
Citation: Dubinya, N.; Bayuk, I.;

Hortov, A.; Myatchin, K.; Pirogova,

A.; Shchuplov, P. Prediction of

Overpressure Zones in Marine

Sediments Using Rock-Physics and

Other Approaches. J. Mar. Sci. Eng.

2022, 10, 1127. https://doi.org/

10.3390/jmse10081127

Academic Editors: George

Kontakiotis, Assimina Antonarakou

and Dmitry A. Ruban

Received: 15 July 2022

Accepted: 14 August 2022

Published: 17 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Prediction of Overpressure Zones in Marine Sediments Using
Rock-Physics and Other Approaches
Nikita Dubinya 1,2,*, Irina Bayuk 1,*, Alexei Hortov 3, Konstantin Myatchin 3, Anastasia Pirogova 1,4

and Pavel Shchuplov 5

1 Laboratory of Fundamental Problems of Petroleum Geophysics and Geophysical Monitoring,
Schmidt Institute of Physics of the Earth of the Russian Academy of Sciences, 123242 Moscow, Russia

2 Science and Technology Center of Geophysics and Mineral Resources, Moscow Institute of Physics and
Technology (National Research University), 141701 Dolgoprudny, Russia

3 NOVYE PROEKTY Limited Liability Company (NOVYE PROEKTY LLC)., 119034 Moscow, Russia
4 Laboratory of Seismoacoustic Exploration Methods, Faculty of Geology, Lomonosov Moscow State University,

119234 Moscow, Russia
5 Seismic Data Analysis Center Limited Liability Company, Lomonosov Moscow State University,

119992 Moscow, Russia
* Correspondence: dubinia.nv@mipt.ru (N.D.); ibayuk@ifz.ru (I.B.)

Abstract: The paper discusses the problem of localizing zones of high pore pressure in sub-bottom
sediments (first tens of meters under the seafloor). Prediction of the overpressure zones in the
near-surface is required for the mitigation of risks at the early stages of the offshore hydrocarbon field
exploration and development. The results of seismic data interpretation generally serve as the main
source of information for this kind of problems, yet there are other methods to predict overpressure
zones in the subsurface. The paper presents the results of the overpressure zone prediction using
a set of methods including empirical ones, and the approach based on rock-physics modeling that
features the soft-sand model of unconsolidated media effective properties. While the rock-physics
modeling grants the most reliable result, it is also the most demanding method to the input data.
Hence, it can be used to verify other methods of the overpressure zone prediction. We present the
results of the overpressure zone prediction at the research site on the Black Sea shelf. The mitigation
of the drilling risks via changing the drilling conditions is discussed in detail. As the drilling through
the overpressure zones is often a necessity, the engineering solutions proposed in the paper can be
applied elsewhere when facing similar problems typical for offshore exploration.

Keywords: overpressure zones; pore pressure prediction; offshore hydrocarbon fields; Black Sea shelf

1. Introduction

Pore pressure prediction is an important step in hydrocarbon reservoirs exploration as
it is often associated with several geological risks [1]. These risks include, but are not limited
to deepwater kicks [2], well blowouts [3], activation of faults [4], and mud volcanoes [5].
There are risks of geohazards caused by unpredicted overpressure zones during hydrate-
bearing sediments exploitation [6], as pressure affects the conditions of the hydrate stability
zone [7] and potential recovery [8]. Realization of such risks is not extraordinary: according
to [9], roughly 10% of the drilling time in deepwater of the Gulf of Mexico was associated
with incidents related to overpressure zones. Failure to reliably predict overpressure
zones—zones with fluid pressure exceeding hydrostatic pressure—in subsea sediments
can lead to a number of results considerably increasing costs of offshore hydrocarbon
field exploration and lead to induced geologic hazards and disasters, highlighting the
importance of the usage of various blowout preventer systems [10].

There is a general understanding of overpressure zones’ origins. As formulated in [7],
continuous sedimentation causes an increase in the overburden, resulting in consolidation
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of sediments over geological times. Overpressure can develop in such systems if the satu-
rating fluid cannot be expelled from the pore space fast enough and, instead, supports some
of the overburden. As permeability controls this rate of pore water expulsion, sediments
with low permeability can develop overpressure in this way. Alternatively, overpressure
can also develop in sediments with relatively high permeability if the sedimentation rate is
fast, i.e., increase in the overburden is faster than rate of pore water expulsion—the latter
case is closer to the focus of the current paper.

There are many studies presenting methods for pore pressure prediction using geo-
physical data of varying spatial and temporal scale following the pioneering paper [11],
where acoustic travel time, velocity, and resistivity data were used to estimate pore pressure
of fluid-saturated rocks. Well-known and extensively applied approaches to evaluate the
pore pressure were proposed in papers [12,13], where electrical resistivity [12], compres-
sional transit time [13], and overburden stress [14] were used as the basis for overpressure
zone prediction. A number of specific correlations for particular fields have been proposed
by various authors, their comprehensive overviews have been provided by [15,16]. In
this brief overview, we would like to mention several recent trends in the pore pressure
prediction based primarily on seismic data obtained at offshore sites, as this is the focus of
the current study.

The Gulf of Mexico, as already mentioned above, is an important site from the per-
spective of pore pressure prediction as several studies proposing novel approaches deal
with this particular area known for a number of issues [9]. While Eaton’s [12,13] and
Bowers’ [14] are among the most widely used methods of pore pressure prediction on
shore [16], offshore reservoirs, especially the upper layers of seafloor sediments, are un-
consolidated fluid-saturated masses, frequently, in the state of under-compaction. As a
result, correlations developed for different reservoirs can be inapplicable for pore pressure
characterization at the upper layers of seafloor sediments. Alternative approaches have
been developed based on analysis of compaction trends for unconsolidated sediments [17]:
the relationship between pore pressure of fluid-saturated sediments, their porosity, and
effective stress has been established based on experimental data. This relationship, however,
demands the presence of direct measurements of the pore pressure at certain depths to
provide a reliable evaluation of overpressure [18]. Although methods of direct estimation,
e.g., borehole penetrometers, are being developed [19] and successfully applied at vari-
ous sites [20,21], direct pore pressure measurements require long equilibration times [18].
Whenever direct estimations of the pore pressure at a particular depth are known, the
porosity trend can be used to reliably predict pore pressure and overpressure zones even
in unconsolidated sediments [22,23] with an emphasis on zones near the seafloor—up to
several dozens of meters from the seafloor [18,24]. This method, however, is limited to
unconsolidated zones, so greater depths require application of other methods, primarily
based on well logging data [25].

While well logging data remain an important source of information for estimation
of pore pressure and prediction of overpressure zones, early stages of offshore fields
exploration are characterized by lack of these data. At the same time, the need to estimate
pore pressure emerges at pre-drilling stages [26]. Logging-while-drilling (LWD) data can
be used as well for estimation of pore pressure [27,28] before drilling the main exploratory
wells.

While porosity, resistivity, and acoustic travel time are generally used to predict pore
pressure from well logs, there are also other sources of information worth mentioning,
especially, in the context of the following sections. The results obtained at offshore site
located in the Eastern India [29] suggest the presence of interrelationships between pore
pressure and inner structure of the sediments, including grain size distribution. These
interrelations give a chance to believe that rock physics approaches can be helpful in
pore pressure prediction. The majority of rock physics methods gives a possibility to
relate the effective (measured) physical properties of rocks with the parameters describing
the physical properties of components, their volume concentration, shape, and mutual
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distribution in the rock volume. Among the rock physics approaches, methods exist that
give a possibility to incorporate the effect of pore pressure on the macroscopic elastic
properties of granular media in an explicit form [30–33]. These methods can be applied
for granular media where the pore pressure plays a dominant role in the effective elastic
properties [34]. Thus, in the works [35,36], the authors proposed a heuristic combination
of the Hertz–Mindlin method [30] and the Hashin–Shtrikman bounds [37] in order to
consider two different types of granular rocks—with and without cement between the
grains—the so-called stiff-sand and soft-sand models. The authors noted that instead
of the Mindlin–Hertz method any method suitable for granular medium can be applied.
However, in practice, the former is the most popular.

