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Abstract

In view of the need to utilize ocean space and to develop seabed resources, the assessment of the stability of deep seabed soil has
emerged as an important challenge in the field of geomechanics. To study seabed stability, the strength and stiffness of the natural ground
must be ascertained. Accordingly, it is necessary either to conduct laboratory testing on soil specimens sampled from the seabed or to
estimate the strength and stiffness by in-situ tests. While in the future it may be reasonable to conduct in-situ tests to estimate the stiffness
and strength of seabed soil, it will still be necessary to compare the physical properties measured by in-situ testing with those measured by
laboratory testing in advance of these determinations. In short, soil specimens must be sampled from the actual deep seabed, and lab-
oratory mechanical tests must be conducted on the sampled soil specimens. However, soil sampled from the ocean bottom is subject to
effects that differ from those exerted on soil sampled from the earth. More specifically, the non-negligible effects of disturbance are
expected with soil sampled from the ocean bottom. The effects of disturbance occur during the sampling process due to the vaporization
of dissolved gases, as these soil specimens are under relatively higher pressure and contain pore water with a high amount of dissolved
gases. Therefore, numerical simulations were conducted in the present study to investigate the effects of vaporized dissolved gases on the
mechanical behavior of soil specimens during sampling and on the undrained shear strength as determined by laboratory tests. The anal-
yses revealed that the combination of the decreasing effective stress caused by the sampling and factors such as overconsolidation and
unsaturation is attributable to the difference between the soil strength ascertained by laboratory testing and the in-situ soil strength.
� 2018 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society.
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1. Introduction

Since the discovery of methane hydrates (1930), cross-
disciplinary scientific efforts have been directed towards
clarifying the properties of deep seabed soil for the purpose
of developing ocean seabed resources. Such efforts include
Project Mohole (1961), the Deep Sea Drilling Project
(DSDP, 1968), the International Phase of Ocean Drilling
https://doi.org/10.1016/j.sandf.2018.02.026
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(IPOD, 1975), the Ocean Drilling Program (ODP, 1985),
and the Integrated Ocean Drilling Program (IODP,
2003). However, in identifying the mechanical properties
of deep seabed soil, it is difficult to ascertain the effects of
the disturbance arising from the release of stress that spec-
imens undergo during sampling. In this regard, pressure
core sampling (Kubo et al., 2014) has been explored. How-
ever, this method lacks the theoretical basis to quantify the
effects of the disturbance on specimens and remains at an
undeveloped stage of understanding to interpret the test
results. It has been pointed out that changes in the mechan-
ical properties of sampled soil specimens are caused by the
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effects of the mechanical disturbance occurring during sam-
pling or testing and of the disturbance arising from the
release of stress. In these respects, the mechanical distur-
bance has been studied by Ladd and Lamb (1963) and
Okumura (1969), followed by Tsuchida et al. (1988) and
others (Mitachi et al., 2001; Tanaka and Tanaka, 1995).
Similarly, Skempton and Sowa (1963) and Noorany and
Seed (1965) were forerunners in terms of studies on the dis-
turbance arising from the release of stress. Since then,
researchers have worked to study the effect of changes in
the effective stress of specimens resulting from the release
of the confining pressure exerted on the undrained shear
strength of specimens. This is a classic topic in geomechan-
ics. Soil sampled from the deep seabed is unavoidably sub-
ject to the effects of mechanical disturbance, which remains
to be reduced by developments in sampling technology.
Even so, it is highly likely that the effects of the stress
release after the removal of the high confinement pressure
will continue to be a serious problem. Reported experi-
ments have revealed the substantial effects of gases on the
variation in momentary pressure in ordinary ground sedi-
ments (Tsui and Helfrich, 1983). Additionally, marine clay
soil specimens sampled close to waterfront locations have
exhibited residual effective stress measurements far smaller
than those forecasted (Matsumoto et al., 1969) as well as
measured degrees of saturation that decreased with depth
(Fujishita, 1965). On the other hand, despite the fact that
a residual effective stress larger than 98.1 kPa is apparently
impossible in fully saturated soil, effective stress larger than
98.1 kPa has been measured in undisturbed samples col-
lected from large depths (Watabe and Tsuchida, 2001).
These findings have led to one of the most important prob-
lems in today’s seabed soil surveys: the vaporization of dis-
solved gases that degrade the quality of the sampled
specimens needed to ascertain the mechanical properties
(Okusa, 1984). Recently, microscopic images of sampled
specimens have illustrated that the gases were contained
within the soil voids as small bubbles (Amaratunga and
Grozic, 2009). This becomes a more serious problem with
deep seabed soil. It is quite probable that soil from the dee-
per seafloor contains a larger amount of dissolved gases
(Grozic et al., 2000; Kortekaas and Peuchen, 2008). In
addition, sampling from such a deep ground involves sub-
stantial changes in pressure. Consequently, dissolved gases
that vaporize due to these changes in pressure, which have
not been accounted for at different water and seabed depths
(i.e., depth below the seabed floor) in existing studies, are
likely to exert an apparent effect.

