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ABSTRACT

Electromagnetic waves provide complementary in-situ information used for site
characterization. This study proposes non-destructive low-perturbation methods to
estimate the in-situ void ratio eo in seafloor sediments using the Time Domain
Reflectometry TDR technique. First, we conduct calibration for TDR probes in air, de-
ionized and high-concentration water. Second, laboratory experiments start with
specimen preparation with soft sand, silt, and clay mixtures in big-size cylindrical acrylic
molds to simulate seabed conditions. Then, TDR device continues monitoring
electromagnetic wave signals where reflected wave travel time and amplitude vary with
soil type and depth. Finally, relative permittivity estimated using reflection signals allows
us to anticipate volumetric water content followed by in-situ void ratio in fully-saturated
sediments. Results show that the void ratio decreases with depth in all three soil cases;
yet, the depth-dependent pore volume reduction trends vary with soil type. Furthermore,
measured data analyzed in the context of an effective stress-depth model reveal that
pore size tends to remain constant with depth as the liquid limit for tested soil increases.
Data obtained in this study contribute to in-situ state parameter assessments in shallow
sediments. In fact, electromagnetic wave propagation can be extended to offshore site
investigation, in particular for various specific surface grain mixtures.

1. Introduction

Global warming raises Earth’s temperature, causes glaciers to melt and leads to a
steady rise in sea levels (Jung 2023; Kang et al. 2024). Undersea space developments
remain unaffected by sea level changes. Therefore, accurate seabed characterizations
appear to be critical for successful seafloor engineering projects. For example, engineers
assess seafloor for various applications that include offshore wind power, subsea
pipelines, undersea cables, and subsea tunnels (Eisenstein 1994; White and Randolph
2007; Lee et al. 2020; Sumer and Kirca 2022). In-situ void ratio provides a physical
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property to describe mechanical behavior such as shear strength, compressibility, and
permeability (Been and Jefferies 1985; Burland 1990; Chapuis 2004). Therefore, seafloor
in-situ void ratio investigations provide design parameters for successful seafloor
projects.

To determine the in-situ void ratio, retrieving undisturbed samples and conducting
laboratory experiments is the conventional method for in-situ void ratio investigation
(Yoshimi et al. 1978; Hofmann et al. 2000; Lunne et al. 2006; Changxing et al. 2007).
However, due to the inevitable sample disturbance and stress relief that occur during
experiments (Santagata and Germaine 2002; Ladd and Degroot 2004), it is difficult to
perfectly simulate actual in-situ conditions. To minimize disturbance, researchers
estimate the in-situ void ratio through in-situ methods such as CPT and shear wave
velocity measurements (Cunning et al. 1995; Cubrinovski and Ishihara 1999). However,
these methods also present significant uncertainties depending on the soil characteristics
and depth.

Alternatively, Time Domain Reflectometry TDR serves as a more effective
alternative for providing in-situ void ratio. TDR utilizes the electromagnetic properties of
the soil to non-destructively and continuously measure the void ratio. Previous studies
measure the relative permittivity of soil and correlate it with volumetric water content
(Topp et al. 1980; Baker et al. 1982; Noborio 2001; Yu and Zabilansky 2006; Hong et al.
2022; Hong et al. 2026). However, previous TDR studies evaluate soils at a single depth
or single component, leaving limited understanding of their application in seafloors that
feature varying specific gravities along the depth.

This study aims to evaluate the variation of the in-situ void ratio with depth by using
TDR and verify reliability of TDR measurement for soil mixtures with varying specific
gravities. This study provides reliable TDR based in-situ evaluation framework for
deriving the depth-dependent void ratio of seafloor sediments.

2. Theoretical Framework

2.1 Fundamentals of TDR waveform and permittivity

Fig. 1 shows the schematic design of the conventional Time Domain Reflectometry
TDR signal experimental setup. The TDR measurement consists of three parts: a TDR
device, a coaxial cable, and the TDR probes. TDR device propagates a step-function
electromagnetic EM wave through the coaxial cable (Hong et al. 2022). EM wave velocity
depends on material relative permittivity.

While EM wave travels through the coaxial cable, EM wave velocity is similar to
that in a vacuum. When the EM wave reaches probe section, EM wave velocity slows
down, and partial reflections occur at probe head and tip because of relative permittivity
of material. The relationship between EM wave velocity and relative permittivity is
expressed in the following sequence of equations (Fellner-Feldegg 1969):
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V=ﬁ (1)

where v is EM wave velocity, c is the EM Wave velocity in vacuum condition, and
&r is material relative permittivity of the material in contact with TDR probe.
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Fig. 1 Experimental setup for Time Domain Reflectometry TDR signal measurements.

