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Abstract. Soft organic soils often contain gas pockets generated by the chemical decomposition of organic
matter. The gas content fluctuates seasonally with temperature and barometric pressure, can alter the soil
mechanical response and complicates the interpretation of cone penetration test (CPT) results. The influence
of gas on CPT response remains poorly understood, resulting in a critical gap in knowledge that can
potentially lead to either unsafe or overly conservative engineering design. This study starts investigating
the role of gas content on CPT results, using a numerical approach based on a coupled hydro-mechanical
particle finite element formulation. In the analysis, the gas volume fraction is incorporated by adjusting the
compressibility of the fluid that saturates the pore space. The findings demonstrate how accounting for gas
content enables more accurate interpretation of CPT results and more reliable estimation of shear strength.
A strategy for simultaneously estimating gas content and undrained shear strength in organic gassy soils
using CPT data is proposed. The study further suggests that both the gas volume fraction and the cone factor
can be theoretically inferred from the spatial distribution of pore pressure, providing a practical means to
enhance design safety and cost-effectiveness in soft soil engineering.

1 Introduction

Cone penetration tests with pore pressure measurement
(CPTu) are widely used in the practice to determine the
undrained shear strength profile of soft soils [1]. The
strength is estimated from the net cone tip resistance
using a cone factor that is either determined through
experience or calibrated based on laboratory test results
[2-4]. For organic clays, cone factors reported in the
literature range from 8.6 to 15.3 [5]. In the absence of
specific calibration, this uncertainty can result in either
over- or under-estimation of undrained shear strength,
which compromises the reliability of CPT-based design
and assessment.

Differences in cone factors between various organic
clays can be attributed to their different compressibility
and hydraulic conductivity in the pre-failure
deformation stages [2-4]. However, the presence of gas
from organic matter decomposition is also expected to
affect the hydro-mechanical response of organic soils, in
turn influencing the cone factor to be used in the
interpretation of the data. Even if the influence of
volumetric gas fraction on the undrained response of
soft soils has been investigated in the past [6-9], only a
few works have addressed the evidence and the
consequences of a gas volume fraction on CPTu
readings [10-12]. The relationship between gas volume
fraction, undrained shear strength and CPTu readings on
organic soft soils has not yet been investigated.

This contribution, which is part of a wider study
aimed at improving current approaches for interpreting
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CPTu in organic clays [13,14], includes (i) the proposal
of a theoretical approach for determining the variation
of undrained shear strength with realistic gas volume
fractions, (ii) a numerical study of the influence of gas
on CPTu results, and (iii) a discussion on how to
account for gas in the interpretation of these results. The
study shows how to estimate the gas volume fraction
using CPTu measurements and how to derive the cone
factor value to infer the undrained shear strength.

2 Theoretical approach

Finite kinematics coupled hydro-mechanical numerical
analyses are performed [15,16]. The soil is assumed to
be saturated by an equivalent compressible liquid,
whose compressibility is estimated based on the gas
volume fraction and remains constant. It is worthwhile
mentioning that the study is focussed on gas fractions
that do not overpass the gas entry value of the soil, for
which the standard framework for saturated soils holds.

The soil mechanical behaviour is modelled through
the strain hardening elastic-plastic  constitutive
relationship CASM [17], with model parameters
calibrated on the results of laboratory tests performed on
organic clay samples retrieved at Leendert de
Boerspolder [18,19]. The soil hydraulic response
follows Darcy’s law with an isotropic hydraulic
conductivity kpy,g = 5.107®m/s. The full set of
parameters adopted in the simulation is reported in
Table 1.
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Table 1. Initial Poisson’s ratio v, virgin isotropic void ratio
N at p, = 1kPa, reloading index k, virgin compression
index A, slope of the Critical State Line (CSL) in triaxial
compression M in (p’, q) plane, yield surface shape parameters
n and r and plastic potential shape parameter m.