To sum up, there are a variety of methods for overpressure zone prediction based on
geophysical data. A number of correlations have been proven to be reliable for different
sites—and exploitation of a new site is complicated due to the lack of information on which
correlation should be used to obtain reasonable estimations of pore pressure. Moreover, it is
generally necessary to have direct or indirect measurements of the pore pressure at certain
depths to find the proper correlation coefficients for the current site. Moreover, different
methods of the pore pressure estimation can be the most suitable at different zones even at
the same site: compaction trend-based methods provide reliable results for unconsolidated
sediments near the seafloor, while widely used estimations based on resistivity and acoustic
travel time are more suitable for the greater depths. On the other hand, the rock-physics
modeling provides another perspective on pore pressure estimation—while it generally
requires more data for reliable estimations, the corresponding workflow remains indepen-
dent on the specific site. Comparison of usage the same data to predict pore pressure using
these two approaches seems of both scientific and practical interest: for example, it remains
unknown at the current stage of pore pressure estimation methods, which of them are
more, and which of them are less conservative. This comparison is among the theoretical
goals of the current study—it is carried out at a certain site with available data, making the
application of both methods possible.

In the current study, we aim at estimating the pore pressure at a certain site, located in
the eastern Black Sea, in a zone with expected drilling for offshore hydrocarbon reservoir
development. Seismic data act as the main source of information for the pore pressure
estimation—only a limited number of engineering wells have been drilled at the site, but
drilling results provided both an understanding of the need to reliably predict pore pressure
due to a risk of well blowout, and some insight on the potential properties of overpressure
zones. The pore pressure prediction procedure was completed using various methods: as
far as a certain indirect estimation of pore pressure at a particular depth was performed
during drilling of engineering wells, the compaction trend [18,24] could be successfully
applied to locate overpressure zones. Rock-physics modeling was carried out as well to
check the agreement between estimations obtained from different methods. Simultaneous
usage of different methods of pore pressure estimation provided an opportunity to get an
extra verification of predictions and adjust the following strategy of exploration of the field.

2. Overview
2.1. Geological Setting

The study area is located in the northwestern part of the Black Sea within the Kerch-Taman
shelf. In the west, it is limited by the meridian of the southern tip of the Crimea; in the north-
west by the Crimean, and in the east—by the Caucasian coast of the Krasnodar Territory.

Tectonically, a significant part of the area under consideration is located within the
Kerch-Taman trough, which includes the Taman Peninsula, the southeastern part of the
Kerch Peninsula and the adjacent Kerch-Taman Shelf of the Black Sea. The southern part
of the area covers the outer zone of the shelf and adjacent areas of the slope of the Black
Sea basin. There are several ideas about the tectonic nature of the trough noted above. It
is classified either as a transverse or interpericlinal trough. A number of geologists tend



J. Mar. Sci. Eng. 2022, 10, 1127 4 of 25

to consider it as a southwestern branch from the Indolo-Kuban trough [38] located to the
north.

It is assumed that the southeastern and southern limits of the described trough are
the folded formations of the Northwestern Caucasus and the Anapa ledge in the sea,
composed of Mesozoic and Paleogene deposits. In the west, in the area of the city of
Feodosiya, the Kerch-Taman trough is limited by shallow Mesozoic formations and, in
general, the eastern closure of the Crimean mountain structure, although the features of its
eastern limit cause discrepancies. If we assume that the Crimean mountain structure is a
block uplifted on one side in the Cenozoic, the eastern limit of which can be a system of
transverse strike-slip faults. In the south and southwest, the Kerch-Taman trough is limited
by the Barrier anticline zone in the outer part of the shelf of the same name, which, in our
interpretation, is a system of fold-thrust dislocations [39]. In the north, the trough does not
have a clear tectonic boundary. Only in the northwest of the Taman Peninsula (the area of
the Fontalovsky uplift) is a relatively shallow position of the Mesozoic strata noted, which
can be considered as one of the fragments of the northern limit of the Kerch-Taman trough.
According to seismic studies, the thickness of the sedimentary fulfillment of the trough
exceeds 10 km. Most of the section of its central sections is composed of Maikop-Neogene
deposits. The Paleogene-Mesozoic (pre-Maikop) part of the section is much less studied.

Marine seismic surveys have established a system of linearly extended anticlinal zones
in the trough. Their southwestern strikes within the shelf are replaced by sublatitudinal
ones on the Taman Peninsula. High-amplitude brachianticlines, composed mainly of
Maikop and supra-Maikop deposits, take part in the structure of anticlinal zones. Until
recently, clay diapirism played the main role in the structure and formation of these
brachyanticlines [40,41]. The common depth point (CDP) materials of recent years, obtained
in the described area, indicate a significantly greater significance of fault tectonics and, in
particular, fold-thrust dislocations in the formation of the structural plan of the Mesozoic-
Cenazoic deposits.

In 1997–2005, at the new technical level of marine seismic exploration, various promis-
ing areas of the Kerch-Taman shelf and adjacent sections of the slope were covered by
2D CDP studies using a uniform network of profiles in order to clarify the structure and
nature of local structures previously identified in the supra-Maikop deposits, study the pre-
Maikop sedimentary complexes, and resolve the issue of dominant types of hydrocarbon
traps within the shelf [42]. 3D CDP surveys were carried out in a number of areas.

The deep exploration well (Rifovaya-302) on the Anapa shelf was drilled in 1985 in
the crest of the Rifovoye uplift. The well penetrated the top of the Maikop deposits at
a depth of 600 m and was stopped in the same deposits at a depth of 2000 m.

Another exploratory well, drilled at the northwestern end of the Shatsky swell at the
Yuzhno-Doobskaya (Maria) structure, opened the top of the Mesozoic deposits to a depth
of more than the Zapadno-Chernomorskaya area on the Black Sea shelf, the press service of
Rosneft OJSC reports. The depth of the sea at the drilling point reaches 2109 m. The actual
depth of the well was 5265 m. As a result of the work, a unique structure was discovered,
in the roof of which a Cretaceous carbonate stratum with a thickness of more than 300 m
was discovered.

The main object of the study area is a seismic complex, including deposits of the
Oligocene-Lower Miocene (Maikop series). On seismic profiles, the presence of a fairly
thick thickness of Maikop deposits is established. Here, the deep erosion of these deposits
by the post-Maikop erosion processes is clearly recorded. On the map of the thickness
of the Maikop deposits, a band of their maximum erosion is highlighted to the west and
south of the study area of the ledge. Thus, the area of accumulation of Maikop deposits
occupied a vast area, including the modern deep-water part of the Black Sea. Based on
the available materials, it is difficult to judge tectonic movements in the Maikop time, but,
apparently, they were not as intense as in the post-Maikop time, and especially in the
Pliocene-Pleistocene.
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Most of the hydrocarbon deposits on the adjacent Kerch and Taman peninsulas are
associated precisely with the Oligocene-Miocene, mainly Maikop and, to a lesser extent,
Chokrak-Karagan deposits.

The newest CDP materials, obtained by VO “Chernomorneftegaz”, unambiguously
resolved the issue of the fold-thrust nature of the structures in this part of the shelf [42].

It can be said with confidence that the asymmetric folds complicated by reverse thrusts
in this part of the shelf can be associated mainly with domed reservoir deposits. Seismic
data also indicate that such deposits in most cases should be tectonically screened and, in
some places, stratigraphically screened. At the same time, deposits on the arches of many
uplifts were subjected to erosion during periods of breaks in sedimentation and, therefore,
the possibility of erosion of the main Middle Miocene oil and gas complex is not excluded.
However, it was preserved in the subthrust parts of these uplifts. Therefore, we highly
appreciate the prospects of Miocene deposits within the uplifts identified here, mainly in
the subthrust parts of the structures. The asymmetric folds of this part of the shelf may also
be associated with hydrocarbon deposits in the pre-Maikop (Paleocene-Eocene) deposits in
their arched parts.

