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The Family of Menhirs, or Menhirs for Peace, is 
a gathering of upright stones created by Galician 
artist Manolo Paz in 1994. The granite sculp-
tures are inspired by the Neolithic menhirs that 

are found throughout the Iberian Peninsula. The stones are carved with strategic holes to let visitors 
look through them, offering views of the Tower of Hercules and the Atlantic Ocean.



Preface

The 6th  International Workshop on Rock Physics (6IWRP) was held A Coruña, Spain, between 13th 

and 17th  of June, 2022. This meeting follows the track of the five successful encounters held in 
Golden (USA, 2011), Southampton (UK, 2013), Perth (Australia, 2015), Trondheim (Norway, 2017) 
and Hong Kong (China, 2019).  The aim of the workshop was to bring together experiences allowing 
to illustrate, discuss and exchange recent advances in the wide realm of rock physics, including 
theoretical developments, in situ and laboratory scale experiments as well as digital analysis. While 
rock physics is at the core of the oil & gas industry applications, it is also essential to enable the 
energy transition challenge (e.g. CO2 and H2 storage, geothermal), ensure a safe and adequate use 
of natural resources and develop efficient waste management strategies. 

The topics of 6IWRP covered a broad spectrum of rock physics-related research activities, including:

• Experimental rock physics. New techniques, approaches and applications; Characterization
of the static and dynamic properties of rocks and fluids; Multiphysics measurements (NMR,
electrical resistivity…); Deep/crustal scale rock physics.

• Modelling and multiscale applications: from the lab to the field. Numerical analysis
and model development; Data science applications; Upscaling; Microseismicity and
earthquakes; Subsur face stresses and tectonic deformations.

• Coupled phenomena and rock properties: exploring interactions. Anisotropy; Flow and
fractures; Temperature effects; Rock-fluid interaction; Fluid and pressure effects on
geophysical signatures.

• The energy transition challenge. Applications to energy storage (hydrogen storage in
porous media), geothermal resources, energy production (gas hydrates), geological
utilization and storage of CO2, nuclear waste disposal.

• Rock physics templates: advances and applications. Quantitative assessment;
Applications to reser voir characterization (role of seismic wave anisotropy and
fracture networks).

• Advanced rock physics tools. Machine learning; application of imaging (X-ray
CT, X-ray μCT, FIB-SEM…) to obtain rock proper ties.

This book compiles more than 50 abstracts, summarizing the works presented in the 6IWRP by rock 
physicists from all over the world, belonging to both academia and industry. This book means an 
updated overview of the rock physics research worldwide.

We would like to thank all the participants for their top-quality contributions, and the members of the 
Scientific Committee for their time and helpful suggestions. Our special thanks go to the members 
of the Advisory Committee, formed by the conveners of the previous editions, for their guidance and 
cooperation during this journey.

With our best compliments,

The Organizing Committee
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Evolution of strain field and microstructure in
polycrystalline ice using in situ experiments

Introduction

Variations in crystal orientation and plastic anisotropy result in highly heterogeneous stress and strain 
rate fields during the deformation of polycrystalline materials like ice, rocks or metallic alloys. In turn, 
stress and strain fields control the evolution of the microstructure locally modifying the mechanical 
response of the polycrystal and establishing complex feedbacks. Providing direct links between mi-
crostructural parameters and strain/stress is a long-sought goal for all kinds of material and earth 
scientists for two reasons: determine bulk strain or stress from a microstructural proxy (e.g. Hughes 
et al. 1998) and test viscoplastic models. To this aim, we explore the evolution of strain localization, 
grain-to-grain interactions, and its link to dislocation pile-ups and dynamic recrystallization in coarse-
grained ice at high homologous temperatures using digital image correlation (DIC) and crystal orien-
tation mapping. Hexagonal (Ih) ice is an ideal material for benchmarking the relations between local 
strain, intragranular misorientation and dynamic recrystallization due to its strong plastic anisotropy. 
Deformation occurs essentially through a slip of dislocations on basal planes (normal to the c-axis), 
being non-basal slip systems between 20 to 70 times harder to activate (Weertman, 1983; Duval et 
al. 1983). Yet, a relatively high occurrence of non-basal dislocations in subgrains (35-40 %) is com-
mon (e.g. Chauve et al. 2017) and somewhat paradoxical. The combination of DIC and orientation 
mapping present an opportunity to solve this puzzle.

Methodology

We use two 10×10×1.5 cm polycrystalline columnar ice samples composed of less than 100 colum-
nar grains elongated normal to the measuring surface (see elaboration details in Grennerat et al. 
2012). The samples have a roughly 2D microstructure with centimetre-scale grains (Fig. 1), aiding 
the study of interactions between grains with different orientations and the detection of recrystal-
lized grains. Samples were deformed in unconfined (room pressure) compression perpendicular to 
the columnar structure using an in-house dead-weight rig under initial uniaxial stress of 0.5 MPa 
at -7 ºC (0.97 Tm, where Tm is the melting temperature of the material) up to 3.1 and 9.5 % bulk 
shortening, respectively. Instantaneous strain rates ranged from 3×105 to 9×105 s-1. For the digital
image correlation, we create a random speckle pattern following the procedure in Grennerat et al. 
(2012) and took images at a 10 min rate with a resolution of ~17.5 µm/pixel. The evolution of the 
displacement and the strain field was estimated using the free open-source Digital Image Correlation 
Engine (DICe) tool v2.0, with an optimal subset of 35 × 35 pixels, being the maximum displace-
ment resolution of ±6-7 µm for the x-direction and ±12-15 µm for the y-direction. The evolution of 
the strain distribution is presented as the Von Mises 2D equivalent strain εeq field and made with
in-house codes. To characterize the evolution of the microstructure, we mapped the orientation of 
c-axes before and after deformation on thin sections (~0.4 mm thickness) cut parallel and as close
as possible to the observation surface using the Automatic Ice Texture Analyser (AITA) that provides
an angular resolution of ~3º (Wilson et al. 2003). Pre- and post-deformation maps have a spatial
resolution of 50 and 20 µm, respectively.

Results, Discussion and Conclusions

After a short transient (<0.2% bulk strain), in which strain localises at grain boundaries, strain con-
centrates in a few narrow intracrystalline shear bands that eventually extend over multiple grains. 

