 𝜕𝑝/𝜕𝑥 is directed onshore.

𝜕𝑝
𝜕𝑥 = 𝑝1 − 𝑝2

Δ𝑥 (3.4)

A third-order accurate pressure difference formula was approximated to
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3.6 Repeatability of the Experiment

calculate the vertical pore pressure gradient (𝜕𝑝/𝜕𝑧) at the level of 𝑃𝑇2 (see
Eq. 3.5) similar to those described by Anderson et al. (2017); Suzuki et al.
(2010). The Eq. (3.5) can be derived using Taylor expansion techniques for
the first derivatives.

𝜕𝑝
𝜕𝑧 = −3𝑝2 + 4𝑝4 − 𝑝5

2Δ𝑧 (3.5)

Where Δ𝑧 is the vertical spacing (2 cm) between each PT, and a positive
𝜕𝑝/𝜕𝑧 is directed downward.

3.6 Repeatability of the Experiment

3.6.1 Morphological Repeatability

Before data recording, several trials were conducted to ensure the experi-
ment’s repeatability. In every experimental case, careful consideration was
given to the sandbar’s ground conditions during the sand filling procedure.
The same falling height and compaction conditions were maintained to en-
sure consistency. Fig. 3.11 illustrates themorphological repeatability of case
C3 and case C3 (repeat), where the wave height (𝐻) was 10 cm and the wave
period (𝑇) was 1.8 s. The corresponding volume change (Δ𝑉) is also plotted
for better understanding. From the sandbar’s bed-level changes at different
recording times (e.g., 𝑡 = 10, 20, and 30 min), it is clear that a consistent
volume change was observed in both cases. This consistency confirms the
reproducibility of the experimental setup and the reliability of the observed
results.

3.6.2 Repeatability in Shear Strength

Furthermore, the detailed shear strength scenario for the sandbar is pro-
vided in Fig. 3.12. To ensure similar initial ground conditions for each case,
themaximum torque rotationwas carefully recorded at three cross-shore lo-
cations of the sandbar (𝑥 = 150, 200, and 250 cm) and three distinct sandbar
layers (𝑧′ = 1.5, 7.5, and 15 cm) at the beginning of wave action and after 10
min of wave action. An average of 9 measuring locations is represented by
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3.6 Repeatability of the Experiment

Figure 3.11: Repeatability of morphology change for case C3 and C3 (re-
peat). Sub-figures (a), (b), and (c) show the morphology change in every 10
min, and their corresponding volume change (Δ𝑉).

each data point. The green line indicates the standard deviations of the data
points. From the figure, it is clear that the shear strength in the top layer is
almost similar for both case C3 and C3 (repeat). Since the top and middle
layers were primarily implicated in erosion and the maximum depth of the
pressure transducers (𝑃𝑇𝑠) was located at 𝑧′ = 7 cm from the top surface of
the sandbar, efforts were made to maintain similar shear strength up to the
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3.6 Repeatability of the Experiment

middle layer of the sandbar (𝑧′ = 7.5 cm). However, the slightly higher shear
strength identified in the repeated conditions for the bottom layer, located
at 𝑧′ = 15 cm, was considered negligible in the experiment.

Figure 3.12: Temporal variation of shear strength at different depths of
sandbar for case (a) C3 and (b) C3 (repeat).
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Chapter 4

Effect of Sediment Size on
Sandbar Morphology

The following text in this chapter interpolates the results and discussions
from Islam and Suzuki (2023), the author’s published article titled Effect
of Sediment Size on Sandbar Morphology in Different Compaction Conditions.
By integrating these findings, this chapter aims to provide a comprehen-
sive analysis of how variations in sediment size influence sandbar morphol-
ogy and shear strength within the broader experimental framework. In this
chapter, the impact of two distinct sediment sizes (𝐷50 = 0.33 mm and
0.08 mm) on sandbar morphology is examined. Additionally, an analysis of
change in shear strength corresponding to different wave steepness is pre-
sented. To comprehend the influence of sediment size, six distinct cases
are selected with varying wave steepness (𝐻0/𝐿0) from the 𝐷50 = 0.33 mm
datasets. These cases include scenarios of low (cases C7 and C8), medium
(cases C5 and C6), and high (cases C1 and C2) wave steepness. Similarly,
corresponding cases are chosen from the 𝐷50 = 0.08 mm datasets, ensur-
ing consistency in wave conditions. These cases encompass scenarios of low
(cases C7a and C8a), medium (cases C5a and C6a), and high (cases C1a and
C2a) wave steepness.
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4.1 Morphological Evolution of the Sandbar

Fig. 4.1 illustrates the evolution of sandbar profiles and the corresponding
volume change (Δ𝑉) at various cross-shore locations for cases C5 and C5a
(𝐻 = 10 cm, 𝑇 = 1.4 s), as well as C7 and C7a (𝐻 = 8 cm, 𝑇 = 1.8 s), all
under loose compaction conditions. To assess sandbar erosion and accretion,
the initial profile of the sandbar under loose conditions was modeled as a
trapezoidal shape, delineated by the green dashed line in Figs. 4.1a and c.
During the wave action, the variation in bed-level of sandbar was recorded.
The impinging zones for cases C5 and C5a were 𝑥 = 205 to 220 cm, and cases
C7 and C7a were 𝑥 = 245 to 275 cm, respectively, as denoted by the shaded
areas in the figure.

Figure 4.1: Example of sandbar profile evolution and corresponding volume
change (Δ𝑉) under loose compaction. Cases C5 and C7 correspond to𝐷50 =
0.33 mm, while cases C5a and C7a correspond to 𝐷50 = 0.08 mm.

The experimental results revealed that the sandbar migrated onshore
with their shapes dissipating gradually by the formation of rippling through-
out the profiles under loose compaction conditions considering 𝐷50 = 0.33
mm (Fig. 4.1a, Blue line), which was also observed by Li et al. (2022). There
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4.1 Morphological Evolution of the Sandbar

was no significant erosion at the impinging zone in the mechanism of wave
breaking in case of 𝐷50 = 0.33 mm sandbar. In case C5, the maximum local
erosion and accretion volumewere 11.75 cm³/cm and 9.5 cm³/cm at 𝑥 = 155
cm and 𝑥 = 110 cm, respectively, as shown in Fig. 4.1b. Similarly, the max-
imum local erosion volume for cases C1 and C7 was 6.0 cm³/cm (𝑥 = 225
cm) and 13.75 cm³/cm (𝑥 = 160 cm), respectively. Conversely, in the loose
compaction conditions of 𝐷50 = 0.08 mm sandbar (Fig. 4.1a, Red line), sig-
nificant erosion occurred at an impinging zone during the wave action. In
case of C5a, the maximum local erosion volume was 63 cm³/cm at the im-
pinging point (𝑥 = 210 cm) due to a plunging-type wave breaker. Similarly,
themaximum local erosion volumewas 20.75 cm³/cm and 26.75 cm³/cm for
cases C1a and C7a, respectively. The effect of plunging-type wave breaking
was the possible reason for over-wash deposits (14.5 cm³/cm) on the offshore
edge of the sandbar (𝑥 = 105 cm) in this case (C5a). In case of C1a, a sig-
nificant deposition volume (41.25 cm³/cm) was found on the onshore side
(𝑥 = 305 cm) due to the spilling type of wave breaking.

Figure 4.2: Illustration of sandbar profile changes and volume change (Δ𝑉)
under medium-dense compaction. Cases C6 and C8 represent 𝐷50 = 0.33
mm, while cases C6a and C8a represent 𝐷50 = 0.08 mm.
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4.2 Maximum Local Erosion Depth

Fig. 4.2 depicts the changes in sandbar profiles and the associated vol-
ume change (Δ𝑉) under medium-dense compaction conditions for cases C6
and C6a (𝐻 = 10 cm, 𝑇 = 1.4 s), as well as C8 and C8a (𝐻 = 8 cm, 𝑇 =
1.8 s). The initial sandbar profile is represented by the blue dashed line
for 𝐷50 = 0.33 mm sandbar (cases C6 and C8) and the red dashed line for
𝐷50 = 0.08 mm sandbar (cases C6a and C8a). The area of wave breaking
in the impinging zone was observed between 𝑥 = 205 to 220 cm for case C6
and C6a, and between 𝑥 = 245 to 275 cm for case C8 and C8a, respectively,
as indicated by the shaded area in Figs. 4.2a and c. Due to the compacted
sandbar, the erosion volume decreased under medium-dense compaction
conditions compared to loose compaction with the same sediment size. In
case of C6, the maximum local erosion volume was 4.5 cm³/cm at 𝑥 = 145
cm, while the maximum local accretion volume was 7.25 cm³/cm at 𝑥 = 260
cm. The erosion volume also significantly reduced in case C8, as shown
in Fig. 4.2c. For the 𝐷50 = 0.08 mm sandbar, both erosion and accretion
volumes decreased under medium-dense conditions. For instance, in case
of C6a, the maximum local erosion volume was reduced to 19 cm³/cm at
𝑥 = 235 cm.