In 2005, in the Ukrainian zone of the Prykerchensky shelf, VO “Chernomorneftegaz”
drilled the parametric well Subbotina 403, in which commercial hydrocarbon inflows were
obtained from Maikop deposits [43,44]. According to well logging data, promising objects
in the Tortonian, Eocene, and Paleocene deposits were identified in the well, but they were
not tested for technical reasons.

The bottom hole is located at a depth of 4300 m in the Early Eocene deposits (according
to N.V. Maslun). In 2008, in exploration well 1, positive results were obtained when testing
objects in the deposits of the lower Maikop (layer M3). In 2009, well 2 was drilled with
a design depth of 3150 m in the Subbotin area in order to search for productive horizons in
the Torton, Maikop, and Eocene deposits. The bottom of the well is located at a depth of
3200 m in the Eocene deposits (after reaching the design depth, it was decided to deepen
the well by 50 m).

The well uncovered deposits of the Neogene, Maikop series, Eocene, represented by
limestones, marls, argillaceous sandstones, siltstones, clays, mudstones; from the interval
2030–2047, an oil inflow of 13.1 m3/d was obtained, from the interval 2006–2047 m, an oil
inflow of 19.1 m3/day was obtained (productive horizon M-1).

In the Lower Eocene, according to electrometry data, a repetition of the section of
the interval 3890–4038 m is clearly observed. The well probably passed a tectonic fault
of the reverse-thrust type twice, at a depth of 3890 and 4162 m. This is also indicated by
the geological complications that were noted at these depths during drilling, as well as
by the finds of cores of redeposited crumpled Cretaceous and Danish foraminiferal forms.
According to the new interpretation of seismic data, taking into account the drilling data
of parametric well No. 403, along the reflecting horizon Ib, confined to the lower Maikop
formation, the fold is an anticline of latitudinal strike [42].

Its dimensions within the limits of the extremely closed isohypse minus 3000 m are
10 × 2–4 km, the amplitude is 650 m. The fold in the north and south is complicated by
tectonic faults of the latitudinal strike-thrust type. The geological structure of the Subbotin
area is significantly more complicated along the deeper horizon IIa, confined to the roof
of the Paleocene-Eocene formations. The crest of the fold is displaced to the south of well
No. 403 and is complicated by tectonic disturbance. The fold is contoured by isohypse
minus 3800 m.

2.2. Data

At the research site, 2D multichannel reflection very-high-resolution seismic data were
available. The frequency range of the seismic data was from 100 to 600 Hz with the central
frequency of 250 Hz. The range of offsets was from 50 to 250 m which facilitated the range
of incident angles of reflected P-waves from 5 to 45◦ in the near-surface. The maximum
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propagation depth of the seismic survey was about 400 m, and the vertical resolution of the
resulting seismic images was about 2–5 m.

The signal processing of the seismic data included a bandpass filtering, FK-filtering,
an amplitude correction for the spherical divergence of the wavefront, suppression of
multiples, a pre-stack Kirchhoff migration in time-domain, construction of the supergathers
by averaging of the neighbor gathers, and stacking. The figure below shows an example of
the processed seismic image (a seismic stack) along the 2D profile that crosses the project
borehole. The position of the project borehole coincides with the projection of X engineering
well to the 2D seismic profile—X projection (X proj in Figure 1), for which the pore pressure
prediction was conducted.
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Figure 1. The 2D seismic profile along the project well (X-proj is the projection of the engineering
well X). The 1D model of the bulk density measured in the laboratory for the well X is shown on the
seismic profile and on the right.

At the site, several engineering wells, up to 50 m deep, were also available. Soil tests
and laboratory measurements on the soil samples were conducted in each engineering well.
The lab measurements were aimed at the estimation of physical and mechanical properties
of the soils and their classification. Among the soil properties that were measured and
estimated in the laboratory were the bulk density (cutting ring method), moisture (drying
to permanent mass method), flow (standardized cone method, plastic limit method), and
elastic moduli. The static Young modulus of the soils were measured under static loading
by triaxial and compression tests. Note that the Poisson ratio v was estimated using the
laboratory data on Liquidity index IL [45]:

v = 0.05 + 0.45IL (1)

As a result, seven engineering and geological elements (EGE) were identified at the
research site. Their description is given in Table 1. The tops of the EGE in the well X are
shown in Figure 1.
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Table 1. Description of engineering geologic elements identified at the research site. The depth and
thickness ranges are given according to several engineering wells.

Engineering
Geologic
Element

(EGE)

Depth (from
the Seafloor),

m

Thick-
Ness,

m
Description Poisson’s

Ratio
Den-sity,

g/cc
Young’s

Modulus,
MPa

EGE 1 0.15–1.7 0.15–1.80 Silt - 1.54 1

EGE 2 4.65–5.50 3.0–3.90

Fluid-saturated
plastic clay

with an
admixture of

organic matter

0.43 1.87 3

EGE 3 5.90–6.20 0.40–1.55

Fluid-saturated
plastic clay

loam with an
admixture of

organic matter

0.46 1.86 6

EGE 4 14.75–15.40 8.80–9.40

Calcareous
fluid-saturated

plastic clay
with an

admixture of
organic matter

0.40 1.81 4

EGE 5 24.50–24.90 9.40–10.15

Calcareous
high-plastic
clay with an
admixture of

organic matter

0.28 1.85 7

EGE 6 41.25 16.55

Calcareous
high-plastic
clay with an
admixture of

organic matter

0.31 1.90 9

EGE 7 >50.5 >9.25

Calcareous
high-plastic
clay with an
admixture of

organic matter

0.30 1.91 -

2.3. Seismic Inversion

To estimate the elastic properties of the sediments in the near-surface at the research
site, we applied a pre-stack seismic data inversion on the available 2D reflection seismic
datasets. The conducted inversion was based on the Zoeppritz equations for the reflection
coefficients of an incident P-wave.

The pre-stack amplitude inversion of reflection seismic gathers allows one to simul-
taneously estimate dynamic elastic moduli and density of the subsurface. Typically, we
estimate the acoustic impedance, Zp = ρVp, the bulk density ρ, and the body wave velocity
ratio Vp/Vs (where Vp—compression wave velocity, Vs—shear wave velocity), by the
pre-stack amplitude inversion. From these parameters, we can calculate the dynamic elastic
moduli such as bulk and shear moduli, Young’s modulus, and Poisson’s ratio.

The main challenge for the inversion of the very-high-resolution seismic data is posed
by the absence of the low-frequency information up to 80–120 Hz [46,47]. The absence of
the low frequencies in the seismic data results in poor estimates of low-frequency trends of
the elastic properties.

To fill this gap in low frequencies and stabilize the inversion results, we utilized the
results of seismic P-wave velocity analysis and the laboratory measurements of the bulk
density and the static elastic moduli of the soils available at the engineering wells at the
research site.