Marco A. Lopez-Sanchez a,*, Thomas Chauve b, Maurine Montagnat b, Andrea Tommasi a

a) Géosciences Montpellier – CNRS & Université de Montpellier, 34095, Montpellier, France
b) Institut des Géosciences de l’Environnement – CNRS, 38041, Grenoble, France
* Now at Departamento de Geología, Universidad de Oviedo, 33005, Oviedo, Spain

Contact email: lopezmarco@uniovi.es
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Comparison with pre and post-deformation crystal orientation maps shows that strain localization 
in shear bands is mainly accommodated by basal glide without producing dislocation pile-ups inside 
the grains (Fig. 1). Severe dynamic recrystallization develops at grain boundaries that act as barriers 
to dislocation motion, especially in places with a lack of basal shear transfer.

Figure 1: Microstructure, Schmid factor for basal glide, pre- and post-deformation CPO maps, and strain field 
distribution at 2.0% for sample B. (a, c) Pre- and post-deformation orientation maps. (b) Schmid factor for basal 
glide according to initial crystal orientations. (d) Post-deformation cross-polarizing light image. (f) Incremental Von 
Mises (2D) equivalent strain (log scale) normalized to the median at 2.0% of bulk strain. (g) Finite Von Mises (2D) 
equivalent strain at the same stage.

Thus, during deformation of coarse-grained Ih ice at high homologous temperatures: (1) large strains 
can be accommodated by unimpeded basal slip without causing dislocation concentrations (misorien-
tation gradients), and (2) recrystallization does not drive strain localization but accommodates strain 
incompatibility. The first point indicates that local misorientation gradients are unreliable gauges of 
plastic strain intensity at the grain scale. Likewise, the proportion of dislocation types in the sub-
grains does not gauge the relative contribution of different slip systems to deformation, solving the 
paradox of the high occurrence of non-basal dislocations observed in ice subgrains.
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Introduction

Elastic rock properties and acoustic velocities strongly depend on saturation and fluid pressure. This 
is significant for Carbon Capture and Storage (CCS), where resulting interactions between injected 
CO2 and the reservoir rock and fluid affect seismic wave travel time and attenuation. Therefore, 
estimating saturations in two-phase fluid systems is possible but challenging as seismic dispersion 
also depends on the pore fluids and their spatial distribution (through e.g., patchiness). These mech-
anisms can be investigated with laboratory techniques capable of measuring wave velocities and 
attenuation under realistic subsurface conditions and simultaneous pore-scale imaging of phase 
distributions.

Szewczyk et al. 2016 performed measurements in a low-frequency (LF) cell determining the rock 
elastic properties of partially saturated shales at seismic frequencies in addition to ultrasonic veloc-
ities. Agofack et al. 2018 accomplished partial saturation tests with sandstone exposed to CO2 in 
the same setup. Relating these measurements to the microscopic heterogeneities of the material, 
including the uniformness of the distribution of liquid and gas, requires some kind of imaging during 
the tests. Such an approach is made by Tisato and Zhao 2015 and Tisato et al. 2016 who devel-
oped an experimental technique capable of low-frequency measurements under micro-computed 
tomography (CT).

We built a CT-transparent low-frequency cell to measure elastic properties of two-phase fluid-satu-
rated samples in a wide frequency band, focusing on investigating homogeneity of solid and fluid 
phases, including patch size, capillary pressure, contact angles, and permeability. This apparatus 
is conceptually similar to the one from Tisato and Zhao 2015. The advantage is the measurement 
of ultrasonic velocities and Poisson’s ratio in addition. It is also possible to perform tests on larger 
samples (50 mm length and 25 mm diameter, instead of 36 mm length and 12 mm diameter) to 
measure changes in physical properties (seismic wave attenuation and dispersion) and simultane-
ously link them to saturation through pore space imaging. 

Methodology

The CT-transparent low-frequency cell for testing sandstones samples can be subdivided into three 
connected subunits: low-frequency, ultrasonic velocity, static unit, whereas the latter includes axial 
stress, confining pressure, and pore pressure (Figure 1). The LF unit consists of a piezoelectric actu-
ator with a displacement amplitude of 20 nm – 75 nm. This results in sample strains of 10-7 to 10-5 
(quasi-static deformation).  Eight strain gauges directly attached to the sample (four in axial and four 
in radial direction) measure the strain modulations, whereas a piezoelectric force sensor measures 
the force modulation. 

The ultrasonic measurement of the P- and S-wave velocities unit consists of transducers with P-wave 
and S-wave piezoelectric crystals (central frequency 500 kHz and 125 kHz, respectively) embedded 
in the top and bottom end caps on the top and bottom side of the sample. The confining pressure 
(maximum 30 MPa) is regulated by a pump for pressure control in the radial direction. Stress control 
in the axial direction is coarsely controlled by a rotating top nut that is screwed on the sample stack 
and fine-tuned by the piezo actuator. The pore pressure is regulated by a precision metering pump 
connected to the endcaps through two pore-fluid lines, which can be independently opened and 

Low-frequency measurements coupled with micro-CT: 
A new apparatus
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closed for drained or undrained conditions, respectively. 3D finite element modeling was performed 
as part of the design process, and the system was verified with a pressure test, which confirms the 
results from numerical modeling. The CT-transparent vessel is made of aluminum alloy 7075-T6, 
with a wall thickness of 5 mm around the sample and a minimum global safety factor of 1.6.

Figure 1: 3D finite element modeling of the cell with low-frequency (1), ultrasonic velocity (2), confining and pore 
pressure (3) unit with V1 and V2 for change in drainage conditions (left) and cross-sectional technical drawing of 
the low-frequency cell (right) illustrating an overview of its components. 

Results, Discussion and Conclusions

Following the pressure test, function tests were performed with reference samples made from alu-
minum (7075 alloy) and PolyEtherEtherKetone (PEEK). Overall, the cell allows for dynamic stiffness 
measurements of Young’s modulus, Poisson’s ratio, and intrinsic attenuation at different frequen-
cies between 1 – 100 Hz and P- and S-wave velocities at ultrasonic frequencies. Preliminary results 
from tests on Bentheimer sandstone samples, partially saturated with brine, show that Young’s 
modulus increases with increasing confining pressure. 

The new laboratory apparatus allows for real-time examination of differences in elastic proper-
ties between dry and wet conditions. Moreover, it enables pore-scale imaging of the internal 
structure while measuring frequency-dependent attenuation. This way, the apparatus serves to 
identify fluid-solid interactions, which are of par ticular interest for CCS injection and monitoring. 
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Introduction

The thermal properties of rocks dictate how a rock stores and transfers heat. For geothermal appli-
cations, which involves retrieving the down-Earth heat by a circulating liquid, precise knowledge of 
thermal properties matters. In a low permeability reservoir and at temperatures below 300°C, heat 
is transferred through thermal conduction rather than convection or radiation. Therefore, the thermal 
conductivity and diffusivity of the rock are two key properties. Since the accurate assessment of 
these properties at depth is challenging, thermal properties may be either predicted from models or 
measured on core plugs retrieved from wells. Whatever strategy is chosen, the pressure conditions 
at depth need to be accounted for. Indeed, rock thermal conductivity was shown to be pressure-de-
pendent (e.g Demırcı et al.2004; Abdulagatova et al.2009 ; Lin et al. 2011). According to existing 
knowledge on rock elastic properties, the dependence of rock thermal properties on pressure origi-
nates from the rock microstructure and its stress dependence (Walsh 1965).