Fig. 2 shows the typical TDR waveforms measured in air, soil and distilled water.
The output voltage variations depend on the impedance boundaries. First, as the EM
wave transitions from the coaxial cable into the TDR probe, the impedance mismatch
between the cable and the probe plastic housing generates a head reflection. As the
wave travels into the testing material surrounding the probes, the impedance contrast
between housing and material determines subsequent shape of the waveform.

When the EM wave travels from the housing into a low relative permittivity material
such as air and soil, it moves from low to high impedance region. This transition induces
a positive reflection and amplifies the output voltage. However, when the EM wave
travels from the housing into a high relative permittivity material such as distilled water,
it moves from high to low impedance region. This transition causes negative reflection
and drops the output voltage.

Regardless of the surrounding testing material, once the EM wave reaches the tip
of the probe, EM wave encounters an open-ended boundary condition where impedance
reaches infinity. This induces strong positive reflection; the output voltage sharply
increases at all testing materials (Cho et al. 2024). This output voltage rebound generates
the end reflection (Baker and Allmaras 1990; Heimovaara 1993; Robinson et al. 2003).
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The time interval between head reflection and tip reflection provides travel time; the
following equation defines the relationship between the EM wave velocity and travel time:

2L

=== (2)

\Y

Where v is EM wave velocity, L is probe length, and At is travel time. TDR system
records the 2-way travel time of EM wave as it travels down the length of the probe and
reflects back from the tip; therefore, the probe geometry establishes the total travel length
as 2L. Integrating the travel time velocity relationship of Eq. (2) into Eq. (1) produces the
final closed-form expression for relative permittivity.

C ? CAt ?
i :(v) =(ZJ ©)

Therefore, TDR program analyses the reflection characteristics at impedance
boundaries and measures the reduction in EM wave velocity to estimate the relative
permittivity.
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Fig. 2 Example of TDR waveform in air, soil, and distilled water. This graph shows

travel times of 0.58ns, 0.97ns, and 4.30ns for air, soil, and distilled water. Based on
these travel times, relative permittivity values are 1.36, 3.68 and 73.87, respectively.
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2.2 Equivalent specific gravity for binary soil mixtures

To evaluate the volumetric properties of a binary soil mixture composed of materials
with distinct mineralogical densities, this study formulates an equivalent specific gravity
Gs*. Based on the additive principle of solid volumes, this study derives the composite
specific gravity by dividing the total mass Mt by the total effective solid volume Vr, which
is expressed as follows (Park and Santamarina 2017):

1

(MS+MD)'7
V, [ M, M, j 1 [MS)1+(MD]1
GSS7W GSDVW MT MT GS MT GSD

Where Ms and Mp indicate the sand mass and diatom mass, Gs® and GsP represent
the sand specific gravity and diatom specific gravity, and yw is the water unit weight.

3. Experimental Study

3.1 Specimen preparation

This study prepares silica sand no. 6 for pure sand specimen and diatom for sand
— diatom mixture. The specific gravity Gs for diatom used in this study is a critical index
property to verify whether TDR can measure the void ratio for mixtures with different
specific gravities. In this study, sand—diatom mixture is prepared with 50% of silica sand
no.6 and 50% of diatom by weight. Table 1 shows detailed silica sand and diatom
information with physical properties and specific gravity used for sample preparation
(Shiwakoti et al. 2002).

3.2 Experimental setup and procedure

Fig. 3 presents the laboratory experimental configuration. This lab-scale test
involves TDR device (HL1101, Hyperlabs), TDR probe (CS645, Campbell Scientific),
cylindrical acrylic mold, clamp, rigid rod and mini lift.

There are two specimen preparations in the cylindrical acrylic mold. The first
preparation uses pure silica sand no.6. The second preparation uses 50% of silica sand
and 50% of diatom by weight. We conduct laboratory tests after confirming that the
specimens are saturated; therefore, experimental conditions are similar to seafloor
conditions. TDR probes penetrate the specimen surface and reduce the height of mini lift
to adjust penetration depth of the TDR probe.