We calculated the model of interval P-wave velocities from RMS P-wave seismic
velocities using a Dix formula. The static Young modulus obtained in the laboratory was
corrected for its dynamic analog. For the correction, we applied the coefficient 20 (the
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dynamic modulus is 20 times greater than its static analog), commonly used for soils. We
assume that the Poisson ratio provided by the Liquidity index test is similar to its dynamic
analog. The estimated dynamic Young modulus and Poisson ratio are used to predict the
low-frequency S-wave velocity:

Vs = (E/2ρ(1 + v))0.5, (2)

where E is dynamic Young’s modulus, ρ is the bulk density and v is Poisson’s ratio.
Based on these preliminary estimates, we built the low-frequency models of the

P-wave, S-wave velocities, and density. Then, we conducted an acoustic post-stack inver-
sion on the seismic stacked sections to clarify the models of the acoustic impedance, and
finally, we inverted the seismic gathers to detail the models of the acoustic impedance,
density, and Vp/Vs. The low-frequency models and the results of the seismic pre-stack
inversion are shown in Figure 2. These results are further used for the pore pressure
inversion.
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2.4. Model of Mechanical Properties

The seismic data obtained in the previous section allow us to derive the P-wave
velocities from the density and acoustic impedance. From P- and S-velocities and density,
the dynamic moduli were calculated including the bulk and shear moduli, Young’s modulus
and Poisson’s ratio. Moreover, knowing the density of the solid grain material and fluid,
the porosity can be estimated. The laboratory measurements carried out for the marine
sediments provides a rather high density of the mineral grain material which varies from
2.70 to 2.74 g/cm3. The density of fluid is equal to 1.024 g/cm3 that is the sea water density.
The porosity, bulk modulus, and Poisson’s ratio along the project well are shown in Figure 3.
Note that the Poisson ratio is rather high varying from 0.493 to 0.498 that is very close to the
sea water value (0.5). These values are much greater than those obtained in the laboratory



J. Mar. Sci. Eng. 2022, 10, 1127 9 of 25

test on Liquidity index (see Table 1). For these values of Poisson’s ratio, the shear modulus
does not exceed 0.08 GPa that is comparable to the experimental error of its determination.
This forced us to assume that this modulus may have higher values than provided by the
seismic data.
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The elastic moduli and porosity of the sediments were further used for the rock-physics
modeling and preconsolidation analysis.

As far as overpressure zone prediction is carried out in order to estimate various risks,
problems with drilling have been analyzed as well. It is widely known [48] that seismic
data without any additional information on the mechanical properties of sediments limits
the opportunity to predict drilling risks. Although special methods of estimating risks
solely from seismic data using data and system analysis methods have been developed [49],
there are still considerable uncertainties in quantitative prediction of risks associated with
overpressures. Fortunately, a number of samples have been extracted from the engineering
drilling site, so there was an opportunity to carry out typical triaxial loading tests to
evaluate static elastic moduli of the extracted samples.

The tests have been performed for 44 samples extracted from the depths between 1 and
50 m below seafloor. Cylindrical samples have been subjected to constant radial stress and
gradually increasing vertical stress. Due to the rheological features of the studied seafloor
sediments, the obtained “stress vs. strain” rheological curves were characterized by high
nonlinearity. The obtained critical differential stresses (maximal obtained differences be-
tween axial and radial stress for each sample) were as low as 0.2 MPa, corresponding to low
internal friction angles and cohesions of the samples—which is typical of unconsolidated
seafloor sediments.

The typical procedure of analyzing drilling risks via geomechanical modelling starts
from construction of the model of mechanical properties, which typically consists of:
(1) transition from dynamic elastic moduli to their static analogues; (2) transition from static
elastic moduli to strength properties. With the seismic data described above and available
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triaxial loading test results, these steps have been completed to establish the foundation of
drilling risks analysis.

Figure 4 represents the transition between dynamic and static Young’s moduli. The
solid blue line stands for the dynamic Young modulus calculated from seismic data de-
scribed in Section 2.3 along the trajectory of the studied well. Black circles represent the
results of triaxial test data processing: the linear part of the “stress vs. strain” rheological
curve was analyzed to obtain its slope, which was considered as Young’s modulus for
the sample at the depth of its extraction. Horizontal dotted lines are plotted to highlight
6 interfaces between layers characterized by similar mineral compositions of the extracted
samples according to laboratory analysis of the extracted samples.
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With the dynamic Young modulus profile and a set of dots for static Young’s modulus,
one gets the opportunity to solve the linear regression problem: static Young’s modulus is
expected to be linearly related to dynamic elastic modulus; the coefficients in this dependency
are found from solving the optimization problem to reduce the difference between the
calculated static Young modulus and its analogues from triaxial tests. The specific feature of
the current case is associated with the importance of the layers: it can be clearly seen that
typical dynamic Young’s moduli of the selected layers differ a lot between each other. As a
result, usage of one linear correlation between static and dynamic Young’s moduli would
result into considerable errors. As a result, each layer was characterized by its own solution
of the optimization problem, resulting into reasonable correlation coefficients.
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Poisson’s ratio for the considered sediments was rather high: it exceeded 0.4 for the
studied samples from layers EGE2–EGE4. Meanwhile, for layers EGE5–EGE7, the Liquidity
index test produced lower values (Table 1). However, the rock-physics modeling (see
Section 3.2) suggested high values of Poisson ratio along the whole well (greater than
0.43). Therefore, the equality between static and dynamic Poisson’s ratio was considered to
construct the model of mechanical properties.

Completed triaxial loading tests had also provided an opportunity to deal with
strength properties of the studied samples. The linear Mohr–Coulomb failure criterion was
used to deal with the strength properties of the sediments:

τn = C + µfσn, (3)

where τn and σn are the tangential and normal stress leading to the failure, C is the inherent
shear strength (cohesion), and µf is the internal friction coefficient (tangent of internal
friction angle ϕi).

With a small number of samples extracted from each layer, the following assumption
was used to evaluate failure criterion parameters: as the friction coefficients of all samples
were found to be very low, while cohesion differed significantly, the internal friction
coefficient was reconstructed as a step function: each layer was characterized by its own
value of µ, which was evaluated from the sets of stresses leading to the failures of the
samples related to each layer. After averaging the internal friction coefficients for all layers,
cohesion was evaluated from the Mohr circle constructed for the failure conditions with the
known slope of the Mohr–Coulomb linear failure line. While this method of dealing with
two parameters independently can lead to problems with other reservoir geomechanics
problems—multi-stage triaxial loading tests are necessary for the evaluation of the internal
friction angle—in this particular case, averaging of the internal friction coefficient is backed
by the very low strength of the sediments and low stresses, providing that cohesion alters
the risk evaluation results to a higher degree compared to the internal friction coefficient.

Cohesion C, estimated using the described methodology, can be plotted as a function
of static Young’s modulus obtained from triaxial tests—Figure 5. Different colors of the
dots represent different layers mentioned above, yet it is clear that in this particular case,
layers’ differentiation does not play an important role for transition from dynamic moduli
to static: a linear dependency between static Young’s modulus and cohesion seems to be
a reasonable correlation for strength property evaluation.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 12 of 27 
 

 

0.43). Therefore, the equality between static and dynamic Poisson’s ratio was considered 
to construct the model of mechanical properties. 

Completed triaxial loading tests had also provided an opportunity to deal with 
strength properties of the studied samples. The linear Mohr–Coulomb failure criterion 
was used to deal with the strength properties of the sediments: 

τn = C + µfσn, (3)

where τn and σn are the tangential and normal stress leading to the failure, C is the inherent 
shear strength (cohesion), and µf is the internal friction coefficient (tangent of internal fric-
tion angle φi). 

With a small number of samples extracted from each layer, the following assumption 
was used to evaluate failure criterion parameters: as the friction coefficients of all samples 
were found to be very low, while cohesion differed significantly, the internal friction co-
efficient was reconstructed as a step function: each layer was characterized by its own 
value of µ, which was evaluated from the sets of stresses leading to the failures of the 
samples related to each layer. After averaging the internal friction coefficients for all lay-
ers, cohesion was evaluated from the Mohr circle constructed for the failure conditions 
with the known slope of the Mohr–Coulomb linear failure line. While this method of deal-
ing with two parameters independently can lead to problems with other reservoir geome-
chanics problems—multi-stage triaxial loading tests are necessary for the evaluation of 
the internal friction angle—in this particular case, averaging of the internal friction coeffi-
cient is backed by the very low strength of the sediments and low stresses, providing that 
cohesion alters the risk evaluation results to a higher degree compared to the internal fric-
tion coefficient. 

