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Abstract: Near-surface seafloor properties affect offshore mining and infrastructure engineering. Shallow seafloor sediments experience
extremely low effective stress, and consequently, these sediments exhibit very low in-situ density, shear wave velocity, and shear stiffness. We
combined data extracted from the literature with new laboratory and field results to develop a comprehensive understanding of shallow
seafloor sediments. First, we explored the sediment-dependent self-compaction characteristics starting with the asymptotic void ratio at
the interface between the water column and the sediment column. The asymptotic void ratio depends on the particle size and shape in
coarse-grained sediments and on mineralogy and pore fluid chemistry in fine-grained clayey sediments; overall, the asymptotic void ratio
correlates with the sediment-specific surface and compressibility. Second, we developed a fork-type insertion probe to measure shear wave
velocity profiles with depth. Detailed data analyses confirm the prevalent role of effective stress on shear wave velocity Vs ¼ αðσ 0

m=kPaÞβ,
and the inverse relationship between α and β parameters reveals that electrical interactions alter the velocity profile only in very high specific
surface area sediments at very low effective stress and shows that ray bending affects the computed velocities only in the upper few cen-
timeters (for the probe geometry used in this study). Probe insertion causes excess pore fluid pressure and effective stress changes; the ensuing
time-dependent diffusion detected through shear wave velocity changes can be analyzed to estimate the coefficient of consolidation. Shear
wave velocity profiles and velocity transients after insertion provide valuable information for sediment preclassification and engineering
design. DOI: 10.1061/JGGEFK.GTENG-10759. This work is made available under the terms of the Creative Commons Attribution
4.0 International license, https://creativecommons.org/licenses/by/4.0/.
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Introduction

Near-surface seafloor properties affect the design, serviceability,
safety, and long-term performance of seafloor geosystems such as
oil and gas pipelines, transmission lines, anchors, caissons and
skirted foundations, mudmats, and deep-sea mining operations
(Andersen et al. 2008; Randolph 2012; Feng et al. 2014; Tom and
White 2019). Shallow seafloor sediments experience extremely low

effective stress; therefore, in the absence of diagenesis, the in-situ
density ρ and shear wave velocity Vs are very low as well.

Sampling alters the sediment stress history and fabric. Further-
more, typical piston cores may puncture through and bypass
shallow fine-grained sediments. Consequently, sample-based den-
sities and shear wave velocities may not necessarily represent the
in-situ sediment stiffness of shallow sediments (see data in Dai and
Santamarina 2014). On the other hand, S-wave velocity measure-
ments in the field are cumbersome and may require scuba divers
or remotely operated vehicles ROVs (Hamilton et al. 1970;
Richardson et al. 1991; Wang et al. 2018).

This study aims to provide insights into sediment density and
shear stiffness under very low effective stress near the sediment-
water interface. First, we measure densities for a wide range of soil
types using sedimentation tests and various pore fluids. Then, we
determine S-wave velocity versus depth profiles in laboratory spec-
imens and natural sediments in the field using a high-sensitivity
probe built for this study. In both cases, we complement our mea-
surements with extensive datasets compiled from the literature.

In-Situ Density—Asymptotic Void Ratio

How loose can a granular medium be when it becomes a sediment?
What is its density sediment-water interfacewhere the effective stress
vanishes σ 0

z → 0? The answer to these questions establishes the
boundary between the water column and the sediment column, the
origin of self-compaction trends, the beginning of shear wave propa-
gation and shear strength, and the impedance mismatch that defines
bathymetric measurements. Given its relevance to shallow seafloor
sediments, we investigate the sediment-water boundary first.
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A sediment attains a characteristic density ρo when particles
start forming a granular skeleton at the sediment-water interface.
The characteristic density corresponds to the asymptotic void ratio
eL as the effective stress σ 0

z → 0

ρo ¼ ρw
Gs þ eL
1þ eL

ð1Þ

where ρw = water mass density; and Gs = mineral-specific gravity.
Interparticle contact and jamming are geometrically defined in the
case of coarse grains (Liu and Nagel 1998; Radjai et al. 1999;
O’Hern et al. 2001). However, the slurry-to-sediment transition is
gradual in fine-grained sediments where particles experience long-
range electrical interaction. Therefore, in this study, we analyze
coarse and fine-grained sediments separately to discern the effects
of particle size, shape, mineralogy, and pore fluid chemistry on
the asymptotic void ratio using new experimental data and published
results.

Coarse-Grained Sediments—Gravels, Sands, and Silts

Coarse grains respond to gravimetric and skeletal forces within kin-
ematic constraints. Let us consider the maximum void ratio emax as
the asymptotic void ratio eL a coarse-grained sediment may reach at
low effective stress σ 0

z → 0 [Note: emax is a procedurally-defined
parameter, as per ASTM D4254 (ASTM 2006)]. Fig. 1 shows
data compiled for gravels, sands, and silts. The asymptotic void
ratio eL ≈ emax decreases as the mean particle size d50 increases
[Fig. 1(a)] and as the coefficient of uniformity Cu and roundness
R increase [Fig. 1(b)]. The model fitted to the data in Fig. 1(b) cap-
tures the role of uniformity Cu and roundness R (modified after
Youd 1973; Cho et al. 2006)

eL ¼ emax ¼ 0.03þ 0.16
R

þ 0.65
Cu

ð2Þ

Fine-Grained Sediments—Clays

Mineralogy and pore fluid chemistry affect the interaction between
small clay-sized grains. We used sedimentation tests to assess the
loosest fabric kaolinite and bentonite can attain in various pore flu-
ids (Note: the test protocol is based on flat bottom tubes and low
mass fraction suspensions—details in Palomino and Santamarina
2005). In addition, we compiled published sedimentation test
data.