Vo N K A M n r m
035 42  0.023 0.218 142 2 2 2

The soil is assumed to be saturated by an equivalent
compressible liquid, mimicking the presence of gas
inclusions in the pore water. The equivalent water—gas
mixture is characterised by a compressibility f:

Br=0¢ By +(1—9) Bw (M

where B, By, and ¢ are the gas compressibility, the
pure water compressibility and the gas volume fraction,
respectively.

The B, values used in the analysis (Table 2) are
calculated according to [20], considering: (i) pure water
compressibility equal to 8, = 4.5-1077 kPa™; (ii) a
volumetric percentage of methane between 0% and 10%
(% CH4); (iii) a water-methane interfacial tension of
5-10"°kN/m [21]; (iv)initial pore pressure
uy, = 30 kPa and initial void ratio e, = 3.35; (v) dry
density p; and specific surface S of the organic clay
samples retrieved at Leendert de Boerspolder
(pg = 1.35 g/cm® and S ranging between 0.1 and 20 m?/g
as a function of clay content).

Table 2. B; values as a function of S and % CH4.

By S % CHjy
[kPa''] [m?/g] (V]
45107 - 0
110 3 5
2-10% 2 7
1-103 0.1 10

2.1 Analytical derivation of undrained shear
strength, S;,

In the case of a soil saturated with a compressible fluid,
undrained conditions are not associated with zero
volumetric strains. The undrained shear strength S, is
expected to be different from the standard undrained
shear strength value S, when water is assumed
incompressible. To derive an analytical expression for
S, under triaxial compression conditions, the CASM
constitutive law is integrated over the stress path by
imposing:

vol —

e
degl, + deP! T3 Produ 2)

. 1
where d stands for increment, e¢b, and €, are the

elastic and plastic volumetric strains, respectively, e is

the void ratio and u indicates the pore water pressure.
Under the simplifying assumption of small

displacements and strains (e = e;), the elastic response

over the triaxial compression effective stress path is
given by:

dg=3-]1 dp’ 3
q [+eoﬁfp,]p 3

where p' is the effective isotropic stress and q is the
deviatoric stress.

The equation provides insight into how fluid
compressibility influences the evolution of the
integrated stress path. To further highlight this, a ratio
between the soil and fluid compressibility is introduced:

Ra(p') = ﬁ @)

which holds until the soil skeleton remains in the elastic
range. It can be appreciated that for:

e Bs — 0: R, goes to infinity. The elastic path for
the undrained case with full saturation, that is a vertical
line in the (p’, q) plane, is recovered.

e B> : R, goes to 0. The fluid mixture is
unable to withstand any stress, and the -classical
“drained” stress path is obtained: dq = 3dp’.

When the yield surface is reached, the compressibility
ratio changes to:

A
Rep(p') = —— 5
and the elastic-plastic stress path can be written as:
1+ R.,(p") nin(r) (q\*] ,,
-0t () o = 1
& (6)

B 1 nin(r) q\*1!
["']_[3Rep(p')_A M (E) ]dq

where A = (A —k) / L.

Numerical integration of Equation 6 from the yield
condition (p', q) = (py,qy) (the values of p’ and q at
yielding) up to critical state, corresponding to gcg = M -
p'cs and S; = 0.5 q. allows to determine the soil
undrained strength. To get the yield condition py, and g,
Equation 2 is analytically integrated from the initial
values of p’ and q (py and q¢) and combined with the
CASM yield surface:

!

qg\*, 1 »p
=(— — In—
f (p’M) +1nr npg )

The resulting stress paths are illustrated in Fig. 1 for
OCR = 1.1 and OCR = 4. In Fig. 2, the ratio S, /S, is
reported as a function of the initial elastoplastic
compressibility ratio:

; ®)

Rep(p(,)) = e Bf D
0
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Fig. 1. Effective stress paths (ESP) for OCR =1.1 and
OCR = 4. The ending point on the CSL corresponds to S;;.
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Fig. 2. Evolution of S;/S, with R.,(py). Data points
correspond to B values listed in Table 2 (circles for
OCR =1.1, triangles for OCR = 4).