The TK04 instrument is a set-up that measures thermal conductivity on core samples using the line-
source method (Lee 1989). For this commercially available instrument, the manual recommends 
applying a pressure of about 50 kPa to ensure good coupling between sample and probe. Knowing 
that rock properties can change with pressure, we investigate the effect of low axial stress up to 50 
kPa on the thermal conductivity of different Fontainebleau sandstone samples.

Methodology

Fontainebleau sandstone has about 99% quartz content and is considered homogeneous and iso-
tropic at the sample scale. We measured eight samples with porosities between 3.6% and 17% 
(Fig.1b). 

For the thermal conductivity measurements, we placed a half-space line source probe on the sam-
ples, applied a constant heating and measured the temperature evolution over time (Fig.1c). Meas-
urement periods of 60s were separated by cooling periods of about 30s. To test the stress de-
pendence, different weights were applied on the sample during the measurements (Fig. 1a) and 
more than 15 measurements were made at each stress state. From the temperature evolution (Fig. 
1c), thermal properties can be retrieved using the solution of the differential equation for thermal 
diffusion. Assuming a constant heating source, the solution  can be approximated at steady-state 
conditions by  (Lee 1989):

where Q is the heating power, λ is the thermal conductivity of the rock sample, γ is Euler’s constant, 
κ is the thermal diffusivity, r is the distance between sensor and the source and t is the time.
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Figure 1: a) Added weights 
and the corresponding 
stresses, b) Porosities of 
Fontainebleau sandstone, 
c) Example of a linear re-
gression corresponding to a
measure.

Results and Discussion 

The data processing revealed two behaviours of the thermal conductivity, depending on the rock 
samples, on the rock porosity and initial thermal conductivity. In some samples, the thermal con-
ductivity increases with stress (Fig. 2a), while almost no increase is observed in others (Fig.2b). In 
the most dramatic case, variations as large as 20% of the initial property are observed although 
stresses are small.

Figure 2: a) Thermal conduc-
tivity of  Fo5 sample obtained 
from measurements repeat-
ed on average16 times at 
the same stress, b) Thermal 
conductivity of  Fo6 sample 
obtained from measurements 
repeated on average 14 times 
at the same stress.

We will present how we interpret the variations observed in these two samples and the other meas-
ured samples, taking into account their porosity, initial thermal conductivity and elastic properties, 
using micromechanical models (Pimienta et al. 2014).
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Introduction

Effective stress—the fraction of the total stress that is transmitted through the solid skeleton—
controls the mechanical behavior of porous media, from land subsidence induced by groundwater 
withdrawal to the cohesion of sand in sandcastles. Karl von Terzaghi, father of soil mechanics, 
introduced this concept a century ago, which later became the keystone of modern soil mechanics 
and poromechanics (Michelle and Soga, 2005). Unveiling effective stress recognizes the powerful 
coupling among viscous, capillary, and frictional forces within fluid-filled porous media, especially 
granular media with strongly-coupled fluids (Juanes et al., 2020).

However, effective stress remains a physical quantity that can only be calculated by subtracting pore 
pressure from the normal component of the stress tensor, or inferred from its “effect”, typically the 
solid skeleton deformation and failure. Particularly challenging is capturing the evolution of effec-
tive stresses in path-dependent physical processes in porous media, such as friction, fracturing, 
creeping, plastic deformation, and multiphase flows. Here, we use photoelasticimetry to visualize 
the evolving effective stress field in fluid-filled granular media in processes that couple fluid flow and 
mechanical deformation. We hereby refer to this experimental method as photoporomechanics (Li 
et al., 2021).

Methodology

We design the fabrication processes, similar to “squeeze casting”, and produce millimeter-scale 
residual-stress-free photoelastic particles with high geometric accuracy (Figure 1). These particles 
change color and brightness when forces are acting on them. We use color, for the first time, to 
quantify the forces acting on the particles over a wide range of forces, while using light intensity for 
a small range of forces. With this calibration tests, each of these particle acts as a local indicator 
for the grain-scale forces, while collectively they visualize the continuum scale stresses in the solid 
skeleton –effective stress. 

Figure 1: Photoelastic particles and their calibration. (a) millimeter-scale photoelastic particle. (b) Photoelastic 
particles light up when forces are acting on them. (c) Force and displacement on each photoealstic particle. Red 
circle corresponds to the calibration step shown in (b).

Results, Discussion and Conclusions

We provide a first application of photoporomechanics to illustrate the evolution of effective stress 
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during 1-D consolidation: a process by which the stresses caused by a sudden load are gradually 
transmitted through a fluid-filled granular pack as the fluid drains and excess pore pressures dissipate.

Figure 2: Consolidation test using photoporomechanics. (a) The normalized displacement curve for the consoli-
dation test. (b) The six snapshots during the consolidation tests. (c) Enhanced images to study the evolution of 
force chains. The force chains develop from the top boundary, then progresses downwards through the pack as 
pore pressure dissipates.

We show that compaction of the granular pack is concomitant with the emergence of particle-particle 
force networks, which originate at the top boundary (where the pore fluid seeps out) and propagate 
downwards through the pack as the pore pressure gradually dissipates (Figure 2). Our novel tech-
nique provides a powerful experimental model system to study the strong coupling of solid and fluid 
in granular media. 

Photoporomechanics, combining index matching and tomography, have also been used to visualize 
the 3D effective stress field in coupled fluid-granular systems, which could revolutionize our under-
standing of granular systems that was, for decades, derived from 2D experimental investigations. 
Beyond its intrinsic interest for direct visualization of effective stress in granular matter filled with 
single-phase fluids, our technique provides more generally a methodology to study the grain-scale 
underpinning of coupled fluid-solid processes in granular media (Juanes et al., 2020), including capil-
lary cohesion, desiccation cracks, capillary fracturing, gas venting, frictional flows, and fluid-injection 
induced fault slip (Alghannam and Juanes, 2020). 
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Introduction

Static and dynamic elastic moduli of rocks tend to be different from one another, which poses a 
challenge when trying to determine the geomechanical response of a reservoir from seismic, well log 
or laboratory ultrasonic measurements. Differences between static and dynamic elastic moduli are 
attributed to the applied strain rate, heterogeneity, anisotropy and strain amplitude to name a few 
(e.g. Fjær, 2019). Further complications arise when the rock is saturated by fluids, which will general-
ly cause frequency dependent dispersion in the moduli between seismic and ultrasonic frequencies 
(e.g. Müller et al., 2010). The aim of our study was to investigate the impact of strain amplitude on 
the bulk modulus of dry and water saturated pre-salt carbonate samples. To this end we performed 
hydrostatic forced oscillations to induce strain amplitudes from 10-6 to 10-4 on the samples at 0.02
Hz, in addition to classical dynamic measurements of ultrasonic wave velocities and large amplitude 
static loading and unloading cycles. 