4.2 Maximum Local Erosion Depth

Fig. 4.3 represents the variation ofmaximum local erosion depth in different
cross-shore locations. Considering all cases of loose compaction conditions
of 𝐷50 = 0.33 mm, the maximum erosion zone was located at the offshore
sharp end of the sandbar (𝑥 = 150 cm to 160 cm). The highest value of
the maximum local erosion depth was 3 cm at 𝑥 = 160 cm in case C7. Con-
versely, under loose compaction conditions with𝐷50 = 0.08mm, the highest
maximum local erosion depth was 12.7 cm at the impinging point (𝑥 = 210
cm) in case C5a, caused by plunging wave breaking. Overall, the maximum
local erosion depth increased significantly, averaging 3.2 times greater than
that observed with 𝐷50 = 0.33 mm.

In context of medium-dense compaction with 𝐷50 = 0.33 mm, the high-
est value of maximum local erosion depth was reduced to 1.9 cm in case
C2 (Fig. 4.3b). Also, the location of this highest value slightly moved to-
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4.2 Maximum Local Erosion Depth

wards the middle (𝑥 = 175 cm) of the sandbar. On the other hand, under
medium-dense compaction conditions of 𝐷50 = 0.08 mm, the highest value
ofmaximum local erosion depth significantly decreased (around 70%) to 3.9
cm at 𝑥 = 230 cm in case C6a.

Figure 4.3: Variation of maximum local erosion depth in different cross-
shore locations for (a) loose and (b) medium-dense compaction conditions.
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4.3 Sandbar Erosion Volume with Wave Steepness

4.3 SandbarErosionVolumewithWaveSteepness

In order to compute the net erosion volume (Δ𝑉𝑒), the sandbar volume at
𝑡 = 10 min was deducted from the initial sandbar volume, within the range
of 𝑥 = 100 cm to 𝑥 = 300 cm. As studies have shown that wave steep-
ness (𝐻0/𝐿0) contributes considerably to sandbar erosion volume,𝐻0/𝐿0 was
taken into account with net erosion volume (Demirci et al., 2014). Fig. 4.4
depicts the relationship between net erosion volume of sandbar and 𝐻0/𝐿0.

Figure 4.4: Correlation between net erosion volume and wave steepness.

In loose compaction conditions with 𝐷50 = 0.33 mm (blue dashed line),
the low 𝐻0/𝐿0 (0.024) and medium 𝐻0/𝐿0 (0.041) resulted in nearly the
same higher net erosion volume due to the plunging type of wave breaking,
whereas the high 𝐻0/𝐿0 (0.081) revealed a lower net erosion volume due to
the spilling type wave breaking. A strong inverse correlation (𝑅2 = 0.80)
was established with increasing𝐻0/𝐿0. Conversely, a nearly similar net ero-
sion volume was found in different𝐻0/𝐿0 under medium-dense compaction
conditions (black dashed line).

With loose compaction conditions with 𝐷50 = 0.08 mm (green dashed
line), the net erosion volume increased, reaching a sharp peak at themedium
𝐻0/𝐿0, and then decreasing at the high 𝐻0/𝐿0. The plunging type of wave
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4.3 Sandbar Erosion Volume with Wave Steepness

breaking with a high wave height (𝐻 = 10 cm) in a 13.5 cm water col-
umn above sandbar may be responsible for the sharp peak observed at the
medium 𝐻0/𝐿0. On the other hand, a significant reduction in net erosion
volume was observed under medium-dense compaction conditions of the
same sediment. For instance, the reduction of net erosion volume was 67%,
57%, and 82% at low, medium, and high 𝐻0/𝐿0, respectively in medium-
dense conditions. Hence, it was difficult to figure out any linear correlation
of net erosion volume with increasing 𝐻0/𝐿0.

Figure 4.5: Scatterplot of net erosion volume (Δ𝑉𝑒) with surf similarity pa-
rameters (𝜉0) for (a) 𝐷50 = 0.33 mm and (b) 𝐷50 = 0.08 mm.

Fig. 4.5 shows the sandbar net erosion volume (Δ𝑉𝑒) in relation to the surf
similarity parameter (𝜉0) for sandbars with 𝐷50 = 0.33 mm and 0.08 mm.
According to Battjes (1974), a value of 𝜉0 < 0.5 indicates a spilling-type of
breaking wave, while a higher value correspond to a plunging-type of break-
ing wave. In Fig. 4.5a, under loose compaction conditions, the spilling-type
of breaking wave (𝜉0 = 0.35) exhibited the smallest erosion volume. Despite
both cases involving spilling-type of breaking, a significantly higher ero-
sion volume was observed in loose compaction when 𝜉0 increased to 0.40.
In this cases, a weak correlation (𝑅2 = 0.24) was established between sand-
bar erosion volume and surf similarity parameter 𝜉0. Conversely, for the
𝐷50 = 0.33 mm sandbar under medium-dense compaction, the erosion vol-
ume remained almost similar, regardless of the breaking wave-type, due to
the uniformly compacted sandbar conditions. Overall, a weak correlation
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4.4 Shear Strength under Varying Compaction

(𝑅2 = 0.11) was observed in this regard.
In the context of sandbar with 𝐷50 = 0.08 mm (Fig. 4.5b), there was an

increasing trend in erosion volume up to a specific value of breaker type
(e.g., 𝜉0 = 0.5), followed by a decrease with further increases in the value of
𝜉0. A similar increasing trend of average sediment concentration was also
found in the same case (cases C5a and C6a; 𝐻0/𝐿0 = 0.041), as shown in
in the next chapter (Fig. 5.11). It is very hard to identify any correlation
between the erosion volume and surf similarity parameters.

4.4 Shear Strength under Varying Compaction

Fig. 4.6 shows the variation of shear strength at the three cross-shore loca-
tions under loose compaction conditions for 𝐷50 = 0.33 mm and 0.08 mm:
the offshore edge of the sandbar (𝑥 = 150 cm), the middle of the sandbar
(𝑥 = 200 cm), and the onshore edge of the sandbar (𝑥 = 250 cm). For
𝐷50 = 0.33 mm, the initial shear strength in the top layer (𝑧′ = 1.5 cm) of
the sandbar was almost the same in cases C5 and C7. However, in the mid-
dle (𝑧′ = 7.5 cm) and bottom (𝑧′ = 15 cm) layers, the initial shear strength
was approximately 40% higher due to the retention of the compaction state
from the previous wave action. At the middle of the sandbar (𝑥 = 200 cm),
after 10 min of wave action, the shear strength at the bottom layer was 6.09
kN/m2 for case C1, 8.33 kN/m2 for case C5, and 8.98 kN/m2 for case C7.

Conversely, significant variation in initial shear strength was observed at
the offshore edge (𝑥 = 150 cm) and the middle (𝑥 = 200 cm) of the sandbar
for 𝐷50 = 0.08 mm, as shown in Figs. 4.6d and f. In Fig. 4.6e, the shear
strength values were not found in the top and middle layers of case C5a due
to significant erosion at 𝑥 = 200 cm, as described in Fig. 4.1. In all cases for
𝐷50 = 0.08 mm, the shear strength at 𝑡 = 10 min was significantly higher
than for 𝐷50 = 0.33 mm. For instance, at 𝑥 = 200 cm, after 10 min of wave
action, the shear strength for the bottom layer was 9.49 kN/m2 for case C1a,
13.75 kN/m2 for case C5a, and 10.62 kN/m2 for case C7a.