Figs. 2(a and b) shows the asymptotic void ratio eL versus ionic
concentration for low- and high-plasticity clays. Reference vertical
lines show the ionic concentration found in various water bodies,
from freshwater lakes to oceans and brine pools. Data support the
following observations:
• Low- and high-plasticity clays exhibit distinct sensitivities to

pore fluid chemistry (this confirms sensitivity studies in Jang
and Santamarina 2016).

• The asymptotic void ratio eL for low plasticity kaolinite ranges
from eL ¼ 4-to-9 [Fig. 2(a)] and is more sensitive to pH than
to ionic concentration: clearly, fabric formation reflects pH-
dependent edge and surface charges, i.e., face-to-face aggrega-
tion versus dispersed fabric.

• The asymptotic void ratio eL for high-plasticity bentonite is in
the range of eL ¼ 5-to-40 [Fig. 2(b)]. In contrast to kaolinite, the
asymptotic void ratio does depend on ionic strength, i.e., the
concentration co and valance z of prevailing cations, in
line with the diffused double layer thickness ϑ ∝ ðco · z2Þ−1=2
(Santamarina et al. 2001; Mitchell and Soga 2005).

Asymptotic Void Ratio and Compressibility—Caution

The asymptotic void ratio eL correlates with compressibility
(Skempton 1970; Burland 1990). Therefore, we can anticipate
that eL and ρo are intimately related to self-compaction trends
and the evolution of stiffness with depth. However, can consolida-
tion tests be used to predict the asymptotic void ratio? We compiled
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Fig. 1. (Color) Coarse-grained sediments: asymptotic void ratio eL ¼ emax for gravels, sands, and silts: (a) asymptotic void ratio eL versus mean
particle size D50; and (b) asymptotic void ratio eL versus coefficient of uniformity Cu and roundness R. (Data from Youd 1973; Mayne and Kulhawy
1982; Been and Jefferies 1985; Ishihara 1993; Evans and Zhou 1995; Terzaghi et al. 1996; Burland et al. 1996; Sukumaran and Ashmawy 2001;
Thevanayagam et al. 2002; Hight et al. 2003; Chin et al. 2006; Cho et al. 2006; Cerato and Lutenegger 2006; Simoni and Houlsby 2006; Yang et al.
2006; Murthy et al. 2007; Carraro et al. 2009; Chong and Santamarina 2016; Altuhafi et al. 2016; Hryciw et al. 2016.)
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consolidation data gathered for normally consolidated sediments
and fitted trends using an asymptotically correct consolidation
model to recover the void ratio eL as σ 0

z → 0 (Bauer 1996;
Gregory et al. 2006; reformulated in Chong and Santamarina
2016—see Supplemental Materials for eL determination):

ez ¼ eH þ ðeL − eHÞ exp
�
−
�
σ 0
z

σ 0
c

�
η
�

ð3Þ

where ez = void ratio at depth z and eH is the void ratio at very high
effective stress at σ 0

z → ∞. When the applied effective stress
reaches the characteristic stress σ 0

z ¼ σ 0
c, the degree of consolida-

tion is ðez þ eHÞ=ðeL − eHÞ ¼ 0.37; hence, the soil has experi-
enced 63% of the possible volume change (eL − eH) between
the two asymptotic void ratios. The model parameter η reflects
the void ratio sensitivity to changes in effective stress. Previous
studies compiled depth-dependent and stress-dependent void ratio
data for fine- to coarse-grained sediments and confirmed that a sin-
gle value η≈ 1=3 adequately fits all trends [examples: hydrate pore
habits in Terzariol et al. (2020), microbial cell counts in deep sedi-
mentary basins in Park and Santamarina (2020), and geoacoustic
properties in Lyu et al. (2021)].

Results in Figs. 2(a and b) show that consolidation data under-
predict the asymptotic void ratio for near-surface seafloor sedi-
ments even when tested specimens start as clay pastes prepared
at a high water content, such as 1.1-to-1.5LL (Burland 1990). Sche-
matic trends in Fig. 3 compare a clay response when consolidation
starts from its true asymptotic void ratio eL as σ 0

z → 0 and from a
paste prepared at a water content ω% > LL. For reference, the
liquid limit corresponds to ∼6 kPa suction (Russell and Mickle
1970; Hong et al. 2010); conversely, the void ratio at 1 kPa effec-
tive stress correlates with the void ratio at the liquid limit as e1 kPa ¼
1.25 · eLL (based on 28 datapoints with R2 ¼ 0.92 - Chong and
Santamarina 2016). Clearly, suction preconsolidates pastes, and
consequently, typical consolidation tests with remolded specimens

underpredict the true asymptotic void ratio needed for seafloor
sediment analyses (Fig. 3).