Methodology

The static and dynamic bulk modulus of the samples were measured in a triaxial cell at ENS Paris 
(Borgomano et al., 2020). The dynamic bulk modulus was determined from P- and S-wave velocities 
(V and Vs, respectively) measured at 1 MHz and assuming the samples are isotropic:

where ρ is the density. The static bulk modulus was determined from the ratio between the stress
and volumetric strain during hydrostatic loading and unloading tests. The volumetric strain was 
measured with bi-axial strain gauges attached to the sample surface as εvol = εax + 2εrad.

To investigate the role of the strain amplitude on the bulk modulus we also performed hydrostatic 
forced oscillations on the samples at 0.02 Hz and increasing stress amplitudes (Figure 1a). The 
samples are subjected to 10 cycles around a mean pressure. A Fourier transform is used to deter-
mine the amplitude of the stress and strain signals. 

The different measurements were performed on the dry as well as water saturated samples at 
effective pressures of 5, 15 and 25 MPa. Measurements on the water saturated samples were 
performed under drained boundary conditions, with two syringe-pumps with a total of ~400 ml water 
connected to the samples to maintain a pore pressure of 5 MPa.

The three carbonate samples tested are from a pre-salt reservoir. Samples C1 and C3 are from the 
same borehole and have granular facies. Sample C11 is from a separate borehole and has a shrub 
facies. The porosity was in the range of 14 to 17 % and the permeability was in the range of 1 to 
16 mD. The samples were machined to a length of 74 mm and a diameter of 48 mm and dried in 
an oven at 50-60 ºC before being placed into the triaxial cell. The physical properties of the three 
samples are summarized in Table 1.

(1)
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Property C1 C3 C11
Porosity (%) 14.3 16.9 14.7
Permeability (mD) 4 16 1
Density (kg/m3) 2235 2180 2226

 Facies Granular Granular Shrub

Table 1: Physical properties of the samples.

Results and Discussion

Figure 1b shows the bulk modulus as a function of strain amplitude for the dry and water saturated 
sample C1. A clear transition from dynamic to static bulk modulus is observed with increasing strain 
amplitude. The bulk modulus of the water saturated sample is lower compared with the dry sample. 
The dependence of the bulk modulus on strain amplitude does not appear to be different between 
the dry and water saturated sample, however it is reduced with increasing effective pressure. The 
ratio of static to dynamic bulk modulus reduces from approximately 2 at 5 MPa effective pressure 
to 1.1 at 25 MPa effective, i.e. as pre-existing cracks are closed, irrespective of saturation state. 
These observations are consistent across the three samples studied. The heterogeneity and ani-
sotropy of the samples is a likely contributing factor to the differences between the ultrasonic and 
forced oscillation method. The observed dependence on strain amplitude is commonly attributed to 
frictional sliding between grain contacts and cracks (e.g. Fjær, 2019), however typically in uniaxial 
loading and not hydrostatic loading conditions. 

Figure 1: a) An example of the dynamic loading protocol. The confining pressure is oscillated at a frequency of 
0.02 Hz. b) Bulk modulus of the dry and water saturated sample C1 as a function of strain amplitude. Measure-
ments were performed at effective pressures of 5, 15 and 25 MPa. 
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Introduction

Understanding seismic wave propagation in granular porous media is important for subsurface cha-
racterization. The presence of fluids, their distribution and the prevailing wettability condition results 
in additional complexities. While it is known that wave propagation in dry granular porous media is 
dominated by the presence of force chains, their influence in (partially) saturated granular porous 
media with different wettability conditions remains largely unexplored. To make progress in this di-
rection, we design laboratory experiments by combining core flooding and ultrasonic measurements 
in glass bead packings whose wettability is altered by two methods: (1) chemical treatment and (2) 
plasma jet application. The P- and S-wave velocity--saturation relation and attenuation--saturation 
relation are retrieved from the waveforms for both water- and gas-wetting samples. The results 
show that there is a transition from an attenuating but stable $P$-wave pulse at low and moderate 
saturation to a set of incoherently scattered waves at high saturation. The incoherent scattering in 
the gas-wetting case is negligibly small, whereas it is more pronounced in the water-wetting case. 
We interpret these observations in terms of the wettability-dependent ability for water to penetrate 
into grain contacts.

Methodology

The experimental setup consists of a poly-carbonate cylinder (15.5 mm inner diameter and 48 – 
52 mm length) packed with spherical glass beads with a quasi-identical diameter of 200 ± 50 µm 
and two piston piezoelectric acoustic transducers mounted on the two ends. The fluid can be injec-
ted through the inlet line and the displaced fluid exits through the outlet line (Figure 1). Olympus 
V103 and V153 piezoelectric transducers with broadband frequency range 0.2-2 MHz and 1 MHz 
nominal (center) frequency are used to generate and record P- and S-wave pulses, respectively. A 
uniaxial pressure of about 150 kPa is applied on the outside faces of the transducers to guarantee 
dense packing (further details in Li et al., 2020).

The wettability is changed by two methods. The first method involves a chemical treatment with Qui-
lon-C. In the second method, the wettability is changed through application of a plasma jet following 
the procedure presented in Yu et al. (2020). The plasma reactor is energized by the power supply 
with a microwave frequency of 2.45 GHz, a pulse frequency of 1 kHz (duty ratio of 50%), applied peak 
power of 100 W and average power being 50 W. The input airflow is 10 L/min which is generated 
from an air compressor. The treatment time is 3 min. To compare the effects caused by different 
plasma, a dielectric barrier discharge (DBD) plasma is applied to treat the glass bead packing as 
well with the same gas flow rate, applied power and treatment time. 