Fig. 4.7 illustrates the variation in shear strength at three different cross-
shore locations under medium-dense compaction conditions for 𝐷50 = 0.33
mm and 𝐷50 = 0.08 mm. Significant variations in initial shear strength
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4.4 Shear Strength under Varying Compaction

Figure 4.6: Variation of shear strength at different cross-shore locations un-
der loose compaction. Sub-figures a, b, and c represent 𝐷50 = 0.33 mm,
while sub-figures d, e, and f correspond to 𝐷50 = 0.08 mm.

were observed in all cases due to wave loading under loose compaction con-
ditions. For 𝐷50 = 0.33 mm, the medium-dense compaction resulted in a
slight increase in shear strength (see Figs. 4.7a, b, and c). On the other hand,
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4.4 Shear Strength under Varying Compaction

the sandbar with 𝐷50 = 0.08mm sediment exhibited high shear strength af-
ter 10 min of wave action, even though its initial shear strength was higher
than that of the 𝐷50 = 0.33 mm sandbar (Figs. 4.7d, e, and f).

Figure 4.7: Variation of shear strength at different cross-shore locations un-
der medium-dense compaction. Sub-figures a, b, and c represent𝐷50 = 0.33
mm, while sub-figures d, e, and f correspond to 𝐷50 = 0.08 mm.
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4.5 Change inShear Strength andWaveSteepness

Fig. 4.8 shows the variation of change in average shear strength (Δ𝜏avg) with
𝐻0/𝐿0 at loose compaction conditions. First, the change in shear strength
(Δ𝜏) of each section (e.g., 𝑥 = 150 cm) was calculated by Eq. (3.3). Then,
Δ𝜏avg was calculated by a simple average at 𝑥 = 150 cm, 200 cm, and 250
cm. Furthermore, a linear regression analysis was used to know the physical
significance of Δ𝜏avg with 𝐻0/𝐿0.

Figure 4.8: Variation of change in shear strength with wave steepness in
loose compaction conditions for (a) 𝐷50 = 0.33 mm and (b) 𝐷50 = 0.08 mm.
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In loose compaction of𝐷50 = 0.33mm (Fig. 4.8a), the highest and lowest
Δ𝜏avg were 1.77 kN/m2 and 0.29 kN/m2 at themiddle layer of the sandbar in
the low𝐻0/𝐿0 (0.024) and high𝐻0/𝐿0 (0.081), respectively. At the top layer,
the magnitude of Δ𝜏avg was very low due to the excessive wave-sediment
interaction under different 𝐻0/𝐿0. A weak positive correlation (𝑅2 = 0.46)
was obtained between Δ𝜏avg and𝐻0/𝐿0 at this layer. Conversely, at the mid-
dle layer, dynamic wave-sediment interaction as well as the considerable ef-
fect of the constant wave loading resulted in significant variations of Δ𝜏avg
under different 𝐻0/𝐿0. A strong inverse correlation (𝑅2 = 0.84) between
Δ𝜏avg and 𝐻0/𝐿0 was found at this layer. At the bottom layer, the effect of
constant wave loading resulted in high Δ𝜏avg although there was very low
wave-sediment interaction. At this layer, it was hard to find any correlation.

In loose compaction considering 𝐷50 = 0.08 mm (Fig. 4.8b), the highest
and lowest Δ𝜏avg were observed at the bottom and top layers, respectively. A
sharp peak ofΔ𝜏avg was obtained atmedium𝐻0/𝐿0, whichwas also reflected
in net erosion volume, as mentioned in Fig. 4.4. Although plunging-type
wave breakingwas observed in both the low𝐻0/𝐿0 andmedium𝐻0/𝐿0, how-
ever, the corresponding wave height at medium𝐻0/𝐿0 was 2 cm higher than
low 𝐻0/𝐿0 (Table 3.3). Also, a significant effect of an impinging point was
found in all cases of 𝐷50 = 0.08 mm. Therefore, plunging-type wave break-
ing, and the effect of impinging point resulted in a sharp peak at medium
𝐻0/𝐿0. Between Δ𝜏avg and 𝐻0/𝐿0, a weak inverse correlation was found at
the top layer. The middle layer revealed a weak correlation. Also, a moder-
ate inverse correlation was observed at the bottom layer.

Table 4.1 represents the summary of correlation equations in medium-
dense compaction conditions. For 𝐷50 = 0.33 mm, the middle layer of the
sandbar followed the reverse trend of correlation (𝑅2 = 0.69) compared to
the loose compaction conditions. A strong correlation (𝑅2 = 0.77) was ob-
tained at the bottom layer, and the trendwas similar to the loose compaction
conditions. For 𝐷50 = 0.08 mm, a strong inverse correlation (𝑅2 = 0.75) ex-
isted at the bottom layer; however, it was hard to find any correlation at the
top and middle layers. A possible reason for this was a large difference in
the initial shear strength between medium 𝐻0/𝐿0 (case C6a) and low 𝐻0/𝐿0
(case C8a) at the top layer (Table 3.3).
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Table 4.1: Correlation equations for shear strength at different depths

Depth, 𝑧′ (cm) Correlation equations

𝐷50 = 0.33 mm 𝐷50 = 0.08 mm

1.5 𝑦 = −0.143𝑥 + 0.168
𝑅2 = 0.001

𝑦 = −8.652𝑥 + 1.407
𝑅2 = 0.16

7.5 𝑦 = 5.652𝑥 − 0.011
𝑅2 = 0.69

𝑦 = 13.565𝑥 + 0.716
𝑅2 = 0.14

15 𝑦 = 14.465𝑥 − 0.2196
𝑅2 = 0.77

𝑦 = −19.457𝑥 + 1.807
𝑅2 = 0.75

Fig. 4.9 represents the correlation between percent volume reduction
(Δ𝑉reduction) and percent change in average in shear strength (Δ𝜏avg). In the
case of loose compaction conditions of sandbarwith𝐷50 = 0.33mm, a strong
correlation (𝑅2 = 0.885) was obtained between Δ𝑉reduction and Δ𝜏avg. How-
ever, a weak correlation (𝑅2 = 0.362) existed in medium-dense compaction
of the same sediment. Conversely, a good negative correlation (𝑅2 = 0.708
for loose compaction; 𝑅2 = 0.805 for medium-dense compaction) was ex-
isted between Δ𝑉reduction and Δ𝜏avg of sandbar with 𝐷50 = 0.08 mm.

Figure 4.9: Correlation between percent volume reduction and change in
average shear strength for (a) 𝐷50 = 0.33 mm and (b) 𝐷50 = 0.08 mm.
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4.6 Summary of the Findings

This chapter aims to provide an in-depth analysis of how changes in sed-
iment size affect sandbar morphology and shear strength under different
compaction conditionswithin the broader context of the experimental frame-
work. The summary of the findings is listed below:

1. For medium sand (𝐷50 = 0.33 mm), the sandbar moved onshore, cre-
ating ripples along its profile. In contrast, very fine sand (𝐷50 = 0.08
mm) experienced significant erosion, averaging 3.7 times more at the
impinging zone.

2. For medium sand, the maximum erosion depth occurred at the off-
shore end of the sandbar, while for very fine sand, it was observed at
the impinging zone.

3. Very fine sand exhibited a significantly higher net erosion volume com-
pared to medium sand, averaging 3.7 times more in loose compaction
and 1.8 times more in medium-dense compaction. For medium sand
in loose compaction, there was a strong inverse correlation (𝑅2 = 0.80)
between net erosion volume and wave steepness. Conversely, for very
fine sand, a sharp peak was observed at medium wave steepness.

4. In loose compaction, the shear strength of very fine sand during the
same wave action period was five times higher than that of medium
sand at the middle layer of sandbar. At this layer, a strong inverse
correlation (𝑅2 = 0.84) was established between the change in average
shear strength and wave steepness under loose compaction conditions
of medium sand, whereas a moderate correlation (𝑅2 = 0.69) was ob-
tained under medium-dense compaction. Similar to net erosion vol-
ume, a sharp peak in shear strength was noted at medium wave steep-
ness under loose compaction of very fine sand. Inmedium-dense com-
paction, a strong inverse correlation (𝑅2 = 0.75) was identified at the
bottom layer, although no significant correlation was found for very
fine sand at the top and middle layers of sandbar.
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5. Regarding the correlation between percent volume reduction and the
change in average shear strength for medium sand, a strong positive
correlation (𝑅2 = 0.885) was observed under loose compaction con-
ditions, while a similar trend with weaker correlation was observed
under medium-dense compaction conditions. In contrast, a strong
negative correlation (𝑅2 = 0.708 for loose compaction; 𝑅2 = 0.805 for
medium-dense compaction)was identified in the case of very fine sand.
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Chapter 5