The physical boundary effects from the cylindrical acrylic mold wall remain
negligible because the 150mm inner diameter of the acrylic mold significantly exceeds
the electromagnetic zone of influence around the TDR probes (Knight 1992; Ferre’ et
al.1998).
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Table. 1. Index properties for silica sand no. 6 and diatom used in this study (Note:
The liquid limit in this study is measured using 2M brine).

p i Values
roperties Silica Sand No. 6 Diatom

Specific gravity Gs [ ] 2.67 2.2

Maximum void ratio emax [ ] 1.04

Minimum void ratio emin [ ] 0.68

Maximum dry density Vd, max [t/m°] 1.59

Minimum dry density Y4, min [t/m?] 1.31

Grain size dio [mm] 0.27

Grain size d3p [mm] 0.42

Grain size dgo [mm] 0.59

Mean grain size dso [mm] 0.53 0.01

Liquid Limit LL[ ] 150

Plastic Limit PL[] 130

Plastic Index PI [] 20

Coefficient of uniformity C, 2.18

Coefficient of curvature Cc 1.11

Soil classification USCS _ MH
-
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Fig. 3 Schematic drawing for TDR signature measurements with depth and soil
specimen prepared in a cylindrical acrylic mold. A rigid rod attached at TDR probe and
coaxial cable leads to vertical alignment during penetration.
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4. Result and analyses

4.1 TDR waveforms and permittivity in soil mixtures

Fig. 4 shows TDR waveforms measured from TDR device. The TDR waveforms for
both pure sand and sand-diatom mixture are similar at all depths. Also, after head
reflection, the output voltage drops in both cases; therefore, both exhibit negative
reflection at the impedance boundary due to full saturation.
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Fig. 4 TDR waveform measured in saturated specimens with depth. (a) Pure silica
sand and (b) Mixture with 50% silica sand and 50% diatom. The waveforms appear
similar trend at all depth for each specimen.

Fig. 5 shows a comparison of the TDR waveforms between pure sand and sand—
diatom mixture. The initial and head reflection output voltages are similar for both cases.
However, the waveforms exhibit a difference at the tip reflection. Diatom particles contain
internal intra-particle voids; therefore, the sand—diatom mixture contains higher water
content than the pure sand. This higher water content increases the relative permittivity
of the specimen while reducing specimen electromagnetic impedance (Santamarina et
al. 2002). Consequently, the lower impedance drives the lower output voltage, and higher
relative permittivity drives a longer travel time to the tip reflection. The result shows that
the TDR device can measure soil mixtures possessing various specific gravities.

Fig. 6 and Table 2 show the relationship between volumetric water content and
relative permittivity (Data extracted from Topp et al. 1980; Roth et al. 1992; Ferre’ et al.
1996; Schaap et al. 1997; Curtis 2001). Under saturated conditions, where volumetric
water content equals soil porosity, the TDR-measured relative permittivity can be directly
converted into the void ratio of testing materials (Topp et al. 1980; Hong et al. 2026). The
yellow highlight box shows the core experimental range of interest by visualizing the
intersection where two independently derived ranges converge. The vertical boundary
indicates the volumetric water content range predicted from the physical specimen
specifications such as specimen weight and volume, the horizontal boundary represents
relative permittivity range predicted from TDR waveform measurements.
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Fig. 5 TDR waveform measured at 100% silica soil no. 6 and 50% silica — 50% diatom

mixture. TDR waveform and equation’s result show that TDR device can measure
various specific gravity soil mixture.
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Fig. 6 Relationship between volumetric water content and relative permittivity. Solid
and dotted lines plot empirical equations proposed from previous investigation (refer
to Table 2). The yellow highlight box indicates the volumetric water content and relative
permittivity range mainly used in this study.
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Table. 2. Summary of relationship between volumetric water content and relative
permittivity equations.

Reference Equation

Topp etal. (1980) | ¢ =3.03+9.3-6,+146.0-6>-76.7-6,°

Roth et al. (1992) 0, =-0.0728+0.0448- ¢, —0.00195- £,* +0.0000361- &,

mineral soil

Roth et al. (1992) 0, =-0.0233+0.0285- ¢, —0.00431- grz +0.00000304- grS
organic soll

Ferre’ etal. (1996) | g :0.118].\/;—0.1841

Schaap et al. — _

(1997)p 6, =0.1361,/¢, —0.119

Curtis (2001) 0, =—0.0286+0.02435- £, —0.0003421- ¢, * +0.0000237 - ¢,°

Within this yellow highlight box, the relative permittivity evaluated from Fig. 5
dictates the horizontal placement of each specimen. While pure sand’s low travel time
and relative permittivity place it on left, the sand—diatom mixture’s relative permittivity
shifts it to the right. According to upward-sloping trend of empirical equation lines, pure
sand corresponds to the lower-left corner, and sand—diatom mixture aligns with the
upper-right corner. Therefore, non-destructive TDR detects variations in initial void ratio
among soil mixtures with various specific gravity.