To indicate the wettability, the contact angle is measured. Water droplets are applied on the original 
glass surface and the Quilon-C/plasma-treated surface, respectively, in air environment. The mea-
sured contact angle on a water-air-glass interface is 7.64º, which is far less than 90º indicating that 
the pure, untreated glass beads are strongly water-wetting. Water is incrementally injected into the 
glass bead packing through the inlet line with an approximate flow rate of 0.7 ml/s. The acoustic 
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measurement is conducted after each incremental injection (Figure 1).

Figure 1: Left: Real and schematic experimental set-up for conducting acoustic measurement during the water-air 
core flooding in the glass bead pack under axial pressure P. T and R denote the piezoelectric transmitter and 
receiver, respectively. Right: Typical P- and S-waveforms recorded for variable saturation.

Results, Discussion and Conclusions

The results indicate that the wettability has a significant impact on ultrasonic wave propagation in 
a granular porous medium. We explain these characteristics in terms of wettability-dependent force 
chain network alterations, an effect which promotes the role of wettability and which is beyond the 
scope of poroelasticity (Li, Rezaee and Müller, 2020). In this picture, the effective elastic moduli 
and the characteristic length scale pertaining to a force chain network are altered during water 
injection. The dry granular porous medium, as a limiting case, where all pores are saturated by air, 
has a short-range characteristic length scale. Therefore, when the dominant wavelength of a pulse 
becomes comparable to or exceeds this characteristic length scale, the pulse stably propagates 
in a dynamic-equivalent homogeneous medium. The pulse decay cannot be explained in terms of 
a fluid-related mechanism.For partial saturation, only if the water wets the grains, the water can 
intrude into small grain contacts. Therefore, the grain contact-filling fluid as wetting phase (i.e., 
water) promotes the development of the longer-range force chains and higher effective moduli. This 
appears to be a plausible explanation of the observed wave velocities and also explains the appea-
rance of shorter pulses comprising a more complex wave train, indicative of waves multiply scattered 
at heterogeneities formed by the evolving force chain network.
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Introduction

The nucleation and propagation of thrusts in a sedimentary sequence will be controlled by the me-
chanical properties of the materials involved and their distribution within the rock sequence under 
stress. In thrust belts, the strength of the system will rely on those rigid formations that constitute 
the framework of the sedimentary rock sequence affected. The bulk of structure in the studied rock 
sequence was imposed in the Carboniferous during the development of the orogenic wedge associa-
ted to the Variscan belt. However, the same sequence has been subjected to several other tectonic 
events: two rifting episodes in the Mesozoic and the more recent Alpine convergence that produced 
the rise of the Cantabrian mountains. In all the later cases, deformation structures were not as 
pervasive as during the Variscan orogeny, excepting some local areas around major structures, but 
produced variable fracturing which has modified locally the physical properties of the rock massif.

Here, we present the results of ongoing petrophysical work in most of those stronger units within 
the sedimentary sequence that constitutes the Cantabrian Zone. We have determined some speci-
fic physical properties in intact rock samples, such as density, propagation of P and S waves and 
mechanical strength, in samples representative of three major groups of lithotypes: quartz arenites, 
dolostones and limestones (Fig. 1a). The dolostones belong to the Láncara Fm., frequently found at 
the base of thrust sheets in the Cantabrian Zone (e.g. Alonso et al., 2009). The quartz arenites of 
the Barrios Fm. constitute a strong unit within the thrust belt as it is present in all domains within 
the thrust belt. The third major lithotype studied are the sparitic limestones from the Barcaliente 
Fm., which becomes frequently the base of thrust sheets towards the external part of the thrust belt. 
By using intact samples we intended to avoid some of the fracturing in the rock mass, however in 
some lithotypes the intensity of the fractures did affect all scales and its effects were not completely 
avoided.

Methods in the lab

One of the ultimate aims of our work is to compare how different processes affect different ma-
terials, not just in terms of chemistry and mineralogy, but also in terms of the microstructure. For 
that reason, we restricted our analysis to properties that could potentially allow the comparison of 
very different materials but which are also susceptible to register various sources of alteration, for 
instance by fracturing or weathering in relation to tectonic structures. Some of our samples were 
directly cored from blocks collected by us in the field, others come from borehole samples that were 
either drilled as part of geotechnical studies in relation to civil infrastructure or as part of mineral 
exploration campaigns.

Mass-volume measurements on cylindrical samples allow the determination of density and (con-
nected) porosity. In uniaxial loading we extracted mechanical data, mainly in the elastic regime by 
constraining the Young modulus, but also the uniaxial compression strength (UCS). We use an MTS 
loading frame with a loading capacity of (nominally) 3,000 kN, in some samples in parallel to the use 
of strain gages to calculate directly Poisson ratios. 

Dynamic elastic properties were obtained through the measurement of the propagation velocities 
of both P and S waves. We employed a portable equipment (Proceq, Pundit L-200), where P and S 
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waves are measured using transducers at frequencies 54 kHz and 500 kHz (P waves) and 500 kHz 
(S waves). Specific and different gels are used for P and S waves to improve the signal.

Figure 1: a) location of studied lithotypes in an idealized sedimentary sequence for part of the Cantabrian Zone, 
the shading in the Devonian reflects the fact that it is absent towards the external part of the thrust belt (based 
in Alonso et al., 2009); b) loading curves in the three main lithotypes tested, illustrating the relative rigidity of 
carbonates with respect to siliceous terms; c) velocity data obtained in the lab in cylindrical samples (blue lines 
are Poisson ratios as shown in Christensen, 1996). Crosses show properties of major mineral phases in the 
three lithotypes.

Results and Discussion

Loading curves in the three major lithotypes in Fig. 1b illustrate graphically the high rigidity of carbonate 
rocks with respect to quartz arenites in the sedimentary sequence despite the fact that some of the 
carbonate samples inevitably present sealed fractures and veins. The dispersion of curves in quartz 
arenites is related to a change in porosity of up to 6% in relation to weathering. The more intense 
fracturing in limestone samples with respect to dolostones, despite being sealed, translated in signi-
ficantly lower UCS values.

In contrast to results in uniaxial compression, velocity data in Fig. 1c shows that the sealing of fractu-
res in limestones is effective in terms of preserving the propagation of seismic velocities very similar 
to those of the dominant mineral phase, calcite. The large dispersion of velocity data in quartz arenite 
is probably affected by the larger range of porosity values with respect to that of carbonates.