Trends as a Function of the Specific Surface Area

The smallest grain dimension determines its specific surface area
Ss½m2=g�, i.e., the thickness of platy clay particles or the smallest
diameter of ellipsoidal coarse grains. Let us explore the trend be-
tween the asymptotic void ratio eL and specific surface area. When
Ss values are not reported, we estimate the specific surface area
from other available data. In the case of sands, we use the mean
particle size d50 [mm] and the coefficient of uniformity Cu
(Santamarina et al. 2002)

Ss ¼
3ðCu þ 7Þ
4ρwGsd50

For sands ð4Þ
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Fig. 2. (Color) Fine-grained sediments: asymptotic void ratio eL for clays as a function of ionic concentration: (a) low plasticity clays—kaolinite RP2
(triangles) and SA1 (circles). Open symbols indicate asymptotic void ratio estimated from sedimentation test results: black open triangles and circles
correspond to results conducted as part of this study, and the other colored open symbols correspond to the kaolinite RP2 sedimentation test results
extracted from Palomino and Santamarina (2005). Filled symbols at low void ratios show values estimated by fitting consolidation data using Eq. (3):
Red triangle and circle [data from Cha (2021); Yellow triangle from Fam and Santamarina 1997; blue and black triangles from Kang (2015)]; and
(b) high plasticity clays - Bentonite. Open symbols indicate the asymptotic void ratio estimated from sedimentation test results conducted as part of
this study. Filled symbols indicate asymptotic void ratio estimated from consolidation tests by using the consolidation model [Eq. (3)]. (Data from
Mesri and Olson 1971; Studds et al. 1996, 1998.)
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Fig. 3. (Color) Anticipated void ratio versus effective trends obtained
from sedimentation and consolidation tests. Note: eLL is the void ratio
at the liquid limit LL.
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where ρw = water mass density; and Gs = mineral-specific
gravity. In the case of fine-grained sediments, we estimate the
specific surface area from the liquid limit LL (Farrar and Coleman
1967):

Ss ¼
4

3
ðLL − 25Þ For clays andLL > 25 ð5Þ

Fig. 4 summarizes the dataset compiled for this study; the
mean trend is (Note: based on n ¼ 338 datapoints; for the least
squares fit, error is defined in terms of the logarithm of the void
ratio):

eL ¼ 0.9þ 0.03
Ss

½m2=g� ð6Þ

The maximum void ratio for the packing of mono-sized spheri-
cal particles corresponds to the simple cubic configuration
eL ¼ 0.908; this is approximately the mean value of the maximum
void ratio measured for loosely packed and poorly graded coarse-
grained sediments. Variability in fine-grained soils reflects pore fluid
effects; for reference, the void ratio for an open card-castle configu-
ration is eL ¼ ða–2Þ=3, where a ¼ Lp=tp is the particle slenderness
ratio defined by the particle length Lp and thickness tp (see Supple-
mental Materials). Data in Fig. 4 show that these simple geometric
models provide valuable physical insights into fabric conditions at
the asymptotic void ratio.

Shear Wave Velocity

Small-strain shear waves propagate through granular media without
causing fabric changes; therefore, shear wave velocity measure-
ments are an assessment of state. From the theory of elasticity,
the shear wave velocity V2

s ¼ Gmax=ρ is a function of the sediment
small-strain shear modulus Gmax and density ρ. The following sec-
tions present a tool developed to measure the shear wave velocity in
shallow seafloor sediments and an extensive database that com-
bines new laboratory and field measurements together with data
gathered from published studies.

S-Wave Velocity Probe

We designed and built a multiphysics probe for shallow seafloor
sediment characterization (Fig. 5). This modular penetration-based
instrument includes sensors to measure pressure, temperature,
electrical conductivity, permittivity, pH, and 3D acceleration
[Fig. 5(a)]. The probe is deployable in either a stand-alone mode
or wired to the vessel (Terzariol 2015). The pressure-balanced tip
allows for precise measurements of soft sediment strength regard-
less of the water depth (US Patent 17/604,853).

The segment for shear wave measurements is mounted at
the front of the multiphysics probe and uses bender elements as
shear wave transducers [Fig. 5(b) - design based on Klein and
Santamarina 2005; Yoon et al. 2008; Lee et al. 2009]. The open
fork geometry avoids reflections from the lateral P-wave lobes
generated by the bender elements. Bender elements are mounted
in threaded plastic nylon screws to reduce wave transmission
along the fork and to facilitate their replacement (parallel-type;
12.7 mm × 8 mm × 0.7 mm; mounted with a 5 mm cantilevered
length and 7.7 mm anchored length), and they are coated with silver
paint and grounded to minimize electrical crosstalk (details in Lee
and Santamarina 2005). The tip-to-tip distance between bender
elements L ¼ 66 mm is longer than the anticipated wavelengths.