The effects of the vaporization of dissolved gases can be
explained by taking diver’s disease as an example. Diver’s
disease, also known as ‘‘decompression sickness”, or
DCS, can be experienced by a diver after scuba diving.
Nitrogen gas accounts for approximately 78% of air.
Accordingly, when a diver uses an air cylinder, nitrogen
gas dissolves into the diver’s body. Larger amounts of nitro-
gen gas dissolve with increasing depths and increasing div-
ing time. When a diver rises rapidly towards the sea surface
at the end of the dive and the water pressure decreases, the
dissolved nitrogen forms bubbles in the diver’s body. The
bubbles apply pressure on the nerves and joints of the diver,
causing pain and abnormal sensations. This is the cause of
diver’s disease (Fig. 1). In the case of sampling specimens
from the seabed, it is highly likely that phenomena similar
to diver’s disease will occur. During the process of sampling
specimens from the seabed, large amounts of gases dis-
solved in the pore water of the saturated soil vaporize owing
to the decreasing water pressure. Consequently, the soil
becomes unsaturated (Fig. 2). This unsaturation process is
thought to be one of the causes of the disturbance of sam-
pled specimens, affecting changes in the effective stress. In
recent years, the use of a pressure-conserving corer to main-
tain the in-situ water pressure during sampling has become
possible. This method appears to be effective for preventing
the vaporization of dissolved gases otherwise resulting from
changes in pressure during sampling. However, this sam-
pling method is immensely laborious and costly, making it
difficult to sample many specimens. Therefore, it is neces-
sary to propose an optimal test method for estimating the
in-situ strength from sampled specimens by evaluating the
disturbances in the specimens sampled by the conventional
sampling technique. Okumura (1969a) used Boyle’s law and
Henry’s law to theoretically calculate the effects exerted by
gases contained in pore water on the residual effective stress
of specimens. For this theoretical reasoning, Okumura used
a total stress analysis to solve problems as well as coefficient
B proposed by Skempton (1954) to estimate the residual
effective stress. At the time of the study, many key ideas,
such as the mechanics of unsaturated soil, were yet to be
proposed. To ensure equilibrium, the total stress acting on
a specimen was believed to equal the atmospheric pressure.
However, the gas pressure produced by dissolved gases is
not negligible; and therefore, researchers began to believe
that the effective stress formula for saturated soil is inca-
pable of predicting changes in effective stress in seabed soil
(Esrig et al., 1977). It has become possible recently to
explore the mechanical behavior of unsaturated soil due
to a successful systemic arrangement of the mechanics of
unsaturated soil and a soil/water/gas coupled analysis. On
the basis of contemporary mechanics, it is not necessarily
true that the pore gas pressure in a specimen is in equilib-
rium with the atmospheric pressure because, in actuality,
suction occurs within the specimen. Thus, to examine the
effects of dissolved gases on the quality degradation of sam-
pled specimens, it is necessary to use the soil/water/gas cou-
pled analysis. In this study, the pore gas pressure is
expressed by the gauge pressure.

Given this situation, the purpose of the present study is
to examine the effects of changes in the state of dissolved
gases on the mechanical behavior of sampled specimens
and on the undrained strength determined through labora-
tory testing. For this purpose, the study uses a mathemat-
ical model capable of representing changes in the state of
dissolved gases and simulating sampling processes with
increased precision. The analysis codes used in this study



Fig. 1. Diver’s disease.

Fig. 2. Unsaturation process.
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are given in the Appendix. Since the compressibility of sea-
water differs with the water depth (Dietrich, 1963), the
expansion of pore water needs to be considered. However,
the compressibility of pore water is much smaller than that
of gas; and therefore, this study assumes that the expansion
of pore water is negligible. Future needs, beyond the scope
of this study, are to examine the effects of changes in tem-
perature resulting from changes in the state of the dissolved
gases, as well as the effects of the mechanical disturbance.
2. Simulation analysis of sampling and laboratory testing

process

This section describes the analysis method and the selec-
tion of parameters used to simulate the process of sampling
soil at various water/seabed depths. In addition, this sec-
tion also describes the simulation of laboratory tests to
examine the strength of the sampled specimens as deter-
mined through laboratory testing.
ig. 3. Changes in effective stress during sampling (Ladd and Lamb,
963).
2.1. Simulation of sampling process

Cone penetration tests are often used as an in-situ test
method to investigate the strength of the ocean floor ground
(Oka et al., 2011; Nishio et al., 2009). The variation in the
end resistance obtained from CPT test results is compared
with the strength obtained from unconfined compression
tests (Nishio et al., 2009). In the case of the land ground,
which has been targeted so far, and the submarine ground,
with a water depth of approximately 30 m, it has been found
that the influence of the disturbance of the sample on the end
resistance is small. However, in the case of the submarine
ground with a deep water depth, laboratory tests using sam-
pled specimens must be conducted since the influence of the
disturbance accompanying the measurement of the end
resistance is unknown. A piston core sampler is mainly used
in ocean surveys, and soil specimens of the in-situ ground
are sampled using a hollow tube called a core barrel
(Matsumoto et al., 2009). The soil samples are collected by
pressing the core barrel into the ground, lifting the sampler
up to the land, and then pressing it out of the core barrel.
Skempton and Sowa (1963) and Ladd and Lamb (1963)
studied the effects exerted by possible disturbance on the
changes in effective stress throughout the sampling process.
Ladd and Lamb (1963) summarized the changes in effective
stress over the whole sampling process, as shown in Fig. 3.
In Fig. 3, the in-situ stress condition is represented by A.
The overburden pressure is relieved as the borehole is bored.
As this occurs, the state of effective stress migrates from
point A to B through P. Furthermore, as the sampling tube
is pressed into the ground and the specimen is lifted to the
land, the state of effective stress shifts from B to C. Then,
it shifts from C to D as the specimen is pressed out of the
sampling tube, followed by the arrival at F through preser-
vation and trimming. These are all changes in effective stress
viewed from the perspective of the mechanical disturbance
caused during sampling. Conventionally, it has been
thought that no changes in effective stress would occur in
response to the changes in pressure from B to C and when
the total stress is relieved at D. However, it is highly proba-
ble that when dissolved gases vaporize, the specimen
becomes unsaturated, and the changes in effective stress
occur due to changes in pressure and the release of stress.
Therefore, this study simulates the sampling process, divid-
ing it into Process 1 and Process 2, which consider the vapor-
ization of dissolved gases, as shown in Fig. 4. In Process 1,
the focus is placed on the changes in stress resulting from
the changes in pressure that would occur when a sampler
is lifted. Process 1 corresponds to the process from B to C
shown in Fig. 3. In Process 2, the focus is placed on the
changes in stress resulting from the stress relief that takes
place when the specimen is removed from the core barrel.
Process 2 corresponds to the process from C to D shown
in Fig. 3. In these two processes, it is assumed that the tested
portions of the specimen would instantly be taken out, with-
out regard to the mechanical disturbance arising at the time
of the sampling and the trimming.