There are tangible differences in mechanical properties between the dominant lithotypes of the li-
thostratigraphic units studied when preserving pristine conditions. The modification of the starting 
properties of intact samples from these units by different processes, such as fracturing or weathering, 
produce in some an overlap of properties for rocks from very different origin and mineralogy.
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Introduction

Exploration, development, and monitoring of the subsurface relies on observation with sonic tools 
and seismic data, which require calibrated rock physics models. However, for carbonate rocks core-
to-log-to-seismic calibration remains challenging because of their frequently complex, multiscale tex-
tural and compositional heterogeneity (e.g., Anselmetti & Eberli, 1993). We report on the ultrasonic 
velocity properties of limestones and dolostone-dominated rocks under varying stress conditions 
(Figure 1). Textural variation plays a key role in controlling ultrasonic wave velocities in carbonates 
(e.g., Weger et al., 2009), and recent data suggest that this is reflected in the sensitivity of com-
pressional wave velocity to changes in effective stress or pore pressure (Verberne et al., 2021) 
(Figure 1). In this contribution, we report on an extension of the data set of Verberne et al. (2021), 
including new experiments on samples with a wider porosity range. In addition, aiming to improve a 
velocity-porosity transform, we compare the results with the extended Biot theory (EBT) developed 
by Sun (1994). This model is capable of quantitatively capturing the effects of pore structure and 
porosity on elasticity of porous rock (see also Sun, 2000).

Figure 1: Testing protocol with insets summarizing the effect of stress on microcrack development (see Verberne 
et al., 2021; Li et al., 2021). i) isostatic pressurization, ii) increasing axial effective stress leading to microcrack 
closure and a subsequent increase in vp,s, iii) sustained differential stress leading to microcrack nucleation and 
decrease in vp,s.

Methodology

We conducted compression tests using triaxial deformation apparatuses installed at the Energy 
Transition Campus Amsterdam (ETCA) (Verberne et al., 2021). The samples consisted of 24 li-
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mestone core plugs with starting porosity Φ0 = 23-30%, and 25 dolostone-dominated core plugs
with ϕ0= 3-29%. The limestone plugs are composed of calcite (grain density ρg ≈ 2.71 g/cm3) and
show a wide range of pore types (e.g., vuggy, mouldic, micropores). We identified ‘micro-’, ‘meso-’, 
and ‘macroporous’ samples based on pore size. The dolostone-dominated plugs show composi-
tional variation, identified as layering and colour differences. The grain density ranges from 2.66 
g/cm3 to 2.86 g/cm3. Each test employed automated testing and data acquisition protocols, 
including isotropic loading cycles at constant pore pressure (Pp), axial stress cycling at constant 
mean stress, triaxial compression to reservoir conditions, and Pp-cycles (Figure 1). Ultrasonic 
compressional and shear wave velocities (vp and vs, 0.8 MHz) were measured every 150-300 s. To 
assess the effect of changing stress conditions we determined the mean vp and vs for intervals of 
constant stress and pressure, as well as the sensitivity of vp to changes in axial stress and pore 
pressure (resp., dυp / d σax or dυp ⁄ d Pp). Furthermore, we calculate the frame flexibility factor γK
from experimental data Sun, 2000, which we plot in vp-ϕ-γK space generated assuming constant 
vp/vs and bulk density.

Results, Discussion and Conclusions

Results on the effects of stress on the acoustic properties of our samples are consistent with those 
reported by Verberne et al. (2021). In particular, sustained differential stress, including pore pres-
sure cycling, leads to permanent changes in vp,s suggestive of progressively accumulating damage 
or microcracking (Figure 1). Comparison of the data with EBT reveals a pattern consistent with an 
improved vp-ϕ-γK transform.
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Introduction

Poisson’s ratio is an important elastic rock parameter for the oil and gas industry that provides 
information on lithology, safe drilling window, and reservoir compaction. Derivation of Poisson’s 
ratio from geomechanical tests is uncertain (Risnes & Flaageng, 1999) and, therefore, may be cal-
culated from elastic wave velocity of propagating compressional (P) and shear (S) waves. However, 
sometimes published values of Poisson’s ratio of chalk in the laboratory are much lower than that of 
calcite (Fabricius et al., 2007). In a laboratory setting, the determination of elastic wave velocities 
relies on detecting the wave arrival time in the recorded wave train. Detecting the P-wave arrival time 
is straightforward since it propagates faster than the S-wave and thus records the first deflection 
on the wave train. In contrast, detecting the S-wave arrival is frequently challenging as the S-wave 
train includes faster-travelling P-waves (Fig. 1a). Some of these are parasitic P-waves generated by 
the S-wave crystals, and some will likely be the product of S- to P-wave conversions. By stacking 
S-wave trains in a time-strain-amplitude domain, we identified two prospective S-wave arrivals, from
which the first follows the same trajectory as the obvious P-wave. Calculating elastic parameters
considering both arrivals, we observed that the first arrival sometimes leads to a negative Poisson’s
ratio, whereas the second arrival approaches the Poisson’s ratio of calcite. Employing the Isoframe
rock-physical model (Fabricius, 2003) confirmed the choice of the second wave.

Methodology

In the laboratory, we continuously transmitted and recorded P- and S-wave trains on highly porous 
oil, water, and air-saturated chalk plugs during uniaxial strain compaction. We observed two distinct 
wave features using individual wave trains, which could be interpreted as the S-wave arrival. Those 
features were picked readily at all stress levels and denoted as an early and late arrival (Fig.1a). 
We proceeded by stacking recorded S-wave trains in a strain-time-amplitude domain and observed 
that the two wave features have distinctly different trajectories upon increasing uniaxial strain (Fig. 
1a & Fig. 1b).

Figure 1: a) Stacked wave trains from S-transducer in the strain-time-amplitude domain from an oil-saturated 
chalk plug during increasing uniaxial strain. Zero amplitude contour lines are projected on the strain-time plane. 
b) The stress-strain domain of the test.



Book of Abstracts. 6IWRP32

Results, Discussion and Conclusions

From wave velocities of prospective waves, we derived Poisson’s ratio and observed that the early 
wave arrival has very low or even negative values, confirming that the early wave is not the S-wave 
arrival. Meanwhile, deriving Poisson’s ratio using the velocity calculated with the late arrival, it ou-
tputs reasonable values, approaching Poisson’s ratio of calcite. To corroborate the picking of the 
transmitted S-wave’s arrival, we derived apparent shear modulus for early and late arrivals, and 
including P-wave data, we derived bulk modulus as input to the Isoframe model. In the Isoframe 
domain (Fig. 2), we observed that adopting the early arrival of the water-saturated plug yields an 
unphysical bulk modulus before pore collapse as it has lower values than the Reuss bound (Fig. 2). 
Independent of the saturation condition, the early wave has incongruent Isoframe values in the shear 
and bulk modulus compared to the compressional modulus, whereas the late wave congruent (Fig. 
2). Thus, we deduced that the late arrival is the transmitted S-wave.