A ceramic feedthrough connects the fork to the upper probe that
houses the electronic controls [Fig. 5(b)]. The function generator
sends a 10 V step signal every 50 ms to the source bender element.
The filter amplifier connected to the receiving bender element
applies a band-pass filter (500 Hz to 200 kHz).

Experimental Study: Laboratory and Field

We tested the probe in the laboratory using sediment beds prepared
with kaolinite, silica flour, and fine sand housed within large-
diameter plexiglass chambers (300 mm in diameter and 600 mm
in height—inset in Fig. 6). The three beds were formed from
diluted deaired slurries (initial water content ω > 2,000%) and
were allowed to settle until they reached a constant sediment
height. Then, we measured S-wave velocities every 1-to-2 cm
of probe penetration; to enhance the signal-to-noise ratio, we
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stacked 1,024 signals and stored the resulting signal. The probe
penetration rate was ∼2 cm=s. At selected insertion depths, we
held the probe in place until the first arrival time reached a con-
stant value, i.e., complete dissipation of excess pore-water pressure
(details in the following section). Fig. 6 displays the cascade of
shear wave signals gathered at different depths in the clay, silt,

and sand sediments after pore fluid pressure dissipation. The time
to first arrival decreases with depth in all sediments. Minor devia-
tions from the general trend suggest internal layering.

Fig. 7 shows shear wave signatures with depth gathered at two
offshore locations: a silty-sand deposit at South Beach [Fig. 7(a)]
and a clayey sediment at the Monument site [Fig. 7(b)]. We used

Bender 
elements

Nylon 
screws

O-ring 
groove

Cable covers

Feedthrough

L = 66 mm
(a) (b)

Fig. 5. (Color) Multiphysics insertion probe: (a) field deployment is either stand-alone battery-powered or wired to the vessel; and (b) design of
fork-type field shear wave velocity probe.
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Fig. 6. (Color) Shear S-wave signatures versus depth: (a) kaolinite; (b) silt; and (c) fine sand. Note the different time scales for the three sediments.
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the same testing protocol as in the laboratory: incremental insertion
at 2 cm=s followed by a holding period until measurements exhib-
ited a stable arrival time. Bubbles readily come out upon stirring
the sediment bed at the end of the test, and recovered cores show
marked layering at the two test locations. Thus, changes in first
arrival times with depth reflect changes in the effective stress, layer-
ing, and trapped gas.

Results—Prevalent Trends

The shear wave velocity Vs ¼ L=ta is the tip-to-tip distance L di-
vided by the time to the first arrival ta identified for each signal.
Fig. 8 summarizes the shear wave velocity versus depth data for
shallow sediments measured in the laboratory and in the field as
part of this study and includes additional data compiled from
the literature. The shear wave velocity increases with depth. Two
boundaries separate sandy sediments (higher Vs values at shallow
depths) from clayey sediments (lower Vs). Data clustering high-
lights the potential use of Vs-depth profiles for both stiffness
assessments and sediment preclassification.

The shear wave velocity in sediments is a power function of the
mean effective stress on the polarization plane σ 0

m (Roesler 1979;
Knox et al 1982; Yu and Richart 1984; Santamarina and Cascante
1996):

VS ¼ α

�
σ 0
m

1 kPa

�
β

ð7Þ

where the α-factor corresponds to the shear wave velocity at σ 0
m ¼

1 kPa and the β-exponent reflects the sensitivity of the shear wave

velocity to changes in effective stress (Cha et al. 2014). Wave mea-
surements during the vertical insertion of the fork probe are based
on horizontally-polarized and horizontally-propagating shear
waves; therefore, Eq. (7) can be written in terms of the horizontal
effective stress σ 0

m ¼ σ 0
h. The power law relation between Vs and

effective stress σ 0 is confirmed in all cases once the effective stress
is computed by integrating density profiles with depth (see the
algorithm in Lyu et al. 2021).

We gathered laboratory and field data and extracted values for
the α-factor and β-exponent [Eq. (7)]. Coarser and denser soils
exhibit higher velocity at low stress (α-factor) but lower sensitivity
to stress changes (β-exponent) due to smaller changes in density
and coordination number with increasing stress. We confirmed this
observation with velocity-stress trends gathered from published
studies. Fig. 9 shows the inverse relationship between the α-factor
and β-exponent for different soils including clays, silts, and sands.
The newly proposed trend line starts with extremely soft colloidal
sediments dominated by electrical interactions (α ¼ 0, β ¼ 1.1)
and ends with cemented rocks where α ¼ 3,000-to-4,000 m=s
and β < 0.01 [data n ¼ 479; root-mean-square error RMSE ¼
0.04 - see previous trends in Cha et al. (2014) and Ku et al. (2017)]

β ¼ 1.1
1þ ð α

10 m=sÞ0.7
ð8Þ

Effect of Interparticle Electrical Forces

Fluid chemistry-dependent electrical forces govern fabric forma-
tion in the water column during the early stages of sedimentation
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Fig. 7. (Color) Shear wave signature versus depth—field measurements offshore: (a) silty-sand sediment at the South Beach site; and (b) clayey
sediment at the Monument site.
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when high specific surface area sediments are involved. Eventually,
Terzaghi’s effective stress gains control as the burial depth in-
creases, yet, the fabric retains memory of the formation environ-
ment; for example, higher salinity during sediment formation leads
to a higher α-factor and smaller β-exponent [Eq. (7) - Klein and
Santamarina 2005; Ku et al. 2011; Kang et al. 2014].