Cohesion C, estimated using the described methodology, can be plotted as a function 
of static Young’s modulus obtained from triaxial tests—Figure 5. Different colors of the 
dots represent different layers mentioned above, yet it is clear that in this particular case, 
layers’ differentiation does not play an important role for transition from dynamic moduli 
to static: a linear dependency between static Young’s modulus and cohesion seems to be 
a reasonable correlation for strength property evaluation. 

 
Figure 5. Reconstruction of cohesion using the static Young modulus. 

Once again, the parameters applied to evaluate the cohesion are obtained using the 
solution of the linear regression problem. 

Estimation of the static elastic moduli and strength properties sums up the construc-
tion of the model of mechanical properties which will be consequently used for risk eval-
uation. The next steps in the geomechanical analysis of risks are associated with the re-
construction of the pore pressure and stresses acting in the studied sediments. While the 

Figure 5. Reconstruction of cohesion using the static Young modulus.



J. Mar. Sci. Eng. 2022, 10, 1127 12 of 25

Once again, the parameters applied to evaluate the cohesion are obtained using the
solution of the linear regression problem.

Estimation of the static elastic moduli and strength properties sums up the construc-
tion of the model of mechanical properties which will be consequently used for risk
evaluation. The next steps in the geomechanical analysis of risks are associated with the
reconstruction of the pore pressure and stresses acting in the studied sediments. While the
latter is a relatively easy task—at least for non-consolidated sediments with known density
and elastic properties—evaluation of pore pressure deserves special attention and will be
described below in detail.

3. Results

The following sections provide the main results of pore pressure prediction using
two methods—pressure prediction from the void ratio [18,24] and rock-physics model-
ing [36]. The final part contains the comparison of the results obtained via these methods.

3.1. Pore Pressure Prediction from Void Ratio

As it was already highlighted above, the void ratio can be used based on the porosity
of the sediments. Reconstruction of the porosity was described in Section 2.4: rock-physics
methods can be successfully applied on data in the presence to reconstruct the porosity
profile along the well (Figure 3).

In the current section, we focus on the pore pressure evaluation and prediction of
overpressure zones based on the void ratio e which is in a simple relationship with the
porosity ϕ:

e = ϕ/(1 − ϕ), (4)

A specific method of interpreting the porosity profile from the perspective of con-
solidation was described in detail by [18,24]. Consolidation analysis considers a specific
preconsolidation stress as a parameter corresponding to deformation processes taken place
for the considered sediments. This term was proposed to describe the maximum vertical
effective stress that the soil had been subjected to during the history of its elastic and elasto-
plastic deformation [50]. While specific laboratory experiments based on reconsolidation of
extracted samples were developed by various researchers [51,52], there still remains the
problem of estimating the true preconsolidation stress due to significant sample disturbance
that leads to the risk of underestimating the preconsolidation stress from these tests [53].

Nevertheless, equations used for the pressure prediction from the void ratio discussed
by [18] can still be used for this purpose: preconsolidation tests provide necessary informa-
tion for finding the parameters of pore pressure prediction equations. Various data can be
used to check the validity of the pore pressure prediction, including direct measurements.
Engineering drilling at the studied site was characterized by an intensive gas leak visible at
sea surface when a specific depth interval was drilled. Given the known depth of drilling,
sea depth at the drilling site, and the intensity of the leak, the evaluation of pore pressure
at the layer was completed: pore pressure in the gas-saturated zone at the depth of 20 mbsf
was proved to be 1.2 MPa.

This estimation was used to find the parameters of the exponential relationship be-
tween void ratio and effective vertical stress [18] that was assumed to be valid at the studied
site:

e = e0 − CclogσV, (5)

where e0 is the void ratio at a vertical effective stress of unity (1 MPa), Cc is the specific
compression index describing deformation along the yield surface, and σV is the effective
vertical stress. Proper rearrangement of this equation provides the following dependency
for the pore pressure Ppor:

Ppor(z) = SV(z) − 10−(e(z) − e0)/ Cc , (6)
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where SV is the total stress, z is the depth below the seafloor. If the sea depth is known
alongside with the density profile, the total stress can be obtained as:

SV(z) = ρwghw +

z∫
0

ρ(z)gdz, (7)

where ρw is the water density, hw is the sea depth, and ρ(z) is the estimated density profile.
With all these parameters described in the previous sections, the total vertical stress recon-
struction is a straightforward procedure. It is worth mentioning that effective horizontal
stresses for these unconsolidated sediments tend to be close to the vertical effective stress,
due to both high Poisson’s ratio and considerable elasto-plastic deformation.

A block-scheme of the forward problem solution is given in Appendix A (Figure A1).
It is clear that two independent measurements are necessary for successful application

of Equation (6) for pore pressure prediction. While one measurement (1.2 MPa at 20 mbsf)
was obtained from direct observations, the second point was the expected hydrostatic
pressure near the seafloor. As a result, two depths and two measurements were used in
Equation (6) to get two parameters: Cc = 0.18, e0 = 0.88, typical of the considered site at the
Black Sea. The analogous values for the Gulf of Mexico were reported to be Cc = 0.54 and
e0 = 0.47 [18].

As a result, Equation (6) was used to provide a simple, preliminary evaluation of the
pore pressure at the site with mentioned parameters. Nevertheless, it is clear that there
are some drawbacks of using this estimation: firstly, specific consolidation tests were not
carried out, so the preconsolidation stress was not known for sure; secondly, the exponential
dependency between the void ratio and the effective vertical stress was not backed by
experiments; finally, the assumption of hydrostatic pressure near the seafloor was drawn
without a solid proof as well. These problems led to the need of using extra approaches
to check the reconstructed pore pressure profiles. Rock-physics modeling can provide
an approach, which is described in the following section.

3.2. Pore Pressure Prediction from Rock-Physics Modeling

To estimate the pore pressure along the project well from the elastic wave velocities
and density provided by the seismic inversion, we applied the well-known soft-sand model
of Mavko et al. [36] combined with the Gassmann fluid substitution [54]. We used this
scheme since as was already noted in Introduction, the soft-sand model based on the Hertz–
Mindlin approach makes it possible to incorporate the pore pressure effect on the elastic
moduli in explicit form. In turn, this gives an opportunity to invert the pore pressure from
the elastic wave velocities and density of marine sediments. Note that we also analyzed
the stiff-sand model but came to the conclusion that this model gives greatly overestimated
velocities. The soft-sand model assumes that the rock is composed of isotropic particles of
a solid material and a granular medium surrounding the particles. The granular medium
is a dense pack of the spherical grains of the solid material and the grains have the same
size. The porosity of the granular medium (so-called “critical porosity”) is larger than the
rock porosity. The formulas of the soft-sand model for effective elastic moduli of dry rock
are as follows:

K∗
dry =

[
ϕ̃

M(KHM , µHM)
+ 1−ϕ̃

M(K, µHM)

]−1
− 4

3 µHM,

µ∗
dry =

[
ϕ̃

µHM+
µHM

6 R(KHM , µHM)
+ 1−ϕ̃

µ+
µHM

6 R(KHM , µHM)

]−1
− µHM

6 R(KHM, µHM),
(8)

where
ϕ̃ ≡ ϕ

ϕ0
, M(K, µ) ≡ K +

4
3

µ, R(K, µ) ≡ 9K + 8µ

K + 2µ
(9)

In Equations (8) and (9), K∗
dry and µ∗

dry are the effective bulk and shear moduli of the
dry rock; ϕ is the porosity, ϕ0 is the critical porosity, K and µ are the bulk and shear moduli
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of the grain material, KHM and µHM are the bulk and shear moduli of the dry granular
medium calculated with the help of the Hertz–Mindlin (HM) method. According to the
HM method, these moduli are calculated by the formulas:

KHM =

[
D(P)

18

]1/3

, µHM =
5 − 4ν

5(2 − ν)

[
3
2

D(P)
]1/3

, D(P) ≡ P

[
C̃(1 − ϕ0)µ

π(1 − ν)

]2

(10)

In Equation (10), P is the effective pressure equal to the difference of the vertical
stress and pore pressure; µ and v are the shear modulus and Poisson’s ratio of the grain
material; ϕ0 is the critical porosity; C̃ is the average number of contacts per grain (so-called
coordination number). Definitely, ϕ0 ≥ ϕ. If ϕ0 = ϕ, then the soft-sand model is reduced to
the Hertz–Mindlin model.