2.2. Simulation of laboratory tests

Subsequent to the simulation of the sampling process,
the strength of the specimen disturbed by sampling is
F
1



Fig. 4. Simulation of sampling process.

ig. 5. Initial stress setting (water depth: 100 m; seabed depth: 100 mbsf).

(a) Process 1 
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examined. Nakase (1967) demonstrated that many sliding
failures on soft grounds in Japan have been successfully
explained by assuming that half of the average of qu,
obtained through unconfined compression testing, equaled
the undrained shear strength. Matsuo (1984) showed that a
circular slip analysis, using the average of qu/2, would make
it possible to calculate the safety factor for the sliding fail-
ures studied by Nakase within the range of 0.9–1.1. These
results have contributed to the notion that the use of the
average of qu to determine the strength of cohesive soil is
valid in terms of engineering, resulting in its widespread
use as a determination method (qu method) for cohesive
soil. In addition to unconfined compression testing, triaxial
compression or triaxial expansion testing are methods for
determining the strength of soil through laboratory analy-
sis. In Japan, the unconfined compression test is commonly
used as a method for measuring the strength of cohesive
seabed soil, as mentioned above. It is used because the
method has proven itself through many results, is simple
to conduct, and is highly cost-effective. Therefore, this
study employs the strength determined through the uncon-
fined compression simulation, described as Process 3, for
the purpose of a strength analysis (Fig. 4).
(b) Process 2 (The analysis was carried out independently 
for 100 elements.) 

(c) Process 3 (The analysis was carried out independently 
for 100 elements.) 

Fig. 6. Diagram of analysis mesh.
2.3. Setting initial stress and boundary conditions

Simulation analyses were conducted in this study assum-
ing that specimens would be sampled at various water/
seabed depths. Fig. 5 shows an example case of a water
depth of 100 m and a seabed depth of 100 m. Without
regard to the distribution of hydrostatic pressure in the core
barrel, the initial pore water pressure in the tube was 2000
kPa (at the sampling depth). The amount of dissolved gases
was taken as proportional to the pore gas pressure. Hence,
assuming that dissolved gases in a saturated condition are
present in pore water at the depth of 200 m, the initial pore
gas pressure was set at 2000 kPa, the initial pore water pres-
sure. In this process, the initial suction was 0.0 kPa and the
degree of saturation was 1.0, as determined by the soil–wa-
ter characteristic curve used in this study. When lifting the
sampler to the sea surface, the top and bottom surfaces of
the core barrel were in contact with seawater. Hence, it is
F

highly likely that the soil present at the ends in a saturated
condition was directly affected by the changes in water pres-
sure during the lift. Thus, for Process 1, it was assumed that
suction at the upper and lower end faces would be con-
stantly 0, using the mesh diagram in Fig. 6(a), which repre-
sents a specimen in a core barrel with confined lateral
deformation. In this process, the specimen was divided
one-dimensionally into 100 elements, with each element
measuring 0.01 m by 0.01 m. Fig. 7 shows the changes in
pore water pressure, pore gas pressure, and suction at the
upper and lower end faces that took place during the core
barrel lifting process.

Existing studies report that specimens used in labora-
tory testing vary in strength by up to 50%, depending on
the location in the thin-walled tube from which they had
been taken (Tanaka et al., 1992; Hvorslev, 1949;
Fujishita, 1965). This led us to conduct simulation analyses
for Process 2, assuming that after Process 1, the residual
confining pressure applied to each of the tube elements
shown in Fig. 6(a) decreased to a confining pressure equal
to 0 [Fig. 6(b)]. In Process 2, the element simulation has
been carried out for each element used by the analysis in
Process 1. This means that, in Process 2, 100 calculations
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were performed for each case performed in Process 1. This
simulation imposed entirely both gas- and water-undrained
boundary conditions. Following Process 2, unconfined
compression simulations were conducted for each element
under entirely both gas- and water-undrained conditions,
as shown in Fig. 6(c) (Process 3). The specimen was sheared
at a rate of 1.0%/min. To ensure that the simulation anal-
ysis handled Processes 1, 2, and 3 without interruption, all
the initial conditions, including the void ratio and the
degree of saturation for Processes 2 and 3, were set to be
identical to the final conditions of Processes 1 and 2,
respectively. In this study, it is assumed that samples can
be instantaneously taken out from the core barrel; hence,
both gas- and water-boundary conditions were set as the
undrained condition in Process 2. Moreover, considering
that the unconfined compression test has a high shear rate
and the water permeability coefficient of submarine clay is
low, it can be said that both gas- and water-boundary con-
ditions were set as the undrained condition in Process 3.
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2.4. Selecting analysis parameters

Table 1 lists the material parameters used in the analy-
sis. The analysis assumed that the natural ground was
highly uniform and homogenous in the direction of depth.
The compression and swelling indexes that Tanizaki et al.
(2005) obtained from the alluvial clay of Osaka Bay as lab-
oratory test results were used because the mechanical prop-
erties of the deep seabed soil were unknown. Similarly, the
values for the void ratio and the weight per unit volume
Table 1
Initial stress conditions and analysis parameters.