Figure 2: The Isoframe model of highly porous chalk for the early and late wave arrivals. Isoframe value (IF) is a 
cementation indicator. Top panel: Oil saturated plug. Middle panel: Water saturated plug. Bottom panel: Dry plug.
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Introduction

Basalt reservoirs could contribute greatly to mitigating anthropogenic global warming through their 
high potential for geothermal energy and heat extraction (Marieni et al., 2018), long term CO2 sto-
rage via mineral carbonation (Snæbjörnsdóttir et al., 2020), and potentially H2 storage (Al-Yaseri 
and Jha, 2021). As faults are a major source of hydromechanical heterogeneity in basalt reservoirs, 
understanding their stability and hydrology is essential for tackling the climate crisis. 

The Faroe Islands are a unique location to study fault structure and evolution in basalts at reservoir 
depth. The upper 6.5 km of the stratigraphy are dominated by basalts and the tectonic history is 
limited to extensional faulting during the opening of the Atlantic Ocean. Exhumed faults that were 
active at 1 2 km depth can be studied in several spectacular outcrops. Our findings offer detailed 
insight into the fault architecture as well as the spatial and temporal evolution of physical properties 
during faulting on the Faroe Islands, and potentially basalt hosted fault zones in general.

Methodology

Based on field observations and microstructural analysis of fault zones ranging from ca. 30-1500 
m of displacement, and using a space-for-time substitution, we first built a model for the evolution 
of the fault structure. Strength, frictional properties and permeability of key structures were then 
measured in the laboratory from gouge samples using a direct shear assembly (Samuelson and 
Spiers, 2012) with confining pressure of 55-65 MPa (ca. 2 km depth) and pore pressure oscillations 
(Bernabé et al., 2006) around 10 MPa. Our procedure included both velocity stepping from 1 µm/s 
to 10 µm/s and 100 µm/s, as well as four hold periods of 1 h (pre- and post-stepping), 465 s, and 
60 s, allowing us to determine rate-and-state friction parameters and the magnitude and time-depen-
dence of frictional healing.

Results

The studied fault zones record localization from decameter-wide Riedel shear zones into meter-wide 
fault cores, containing multiple cataclastic shear bands and low strain lenses organized around 
a central principal slip zone (PSZ). Shear bands and the PSZ consist of (ultra-) cataclasites with 
a zeolite-smectite assemblage replacing the original plagioclase-pyroxene host rock composition. 
Low-strain lenses are hydrothermal breccias of weakly altered host rock or reworked fault rocks.

Direct shear experiments show how frictional properties change across the fault zones, from unal-
tered wall rock basalt, through the weakly altered and fractured damage zone, to the cataclastic 
slip zones in the core. The coefficient of friction decreases from ca. 0.7 in milled host rock to 0.3 
in milled smectite-zeolite cataclasite. While the host rock gouge is shear-strengthening, fault rock 
gouges maintain a constant frictional strength during shear. All materials are velocity-strengthening 
with a-b ranging from 0.003 in host rock to 0.023 in cataclasite. Healing is most effective in basalt 
gouges (0.07/hour) and least effective in fully developed smectite-zeolite cataclasite (0.01/hour), 
and the healing rate decreases logarithmically with increasing hold time. Furthermore, pre-shear 
permeability decreases from 5×10-19 m2 in host rock gouge to below 5×10-21 m2 (lowest measured
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permeability) in cataclasite gouge samples. During initial shear, permeability drops by at least 1 2 
orders of magnitude until failure. Measuring dynamic permeability past the point of initial failure has 
been unsuccessful as it drops below 10-21 m2, but overall downstream pore pressure trends indicate
porosity destruction primarily during slow creep (1 µm/s) while the pressure remains stable during 
faster velocity steps. 

Discussion & next steps

Our results show significant weakening and reduced healing rates associated to chemical alteration 
of the primary plagioclase-pyroxene assemblage in the host gouge to a smectite-zeolite dominated 
assemblage in the cataclasite gouge. This illustrates how chemical breakdown in the incipient fault 
zone can be an important driving force for shear localization into a fault core. Here, evidence for 
slip zone reworking indicates cyclic fault activity with repeated shear zone locking and migration. 
The considerable permeability loss measured during cataclastic flow could promote extensive hy-
drofracture, as recorded in the fault cores, leading to restrengthening by the ensuing cementation 
(Callahan et al., 2020). This restrengthening drives slip zone migration and initiation of a new cycle. 
Significant velocity-strengthening of the fault rocks implies a low risk of seismic failure during active 
faulting. This result bears positive implications when considering basaltic lithologies as potential 
underground storage or geothermal reservoir.

In a next step, we will investigate direct shear testing of solid fault rock samples in a similar proce-
dure.

Acknowledgments

This work is part of a PhD project funded by the College of Science and Engineering, University of 
Leicester.

References

Al-Yaseri, A. & Jha, N. K. (2021) On hydrogen wettability of basaltic rock. Journal of Petroleum Science and En-
gineering, 200, 108387.

Bernabé, Y., Mok, U. & Evans, B. (2006) A note on the oscillating flow method for measuring rock permeability. 
International Journal of Rock Mechanics and Mining Sciences, 43, 311-316.

Callahan, O. A., Eichhubl, P. & Davatzes, N. C. (2020) Mineral precipitation as a mechanism of fault core growth. 
Journal of Structural Geology, 140, 104156.

Marieni, C., Přikryl, J., Aradóttir, E. S., Gunnarsson, I. & Stefánsson, A. (2018) Towards ‘green’geothermal 
energy: Co-mineralization of carbon and sulfur in geothermal reservoirs. International Journal of Greenhouse Gas 
Control, 77, 96-105.

Samuelson, J. & Spiers, C. J. (2012) Fault friction and slip stability not affected by CO2 storage: Evidence from 
short-term laboratory experiments on North Sea reservoir sandstones and caprocks. International Journal of 
Greenhouse Gas Control, 11, S78-S90.

Snæbjörnsdóttir, S. Ó., Sigfússon, B., Marieni, C., Goldberg, D., Gislason, S. R. & Oelkers, E. H. (2020) Carbon 
dioxide storage through mineral carbonation. Nature Reviews Earth & Environment, 1, 90-102.