The two different curves in Fig. 2 are obtained by
imposing an initial anisotropic effective stress state,
ruled by the at-rest lateral earth pressure coefficient
K, = (1 —sin¢") OCR®S, where ¢’ is the critical
state friction angle (uniquely related to M) and OCR the
over-consolidation ratio of the soil element.

The initial value of the hardening variable p; of
Equation 7 depends on both OCR and
K; = (1 — sin¢"). According to the employed
constitutive model, for the considered initial states, S;; is
always larger than S,,. Their ratio increases at decreasing
relative fluid-soil stiffness ratio and decreases at
increasing OCR. The influence of the relative fluid-
stiffness ratio on the strength ratio S, /S, becomes
negligible at values above 1e2.

3 Numerical simulation of CPTu

CPTu are reproduced with G-PFEM, the Geotechnical
code based on Particle Finite Element Method
developed at CIMNE-UPC [22-23] and implemented in
Kratos Multiphysics [24]. The code features (i) fully
coupled hydro-mechanical formulation, (ii) finite
kinematics, (iii) continuous refinement of the finite
element mesh where larger irreversible strains develop,
and (iv) a non-local regularization technique [25].

3.1 Numerical model

The CPTu tests are simulated by assuming an
axisymmetric geometry. The cone is modelled with a
radius R = 17.84 mm, an apex angle of 60° and a
cylindrical friction sleeve height of 134 mm. At the
cone-soil interface, only compressive normal forces are
allowed, and the contact exhibits elastic-plastic
behaviour in the tangential direction, with a chosen
interface friction angle § = 15°. The cone is initially
positioned at a depth of 17R and then pushed at a
constant velocity v = 2 cm/s.

The computational domain, large enough to avoid
any boundary effect [16], is 45R wide and 60R deep.
Boundary  conditions include: (i)nil normal
displacements at the bottom and along vertical
boundaries, (ii) uniform surcharge at the top, equal to
the initial total vertical stress g, = 0’y + uy (Where
o'y is the initial vertical effective stress), (iii) no
horizontal seepage across vertical boundaries and
(iv) constant pore pressure u = u, over the top and
bottom boundaries.

An initial uniform stress state is imposed, which
replicates the initial conditions of the samples tested at
the Leendert de Boerspolder site. The initial pore
pressure, Uy, is set to 30 kPa, and two different o, , and
OCR values are considered. In the first case,
0,0 = 29 kPaand OCR = 1.1, whereas in the second
one 0,, = 8kPa and OCR = 4, replicating the
information to obtained from onsite data.

The two combinations turn out to have nearly
identical maximum vertical effective stress, equal to
Opmax = Oyo ' OCR = 32KkPa. The initial horizontal
effective stress o', is imposed through K, and the
initial py value is imposed by considering oy, 4, and a
maximum horizontal effective stress
Onmax = Ko * Opmax- The By values used in the
numerical simulations are reported in Table 2.

3.2 Numerical results

All the results presented hereafter are the asymptotic
values reached after 10R of penetration (negligibly
affected by the upper boundary [16]). The fluid
compressibility influences both the cone tip resistance
q. and the excess pore water pressure Au. The numerical
results are reported in Fig. 3 to Fig. 6.

In the first one, the results are plotted as variation of
Gnet /0vo = (gt — 0y,) / Oy ratio with Sy, / gy, where
S, is the corresponding value calculated by integrating
Equation 6. From a quantitative perspective, the effect
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of B 0N gy, is significantly larger than its effect on Sy,
implying that the cone factor Ny, = Qe /S, also
strongly depends on . The straight lines representing
the lower (10.1) and the upper bound (16.1) found for
Ny, are also plotted in Fig. 3. These values are in good
agreement with the Ni,; = @qper / Sy range obtained by
[5], suggesting that the presence of gas can justify at
least part of the very large dispersion of cone factor
values for organic clays.