Compression index k 0.2173
Swelling index j 0.0344
Initial void ratio e 1.0
Grain density Gs 2.71
Se-hardening model parameters a 10

ns 1.2
Initial saturation Sr 1.0
EC model parameters nE 1.5
Coefficient of permeability kw (cm/s) 6.94E�04
Coefficient of air permeability ka (cm/s) 6.94E�02
Amount of substance Md (g/mol) 33.86
Gas constant R(J/K mol) 8.31
Temperature T(K) 275.15
Henry’s law parameter kh (g/kPa) 0.306
were provisionally established based on measurement data
of the alluvial clay ground of Osaka Bay (20 m in water
depth and 0–20 m below sea floor (mbsf)) (Tsuchida
et al., 1988). Estimating the soil–water characteristics of
the seabed ground is difficult since it is considered to be
in a saturated state and no water retention tests have been
carried out. Hence, the hydraulic conductivity and the soil–
water characteristic curve shown in Fig. 8 were based on an
assumption that the specimen was cohesive soil (Kawazu
et al., 2011). Henry’s constant was determined using the
dissolved-gas data obtained from the Sea of Okhotsk off
Abashiri (Yamashita et al., 2013, 2014). Fig. 9 shows the
concentrations of dissolved gases in the pore water. These
data were obtained from soil at a water depth of 570–
750 m and a seabed depth of 0.26–1.96 mbsf. Since the
gas that dissolved in the water contained various gases, like
carbon dioxide, methane, etc., as shown in Fig. 9, the
authors assumed that the dissolved gas in the pore water
was a mixed gas containing these gases. In the simulation,
the initial stress state was set to a normal consolidation
state. A hydrostatic state was assumed as the initial condi-
tion. The initial stress-induced anisotropy was not taken
into consideration here.
3. Mechanical behavior during sampling and effects of

sampling on unconfined compression testing

Firstly, a simulation of the sampling process (Processes 1
and 2) was conducted with a soil/water coupled model,
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without considering the vaporization of dissolved gases, to
represent sampling from a water depth of 1000 m and a
seabed depth of 20 mbsf. Figs. 10 and 11 show the changes
in pore water pressure and effective stress, respectively, for
the elements at the center portion of the core barrel. The
specimens initially in a fully saturated state remained con-
sistently saturated even with changes in pressure (Process
1) and stress relief (Process 2). Consequently, the stress
reduction could be entirely absorbed, as negative pressure,
by the pore water pressure. Therefore, no changes took
place in the effective stress from the initial state, as shown
in Fig. 11. This implies that specimens from which the stress
has been released will be fully undisturbed specimens. In
this regard, similar trends were exhibited irrespective of
the water depth, seabed depth, and position in the tube.
Meanwhile, Figs. 12–14 show the results of a similar simu-
lation analysis, which used a soil/water/gas coupled model
that factored in the vaporization of dissolved gases.
Fig. 12 shows the residual pore gas pressure, residual pore
water pressure, and coefficient of earth pressure at rest after
Process 1. This is the case for a water depth of 0 m (land sur-
face soil). The term ‘‘seabed soil” is also used, for conve-
nience, for denoting a water depth of 0 m. Both pore gas
pressure and pore water pressure at both the upper and
lower end surfaces were 0 kPa because they were given a
hydraulic boundary, as shown in Fig. 7. From Fig. 12(a),
it is seen that the pore water pressure in the tube becomes
larger than 0 due to the vaporization of the dissolved gases.
This is the same trend as seen in the results obtained by
Fujishita (1965) using an actual sampled specimen. From
Fig. 12(b), it is seen that the pore gas pressure in the tube
Fig. 10. Changes in pore water pressure.

Fig. 11. Changes in effective stress.

Residual pore water pressure(kPa)
(c) Residual pore water pressure 

ig. 12. Coefficient of earth pressure at rest, residual pore gas pressure,
nd residual pore water pressure after Process1 (Water depth: 0 m).
F
a