Dynamic Correlations: Pressure
Gradients, Concentration, and
Bed-level Erosion

The content in this chapter is derived from the results and discussions sec-
tions of the author’s published articles, e.g., Islam et al. (2024), and Islam
and Suzuki (2024). It is organized into four main sections. Section 5.1 de-
lineates the responses of pore pressure under loose andmedium-dense com-
paction conditions. Moreover, section 5.2 focuses quantification of liquefac-
tion parameters (e.g., liquefaction index and liquefaction thickness) based
on the maximum pore pressure responses. Section 5.3 focuses on the effect
of wave steepness, sediment size, and sediment compaction on the sediment
concentration. In section 5.4, the inter-correlations among the key param-
eters (e.g., pressure gradient, sediment concentration, and erosion volume)
are presented. These discussions continue by exploring the dynamic cor-
relation between the maximum phase-averaged vertical pressure gradient
and the sediment concentration with the aim of understanding the tempo-
ral variation of these parameters. For explaining these parameters, cases
C7 and C8 are selected as an example case throughout section 5.1 and 5.3.
Also, four time-steps (e.g., t = 1.5, 3.5, 5.5, and 7.5 min) are selected for
phase-average analysis.
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5.1 Pore Pressure Responses

5.1 Pore Pressure Responses

This section analyzes the phase-averaged pore pressure under loose and
medium-dense compaction conditions for a sandbar with𝐷50 = 0.33mm. It
presents the variations in both horizontal and vertical pore pressure gradi-
ents, and describes the attenuation of amplitude along with its correspond-
ing phase lag.

5.1.1 Phase-Averaged Pore Pressure

Fig. 5.1 shows the effect of the water surface elevation (𝜂) on the phase-
averaged pore pressure (p) measured by the horizontal (𝑃𝑇1 and 𝑃𝑇2) and
vertical (𝑃𝑇2, 𝑃𝑇4, and 𝑃𝑇5) pressure transducer array under loose (case C7)
and medium-dense (case C8) compaction conditions at t = 3.5 min. The
expression p/𝛾𝑤 was used, ensuring unit consistency with 𝜂, where 𝛾𝑤 rep-
resents the unit weight of water (𝛾𝑤 = 9.8 kN/m3).

The pore pressure fluctuates with the generation of regular waves. The
amplitude variation of the phase-averaged pore pressure of 𝑃𝑇1 and 𝑃𝑇2
(horizontal) showed little difference as the pressure transducers (𝑃𝑇𝑠) were
positioned at the same depth (𝑧′ = 1.5 cm). However, the loose compaction
condition (Fig. 5.1b) showed relatively higher amplitude of 𝑝/𝛾𝑤 than the
medium-dense compaction condition (Fig. 5.1e), even though the observa-
tion depth of the transducers was the same. In the array of vertical trans-
ducers, the highest amplitude of 𝑝/𝛾𝑤 was found at 𝑃𝑇2, while the lowest
was recorded at 𝑃𝑇5 (Figs. 5.1c and f). In addition, a significant amplitude
reduction was observed with increasing sediment depth under both loose
and medium-dense compaction conditions. Under loose compaction (case
C7), the maximum amplitudes of the phase-averaged pore pressures (p) at
𝑃𝑇2, 𝑃𝑇4, and 𝑃𝑇5 were 0.4277, 0.3453, and 0.326 kPa, respectively. Under
medium-dense compaction conditions (case C8), the p values at 𝑃𝑇2, 𝑃𝑇4,
and 𝑃𝑇5 were 0.3943, 0.3462, and 0.3299 kPa, respectively.
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5.1 Pore Pressure Responses

Figure 5.1: Phase-averaged pore pressure of horizontal (b) and (e), and ver-
tical (c) and (d) PT arrays with water surface elevation (𝜂) for wave steepness
of 0.024: (a), (b), and (c) are for loose compaction (case C7); and (d), (e), and
(f) are for medium-dense compaction (case C8).

5.1.2 Horizontal and Vertical Pore Pressure Gradients

Fig. 5.2 shows the horizontal and vertical pore pressure gradients under
loose (case C7) and medium-dense (case C8) compaction conditions. The
horizontal pore pressure gradient (𝜕𝑝/𝜕𝑥) was calculated using Eq. 3.4. The
direction of the horizontal pore pressure gradient was offshore beneath the
wave crest owing to its negative amplitude, whereas it was directed onshore
beneath the wave trough under both compaction conditions, as shown in
Figs. 5.2a and c. Although thewave conditions were similar in experimental
cases C7 and C8, the amplitude of the horizontal pore pressure gradient un-
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5.1 Pore Pressure Responses

der loose compaction conditions was higher than that under medium-dense
compaction conditions.

Figure 5.2: Horizontal (𝜕𝑝/𝜕𝑥) and vertical (𝜕𝑝/𝜕𝑧) pore pressure gradients:
(a) and (b) under loose (case C7) compaction conditions; (c) and (d) under
medium-dense (case C8) compaction conditions.

The vertical pore pressure gradient (𝜕𝑝/𝜕𝑧) was determined using the
third-order accurate pressure difference formula outlined in Eq. 3.5. When
thewave crest passed above the vertical PT array, the water pressure reached
its peak, leading to a positive 𝜕𝑝/𝜕𝑧, as shown in Figs. 5.2b and d. This pos-
itive value of 𝜕𝑝/𝜕𝑧 shows the downward-directed vertical pore pressure
gradient inside the sediment bed. In contrast, decreasing the water pres-
sure beneath the corresponding wave trough resulted in a negative 𝜕𝑝/𝜕𝑧,
indicating an upward-directed vertical pore pressure gradient. A signifi-
cant variation in the amplitude of the vertical pore pressure gradient was
observed across all cases of 𝐷50 = 0.33 mm sandbar owing to the differ-
ent loose and medium-dense sediment compaction conditions. The vertical
pore pressure gradients under loose (C7) compaction conditionswere higher
than those under medium-dense (C8) conditions.

Fig. 5.3 shows the variation of the maximum horizontal pore pressure
gradient (𝜕𝑝/𝜕𝑥max) at different time steps and wave steepness values under
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5.1 Pore Pressure Responses

Figure 5.3: Maximum horizontal pore pressure gradient (𝜕𝑝/𝜕𝑥max) as a
function of wave steepness (𝐻0/𝐿0) at different time steps under (a) loose
and (b) medium-dense compaction conditions.

Figure 5.4: Maximum vertical pore pressure gradient (𝜕𝑝/𝜕𝑧max) as a func-
tion of wave steepness (𝐻0/𝐿0) at different time steps under (a) loose and (b)
medium-dense compaction conditions.

loose and medium-dense compaction conditions. At t = 1.5 min, the lowest
𝜕𝑝/𝜕𝑥max was observed under loose compaction conditions (Fig. 5.3a), and
there was no significant change in 𝜕𝑝/𝜕𝑥max with increasing time for wave
steepness (𝐻0/𝐿0) values of 0.024 and 0.041. However, at a wave steepness
value of 0.063 there was a significant spread in 𝜕𝑝/𝜕𝑥max values for different
time steps. Overall, 𝜕𝑝/𝜕𝑥max increased with the wave steepness.

Conversely, in medium-dense compaction conditions, the 𝜕𝑝/𝜕𝑥max val-
ues were relatively higher compared to those under loose compaction condi-
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tions (Fig.5.3b). These 𝜕𝑝/𝜕𝑥max values were derived from the two pressure
transducers (𝑃𝑇1 and 𝑃𝑇2), which were positioned at the same depth (𝑧′ =
1.5 cm) from the top surface of the sandbar and were spaced 2 cm apart
horizontally. The initial sandbar profile for medium-dense compaction ex-
hibited rippling, resulting from 10 min of wave action in loose compaction
conditions. This rippling was attributed to excessive wave-sediment inter-
action at 𝑧′ = 1.5 cm during wave breaking, causing surface erosion and
further rippling formation. For this reason, a negligible increase in shear
strength (average 0.4 kN/m2) was observed at 𝑧′ = 1.5 cm under different
𝐻0/𝐿0 conditions, as shown in previous chapter (see Fig. 4.7). The high sed-
iment mobility at this depth likely contributed to super-porosity accumula-
tion, leading to increased pore pressure and consequently higher 𝜕𝑝/𝜕𝑥max

values. Specifically, in medium-dense compaction conditions, the average
𝜕𝑝/𝜕𝑥max values were 2.4, 2.7, and 1.4 times higher than loose compaction
conditions at the wave steepness of 0.024, 0.041, and 0.062, respectively.