How far does the effect of interparticle electrical forces affect the
velocity-stress trends in fine-grained sediments at shallow depth?
We replaced the mean effective stress σ 0

m in Eq. (7) for (σ 0
m þ σ 0

A) to
include the equivalent effective stress σ 0

A that results from interpar-
ticle electrical forces (Sridharan and Rao 1973). Then, we fitted the
modified expression to velocity-stress data to infer the σ 0

A value.
The effect of electrical forces is indistinguishable in the kaolinites
tested in this study (low specific surface area clay, Ss ≈ 50 m2=g).
However, we were able to detect it in a very high-plasticity hydro-
thermal sediment subjected to very low effective stress (liquid limit
LL ¼ 330, specific surface area Ss ¼ 180 m2=g); in this case, the
computed equivalent effective stress ranged between σ 0

A ¼ 1-and-
3.5 kPa (Modenesi and Santamarina 2022). High specific surface
sediments form very loose fabrics (Fig. 4) and the effective stress
gradient is small; consequently, even a low equivalent effective
stress σ 0

A can affect the stiffness of shallow sediments: in the
extreme case studied above, σ 0

A ¼ 1-and-3.5 kPa affects the upper
2-to-4 m. The plasticity of most fine-grained sediments is signifi-
cantly lower and the effect of electrical charges on stiffness will be
restricted to the upper few centimeters.

Discussion: Stiffness Profiles and Pressure
Diffusion

The sediment self-compaction starts at the sediment-water interface
where σ 0

z → 0 and the void ratio e → eL. As depth increases, the
effective stress, density, and shear wave velocity increase. Implica-
tions on wave propagation, stiffness profiles, and insertion effects
are discussed next.

Data Analysis: Ray Bending

The wave velocity increases with depth and is higher in the vertical
than the horizontal direction. Then, the wavefront is not spherical in
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Trend (black line):

Fig. 9. (Color) Shear wave velocity as a power function of mean ef-
fective stress Vs ¼ αðσ 0=kPaÞβ: Relation between the α-factor and the
β-exponent for different soil types. Dotted gray line: α- β relationship
in Cha et al. (2014). (Data from laboratory and field studies. (Data from
Ku 2012; Bate et al. 2013; Cha et al. 2014; Kang et al. 2014; Lee and
Santamarina 2005; Ku et al. 2017; Park and Santamarina 2017;
Modenesi and Santamarina 2022.)
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Fig. 8. (Color) Shear wave velocity VS versus depth z. Filled markers indicate data measured in this study (red: kaolinite; green: silica flour; orange:
field data at Monument site; yellow: field data at South beach site; blue: fine sand). Other symbols: data gathered from published studies. The blue and
red lines are the computed power trend of S-wave velocity as a function of vertical effective stress σ 0

v and correspond to the two reference silty
sediments proposed in Lyu et al. (2021). (Data from Cunny and Fry 1973; Hamilton 1976, 1979; Schultheiss 1981; Lovell and Ogden 1984; Sauter
1987; Gabriels et al. 1987; Muir et al. 1991; Richardson et al. 1991; Stoll 1991; Caiti et al. 1994; Ali and Broadhead 1995; Bibee and Dorman 1995;
Liu et al. 1997; Buckingham 2005; Buchanan 2005; Holzer et al. 2005; Klein and Santamarina 2005.)
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near-surface soils. How does ray bending between the source and
the receiver bender elements affect the wave velocities determined
using the insertion probe?

Ray-tracing is a two-point boundary value problem; the goal is
to identify the ray path that results in the shortest travel time, in
agreement with Fermat’s principle. A closed-form solution for
the ray path can be obtained using calculus of variation for the fol-
lowing velocity field (Santamarina and Fratta 2005):
• linearly increasing vertical velocity with depth Vv ¼ aþ b · z
• constant velocity anisotropy c ¼ Vv=Vh where Vh is the hori-

zontal velocity
• elliptical variation of velocity with ray angle z 0∶Vðz; z 0Þ ¼

VvðzÞ ·
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ z 02Þ=ðc2 þ z 02Þ

p
where a [m=s], b½1=s�, and c½−�

are the model parameters that define the velocity field. Then, the
ray depth z at position x between the source and the receiver is

z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Vvo

b

�
2

þ x½c2ðL − xÞ�
s

− a
b

ð9Þ

where Vvo = vertical wave velocity at the depth of the bender
elements; and L = distance between the source and receiver
bender elements. We use Eq. (9) to determine the ray paths
at different insertion depths, both in soft clays and stiff sands.
We adopt a locally linear velocity profile that is tangent to the
true VsðzÞ, and we estimate the velocity anisotropy c ¼ Vv=Vh
from the velocity-stress power Eq. (7), in terms of the coefficient
of earth pressure at rest ko

c ¼ Vv

Vh
¼ α½σvð1þ koÞ�β

αð2koσvÞβ
¼

�
1þ ko
2ko

�
β

ð10Þ

The ray paths computed for the probe geometry used in this
study show pronounced ray bending at 1 cm depth; however,
ray bending decreases rapidly with depth in both soils and is al-
ready quite small at 10 cm depth (see Supplemental Materials).
The effect of ray bending on the computed wave velocities falls
below the uncertainty in first arrival detection within the upper
few centimeters: errors in computed velocities are <0.4% in both
sands and clays at 10 cm depth (Note: travel time is the integral of
dl=Vz;z 0 along the ray path, where dl is a differential of the path
length).