does not become equal to the absolute pressure. Moreover,
since the tube constrained the lateral deformation, the sam-
ple in the tube was in an anisotropic stress state after Pro-
cess 1. However, the degree of anisotropy did not change
within the tube. Figs. 13 and 14 summarize the distribution
of the residual degree of saturation and the residual effective
stress ratio in the specimens present in the tube after Process
1. The residual effective stress ratio is obtained by dividing
the residual effective stress after Process 1 (p0res) by the in-
situ effective stress (p0i). The residual degree of saturation
means the degree of saturation after the simulation of the
sampling. These results were obtained by modeling a sam-
pling at seabed depth intervals of 20 mbsf up to 100 mbsf
and at water depths of 200 m and 400 m. A similar simula-
tion analysis was conducted, for comparison purposes,
assuming a case of a water depth of 0 m. Fig. 13 shows that,
in all cases, unsaturation occurred in the specimens in the
tube as a result of the vaporization of the dissolved gases
induced by changes in pressure. The differences in the distri-
bution of the degree of saturation in the specimens in the
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tube are attributable to the fact that the varying seabed
depths were smaller with the increasing water depth. The
residual effective stress was not equal to the in-situ overbur-
den pressure because the unsaturation of the sampled spec-
imens resulted in changes in the effective stress (Fig. 14). In
the case of a water depth of 0 m, the residual effective stress
was smaller than the in-situ overburden pressure with a
decreasing seabed depth, as shown in Fig. 14. In the case
of water depths below 200 m, the residual effective stress
tended to be greater than the in-situ overburden pressure
with an increasing seabed depth.
To investigate the reason for the different trends, Fig. 15
summarizes the changes in suction that occurred at the
0.5 m position (center) in the tube during the lifting process
(Process 1). Fig. 15 shows the 0- and 200-m water depth
cases. Only these two cases are illustrated because the
distributions of residual effective stress showed similar
trends at water depths of 200 m and deeper. For the 0-m
water depth case, Fig. 15(a) reveals larger increments in
suction with increasing seabed depth. In contrast, in the
200-m water depth case [Fig. 15(b)], the increments in suc-
tion remained approximately uniform irrespective of the
seabed depth. Meanwhile, it is known that a tendency
towards unsaturation is more noticeable with an increasing
seabed depth, independent of the water depth. These
results suggest that different trends in the residual effective
stress ratio occur depending on the water depth due to the
equilibrium between changes in suction and changes in the
degree of saturation.

As an effect of unsaturation, the pore water pressure and
pore gas pressure inside the tube became higher than those
at the upper and lower ends of the tube, generating a
hydraulic gradient in the tube. For this reason, after being
lifted, the tube was left to stand for a sufficient period of
time until the stress state had stabilized. For this period,
the water head and the gas pressure head between the
upper and lower ends of the tube were assumed to be con-
stant at 0. Fig. 15 reveals the change in suction at a water
depth of 0 m that occurred during the stabilization period.
For the case of the 400-m water depth and the 100-m
seabed depth, unsaturation was the most noticeable.
Fig. 16 shows the distributions of suction and degree of
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saturation before and after the stabilization period. Fig. 16
(a) & (b) reveal that during the stabilization period, the dis-
tribution of suction became uniform throughout the tube,
while the degree of saturation became non-uniform in the
tube. Different soil–water characteristic histories that
developed at different positions in the lifted tube caused
these different trends. The results suggest that the degree
of saturation becomes non-uniform even after the stabiliza-
tion of suction in the tube because the changes in pressure
during the process of the lifting of the tube influence the
changes in stress in the sampled specimen. Additionally,
this non-uniformity is caused by different stress change his-
tories that develop at different positions in the tube during
the lifting process.

Next, this study investigated the mechanical behavior
that took place in Processes 2 and 3. Changes in suction
and the degree of saturation in these processes are summa-
rized in Fig. 17. Case 1 shows the results of an analysis sim-
ulating sampling from a water depth of 0 m and a seabed
depth of 20 mbsf. Cases 2 and 3 show the results of simula-
tions at a water depth of 0 m and a seabed depth of 100 m
and at a water depth of 200 m and a seabed depth of 20
m, respectively. Due to the occurrence of the stress state
variation in the core barrel after Process 1, each case shows
the results for elements located at the 0.5 m (center) position
and at the 0 m (end) position of the tube. A comparison of
Cases 1 and 2 reveals that, even at the same water depth,
unsaturation occurred more noticeably before Process 2
and suction increased to a greater degree with an increasing
seabed depth. A comparison of Cases 1 and 3 reveals that
approximately the same level of change occurred in the
degree of saturation during Process 2 independent of the
water depth. However, the degree of saturation after sam-
pling decreased with the increasing water depth because
the specimen in Process 1 became unsaturated to a greater
degree with an increasing water depth. In each case, when
a comparison was made with regard to the differences aris-
ing from different positions in the core barrel, the specimens
exhibited the same trend in mechanical behavior in Pro-
cesses 2 and 3, independent of the positions in the tube. Nev-
ertheless, the closer to either tube end position, the more
noticeable the changes in the degree of saturation during
the sampling process. During Process 3, the degree of satu-
ration increased during shearing and the degree of satura-
tion decreased in the middle of shearing only at the tube
ends for Case 1. These changes in the degree of saturation
that occurred during shearing weremore noticeable in Cases
2 and 3, representing greater seabed and water depths.