After the effective bulk and shear moduli for dry rock are calculated, the Gassmann
fluid substitution is applied and the resulting effective moduli of marine sediments satu-
rated with sea water are found:

K∗
sat =

AK0
1+A , A ≡

K∗
dry

K0−K∗
dry

+
K f l

ϕ
(

K0−K f l

) ,

µ∗
sat = µ∗

dry

(11)

where K∗
sat and µ∗

sat are the effective bulk and shear moduli of saturated rock, K0 and Kfl are
the bulk moduli of the grain material and fluid. After the effective moduli of the saturated
rock are found, the elastic wave velocities Vp and Vs are calculated by the formulas:

VP =

√
K∗

sat + 4/3µ∗
sat

ρ∗
, VS =

√
µ∗

sat
ρ∗

(12)

where ρ* is the rock density. The rock density is calculated by the exact formula

ρ∗ = (1 − ϕ)ρ + ϕρ f l (13)

where ρ is the density of grain material and ρfl is the density of fluid.
The coordination number C̃ takes values from 5 to 9 [36]. However, when fitting the

theoretical and experimental velocities, larger values can be used (for example, 15).
A workflow for calculating the effective elastic moduli (forward problem) accord-

ing to the described rock-physics model is as follows. First, the input data on the elastic
moduli of grains, critical porosity, coordination number, and pore pressure are used to
calculate the HM moduli by Formula (10). Then, these moduli together with the elastic
moduli of grains and rock porosity are used to estimate the dry moduli of sediments
(Formulas (8) and (9) are used). Finally, the effective elastic moduli of fluid-saturated
sediments are calculated with help of the Gassmann Formula (11). These moduli to-
gether with the rock density are used to calculate the elastic wave velocities Vp and Vs
in the marine sediments. A block-scheme of the forward problem solution is given in
Appendix A (Figure A2).

Formulas (8)–(10) contain the following unknown parameters: the coordination num-
ber, critical porosity, and pore pressure. Moreover, the elastic moduli of solid grains are
rather uncertain since commonly in marine sediments, such as those in this study, this
is a mixture of mud and clay with additions of carbonate material at some depth inter-
vals [18]. As follows from the literature, the clay elastic moduli and density may vary in
a considerably wide range [55]. A sensitivity study of the above formulas to the elastic
moduli of grain material shows that the bulk modulus of the grain material changing
from 20 to 80 GPa forces to vary the P-wave velocity only within 150 m/s, keeping Vs
almost constant. The shear modulus changing from 7 to 35 GPa causes variations in Vp
and Vs around 100 and 200 m/s, respectively. Note that the chosen interval for the moduli
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variation corresponds to the possible values of clay and carbonate minerals reported in the
literature.

Since the grain density is rather high (averaging 2.71 g/cm3), we also chose rather
high values of the grain material for the rock-physics modeling: the bulk and shear moduli
equal to 52 GPa and 32 GPa, respectively. These moduli are close to the Voight–Reuss–Hill
average of the stiffness matrices of illite, chlorite, and kaolinite addressed in the work
of Katahara [56]. The corresponding density of these clay minerals are 2.79, 2.69, and
2.59 g/cm3 which, on average, gives the value close to the measured density of the grain
material.

A variation in the coordination number C̃ from 5 to 12 increases both Vp and Vs by
100 m/s for the critical porosity ϕ0 = 0.76. The respective increase in the velocities is 50 m/s
for Vp and 150 m/s for Vs at the critical porosity ϕ0 = 0.5.

In order to estimate the pore pressure along the project well, all the model parameters
should be chosen such that the discrepancy between the theoretical and experimental
velocities does not exceed a specified level. We specified this level as 20% difference for
P-wave velocities and 100% for S-wave velocities. The latter value is too large due to high
uncertainty in velocities of S-waves. This is not a very large difference in the absolute values
of S-wave velocities of marine sediments. Thus, if the experimental velocity is 200 m/s,
the theoretical value can reach 600 m/s. In this case, the absolute value of difference in
these velocities is only 400 m/s. Moreover, the Vs values for unconsolidated rocks are often
reported as varying up to 600 m/s.

To solve the inverse problem on pore pressure estimation for each depth along the
project well, we fixed different combinations of C̃ and ϕ0. Then, for every combination,
we found a set of pore pressure values satisfying the above conditions. To do this, we
applied the n-dimensional mesh method. This method assumes that the range of possible
values of every unknown parameter is divided into intervals. The forward problem on the
determination of P- and S-wave velocities was solved for each node. Then, “good” solutions,
i.e., the solutions satisfying the accepted misfit between experimental and theoretical
velocities were collected. Among the “good” solutions, the most probable solution was
chosen. The most probable solution is the solution having the minimum value of “misfit
measure”.

In our case, n = 1 since we had only one unknown parameter—the pore pressure.
The range of pore pressure variation is from the hydrostatic to overburden pressure SV.
The “misfit measure” was chosen to be the relative difference between the theoretical and
experimental P-wave velocity. A workflow for the inverse problem solution on the pore
pressure estimation is shown in Appendix A (Figure A3).

Note that different combinations of C̃ and ϕ0 show different solutions for the behavior
of pore pressure along the project well. Among all combinations of these two parameters,
we chose the combination providing the “reference” pore pressure 1.2 MPa at the depth
20 mbsf. These values are C̃ = 12 and ϕ0 = 0.76. Note that without the knowledge of
a “reference” value, the solution for pore pressure is rather uncertain and may exhibit
different values between the hydrostatic pressure and overburden stress. This fact should
be taken into account when inverting the pore pressure with the use of similar approaches.

A comparison of experimental and theoretical velocities and Poisson’s ratio obtained
as the most probable solution is shown in Figure 6. As seen, the S-wave velocities are
greater than experimental ones and may attain 600 m/s in the depth range 22–52 mbsf. At
the same time, the rock-physics model provides, generally, underestimated P-wave velocity
(within 20%). In the upper part of the depth interval down to 8 mbsf, the experimental
and theoretical velocities are very close to one another. The Poisson ratio provided by
the rock-physics modeling varies from 0.43 to 0.49 that is lower than the experimental
values but higher than those obtained in the Liquidity index test for the respective lay-
ers (called engineering geologic elements) (Table 1). As seen, the difference between the
Poisson ratio obtained with different methods is large. The difference between the Pois-
son ratio calculated from the theoretical and experimental velocities (dynamic Poisson’s



J. Mar. Sci. Eng. 2022, 10, 1127 16 of 25

ratio) is explained by the fact that the Poisson ratio is controlled by the squared ratio
Vp/Vs: υ = 0.5

[
(VP/VS)

2 − 2
]
/
[
(VP/VS)

2 − 1
]
. The difference between theoretical and

experimental shear wave velocities my attain 400 m/s. However, the shear wave velocities
have rather small values. This leads to the sufficiently large difference in the squared
Vp/Vs ratio (4–10 times).

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 17 of 27 
 

 

obtained with different methods is large. The difference between the Poisson ratio calcu-
lated from the theoretical and experimental velocities (dynamic Poisson’s ratio) is ex-
plained by the fact that the Poisson ratio is controlled by the squared ratio Vp/Vs: 

( ) ( )2 20.5 / 2 / / 1P S P SV V V Vυ    = − −    . The difference between theoretical and experi-

mental shear wave velocities my attain 400 m/s. However, the shear wave velocities have 
rather small values. This leads to the sufficiently large difference in the squared Vp/Vs 
ratio (4–10 times). 