Small-Strain Stiffness Gmax in Depth

The value of Gmax depends on fabric-related interparticle co-
ordination and contact stiffness (either flatness due to effective
stress, creep and cementation, or electrical interactions such as
in clays). We combined the void ratio e and shear wave velocity
Vs trends in previous sections to compute the small-strain stiffness
Gmax ¼ V2

sρ profiles with depth. Fig. 10 shows the computed
Gmax boundary profiles that correspond to the shear wave velocity
boundaries in Fig. 8, taking into consideration the corresponding
density profiles with depth [Eqs. (1) and (3); see model parameters
in Fig. 10]. Trends in a linear-linear scale highlight the much faster
increase in stiffness with depth for sands as compared to clayey
sediments.

Insertion Effects: Fabric Change and Excess Pore
Pressure

The probe tip is designed to displace soil away from the fork tips
without affecting the central zone under study, yet, we cannot dis-
card fabric changes [Fig. 5(b)]. Furthermore, velocity transients

suggest excess pore pressure generation during probe insertion.
We study these two effects next.

Fabric effects. To investigate fabric effects, we prepared a very
dilute silt slurry (silica flour, initial water content ω > 2,000%),
deployed the shear wave probe and fixed it 5 cm above the bottom
of the large-diameter plexiglass column, and monitored the shear
wave signal during self-weight consolidation without displacing
the probe. The cascade of shear wave signals in Fig. 11 captures
the sediment evolution with elapsed time: the first arrival contin-
uously decreases as effective stress increases during consolidation.
At the same sediment depth, the shear wave velocity obtained dur-
ing probe insertion tests is Vs ¼ 24.0 m=s, compared to Vs ¼
23.3 m=s measured for the undisturbed fabric using the preburied
probe. This observation suggests that potential fabric changes
caused by probe insertion have minimal effects on the measured Vs

profiles at z ¼ 20 cm (at least in silty sediments). In addition, ray
bending ahead of the probe may hide any disturbance effects in the
upper few centimeters (Supplemental Materials).

Excess pore pressure generation. We observed consistent
time-dependent changes in travel time after probe insertion
(Fig. 12 - Note: the vertical separation between signals scales with
the logarithm of time following insertion). In particular, the time to
first arrival decreases, and the signal amplitude increases after in-
sertion in clayey and silty sediments, yet opposite transients are
observed in sandy sediments (albeit very small). These results
suggest that probe insertion causes positive excess pore fluid pres-
sure generation in contractive sediments, and negative excess pres-
sure in dilative soils (note: the generation of excess pore-water
pressure was anticipated in both the inner zones of the probe
and surrounding areas, then dissipated).

Fig. 13(a) presents the evolution of the shear wave velocity Vs
with elapsed time after probe insertion in clay, silt, and sand beds.
Salient observations follow:
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Fig. 10. (Color) Small-strain stiffness Gmax. The blue and red bound-
aries are computed from the void ratio e and shear wave velocity Vs

profiles (refer to reference sediments in Lyu et al. 2021). Red line:
eL ¼ 1.8, eH ¼ 0.3, η ¼ 0.33, σc ¼ 700 kPa, Gs ¼ 2.65, α ¼ 42,
β ¼ 0.22. Blue line: eL ¼ 1.35, eH ¼ 0.3, η ¼ 0.33, σc ¼ 1,000 kPa,
Gs ¼ 2.65, α ¼ 75, β ¼ 0.23.
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• The evolution of the shear wave velocity during pressure diffu-
sion after insertion is both depth- and sediment type-dependent.

• Velocity changes are quite small in sands (∼7%), but they can
reach and exceed 100% in shallow clays and silts [Note: Yoon
et al. (2008) reported a 7% increase in the shear wave velocity
following the probe penetration in soft clay sediments at
30 m depth].
Clearly, the probe insertion causes excess pore fluid pressure

Δu and alters the horizontal effective stress σ 0
h ¼ σ 0

ho–Δu where
σ 0
ho is the initial horizontal effective stress.
Coefficient of consolidation. The sediment-dependent time-

varying shear wave velocity trends suggest the possibility of esti-
mating the coefficient of consolidation from these measurements.
We followed four steps:
1. We fitted shear wave velocity versus time data in Fig. 13(a) with

a sigmoidal model (logistic function) to reduce the effect of
noise on individual measurements (Note: c� and d are model
parameters)

VSðtÞ ¼ VS;t¼0 þ
VS;t→∞ − VS;t¼0

1þ �
t
c�
�−d

2

ð11Þ

2. We estimated changes in the effective horizontal stress Δσ 0
h

using the power function Vs ¼ αðσ 0
h=1 kPaÞβ [Eq. (7).