Fig. 18 shows the changes in confining pressure, and the
time–stress and time–pressure profiles in the tube during
Process 2. This is the case of a water depth of 200 m and
a seabed depth of 20 m. In Process 2, the calculation was
continued while keeping the horizontal and vertical confin-
ing pressure at 0 until the stress after unloading did not
change. From Fig. 18(a), it is seen that the specimen that
was in the anisotropic state after Process 1 became isotro-
pic. This is because the confining pressure equaled the
atmospheric pressure. The effective stress, pore gas pres-
sure, and pore water pressure decreased with unloading,
as shown in Fig. 18(b)–(d). These results reveal that the
sampled specimens became overconsolidated due to the
decreasing effective stress. Fig. 19 shows the effective stress
paths in Processes 2 and 3, and each case shows the results
for the elements located at the 0.5-m (center) position and
the 0-m (end) position of the tube. These simulations were
conducted for each element under entirely gas- and water-
undrained conditions. In Fig. 19, the dashed lines indicate
the results of a shearing simulation of the natural ground.
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Fig. 21. Distributions of unconfined strength at various water depths.
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Fig. 19 reveals that, in all cases, after Process 2, the effective
stress became lower than the in-situ overburden pressure,
and the sampled specimens became overconsolidated. The
degree of overconsolidation was greater with increasing
water and seabed depths. This was caused by the increasing
suction in Process 1, which induced a higher effective stress
than the in-situ overburden pressure. This, in turn, raised
the pre-consolidation pressure. In Cases 2 and 3, in which
noticeable overconsolidation occurred in Process 2,
strength degradation developed during shearing. The
lowered degree of saturation resulting from volume expan-
sion in this process is thought to have caused the changes in
the degree of saturation in Process 3, as shown in Fig. 17.
Additionally, Fig. 20 shows the stress–strain relationships
exhibited in Process 3. These results illustrate that in Cases
2 and 3, the peak strength was apparent due to the increas-
ing overconsolidation ratio.

4. Distribution of unconfined strength

Fig. 21 summarizes the distributions of unconfined
strength at various water depths. These analysis results
reveal that our analysis overestimated the in-situ strength
at most depths. The mechanical disturbance can decrease
a specimen’s strength by several tens of a percent
(Okumura, 1969b). Considering a decrease in strength of
several tens of a percent, the strength suggested by our
analysis results became smaller, while the maximum
strength still remained larger than the in-situ strength. In
the 0-m water depth case, the unconfined strength of the
specimens sampled from seabed depths shallower than 50
mbsf was similar to the in-situ strength. At depths of
approximately 30 mbsf, the mean strength value between
the minimum and the maximum was similar to the in-situ
strength, even with the mechanical disturbance taken into
account. Tsuchida et al. (1988) demonstrated that the qu
method was a proven method up to depths of 25–30 mbsf.
This is consistent with our analysis results and it can be
interpreted as indicating that the approximate in-situ
strength can be determined if a state of equilibrium is
achieved between the decreasing effective stress resulting
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from the stress relief during sampling and the effects
exerted on the strength by unsaturation, which result from
the changes in pressure or confinement pressure and from
overconsolidation. Fig. 22 shows that the testing of the
specimens sampled at water depths of 200 m or more
resulted in a nearly constant strength, independent of the
overburden pressure. Furthermore, the specimens obtained
at water depths of 200–600 m exhibited almost the same
level of strength. For the water depth of 1000 m, the min-
imum strength equaled the in-situ strength if the specimens
were taken from a deep part of the seabed. Given this
information, Fig. 21 shows an effective stress path and a
stress–strain curve obtained in Process 3 for the case of a
water depth of 1000 m and a seabed depth of 80 m. The
results shown in Fig. 22 were obtained for the element that
marked the minimum strength. Fig. 22(a) reveals that the
initial effective stress is very low (10 kPa) before shearing.
Moreover, the overconsolidation ratio of the specimen is
very large. This result is interpreted as follows. The very
low initial effective stress led to low shearing rigidity and
the relatively slow development of strength, as shown in
Fig. 22(b). In fact, the specimens failed to exhibit the peak
strength until the shear strain reached 20%, which resulted
in the specimens presenting low strength. It should be
noted that Fig. 22(b) does not plot the maximum strength
for the water depth of 1000 m. This is because the maxi-
mum strength was too high to plot for seabed depths
greater than 40 mbsf at that water depth. These results sug-
gest that the strength determined through unconfined com-
pression testing depends on the decreasing effective stress
and the degrees of unsaturation and overconsolidation.
Furthermore, when a state of equilibrium is achieved
between these factors, the determined strength equals the
in-situ strength. However, at greater water depths, these
factors tend to not be in equilibrium. In summation, the
unconfined compression testing method may not be suit-
able for estimating the stability of the deep seabed ground.
5. Conclusion

By simulating the sampling process, we investigated the
effects of changes in the state of dissolved gases on the
mechanical behavior of sampled specimens and on the
undrained shear strength determined through laboratory
testing. The investigation results revealed that the vapor-
ization of dissolved gases has substantial effects on the
changes in stress in the sampled specimens, and that the
undrained strength of the sampled specimens determined
through unconfined compression testing can lead to erro-
neous estimations of the in-situ strength. The effects of
the vaporization of dissolved gases on the undrained
strength are more noticeable with increasing water and
seabed depths; and hence, it may be inappropriate to use
the results of unconfined compression testing to ascertain
the in-situ strength of deep seabed soil. However, the deter-
mined strength becomes equal to the in-situ strength if the
effects of overconsolidation and desaturation on the
strengthening and the effects of the decreasing effective
stress and the shearing rigidity on the strength degradation
are balanced. Nevertheless, these factors tended to be out
of equilibrium with increasing water and seabed depths,
leading to erroneous soil strength estimations.

For the envisioned future growth of seabed develop-
ment, a basic and essential requirement is to assess the sta-
bility of seabed soil. Without the accurate ascertainment of
the in-situ strength, it is impossible to promote seabed
development. Using the pressure-temperature reserved
sampling method, samples can be collected while minimiz-
ing the disturbance. However, this sampling method is very
costly, and thus, the sampling sites are limited. When
uneven ground is distributed, like in Japan, as many sam-
ples as possible need to be collected. In this study, even if
the influence of the disturbance is large, the strength could
be estimated by considering the effect of suction caused by
the sea water and seabed depths.