The difference in the experimental dynamic Poisson ratio and its laboratory analog 
provided by the Liquidity index test is due to the fact that these values are determined 
from different types of action on the rock. When considering the dynamic Poisson ratio, 
this is a short-time action of low amplitude (excitation of elastic waves). The Poisson ratio 
provided by the Liquidity index test is based on the measurements of the water content 
in the clayey sample. The water content is compared with the so-called liquid and plastic 
limits. The liquid limit is specified as a water content at which the plastic body starts to 
behave as a liquid. The opposite limit—the plastic limit is a water content that allows the 
clayey sample to exhibit plasticity (the rock becomes less brittle). Note that the Poisson 
ratio provided by the Liquidity index test was used for estimating the shear wave velocity 
in our study. The discrepancy in the Poisson ratio determined by these two different ex-
perimental methods suggests rather high uncertainty in shear wave velocity estimation 
for the studied unconsolidated rocks. 

Among the solutions of the inverse problem, a solution exists that provides a good 
correspondence between both P- and S-wave velocities. However, this solution produces 
a pore pressure almost equal to the overburden stress within the whole depth interval 
under study. This situation seems to be unrealistic. 

 
(a) (b) 

Figure 6. Comparison of seismic data (exp), results of rock-physics modeling (theor), and laboratory 
data (lab): (a) velocities of P- and S-waves and (b) Poisson’s ratio. 
Figure 6. Comparison of seismic data (exp), results of rock-physics modeling (theor), and laboratory
data (lab): (a) velocities of P- and S-waves and (b) Poisson’s ratio.

The difference in the experimental dynamic Poisson ratio and its laboratory analog
provided by the Liquidity index test is due to the fact that these values are determined
from different types of action on the rock. When considering the dynamic Poisson ratio,
this is a short-time action of low amplitude (excitation of elastic waves). The Poisson ratio
provided by the Liquidity index test is based on the measurements of the water content
in the clayey sample. The water content is compared with the so-called liquid and plastic
limits. The liquid limit is specified as a water content at which the plastic body starts to
behave as a liquid. The opposite limit—the plastic limit is a water content that allows the
clayey sample to exhibit plasticity (the rock becomes less brittle). Note that the Poisson ratio
provided by the Liquidity index test was used for estimating the shear wave velocity in our
study. The discrepancy in the Poisson ratio determined by these two different experimental
methods suggests rather high uncertainty in shear wave velocity estimation for the studied
unconsolidated rocks.

Among the solutions of the inverse problem, a solution exists that provides a good
correspondence between both P- and S-wave velocities. However, this solution produces
a pore pressure almost equal to the overburden stress within the whole depth interval
under study. This situation seems to be unrealistic.

Note that according to the sensitivity study of the rock-physics model, S-wave veloci-
ties are more sensitive to the pore pressure compared to P-waves. This fact draws attention
to the problem of increasing the reliability of the S-wave velocity determination.
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3.3. Pore pressure Prediction Comparison

The previous two sections covered the methods used for pore pressure prediction
based on consolidation analysis and rock-physics modeling. Comparison of the obtained
results appears to be a logical way to summarize the drawbacks and advantages of these
methods.

Figure 7 represents the comparison between the predicted pore pressure profiles
obtained from the two methods. The dotted line represents the pore pressure predicted
from consolidation analysis – from Equation (6), while the solid line represents the best
solution of the inverse problem postulated in the previous section devoted to rock-physics
modeling. It should be noted that Equation (6) was used solely in cases when it provided
estimations of pore pressure exceeding the hydrostatic pressure, so the hydrostatic pressure
can be visualized as the lower boundary of the dotted line with a corresponding slope.
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Several conclusions can be drawn from analyzing Figure 7. The first and the most
general result is that both solutions are in qualitative agreement with each other. They
clearly coincide at the depth of 20 mbsf, where the pore pressure should be equal to 1.2 MPa.
Nevertheless, one specific difference is clear: the rock-physics modeling provides consider-
ably smoother results. While the dotted line is close to the hydrostatic pressure trend almost
in the whole interval with a number of secluded overpressure zones (7~10, 14~15, 16~17,
18~20, 28~30, 36~39, and 42~43 mbsf), the rock-physics modeling provides a more linear
trend with a slope of approximately 0.8 MPa per 50 m, which is 16 kPa/m—recall that the
hydrostatic pressure gradient is as low as 10 kPa/m, meaning that the whole zone should
be considerably overpressured. At the same time, the local maxima of pore pressure from
consolidation analysis exceed the estimations based on the rock-physics modeling results.
It is also worth mentioning that local variations of the pore pressure tend to be present in
both profiles, so the overpressured zones still exist even at the smoother profile obtained
from rock-physics modeling.

Nevertheless, the deviation between pore pressure profiles evaluated using two dif-
ferent approaches remains clear and deserves additional discussion. As preconsolidation
analysis is relatively straightforward compared to the rock-physics approach, its vari-
ations remain at the same level as the variations of porosity—this can be clearly seen
from Equations (4)–(7). At the same time, rock-physics modeling suggests a solution of
an inverse problem. So, while a minimization problem is solved for smoother data on
seismic velocities, one could expect a smoother result compared to preconsolidation anal-
ysis. Given that the solution shown in Figure 7 as rock-physics modeling result is in fact
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only the best solution of the inverse problem, it is shown here as a profile obtained from
rock-physics modeling. There are still lesser probable solutions that cannot be as smooth as
shown in Figure 7; so, the apparent effect of this solution being close to the averaging of
the consolidation analysis may be explained by this particular “best solution” choice. In
general, the results shown in Figure 7 suggest that the two methods agree with each other,
but the consolidation analysis tends to highlight the overpressured zones, with possible
overestimation of the pore pressure. At the same time, the rock-physics modeling suggests
that the whole depth interval is slightly overpressured. This means that analysis of risks
using the rock-physics modeling should be completed from the perspective of integral
analysis of the site.

A worrying result is associated with depth intervals where the rock-physics analysis
highlights the local maxima of pore pressure, which are not correlated with variations of
the profile obtained from consolidation analysis (intervals 31~34 and 44~47 mbsf). The
origin of these zones remains unknown, so only direct observations of drilling will make it
possible to assure whether these variations are related to real overpressure zones.

Nevertheless, the pore pressure profiles themselves cannot be considered as an engi-
neering result directly associated with the drilling risks. Gas leaks and blowouts are most
likely to occur in the overpressure zones, but their effect can differ a lot—and blowout
prevention systems can be used to drill the well at this particular site: in fact, the largest
pore pressure gradient in the most overpressure zone is roughly 20 MPa, and this zone is
relatively small. Extra calculations with the help of geomechanics can be used to compare
the obtained results from the perspective of drilling risks.

4. Discussion

The pore pressure profiles shown in Figure 7 can be used to deal with the drilling risks.
A model of mechanical properties described in the corresponding paper consists of static
and dynamic elastic moduli alongside with strength properties. It is widely known [48]
that these data can be used to evaluate drilling risks: whenever effective stresses in the
sediments are high enough to achieve the failure criterion, a number of problems start.

Geomechanical analysis of drilling risks at offshore sites with considerably low depths
have some specific points compared to other problems. First of all, one needs both the total
stress and pore pressure in order to calculate the effective stress. These data were obtained
in the previous sections: the pore pressure was discussed above in detail, while the total
effective stress was calculated with the use of Equation (7).

The failure criterion generally deals with all components of the stress tensor, but the
considered sediments are characterized by a considerable portion of plastic flow in their
total deformation, and very high Poisson’s ratio, leading to the insignificant difference
between the principal components of the effective stress tensor.