The variation of themaximumvertical pore pressure gradient (𝜕𝑝/𝜕𝑧max)
at different time steps for different wave steepness values under loose and
medium-dense compaction conditions is shown in Fig. 5.4. 𝜕𝑝/𝜕𝑧max val-
ues showed little change across the different wave steepness values at all
time steps under both loose andmedium-dense conditions except for a wave
steepness of 0.032 (Figs. 5.4a and b), when there was a sudden increase
in the pore pressure gradient, which increased with increasing time-steps.
This deviation may be attributed to the combination of high wave height
(H = 10 cm) and long wave periods (T = 1.8 s) in a 13.5 cm water column
above the sandbar, which caused a significant increase in the erosion vol-
ume. However, this deviation was smaller under medium-dense compared
to the loose compaction conditions. In loose compaction conditions, the av-
erage 𝜕𝑝/𝜕𝑧max values at𝐻0/𝐿0 = 0.024, 0.032, 0.041, 0.062, and 0.081 were
1.1, 2.0, 1.1, 1.0, and 1.4 times higher, respectively, than the medium-dense
compaction conditions.
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5.1.3 AmplitudeAttenuation andCorresponding Phase Lag

Fig. 5.5 shows the variation of pore pressure amplitude attenuation (|𝑝|/𝑝0)
and corresponding phase lag (Δ𝜃) at t = 3.5 min for cases C5, C6, C7, C8,
C9, and C10 under both compaction conditions. The symbol |p| is the peak
phase-averaged pore pressure occurring at different sediment depths (𝑧′),
and 𝑝0 is the peak phase-averaged pore pressure at 𝑧′ = 1.5 cm.

Figure 5.5: Amplitude attenuation of pore pressure (|𝑝|/𝑝0) and phase lag
(Δ𝜃) as a function of sediment depth for different wave steepness values: (a)
and (c) under loose compaction conditions; (b) and (d) undermedium-dense
compaction conditions. Wave steepness values are shown in parentheses in
the inset legends.

Fig. 5.5a shows that |𝑝|/𝑝0 decreased as the sediment depth increased.
Similar behavior was also reported by Li and Gao (2022). The amplitude at-
tenuation shows little change under loose compaction conditions at 𝑧′ ≤ 3.5
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cm, but more scattered values were observed at 𝑧′ ≥ 3.5 cm for the different
wave steepness values. Under medium-dense compaction conditions, there
was an increase in amplitude attenuation for the cases C6, C8, and C10,
measuring 8.1 %, 8.8 %, and 8.1 % at 𝑧′ = 3.5 cm and 14.3 %, 9.8 %, and 13.9
% at 𝑧′ = 5.5 cm, respectively, as shown in Fig. 5.5b.

The phase lag (Δ𝜃∘) was calculated using Δ𝜃 = 360 (Δ𝑇/𝑇), where Δ𝑇
is the corresponding time difference between peak pore-pressures, and T
denotes the wave periods. Under loose compaction (Fig. 5.5c), an increase
in phase lag was observed with increasing sediment depth, particularly for
cases C5 andC9. For case C7, no phase lagwas observed at 𝑧′ ≤ 3.5 cm due to
the very small wave steepness (0.024). Similar behavior was observed under
medium-dense compaction conditions (Fig. 5.5d).

5.2 Quantification of Liquefaction Parameters

This section investigates the influence of wave stiffness on liquefaction in-
dex and liquefaction thickness under loose and medium-dense compaction
conditions. It also analyses the quantity of erosion depth compared to the
critical liquefaction thickness. The analysis of liquefaction parameters fo-
cuses on specific cases involving 𝐷50 = 0.33 mm sandbar only. These cases
include loose compaction conditions (C1, C5, C7, and C9) and medium-
dense compaction conditions (C2, C6, C8, and C10).

5.2.1 Liquefaction Index

The liquefaction index (𝑌) for loose and medium-dense compaction con-
ditions was calculated using Eq. 2.2 at different pore pressure observation
depths. Fig. 5.6 represents the liquefaction index with respect to differ-
ent sediment depths. At 𝑧′ = 1.5 cm, the magnitude of the liquefaction
index was extremely high as this layer was mostly eroded during the ex-
periment. The liquefaction index significantly decreased with increasing
sediment depth because the excess pore pressure decreased with sediment
depth as described in the section 5.1.1. At greater depths, the liquefaction
index of medium-dense compaction showed nearly the same as that of loose
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compaction conditions. Although the liquefaction index varies with the sed-
iment depth, there was a somewhat lower trend in the liquefaction index
with higher wave steepness.

Figure 5.6: Variation of liquefaction indexwith respect to different sediment
depth under (a) loose compaction and (b) medium-dense compaction.

5.2.2 Liquefaction Thickness

Critical liquefaction thickness (𝑧) was calculated using Eq. 2.3 for both loose
and medium-dense compaction conditions. In the saturated condition, the
coefficient of earth pressure at rest (𝐾0) for loose and medium-dense com-
paction conditions was 0.46 and 0.36, respectively. The submerged unit
weight (𝛾′) was determined from the modeled ground (44.5 cm × 32 cm ×
15 cm). The estimated value of 𝛾′ for loose and medium-dense compaction
conditions was 8.87 kN/m³ and 9.97 kN/m³, respectively. Table 5.1 repre-
sents the critical liquefaction thickness of the sandbar in loose compaction
conditions. From the calculated data, it was found that the decrease in wave
height yielded the decrease in liquefaction thickness. In loose compaction
conditions, the maximum and minimum critical liquefaction thicknesses
were 7.8 cm (C1) and 3.4 cm (C7), respectively. A similar result was demon-
strated by Yang et al. (2019), as the maximum liquefaction thickness of the
soil was 4 cm considering 𝐻 = 7 cm and 𝑇 = 1 s. Additionally, consider-
ing the same wave height, the decreasing critical liquefaction thickness with
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increasing wave periods was observed throughout the experiment, which is
identical to Chowdhury et al. (2006).

Table 5.1: Critical liquefaction thickness under loose compaction conditions

Cases 𝐻 (cm) 𝑇 (s) 𝐿0 (m) 𝑧 (cm)

C1 10 1.0 1.39 7.8
C5 10 1.4 2.28 5.4
C9 8 1.0 1.39 6.1
C7 8 1.8 3.15 3.4

Figure 5.7: Variation of critical liquefaction thickness and sandbar ero-
sion depth in different wave steepness under (a) loose compaction and (b)
medium-dense compaction conditions.

Fig. 5.7 represents the correlation between the critical liquefaction thick-
ness (𝑧) and wave steepness (𝐻0/𝐿0). It was found that an increase in wave
steepness yielded an increase in critical liquefaction thickness in both com-
paction conditions. A strong correlation (𝑅2 = 0.96) existed between them
in both compaction conditions. In addition, the local erosion depth (𝑑𝑒) of
sandbar at the same cross-shore location (𝑥 = 200 cm) of pressure transducer
are plotted in both compaction condition, as shown by red dashed line. In
loose compaction conditions, an average of 16.5 % of the liquefied thickness
was eroded during the wave action.
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From the experimental data of Yang et al. (2019), the critical liquefaction
thickness was plotted against their corresponding wave steepness, as shown
in Fig. 5.7b. A similar increasing trend was found; however, the value of
critical liquefaction thickness was smaller than the present study. The grain
size of the soil was the possible reason for smaller value as Yang et al. (2019)
used the composition of kaolin and fine silt (average diameter = 9.5 𝜇m)
and the present study was conducted by using the medium sand (𝐷50 =
0.33mm). The higher porosity of the silty soil resulted in lower liquefaction
thickness due to the less pore pressure accumulation (Liu et al., 2019; Jia
et al., 2014). In addition, considering the local erosion depth of sandbar,
an average of 6.3 % of the liquefied thickness was eroded during the wave
action under medium-dense compaction conditions.

5.3 Sediment Concentration

This section investigates the influence of sediment sizes (𝐷50 = 0.33mmand
𝐷50 = 0.08mm) on sediment concentration. It delves into the correlation be-
tween average sediment concentration and wave steepness. Furthermore, it
examines the relationship between phase-averaged sediment concentration
and water surface elevation.