Appendix A

The analysis codes used in this study are summarized
below. For details, refer to Sugiyama et al. (2016).

A.1. Continuity equations

The mixture theory is used to model the soil materials as
a multiphase mixture. It is assumed that the equation of
state for ideal gas and Henry’s law are applicable for the
gas-phase gas that exists in the voids among soil particles
and for dissolved gas, respectively. For undissolved gas,
the following equations are derived from the equation of
state for an ideal gas to express gaseous density:

pgV g ¼ mg

M� R
�T ð1aÞ

qg ¼
mg

V g
¼ pgM

�

R�T
ð1bÞ

�qg ¼ mg

V
¼ nð1� SrÞ

pgM
�

R�T
ð1cÞ

where qg: true mass density of gas; �qg: partial mass density

of gas; mg: mass of gas; V g: volume of gas; R�: gas constant
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(an equivalent value for unit conversion); M�: amount of
substance determined through unit conversion; T : absolute
temperature; and pg: gas pressure. According to Henry’s

law, the density of the gas dissolved into the liquid phase
is determined, as follows:

mdg ¼ khpgV w ð2aÞ
qdg ¼

mgd

V w
¼ khpg ð2bÞ

�qdg ¼ mdg

V
¼ nSrkhpg ð2cÞ

where qdg: true mass density of dissolved gas; �qdg: partial

mass density of dissolved gas; mdg: mass of dissolved gas;
V w: volume of the liquid phase; and kh: Henry’s constant.

The law of conservation of mass for solid, liquid, and
gas phases (including dissolved gases) is expressed as fol-
lows. Subscript a is used to distinguish the variables of
the phases: a ¼ s;w; g; dg.

_�qa þ �qadivva ¼ 0 ð�qa ¼ /aqaÞ ð3Þ
where �qa: partial mass density; qa: true mass density; va:
actual velocity of phase; and /a: volume occupancy. The
dot denotes an increment. The following continuity equa-
tion for the liquid phase is derived from the laws of mass
conservation for solid and liquid phases:

_nSrqw þ n _Srqw þ nSrqwdivvw ¼ 0 ð4Þ
where n: porosity and Sr: degree of saturation. The following
continuity equation is obtained from the law of conservation
ofmass for solid and gas phases, as well as Eqs. (1c) and (2c):

� ð1� SrÞ_em � n _Sr þ nð1� SrÞ
pe

_pg þ divmg �
Srkhpg
qg

_em

þ nkhpg
qg

_Sr þ nSrkh
qg

_qg þ
khpg
qg

divmw ¼ 0 ð5Þ

The migration of gas and water is expressed by the fol-
lowing equations, assuming that Darcy’s law is applicable:

~vw ¼ �kwkrw � gradh ð6aÞ
~vg ¼ �kgkrg � gradhg ð6bÞ
hg ¼

pg
qwg

ð6cÞ

krw ¼ S1=2
e 1� ð1� S1=m

e Þm
h i2

ð6dÞ

krg ¼ ð1� SeÞ1=2ð1� S1=m
e Þ2m ð6eÞ

Se ¼ Sr � Src

1� Src
ð6fÞ

where ~vw: relative velocity of the liquid phase to the solid
phase; ~vg: relative velocity of the gas phase to the solid
phase; ev: volumetric strain of soil; pg: pore gas pressure;

kw: saturated hydraulic conductivity; krw: specific hydraulic
conductivity; h: total head; hg: gas pressure head; Se: effec-
tive degree of saturation; Src: critical degree of saturation;
and m: Mualem’s coefficient (Mualem, 1976). Eqs. (6d)
and (6e) represent the specific hydraulic conductivity
proposed by van Genuchten (1980).

A.2. Constitutive model and soil–water characteristic curves

For the constitutive model for unsaturated soil, this
study uses the model proposed by Ohno et al. (2007).
The effective stresses are expressed by the following
equations:

r0 ¼ rnet þ ps1 ¼ rnet þ Ses1 ð7aÞ
rnet ¼ rT � pg1 ð7bÞ
s ¼ pg � pw ð7cÞ
where r0: effective stress tensor; rnet: net stress tensor; ps:
suction stress; 1: second order unit tensor; s: suction; rT:
total stress tensor; and pw: pore water pressure. The effec-
tive stress expressed by Eq. (7a) reduces to Terzaghi’s effec-
tive stress under saturated conditions. The yield function is
defined by the following equations:

f ðr0; f; epvÞ ¼ MD ln
p0

fp0sat
þ D

q
p0
� epv ¼ 0 ð8aÞ

f ¼ exp ð1� SeÞns ln a½ � ð8bÞ

MD ¼ k� j
1þ e0

ð8cÞ

p0 ¼ 1

3
r0 : 1 ð8dÞ

q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
rD : rD

r
ð8eÞ

rD ¼ r0 � p01 ð8fÞ
where epv : plastic volumetric strain; M : critical stress ratio
expressed in terms of q=p0; D: dilatancy coefficient; a and
ns: parameters representing increases in yield stress result-
ing from an unsaturated condition; k: compression index;
j: swelling index; rD: deviator stress tensor; e0: void ratio
at the yield point; and p0sat: yield stress at a perfectly satu-
rated condition.