Clay∶ α ¼ 33 m=s and β ¼ 0.32. Silt∶ α ¼ 58 m=s and β ¼
0.25. Sand: α ¼ 110 m=s and β ¼ 0.19].

3. We assumed Δu ¼ −Δσ 0
h and determined the evolution of

excess pore-water pressure with time. Results in Fig. 13(b) con-
firm that the time required for excess pore fluid pressure dissi-
pation varies with sediment type (grain size or specific surface
area Ss) and can range from a few minutes in clean sands to
several hours in clays.
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Fig. 12. (Color) Pressure diffusion: shear wave signatures versus elapsed time after probe insertion. Data shown for insertion to depth z ¼ 12 cm.
(a) Kaolinite; (b) silt; and (c) fine sand. Dashed lines: trends in first arrivals. Note: the vertical separation between signals scales with the logarithm of
time since insertion stopped.
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Fig. 11. (Color) Shear wave signatures: Time evolution during the
self-weight consolidation of a silt slurry. The initial water content
is ω > 2,000%. Shear waves measured 5 cm above the bottom
(z ∼ 20 cm). Note: the vertical separation between signals scales with
the logarithm of time since sedimentation started.
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4. Finally, we used the rate of excess pore fluid pressure dissipa-
tion after probe penetration to obtain a first-order estimate of the
coefficient of consolidation ch assuming cylindrical drainage
along the radial distance r

∂u
∂t ¼ ch

∂2u
∂r2 þ

ch
r
∂u
∂r ð12Þ

Solutions for this diffusion equation are summarized in Table 1
and compared in Fig. 14 against data gathered for different sedi-
ments; the computed coefficients of consolidation are ch ¼ 3.5 ×
10−8 m2=s for clay, ch ¼ 1 × 10−7 m2=s for silt, and ch ¼
1 × 10−5 m2=s for sand. This analysis makes several simplifying
assumptions, including homogeneous excess pore pressure, cylin-
drical drainage, and uniform shear wave velocity between the
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Fig. 13. (Color) Pressure diffusion following the probe insertion in clay (red markers), silt (green data points), and sand (blue data points): (a) shear
wave velocity Vs as a function of time for different insertion depths; and (b) evolution of the excess pore-water pressureΔuw inferred from shear wave
velocity data.

Table 1. Diffusion model and solutions

Governing equation Solution Method/parameters References

∂u
∂t ¼ ch

∂2u
∂2r

þ ch
r
∂u
∂r U ¼ uo

n2 lnp − 0.5ðρ2 − 1Þ
n2Fn

exp

�−2Tr

Fn

�
Equal strain consolidation for instantaneous
loading

Barron (1948)

Fn ¼ n2 ln n
n2 − 1

− 3n2 − 1

4n2
uo: initial excess water pressure

Tr ¼
cht
r2e

n ¼ re
rw

ch: consolidation coefficient

ρ ¼ r=rw

re: equivalent radius drainage

rw: radius of drain well(
U ¼ P

Bn expð−a2ntÞCoðλnrÞ ro ≤ r ≤ r�

U ¼ 0 r > r�

)
Radial consolidation around a cylindrical cavity/
pore elasticity/ cavity expansion

Randolph and
Wroth (1979)

Bn ¼ 4cu
λ2
n
·

CoðλnroÞ − CoðλnRÞ
r�2C2

1ðλnr�Þ − r2oC2
oðλnroÞ

ro: radius of the pile

CiðλnrÞ ¼ JiðλrÞ þ μYiðλrÞ
r�: radius u is negligibly small
Su: undrained shear strength
CoðλnrÞ: cylindrical function, where Ji and Yi are
Bessel functions and λr is a zero of the Bessel
function

U ¼ Δu
Δuref

≈ 1

1þ ðT=T50Þb
Strain path method Teh and

Houlsby (1991)

T ¼ cht=d2 ch: consolidation coefficient

T50 ¼ 0.061I0.5r d: diameter of the pile

b ≈ 0.75 Su: undrained shear strength
Ir ¼ G=Su G: shear modulus

b: exponent
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source and receiver bender elements. Therefore, the computed
coefficients of consolidation are first-order-of-magnitude estimates.
Beyond its assumptions, this analysis highlights that data collected
during pressure dissipation are valuable for sediment preclassifi-
cation (see similar efforts for CPT dissipation tests and T-bar
analyses—Teh and Houlsby 1991; Burns and Mayne 2002). A de-
tailed evaluation would require more realistic insertion modeling
and drainage analysis (e.g., spherical drainage ahead of the tip and
preferential drainage above the probe) within a coupled hydro-
mechanical simulator.