In Fig. 4, the variation of Ny, with the relative fluid-
soil skeleton stiffness is illustrated. The plot shows that
Ny, decreases significantly until the fluid-soil skeleton
compressibility ratio reaches a value of 1e2. It is worth
noting that the values plotted in the figure also depend
on the parameters chosen to model the reference
material. However, the trend will hold irrespective of the
specific type of organic soil.
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Fig. 4. Evolution of Ny; with R, (po).

The contours of Au, each normalised with respect to
its maximum (Au,,4, ), are shown in four different cases
varying both OCR and B in Fig. 5 and Fig. 6. On the
left-hand side of the figure the incompressible fluid case
is reported, while the results obtained adopting a fluid
compressibility of B; = 1073 kPa~" are plotted on the
right one. Fig. 5 shows the results for the normally
consolidated case (OCR = 1) and Fig. 6 the ones for
the overconsolidated case (OCR = 4).
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Fig. 5. Contours of normalised excess pore pressure at the
cone tip corresponding to a penetration z = 10R for the
normally consolidated case.
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Fig. 6. Contours of normalized excess pore pressure at the
cone tip corresponding to a penetration z = 10R for
OCR = 4.

For both OCR values, in the absence of gas content
(Bf = Bw), the increase in Au covers a wide region
around the cone tip. Conversely, for B; = 1073 kPa™?,
the Au distribution mainly localises beneath the cone tip
midface. The Au distribution close to the cone tip
appears to be significantly more influenced by S than
OCR. From a practical perspective, this suggests that
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pore pressure measures taken at different locations of
the cone tip can be used as an indirect measure of the
relative fluid-soil stiffness ratio, which can then be used
as a proxy for the gas volume fraction for the soil. For
instance, considering the standard positions of pore
water pressure measurements Au,; and Au,, at cone tip
midface and shoulder, respectively, the Au,/Au, ratio
can be related to R,,,(pg) as shown in Fig. 7.
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Fig. 7. Evolution of Auy /Au, ratio with R, (pg).

N N
w EN

PO
T T

N
(N
T

N
N
T

A'Il‘l /A'IIQ
PO

1.91 2 r

OOCR = 1.1
AOCR =14

1.8 u
10 10 10 1072
3] [k]f)a'il}
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The previous results allow to suggest the following
procedure for improved CPT interpretation:
(a) combined standard Au measurements can be used to
estimate the relative fluid-soil skeleton stiffness, with
the results in Fig. 7; and (ii) the latter can be adopted to
infer a convenient value of Ny, (Fig. 4), to be used in the
derivation of a reliable value of undrained strength.

In case the stiffness of the soil skeleton was known,
typically from laboratory tests, the results in Fig. 7 could
be replotted as a relationship between 4 u, / 4 u, and
Br (Fig. 8).

In this case, multiple CPTu measurements taken at
different times (ideally in different seasons) from the

same location would allow to exploit Au, /A u, to
evaluate the seasonal variation of both gas development
and undrained shear strength.

4 Conclusions

In organic soft soils, the formation of gas due to the
biological degradation of the organic matter poses
challenges in interpreting cone penetration test results.
Misinterpreting these results may lead to either
overestimation or underestimation of the undrained
shear strength, which impacts on both geotechnical
design and assessment.

The results of the numerical study open a new
perspective on the dependence of the CPT
measurements on the fluid compressibility and help in
providing a theoretical justification for the high
variability often seen in empirically derived cone factor
values for organic clays.

Given that the gas volume fraction depends on
atmospheric pressure and temperature, the CPTu
readings and cone factor values used to estimate the
undrained shear strength will vary across seasons. The
relationship between undrained shear strength and cone
factor with the relative fluid-soil stiffness ratio was
explored. The findings suggest that pore pressure
measurements taken at the cone tip and at the shoulder
can serve as a valuable tool to estimate both the
percentage of gas pockets within the soil and the cone
factor value.
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are available from the corresponding author by request.
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