5.3.1 Sediment Concentration Time Series

Fig. 5.8 illustrates the time series of sediment concentration (𝐶) for sandbars
with 𝐷50 = 0.33 mm and 0.08 mm under loose compaction conditions. For
the 𝐷50 = 0.33 mm sandbar, sediment concentration exhibited distinct fluc-
tuations despite different wave conditions in cases C1, C5, and C7, charac-
terized by wave steepness (𝐻0/𝐿0) values of 0.081, 0.041, and 0.024, respec-
tively. The average sediment concentrations were 2.5 g/L for C1, 9.2 g/L for
C5, and 7.8 g/L for C7. In contrast, the 𝐷50 = 0.08 mm sandbar consistently
remained in suspension due to its lower settling velocity compared to the
𝐷50 = 0.33 mm sandbar. Consequently, significantly higher sediment con-
centration was observed in this case, with 10 min average concentration of
27.3 g/L for C1a, 51.9 g/L for C5a, and 16.5 g/L for C7a.
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Figure 5.8: Time series of sediment concentration in different sediment
sizes. Sub-figures a, c, and e show cases C1, C5, and C7, respectively, for
a 𝐷50 of 0.33 mm sandbar. Sub-figures b, d, and f depict cases C1a, C5a,
and C7a, respectively, for a 𝐷50 of 0.08 mm sandbar.

Figure 5.9: Real-time illustrations of sediment concentration during wave
propagation for (a) 𝐷50 = 0.33 mm: case C1 and (b) 𝐷50 = 0.08 mm: case
C1a. 𝐶𝐶𝑀 stands for conductivity concentration meter.

For better understanding of the effect of sediment size, Fig. 5.9 repre-
sents the real-time observations of sediment concentration. During thewave
action, very little suspended sediment was observed in the water column
with 𝐷50 = 0.33mm, as shown in Fig. 5.9a. In contrast, Fig. 5.9b shows that
very fine sediment particles of 𝐷50 = 0.08 mm exhibited significant move-
ment of suspended particles around the conductivity concentration meter
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(𝐶𝐶𝑀) due to breakingwaves, leading to higher concentrations, as indicated
by the red dashed circle. Sato et al. (1990) note that at the breaking point,
turbulence and large-scale vortices create a high-concentration sand cloud.
This comparison emphasize the elevated concentrations and enhanced sus-
pension tendency associated with finer sediment particles at the breaking
point.

Figure 5.10: Histograms of sediment concentration (C) under different sed-
iment sizes. Sub-figures a, c, and e show cases C1, C5, and C7, respectively,
for a 𝐷50 of 0.33 mm sandbar. Sub-figures b, d, and f depict cases C1a, C5a,
and C7a, respectively, for a 𝐷50 of 0.08 mm sandbar. The x-axis is shown as
a logarithmic scale.

5.3.2 Sediment Concentration Histogram

Fig. 5.10 shows the histogram or frequency distribution of concentration
(C) under loose compaction for sediment sizes𝐷50 = 0.33 mm and 0.08 mm.
For the 𝐷50 = 0.33 mm sandbar, the sediment concentration patterns were
consistent across various wave conditions (Fig. 5.10 a, c, and e), although
maximum frequencies varied with the type of wave breaking. In case C1
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(spilling wave breaking, 𝜉0 = 0.35), sediment concentration exhibited a uni-
form distribution peaking at 8800 Hz between 0 and 0.8 g/L (Fig. 5.10a). In
cases C5 and C7 (plunging wave breaking), a similar uniform distribution
was observed at the peak frequencies of 2250 and 4000, respectively.

In contrast, the histogram for 𝐷50 = 0.08 mm sandbar showed a differ-
ent trend despite similar wave conditions (Fig. 5.10 b, d, and f). In case
C1a, sediment concentrations ranged widely from 6 to 55 g/L, with a peak
around 38 g/L, and a notably lower maximum frequency of 900 compared
to the 𝐷50 = 0.33 mm sandbar (Fig. 5.10b). For plunging waves in case C5a,
concentrations ranged from 30 to 78 g/L, peaking at 55 g/L with a maxi-
mum frequency of 700 (Fig. 5.10d). Case C7a exhibited a wide dispersion
of sediment concentration from 0 to 50 g/L, with the highest concentration
at 19 g/L (Fig. 5.10f) .

5.3.3 Average Sediment Concentration

To compare the impact of wave steepness, the average sediment concentra-
tion (𝐶avg) was calculated over the 10 min duration of wave action. Fig. 5.11
shows the variation in average sediment concentration with wave steep-
ness (𝐻0/𝐿0) under loose and medium-dense compaction conditions. Under
loose compaction of 𝐷50= 0.33 mm sandbar, the maximum average concen-
tration was 13.2 g/L with a wave steepness of 0.031. The average sediment
concentration was lower under medium-dense compaction conditions for
the same sediment size.

In comparison to 𝐷50 = 0.33 mm sandbar, 𝐷50 = 0.08 mm sandbar re-
sulted in extremely higher average sediment concentration under loose com-
paction conditions. In addition, a wide range of variation was observed
in average sediment concentration between loose and medium-dense com-
paction conditions. The medium-dense compaction conditions resulted in
comparatively higher average sediment concentration than loose compaction
at𝐻0/𝐿0 of 0.024 and 0.081. For comparison with the present study, the ex-
perimental results of Tabasi et al. (2021) for very fine sand (𝐷50 = 0.08 mm)
are plotted in the same figure. In case of 𝐷50 = 0.08 mm, the lower values
observed in Tabasi et al. (2021)’s experiment can be attributed to the effect
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Figure 5.11: Average sediment concentration (𝐶avg) as a function of wave
steepness (𝐻0/𝐿0). The results from this study are shown as rectangular
markers for𝐷50 = 0.33mm and triangular markers for𝐷50 = 0.08mm. The
findings from Tabasi et al. (2021) are represented as circular markers.

of the non-breaking conditions. The present study involved spilling and
plunging type of breaking conditions, unlike the experiment conducted by
Tabasi et al. (2021), which was carried out under non-breaking conditions.
Moreover, it was difficult to find a linear correlation between the average
sediment concentration and wave steepness.

5.3.4 Phase-Averaged Sediment Concentration

To understand the temporal variation in the sediment concentration, the
phase-averaged concentration was computed at time steps t = 1.5, 3.5, 5.5,
and 7.5 min. A time step t = 3.5 min was selected to ensure consistency, par-
ticularly because the discussion of the phase-averaged pore pressure gradi-
ent also takes place at this same time step in the subsection 5.1.1. Fig. 5.12
shows the phase-averaged concentration (𝐶𝑡) at t = 3.5min under loose (case
C7) andmedium-dense (case C8) compaction conditions for𝐷50 = 0.33 mm.
The sediment concentration and water surface elevation (𝜂) are presented at
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the same time for the 10 wave periods in Figs. 5.12a and d.

Figure 5.12: Phase-averaged concentrations for 𝐷50 = 0.33 mm sandbar un-
der loose andmedium-dense compaction conditions. Subfigures (a), (b), and
(c) are for case C7 with loose compaction, while (d), (e), and (f) are for case
C8 with medium-dense compaction.

In Fig. 5.12a, for case C7, there was a rising trend of concentration after
𝑡 = 3 min 23 s and maximum value occurred at 𝑡 = 3 min 26 s. Loose com-
paction condition of sandbar (Initial 𝜏mid = 4.57 kN/m²) with plunging type
wave breaking (impinging zone, 𝑥 = 245 to 275 cm) are the possible reasons
for the sudden increase in concentration value. Conversely, in Fig. 5.12b,
the peak concentration value of case C8 was significantly lower than case C7
due to themedium-dense compaction conditions (Initial 𝜏mid =7.76 kN/m²).
In phase-average analysis of sediment concentration (Figs. 5.12c and f), the
highest phase-averaged concentration was observed beneath the wave crest,
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while the lowest concentration was observed beneath the wave trough, pri-
marily due to the suspended sediment aligning with wave shapes during
their back-and-forth movement. Wave crests, with high-water columns, ex-
hibited elevated sediment concentration. This phenomenon might be influ-
enced by the type of wave breaking (Table 3.3). Although a similar pattern
was observed under both loose andmedium-dense compaction conditions, a
somewhat higher phase-averaged concentration beneath the wave crest was
observed under loose compaction than under medium-dense compaction
condition. A high standard deviation at the peak indicates greater variabil-
ity in the data points around the peak concentration beneath the wave crest.

Figure 5.13: Phase-averaged concentrations for 𝐷50 = 0.08 mm sandbar un-
der loose and medium-dense compaction conditions. Subfigures (a) and (b)
are for case C7a with loose compaction, while (c) and (d) are for case C8a
with medium-dense compaction.