4.2 Depth-dependent void ratio: Theoretical formulation and verification
Fig. 7 shows the mechanical framework required to predict continuous depth-
dependent void ratio reduction within seafloor sediments.

This study formulates governing differential equation for self-weight compaction
along depth, which is expressed as follows:

do—z _ (Gs _1)7w
dz 1+e,

(5)

where 0’z is the vertical effective stress, z is the depth under the seabed, Gs is
specific gravity, yw is the unit weight of water, and ez is the void ratio at depth z. To
account for the non-linear compression behavior of shallow marine sediments, we
incorporate the constitutive compaction model proposed by Lyu et al. (2021), which is
expressed as follows:
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Fig. 7 Void ratio versus vertical effective stress for six reference soils (modified after
Lyu et al. 2021). Note that input parameters used in asymptotically-correct compaction
models are available in Lyu et al. 2021.

e, =6, +(eLeH)exp!( G% j ] (6)
O-C

where en is the initial void ratio at seabed, e is the lower limit void ratio at high
effective stress, o’c is the characteristic effective stress, and n is the model parameter
that captures the relationship between void ratio and effective stress (Note: model
parameter is often n = 0.33, when o’c = 0’2, (ez — en) = 0.37(eL — en)). Substituting the
constitutive relationship of Eq 6 into governing equation of Eq 5 yields the combined
differential equation for depth-dependent effective stress, which is expressed as follows:

dz
1
1+|e, +(e —e,)——

(2]
e\
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Finally, integrating the combined differential equation of Eq 7 across depth
produces a closed-form analytical solution, which is expressed as follows:

Oz

R ol TS e
s ) 7w s ) w

This analytical solution directly connects depth below the seabed to the vertical
effective stress, enabling continuous evaluation of the depth-dependent void ratio profile
based solely on the initial void ratio measured via TDR device.

Fig. 8 shows depth-dependent in-situ porosity. At the shallow laboratory column
depths (z = 0.01 ~ 0.2 m), the yellow and pink reference lines represent the benchmark
porosity physically determined from specimen specification such as weight and volume,
whereas the data points indicate the depth-dependent porosity derived from TDR
permittivity measurements. This close similarity between two independent evaluations
proves that the TDR system can measure reliable porosity data across mixtures
possessing various specific gravity materials.

Porosity n
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® Sand (Takai et al. 2011)
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0.01

0.1 +

Depth z [m]
-

10 f

100 £

Fig. 8 Depth-dependent porosity. Comparison between porosity-depth data measured
in this study and compiled from published literature. Correlation between depth and
porosity for sand, silt, and clay. The yellow circles correspond to the porosity measured
in saturated pure sand column and the yellow hatched area to the porosity computed
using specimen weight and volume. Similarly, pink circles correspond to the porosity
measured in saturated sand-diatom mixture column and the pink hatched area to the
porosity computed using specimen weight and volume.
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Furthermore, extending into the shallow depth profile, the TDR derived initial
porosity accurately predicts the depth-dependent porosity reduction. While pure sand
follows conventional granular compaction line (curve no. 5), the sand—diatom mixture
aligns with high porosity compaction lines characteristic of silt (curve no. 3). By revealing
this behavioral transition, Fig. 8 demonstrates that TDR not only quantifies initial porosity
across varied specific gravities but also evaluates how complex soil mixtures compress
and alter their mechanical behavior with increasing depth.

5. Conclusions

Offshore geotechnical projects demand reliable design parameters for successful
seafloor engineering projects. However, conventional sampling and in-situ investigation
methods suffer from sample disturbance, stress relief, and significant uncertainties
depending on soil depth and properties. This study develops a non-destructive evaluation
framework using Time Domain Reflectometry TDR to assess depth-dependent in-situ
void ratio across seafloor sediments possessing various specific gravities. Salient
summary and conclusions made in this study follow:

e Laboratory experiments demonstrate that intra-particle voids in diatom mixtures
elevate relative permittivity. Intra-particle voids drive longer travel time and lower
electromagnetic impedance at tip reflection.

e A comparison between physical specimen specifications and TDR waveform
measurements verifies that the TDR system captures porosity differences across
soil mixtures possessing diverse specific gravity.

e The results show similarity between TDR-measured porosity and physical
reference lines at shallow depths, proving that the TDR system, when integrated
with existing theoretical solutions, successfully predicts depth-dependent
porosity.

This study contributes to reliable in-situ state parameter assessments in shallow
marine sediments. The TDR measurement system can be extended to offshore site
investigations, providing an efficient and continuous evaluation framework for complex
seafloor deposits.
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