Conclusions

This study focused on shallow seafloor sediments at low effective
stress using laboratory and field experiments and extensive data-
bases compiled from published studies. It placed emphasis on
sediment-dependent self-compaction characteristics starting with
the asymptotic void ratio at the interface between the water column
and the sediment column, involved the development of an insertion
probe for shear wave velocity measurements to assess the evolution
of shear stiffness with depth Gmax, and advanced data analysis pro-
tocols to gain valuable sediment characterization information.
• The asymptotic void ratio eL is determined by the grain size

distribution and the particle shape in coarse-grained soils (sands
and silts) and by the mineralogy and pore fluid pH and ionic
strength in fine-grained sediments. Overall, the sediment-
specific surface area Ss provides a first-order estimate of the
asymptotic void ratio eL, in agreement with simple geometric
fabric analyses.

• The asymptotic void ratio eL and the sediment compressibility
are correlated. Together, they determine the sediment self-
compaction, effective stress gradient, and stiffness profile with
depth. The asymptotic void ratio eL obtained from consolidation
tests using remolded specimens prepared as soft pastes is
smaller than the asymptotic void ratio observed at the seafloor
surface. Sedimentation tests with low solid content slurries pro-
vide a more realistic estimate of the asymptotic void ratio in-
cluding the effects of pore fluid chemistry on fabric formation.

• The shear wave velocity increases with depth and is causally
linked to the mean effective stress Vs ¼ αðσ 0

m=1 kPaÞβ . The
α-factor and β-exponent depend on the type of interparticle con-
tact (lower α and higher β in electrical than in Hertzian particle

interactions) and the sediment compressibility (more com-
pressible sediments start with a lower α but have a higher β
due to the increase in coordination number with effective stress).
The α-factor and β-exponent are inversely related and vary
from β → 1.1 and α → 0 m=s for soft colloidal systems, to
β → 0 and high α-factor for cemented soils and rocks
(α ≈ 3,000-to-4,000 m=s and β < 0.01).

• The effect of interparticle electrical forces on shear wave
velocity profiles is detected in sediments with very high specific
surface area and at very low effective stress. The equivalent
effective stress due to electrical interactions can reach 1-to-
3.5 kPa.

• Small-strain stiffness Gmax ¼ Vs
2ρ profiles highlight the rapid

increase in stiffness with depth for sands compared to clayey
sediments: sands start with a lower asymptotic void ratio at
the surface; thus, the accumulation of overburden stress is faster
in sands than clays.

• The ray path between the source and the receiver bends down-
wards toward the faster velocities. Closed-form solutions for the
ray path reveal that ray bending affects the estimated wave
velocity in the upper few centimeters only.

• Probe insertion causes excess pore fluid pressure that alters
the effective stress and shear wave velocity. The time required
for excess pressure dissipation varies with sediment type, from
a few minutes in clean sands to several hours in clays. The rate
of Vs changes with time after probe penetration can be used
to obtain a first-order estimate of the coefficient of consolida-
tion ch. Together, shear wave velocity and diffusion time pro-
vide valuable information for sediment preclassification and
analyses.
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appear in the published article.
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Fig. 14. (Color) Normalized excess pore-water pressure versus time after probe insertion and estimated coefficients of consolidation: (a) clay:
ch ¼ 3.5 × 10−8 m2=s; (b) silt: ch ¼ 1.0 × 10−7 m2=s; and (c) sand: ch ¼ 1.0 × 10−5 m2=s. Gray data points: experimental data. Lines: analytical
models in Table 1. (Data from Teh and Houlsby 1991; Randolph and Wroth 1979; Barron 1948.)
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manuscript.

Notation

The following symbols are used in this paper:
a = parameter in linear velocity fitting (m=s);
b = parameter in linear velocity fitting (1=s);

Cc = coefficient of consolidation;
Cu = coefficient of uniformity;
c = velocity anisotropy;
ch = coefficient of consolidation (subscripts: h = radial,

v = vertical) (m2=s);
c� = parameter in sigmoidal model;
d = parameter sigmoidal model;

d50 =mean particle size (mm);
e = void ratio (subscripts: at 1 kPa, H: at high effective

stress, L: at low effective stress);
emax = maximum void ratio;
Gmax = small-strain shear modulus (Pa);
Gs = specific gravity;
ko = coefficient of earth pressure at rest;
L = travel distance (mm);

LL = liquid limit (%);
R = roundness;
r = radius (m);
Ss = specific surface area (m2=g);
t = time (subscript: o = arrival time) (s);
u = pore fluid pressure (subscript: o = hydrostatic) (kPa);

Vs = shear wave velocity (m=s);
w = water content (%);
z = depth (m);

α-factor = shear wave velocity at 1 kPa;
β-exponent = sensitivity to changes in the effective stress;

η = exponent used in consolidation model;
ρ = density (subscript: w = water) (kg=m3);
σ 0 = effective stress (subscripts: c = characteristic,

h = horizontal, m = mean, v = vertical) (kPa);
σ 0
A = van der Waals attraction equivalent effective

stress (kPa);
Δσ 0 = change in effective stress (kPa); and
Δu = excess pore fluid pressure (kPa).

Supplemental Materials

Figs. S1–S3 are available online in the ASCE Library (www
.ascelibrary.org).
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