Fig. 5.13 shows the phase-averaged concentration at 𝑡 = 3.5 min for the
𝐷50 = 0.08 mm sandbar under loose (case C7a) and medium-dense com-
paction (case C8a) conditions. A clear effect of wave crest and wave trough
was absent on the concentration in both compaction conditions. A nearly
uniform phase-averaged sediment concentration was observed in both loose
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compaction and medium-dense compaction conditions. Compared to the
loose compaction (Fig. 5.13b), a significantly higher phase-averaged concen-
tration value was observed in the medium-dense compaction(Fig. 5.13d).
The possible reason for this kind of higher trend is the very fine particle
density within the compaction condition of the ground. In the case of loose
compaction, a higher dispersion of fine particles was observed in water dur-
ing wave actions. As a result, the movement of eroded sediment particles
duringwave actions was impeded by the presence of very fine dispersed par-
ticles, leading to a decreased concentration near the concentration meter, as
shown in Fig. 5.9b. Conversely, in medium-dense compaction conditions,
these dispersed particles settled and contributed to the formation of a more
densely compacted ground. During the wave action, the eroded sediment
moved near the concentration meter, exhibiting a higher concentration.

Figure 5.14: Mean phase-averaged sediment concentration as a function of
the initial shear strength of the top layer of the sandbar.

For understanding the effect of initial shear strength on phase-averaged
concentration, the mean phase-averaged concentration (Ct(avg)) is plotted
with the initial shear strength (Initial 𝜏top) under loose compaction condi-
tions (Fig. 5.14). In the case of the sandbar with 𝐷50 = 0.33 mm, a good
inverse correlation (𝑅2 = 0.70) was observed. This phenomenon aligns with
the natural trend: when the ground is highly compacted, the sediment con-
centration tends to be lower. This inverse relationship occurs because more
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compacted sediments are less easily mobilized by wave action, resulting in
a lower sediment concentration.

Conversely, the sandbar with 𝐷50 = 0.08 mm exhibited substantial ero-
sion due to wave breaking as mentioned in chapter 4 (see section 4.1). This
erosion was accompanied by a consistently higher sediment concentration,
which may help explain the observed correlation (𝑅2 = 0.65). The finer sand
particles (𝐷50 = 0.08 mm) are more easily mobilized by wave action, lead-
ing to greater sediment transport and erosion, thereby influencing the rela-
tionship between the observed parameters. Compared to the sandbar with
𝐷50 = 0.33, the significant effect of wave breaking on sediment concentra-
tion in the 𝐷50 = 0.08 sandbar may account for the observed trend, regard-
less of the initial shear strength.

5.4 Inter-dependencyof Fundamental Parameters

5.4.1 Average Erosion Volume and Concentration

Fig. 5.15 illustrates the correlation between the erosion volume of the sand-
bar (Δ𝑉𝑒) and average sediment concentration (𝐶avg) under loose andmedium-
dense compaction conditions. The color bar represents the varying initial
shear strength (𝜏top) at the top layer of the sandbar (𝑧′ = 1.5 cm). In in-
stances where a higher initial shear strength was present under loose com-
paction conditions, both a lower erosion volume and lower average sediment
concentration were observed for the sandbar. However, a deviation in these
patterns became evident during the reduction of the initial shear strength.
Regardless of the initial shear strength, a strong correlation (𝑅2 = 0.84 for
𝐷50 = 0.33 mm and 𝑅2 = 1 for 𝐷50 = 0.08 mm) was established between the
erosion volume and average sediment concentration (Figs. 5.15a and b).

In the case of medium-dense compaction of 𝐷50 = 0.33 mm sandbar,
the observed values were more scattered, and no correlation was observed
(Fig. 5.16a). In this case, the initial shear strength at the top layer of sand-
bar (𝜏top) was, on average, 1.5 times higher than the loose compaction con-
ditions. This substantial difference in initial shear strength contributed to a
notable reduction in erosion volume under medium-dense compaction con-
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Figure 5.15: Correlation between erosion volume (Δ𝑉𝑒) and average sedi-
ment concentration (𝐶avg) for (a) 𝐷50 = 0.33 mm and (b) 𝐷50 = 0.08 mm
under loose compaction conditions. The color bar shows the initial shear
strength (𝜏top) at the top layer (𝑧′ = 1.5 cm) of the sandbar.

Figure 5.16: Correlation between erosion volume (Δ𝑉𝑒) and average sedi-
ment concentration (𝐶avg) for (a) 𝐷50 = 0.33 mm and (b) 𝐷50 = 0.08 mm
under medium-dense compaction conditions. The color bar shows the ini-
tial shear strength (𝜏top) at the top layer (𝑧′ = 1.5 cm) of the sandbar.

ditions, as presented in Fig. 4.5. Furthermore, as highlighted in a previous
chapter (Table 4.1), there was a lack of correlation (𝑅2 = 0.001) between
change in shear strength andwave steepness for the same sandbar setupwith
𝐷50 = 0.33 mm when subjected to medium-dense compaction conditions.
These factors are considered potential reasons contributing to the absence
of a correlation under medium-dense compaction conditions of 𝐷50 = 0.33
mm sandbar. In contrast, a strong correlation (𝑅2 = 0.72) was established
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in the case of a sandbar with sediment size of 𝐷50 = 0.08 mm (Fig. 5.16b).
The substantial sandbar erosion volume induced by wave breaking, coupled
with a consistently higher sediment concentration (Fig. 5.13d), could be a
possible reason for the observed strong correlation in this case.

5.4.2 Phage-averaged Pressure Gradient and Concentration

Figure 5.17: Correlation between maximum vertical pore pressure gradi-
ent (𝜕𝑝/𝜕𝑧max) and phase-averaged sediment concentration (𝐶𝑡) under loose
compaction conditions at different time steps: (a) t = 1.5 min, (b) t = 3.5
min, (c) t = 5.5 min, and (d) t = 7.5 min. The color bar shows the different
wave steepness values.

Fig. 5.17 shows the dynamic correlation between the maximum vertical
pore pressure gradient (𝜕𝑝/𝜕𝑧max) and phase-averaged sediment concentra-
tion (𝐶𝑡) at different time steps under loose compaction conditions. The
color bar represents the different wave steepness values. Four time-steps
were selected to determine the dynamic correlation at t = 1.5, 3.5, 5.5, and
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7.5 min. At the beginning of the wave actions (t = 1.5 min), rippling began
to occur, and the sediment concentration was higher owing to the loose com-
paction condition in the top layer of the sandbar, which explains the slightly
lower correlation coefficient (𝑅2 = 0.48), as shown in Fig. 5.17a. As the du-
ration of the wave action increased, sandbar erosion resulted from breaking
waves, and concurrently, the sediment concentration increased as the maxi-
mum vertical pore pressure gradient increased (Fig. 5.4a). Regardless of the
wave steepness, the strongest correlation (𝑅2 = 0.89) was established be-
tween themaximum vertical pore pressure gradient and the phase-averaged
sediment concentration at t = 7.5 min (Fig. 5.17d).

Conversely, a notably weak correlation was identified between the maxi-
mum vertical pore pressure gradient and the phase-averaged sediment con-
centration undermedium-dense compaction conditions. The correlation co-
efficients 𝑅2 were 0.0005, 0.2034, 0.0002, and 0.0287 at t = 1.5, 3.5, 5.5, 7.5
min, respectively. From Fig. 5.4b, it was evident that the maximum pore
pressure gradient increased with the duration of the wave actions. Never-
theless, owing to the changing shapes of the initial sandbar profiles under
medium-dense compaction conditions, the phase-averaged sediment con-
centration exhibited both increasing and decreasing variability over time.
This may have contributed to the low correlation coefficient in the dynamic
correlation analysis.

5.5 Summary of the Findings

1. The magnitude of excess pore pressure was greater in longer wave pe-
riods than that of shorter periods considering the same wave height.
A decreasing trend of liquefaction index was observed with increas-
ing sediment depth. The liquefaction index exhibited nearly identical
values under both compaction conditions at greater sediment depth.

2. An increase in wave steepness resulted in an increase in the critical
liquefaction thickness under both compaction conditions. A strong
correlation (𝑅2 = 0.96) was established between the critical liquefac-
tion thickness and wave steepness under both compaction conditions.
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In loose compaction conditions, an average of 16.5 % of the liquefied
thickness was eroded. On the other hand, an average of 6.3 % of the
liquefied thickness was eroded in medium-dense compaction condi-
tions.