Assuming that the current stress is constantly on the
yield surface, the consistency condition is expressed as
follows:

_f ðr0; Se; e
p
vÞ ¼

@f
@r0 : _r

0 þ @f
@Se

_Se þ @f
@epv

_epv ¼ 0 ð9Þ

The nonlinear elastic constitutive model is described as

_r0 ¼ C e : _ee þ KSe1 _Se ð10Þ
Note that in this equation,

C e ¼ K1� 1þ 2GA

G ¼ 3ð1� 2m0Þ
2ð1þ m0Þ K

K ¼ 1þ e0
j

p0
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KSe ¼ nsp0 ln að1� SeÞns�1

where G is the elastic shear modulus, m0 is Poisson’s ratio, K
is the elastic bulk modulus, and KSe is the elastic bulk mod-
ulus associated with the degree of saturation.

The rate of plastic strain _ep is assumed to follow the
associated flow rule as follows:

_ep ¼ c
@f
@r0 ð11Þ

where c is the plastic multiplier. Next, on the assumption
that the rate of strain is composed of elastic and plastic
components, the following equation holds:

_e ¼ _ee þ _ep ð12Þ
By determining plastic multiplier c from Eqs. (9)–(12)

and substituting the results into Eq. (10), we obtain

_r0 ¼ C : _e�D _Se ð13Þ
This is a constitutive equation that takes desaturation

into account. For this equation, the following holds:

C ¼ C e � C e : @f
@r0 � @f

@r0 : C
e

@f
@r0 : C

e : @f
@r0 � @f

@epv

@f
@p0

D ¼
C e @f

@r0
kl
ð@f
@p0 K

Se þ @f
@Se

Þ
@f
@r0 : C

e : @f
@r0 � @f

@epv

@f
@p0

� KSe1

For the soil–water characteristic curve model, this study
uses the model introduced by Kawai et al. (2007), which
enables the representation of hysteresis by using geometric
similarity among scanning curves and which applies the
following logistic curve equation proposed by Sugii and
Uno (1996):

Sr � Sra

Srf � Sra
¼ 1

1þ exp Aa þ Baloge
s
s0

� � ð14Þ

where Sra: converging degree of saturation at s ! 0; Srf :
degree of saturation at s ! 0; Aa; Ba: shape parameters;
and s0: unit suction.

A.3. Governing Equations

Equation of motion: q€uþr � r� qb ¼ 0
Effective stress equation: r0 ¼ rnet þ ps1
Constitutive equation: _r0 ¼ C : _e �D _Se

Compatibility equation: e ¼ � 1
2
ðr � uþ u�rÞ

Continuity equation (Solid-water): �Sr _ev þ n _Srþ
nSr
Kw

_pw þ div~vw ¼ 0

Continuity equation (Solid-gas): �ð1� SrÞ_ev � n _Srþ
nð1�SrÞ
pa0þpg

_pg þ div~vg ¼ 0

Darcy’s law (Water): ~vw ¼ �Kwrh ¼ �krwkwrh;
h ¼ pw

qwg
þ he

Darcy’s law (Gas): ~vg ¼ �Kgrhg ¼ �krgkgrhg; hg ¼
pg
qgg

þ heg
In a quasi-static field, the equation of motion becomes
an equilibrium equation because in that field the accelera-
tion term is negligible. In these equations, q is the density
of the entire region; b is the body force, ev is the volumetric
strain; n is porosity; u is the displacement vector; _u is a
velocity vector; €u is an acceleration vector; r is the total
stress tensor; r0 is the effective stress tensor; 1 is the unit
tensor; e is the strain tensor; C is the elastic stiffness tensor;
D is the coefficient tensor, pw is the pore water pressure; pg
is the pore gas pressure; k is the hydraulic conductivity ten-
sor; kr is the specific hydraulic conductivity; h is the total
head; he is the elevation head; g is acceleration due to grav-

ity; and r ¼ gradð�Þ ¼ @ð�Þ
@X

is the gradient operator in the

reference configuration. Note that compression and tension
are defined as positive and negative, respectively, as is cus-
tomary in soil mechanics.

A.4. Boundary Conditions

Displacement boundary: _u ¼ �_u on Su

Stress boundary: _r � n ¼ �_t on Sr

Head boundary (Water and gas, respectively):

h ¼ �h on Sh

Flow rate boundary (Water and gas, respectively):
~vn ¼ �q on Sq

In these equations, t is the traction vector which acts on
the boundary Sr; n is the normal vector with respect to the
boundary on which t acts; h is the total head; and q is the
flow rate per unit area and time of flow in and out at
boundary Sq. The bar (¯) above the symbols denotes that
it is a known parameter. Region V was created and its
boundaries are defined as S (S ¼ Sr þ Su ¼ Sh þ Sq).

A.5. Initial Conditions

Initial stress: rjt¼0 ¼ �r

Initial head (Water and gas, respectively): hjt¼0 ¼ �h

A.6. Application to finite element method

To solve soil/water/gas coupled problems by the finite ele-
mentmethod, weak formulations of the governing equations
were made, or more specifically, the velocity equation of
motion and the continuity equation, as shown in Appendix
A.3, were differentiated in their respective regions using their
respective arbitrary trial functions. For the spatial dis-
cretization (using the Galerkin method) of the governing
equations that have undergone aweak formulation, isopara-
metric elements were used. Additionally, Gaussian integra-
tion was used to determine the accurate integral of an area.
The spatially discretized equilibrium and continuity equa-
tions, respectively, were temporally discretized by the Euler
method. The stiffness equation was obtained by using tem-
porally discretized equilibrium and continuity equations.
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