At the same time, drilling procedures alter the stress state of the sediments. In the
current case, we considered a pessimistic scenario when drilling procedures alter only the
vertical stress (σV turns into σV + ∆σ, where ∆σ is an extra stress caused by the drilling
operation, the weight of the drilling rig can be a simple source of this extra load), with the
horizontal stress σH remaining untouched. The Mohr–Coulomb failure criterion (1) can be
rearranged for this case of triaxial loading to the following form:

σV + ∆σ − σH
2

sin 2θ = C +

(
σV + ∆σ + σH

2
+

σV + ∆σ − σH
2

cos 2θ
)
µ, (14)

where 2θ = π/2 + arctan(µ). This is true for a stress state leading to failure and consequent
plastic flow of the seafloor sediments due to the extra load ∆σ. So, the critical value can be
found for the extra load ∆σ as:

∆σ = (σH + Cctgϕ)
2 sinϕi

1 − sinϕi
− (σV − σH), (15)
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where ϕi is the internal friction angle (its tangent is equal to the internal friction coefficient).
The horizontal stress can be estimated as:

σH = vσV/(1 − v), (16)

where v is the Poisson ratio. Note that effective stresses are used in this equation.
Equation (15) was used to evaluate the critical extra vertical stress ∆σ necessary to

exceed the bearing load of the sediments using the two pore pressure profiles discussed
in the previous section. The following figures (Figures 8 and 9) represent the final results
associated with drilling risks. Note that due to Poisson’s ratio used in Equation (16) being
close to 0.5, the effective vertical and horizontal stresses tend to be very close to each other,
so the corresponding profiles in Figures 8 and 9 almost completely overlap.
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Critical extra load is a useful parameter to analyze bearing strength of the sediments.
It is in fact the maximum extra vertical stress (addition to the existing vertical stress shown
in the upper part of the figure) that can be applied to the sediments without failure—or
cataclastic flow for the unconsolidated sediments. Both the pore pressure and strength of
the sediments affect it, so one can consider it as a combination of different factors leading
to potential drilling risks. The red curves in Figures 8 and 9 should be used to optimize the
weight of the drilling rig and its working conditions to maintain safe exploitation.

The smoothing of the pore pressure estimated from the rock-physics modeling dis-
cussed in the previous section finds itself at the critical load estimation as well. In general,
the pore pressure estimation from the consolidation analysis is related to a more variable
critical extra load for the sediments, and it is in most places higher than the critical load
corresponding to the rock-physics modeling. It is worth mentioning that the changes in
sediment strength parameters (primarily in cohesion) are highlighted in these figures as
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well, due to their presence in Equation (15). As it was already mentioned, the horizontal
stress remains very close to vertical stress in the whole interval.
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These results highlight the general tendency mentioned above: the rock-physics
modeling seems to be a proper tool to predict overpressure and deal with its degree, while
the consolidation analysis appears to be a tool aimed at overpressure zone localization, and
the degree of evaluated overpressure remains questionable.

The critical extra load itself is an important result for drilling risks assessment. First,
the magnitude of this extra stress is not extremely high, so that usage of a special blowout
prevention system can mitigate these drilling risks. These values of stresses are relatively
low, so the special redistribution of the stress state due to drilling procedures can be used
to reduce drilling risks: in this particular case, a change in the drill bit diameter was altered
to redistribute stresses in vicinity of the drilled well.

The drilling rig itself is an important source of extra load—and it does not have to be
vertical. In fact, numerical modeling can be performed to analyze the stress state of the
sediments surrounding the drilling rig legs taking into account the predicted overpressure
zones, static elastic moduli, and parameters of plastic flow, which can be obtained from
triaxial loading test data [57]. A detailed numerical modeling of the stress state of the
sediments surrounding drilling rig legs and drill bit can provide the explicit conditions
leading to a gas leak, drilling rig loss of stability, failure of weak layers, etc. This analysis
suggests usage of detailed data on mechanical properties of the sediments, but can provide
way more than engineering solutions based on correlations that can be unreliable for
a specific site. While a detailed numerical analysis of these processes of drilled seafloor
sediments is not within the scope of the current research work, the results discussed
above can provide insight on the degree of reliability of numerical modeling results and
discrepancy of the input data needed for it.



J. Mar. Sci. Eng. 2022, 10, 1127 21 of 25

Detailed analysis of the sediments relatively close to the seafloor provides important
insights on the lower sediments as well. Availability of seismic data inversion results for
deeper layers can be used in a similar way to predict and localize overpressure zones using
the discussed methods. Nevertheless, the models used for the pore pressure prediction
discussed here have certain limits for application: they only provide reliable results in weak
unconsolidated seafloor sediments. Other methods mentioned in the introductory section
are generally used for unconsolidated rocks—search for the smooth transition from one
type of prediction to another appears to be an intriguing direction of further research of
this type of problems.

Another direction is associated with evolution of overpressure zones: there is an
opportunity to carry out seismic surveys at the same site, but at different moments of
time. Preliminary results obtained for this site suggest that some of the overpressure zones
localized in the current study remain at their places, but some disappear and reappear.
This rises a specific question: does drilling risk prediction remain reliable during all
periods between seismic surveys and drilling procedures? Depending on the answer to this
question, several ways can be suggested to drill as fast as possible after seismic surveys, or
to carry out an external seismic survey at the site if preliminary seismic data prove that the
potential risks can be handled.

Our study also draws attention to the problem of reliability of S-wave velocity deter-
mination for marine sediments. According to results of the rock-physics modeling, these
velocities demonstrate high sensitivity to the pore pressure in this type of rocks. If the
accuracy of the S-wave velocities is poor, reference values of the pore pressure are required
to decrease uncertainty in the pre-pressure prediction based on the rock-physics modeling.

5. Conclusions

Pore pressure prediction remains an important practical problem, as overpressure
zones can cause problems during exploitation and development of offshore hydrocarbon
and gas hydrate reservoirs. While empirical methods have been developed a lot during
the last decades, their application is usually limited to certain sites. To modify the existing
correlations for overpressure zone localization for specific sites, one has to use external
data, which can be obtained during drilling or special surveys. On the other hand, rock-
physics modeling makes it possible to estimate pore pressure using a general workflow,
independent of the particular site. There is still need to utilize a great amount of data—and
requirements on the data quality are relatively strict. The comparison of pore pressure
prediction based on these two groups of approaches remains of high practical and scientific
interest.

In the current paper, we have applied these two groups of methods for a specific site
at the Black Sea shelf. Pore pressure has been evaluated along the trajectory of a well to be
drilled at the zone of potential hydrocarbon accumulation using two methods: preconsolida-
tion analysis of seafloor sediments and soft-sand model with Gassmann fluid substitution.
High-quality seismic data were used for this estimation alongside with indirect local mea-
surement of pore pressure. Only the upper layers of seafloor sediments have been analyzed:
the greatest depth of 50 mbsf was studied.

The results of pore pressure estimation using these two methods proved to be in
qualitative agreement with each other: the same overpressure zones were proven to be
in the corresponding intervals of depth. Nevertheless, rock-physics modeling provided
a smoother result: it appears that preconsolidation analysis is more suitable for finding
localized highly overpressure zones, while rock-physics modeling gives a better idea on
total risks for the whole interval of consideration. Regardless, both methods provided the
results of pore pressure evaluation to conclude that expected overpressure zones are not
associated with high risks in the studied area; so, a typical blowout prevention system can
deal with them.

Depending on the available data, one can still have freedom in choosing the proper
empirical model of pore pressure prediction at any other site. The question of finding
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the optimal model remains open. Rock-physics modeling is capable of giving a hint to
answer that question—but there are still different models even within the rock-physics
workflow. While only a limited number of parameters within one of these models was
altered during pore pressure prediction described in the current paper, there are still
other parameters to be analyzed. We assume that a continuation of this study, including
variation of a number of rock-physics model parameters during inverse problem solution
and application of different empirical methods of pore pressure estimation, can decrease
the overpressure-associated risks and geohazards.
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A flowchart for the preconsolidation analysis—determination of the pore pressure
from porosity is shown in Figure A1.
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