3. There was little change in the phase-averaged pore pressures observed
in the horizontal PT array. Conversely, a significant decrease was ob-
served in the phase-averaged pore pressure in the vertical PT array as
the sediment depth increased.

4. In contrast to the loose compaction, the medium-dense compaction
conditions exhibited relatively higher maximum horizontal pressure
gradient. However, in the case ofmaximum vertical pressure gradient,
loose compaction conditions showed relatively higher values.

5. As sediment depth increased, a decreasing non-linear trend in ampli-
tude attenuation and a corresponding increase in phase-lag were ob-
served, indicating that shallow depths are more dynamic and prone to
rapid changes compared to deeper layers.

6. A significantly higher phase-averaged sediment concentration was ob-
served beneath the wave crest. A poor correlation was established be-
tween the sandbar erosion volume and the surf similarity parameter
under loose and medium-dense compaction conditions. However, a
strong correlation (𝑅2 = 0.84) was established between the sandbar
erosion volume and average sediment concentration under loose com-
paction conditions.

7. In a dynamic correlation analysis, a strong correlation (𝑅2 = 0.89)
was established between the maximum vertical pressure gradient and
phase-averaged sediment concentration at 𝑡 = 7.5 min under loose
compaction conditions.
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Chapter 6

Conclusions

6.1 Concluding Remarks

In recent years, the addition of filling sand over sandbars in the form of
submerged artificial sandbars has been explored as a nature-based solution
for reducing shore erosion. This dissertation aimed to explore sandbar dy-
namics by considering pore pressure gradients, sediment concentration, and
bed-level erosion through an innovative experimental method. Three spe-
cific objectives were addressed, each contributing to a deeper understanding
of sandbar dynamics.

The first specific objective investigated the impact of sediment size on
sandbar morphology, focusing on erosion susceptibility and shear strength.
The results demonstrated that sandbar with very fine sand (𝐷50 = 0.08mm)
were more prone to erosion than those with medium sand (𝐷50 = 0.33 mm)
due to wave breaking mechanisms. Sandbars with medium sand exhibited
erosion primarily at the off-shore sharp end, while those with very fine sand
experienced erosion at the impinging point. Additionally, as wave steepness
increased, sandbars with medium sand showed a strong inverse correlation
between net erosion volume and wave steepness, while those with very fine
sand exhibited a sharp peak. Moreover, the shear strength of the middle
layer of sandbars with very fine sand was five times higher compared to
those with medium sand. These findings emphasize the superior effective-
ness of medium sand as filler materials of submerged artificial sandbars in
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enhancing the stability against wave action. Additionally, the datasets ob-
tained are valuable for conducting numerical simulations.

The second specific objective delved deeper into sandbar dynamics by
analyzing liquefaction parameters based on pore water pressure responses.
Results revealed that the liquefaction index decreased as sediment depth in-
creased. A strong correlation (𝑅2 = 0.96) was found between critical lique-
faction thickness and wave steepness. During the 10 min of wave action, an
average of 16.5 % of the liquefied thickness was eroded in loose compaction,
whereas 6.3 % of the liquefied thickness was eroded in medium-dense com-
paction. These results underscore the importance of sediment compaction
in influencing liquefaction potentiality and emphasize the need for a com-
prehensive field study of wave-induced liquefaction.

The third specific objective explored the effect of sediment compaction
on wave-induced pore pressure gradients and sediment concentration. In
order to comprehend the temporal change of these parameters, the discus-
sions proceeded by examining the dynamic correlation between the phase-
averaged pressure gradients and the sediment concentration. In case of
medium sand, the results showed that there was a distinct pore pressure am-
plitude attenuation with a simultaneous rise in the phase lag, as sediment
depth increased. Loosely compacted sandbars exhibited a 1.3 times higher
maximum vertical pressure gradient thanmedium-dense formations. Sand-
bar with loose compaction conditions, a strong correlation was observed be-
tween erosion volume and average sediment concentration, alongside a dy-
namic correlation between the maximum phase-averaged vertical pressure
gradient and sediment concentration. In terms of applications, understand-
ing the impact of sediment compaction on wave-induced pressure gradi-
ents and sediment concentration empowers practitioners to make more in-
formed decisions during beach nourishment project design and execution.
Ultimately, integrating these insights into beach nourishment strategies can
lead to more efficient and sustainable coastal management practices.
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6.2 Limitations and Recommendations

The results from this controlled wave flume experiment demonstrate the
potential applications of the artificial sandbar approach. However, when
applying these findings to real-world coasts, it is crucial to consider external
dynamic conditions and scale effects on local sediment transport. Notably,
this laboratory study focused on specific aspects considering regular wave
conditions, and while tidal effects, alongshore currents, and the effect of
sediment turbulence were neglected.

To achieve a more precise representation of sandbar morphology, using
a sandbar shape scaled down directly from field measurements would be
beneficial. Future research could investigate erodible beach profiles along-
side the actual sandbar shape for additional insights. The sediment size is
another dominating factor in sandbar morphology as very fine sand is more
erosive that medium sand. Mixing sediment sizes could be a potential con-
sideration for future studies. Due to the vertical direction limitations of the
wave flume in the laboratory, the mean water level remained same for all
cases; however, variations in water depth above the sandbar crest should be
taken into account.

In field studies of surf zone sandbars, investigating the influence of wave
breaking on pore pressure accumulation, and subsequently, liquefaction po-
tential could be a promising direction for future research. Installing addi-
tional concentration meters in the water column would help determine the
maximum sediment suspension. Using amobile cart to assess sediment con-
centration variations along cross-shore locations is also recommended. To
accurately assess the contributions of dynamic compaction and overburden
pressure at different depths within a sandbar, it is recommended to perform
a detailed analysis that isolates these variables and examines their individ-
ual impacts on shear strength.

Moreover, this study provides valuable datasets that can be used to en-
hance and calibrate numerical models. For calibrating sandbar morphology,
sediment concentration, and water surface elevation, XBeach and Delft3D
models can be utilized. CADMUS-SURF 2D emerges as a promising choice
for calibrating pressure responses based on laboratory datasets.
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Appendix

Figure A.1: Location of Hasaki oceanographic research station (HORS).
Source: Thilakarathne et al. (2024)

74



Table A.1: Selected sandbar profiles from the field observation

Profiles
(date)

Crest
from
shore-
line (m)

Cross-
shore
length
(m)

Sandbar
height
(m)

Water
depth
above
crest (m)

Offshore
slope
(deg)

Onshore
slope
(deg)

P5 135.1 115.82 1.45 2.19 30 33
(29-09-1993)
P7 213.33 139.99 2.22 2.53 33 35
(20-12-1993)
P8 255.33 116.67 1.82 3.19 35 30
(16-09-1994)
P9 169.77 118.65 1.70 2.19 46 10
(24-09-1994)
P10 170.06 127.12 1.51 2.20 43 6
(26-09-1994)
P12 209.89 144.07 1.51 2.86 37 21
(29-10-1994)
P13 196.11 129.95 1.60 2.79 41 22
(22-01-1995)
P15 235.31 116.39 1.43 3.38 40 30
(11-03-1995)
P18 234.46 149.72 1.43 3.53 23 24
(16-09-1995)
P19 259.04 135.60 1.93 3.83 32 34
(19-09-1995)
P23 229.66 132.77 1.70 3.11 31 34
(05-05-1996)
P28 235.59 135.60 1.51 3.19 25 36
(22-01-1997)
P36 255.65 149.72 1.68 3.35 22 32
(12-09-1997)
Average 215.3 131.7 1.65 2.95 33.7 26.7
St. Dev. (𝜎) 38.17 12.28 0.23 0.54 7.61 9.66

75



Figure A.2: Flume setup (a) before placing the wooden sandbox, (b) after
installing the sandbox and instruments, and (c) after filling the sandbar area
with sand.
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Figure A.3: Data recording unit of experimental setup.

Figure A.4: Instrumental setup at cross-shore location of 𝑥 = 200 cm: Pres-
sure transducers, Concentration meter and Wave gauge.
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Figure A.5: (a) Minimum dry density and (b) maximum dry density mea-
surement.

Figure A.6: Calibration process for conductivity concentration meter
(CCM): (a) 20 gm sand sample and (b) CCM with mechanical stirrer.
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Figure A.7: Calibration process for pressure transducers (𝑃𝑇𝑠): (a) 𝑃𝑇𝑠 with
the elevator and (b) data recording software (DCS-100A).
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