Dynamic versus static modulus in clays and
mudstones in the North Sea

6IWRP. A Coruña, Spain. June 2022 35

Lars Grande a, Luke Griffith a, Jung Chan Choi, Nazmul Haque Mondol a,b

a) NGI, P.O. Box. 3930 Ullevål Stadion, N-0806 Oslo, Norway
b) Department of Geosciences, University of Oslo, N-0371 Oslo, Norway

Contact email: lars.grande@ngi.no

Introduction

The transformation from dynamic to static modulus is dependent on several effects including strain 
rate (frequency), strain amplitude, drainage conditions, heterogeneities, anisotropy, type of lithology 
etc. (Fjær, 2018). This paper focuses on the strain amplitude effect, which shows how shear strain 
amplitudes affect the ratio of static to dynamic shear modulus (Gstatic/Gmax). Shallow Quaternary 
clays have been analyzed and compared with deeper mudstones and shales. Examples of dynamic 
to static transformation are highlighted for the Carbon  Capture  and storage (CCS) sites Aurora and 
Smeaheia in the Horda Platform area, offshore Norway.

Methodology

The empirical relations from Vucetic and Dorby (1991) and Darandeli (2001) are commonly used to 
establish G/Gmax for geotechnical applications (i.e., dynamic analysis related to foundation design). 
The ratio of G/Gmax is usually determined from cyclic testing, where shear modulus from cyclic load-
ing (G) during shearing is divided by Gmax which is the initial dynamic modulus determined from the 
bender element test (s-wave). In these methods, the G/Gmax versusshear strain is related to the 
plasticity index (IP), the over consolidation ratio (OCR), and the effective stress, with different sets 
of regression parameters per soil category (clean sand, sand with high content of clay, silt and clay). 
The method, developed for soils, describes the dynamic response during material degradation. For 
rock, e.g. mudstone and shales, Gmax is determined from ultrasonic velocity measurements. This 
work investigates the relation of static shear modulus (Gstat) from strain measurements and G/Gmax 
during shearing.

Results and Discussion

Figure 1, left figure, shows examples of results from dynamic G/Gmax derived from Darandeli (2001), 
and Gstatic/Gmax derived from direct simple shear tests (DSS) and undrained compression triaxial 
tests (CAUC). The result shows that the shear modulus degradation curve from the static DSS test 
fit the shape of G/Gmax versus shear strain  after multiplying by scaling factor to 0.3 G/Gmax value. 
In general, it was found that the scaling factor of 0.1-0.35 to G/Gmax values can obtain a reasonable 
fit. The comparison focuses on the range of shear strain of 0.01-0.1%. The data from DSS and CAUC 
are generally less reliable and should not be used below a threshold strain of 0.1mS because of the 
resolution of sensors in standard laboratory systems (i.e., DSS, Triax, etc.). Figure 1, right figure, 
show calculated Gstatic from Oedometer tests (uniaxial strain), for the tested shallow quaternar clays, 
and it was found that Gstat/Gmax is generally below 0.002-0.1. However, unloading modulus is typical-
ly 5-10 times than loading resulting in higher Gstat/Gmax ratios during unloading.

For drained triaxial tests (CID) on intermediate deep Nordland mudstone, a scaling factor of 0.3 to 
Gdyn/Gmax values shows a reasonable fit to Gstatic/Gmax. Note that Nordland is a drained triaxial test 
and differs from the other undrained tests in shales and clays. For the two undrained triaxial tests 
(CIU) on the deeper shale, a scaling factor of 0.7 to G/Gmax, was found to fit Gstatic/Gmax reasonably 
well. The unloading and reloading modulus may correspond to close to the elastic (dynamic) re-
sponse after accumulated shear strain. For a reference shale with unloading at 3mS shear strain, 
the average Gstat/Gmax of 0.6 fits well with G/Gmax based on Darandeli, 2001. From this it is suggest-
ed that the scaling is dependent on degrees of consolidation (clay versus mudstones and shales 
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and drainage conditions (drained versus undrained). This comparison also indicates that Gstat/Gmax 

is dependent on stress path that varies from direct simple shear, compression, and uniaxial strain 
(DSS, CAUC, or Oedometer).

Figure 1: Left figure; Example Gstat/Gmax vs. shear strain from DSS and CAUC test. Right figure; G/Gmax versus 
OCR, where G is converted from Oedometer test constrained modulus. The various colours reperesentes various 
sites.

The application and relevance to log-, seismic and field scale geomechanical models for CCS is 
highlighted. The strain amplitude depends on distance from injection point, and the choice of Gstatic/
Gmax depends and the type of analysis to be performed (i.e., drained versus undrained analysis).

Conclusions

The shape of Gstatic/Gmax versus shear strain curves from clays, mudstones and shales is found to 
fit reasonably well to Darandeli’s (2001) relationship of G/Gmax when applying a fixed scaling ratio. 
The scaling ratio is dependent on the degree of consolidation (clay versus mudstones and shales), 
drainage condition (drained versus undrained), and type of stress path. 
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Introduction

Carbon Capture and Storage (CCS) operations are widely recognized as the most realistic mitigation 
strategy to combat increasing CO2 emissions. Around 5.6 GtCO2 yr -1 needs to be captured using 
CCS by 2050, to meet the Paris Agreement’s net-zero targets and limit warming to 1.5 °C by 2100, 
which is far from the 40 MtCO2 yr -1 currently being captured. Recent estimates suggest that world’s 
saline aquifers and oil and gas reservoirs have sufficient CO2 storage capacity to face the Energy 
Transition challenge (Lau et al., 2021).

Deep siliciclastic saline constitute the preferred option for geological CO2 storage due to their low re-
activity and high storage capacities. The best example is the CCS site at the Sleipner Field, Norway, 
with ~1 MTn CO2 injected per year with no evidence of CO2 leakage to date. However, Sleipner has 
exceptional conditions in terms of porosity (>35 %), permeability (>1 D) and mineralogy (weakly 
cemented quartzose sand). However, most of the sandstone formations offshore contain variable 
rates of (clastic) carbonate to siliciclastic components. The dissolution of carbonate minerals via 
CO2-fluid-rock reactions may play a significant role in the transport and eventual leakage of CO2 from 
subsurface storage. 

In this contribution, we present the preliminary results of a combined experimental and simulation 
study to evaluate the extent to which the reactivity of carbonate-bearing sandstones exposed to CO2 
leads to detectable geophysical signatures that could serve as early warning markers.

Methodology

To investigate the effect of carbonate dissolution on the physical properties of carbonate-bea-
ring reservoir rocks, we manufactured a synthetic sandstone containing carbonate bits, fo-
llowing the procedure in (Falcon-Suarez et al., 2019). We embedded mussel shells (with > 95% 
of Ca2CO3) fragments (~5 g) into a past of Leighton Buzzard sand (~250 g)  + kaolinite (~15 g) 
+ NaSi (~50 g) gel, and transformed the resulting mixture into a rock by heating it up to 275 °C
in the oven (Falcon-Suarez et al., 2019). From the synthetic block, we extracted a 2 cm height, 5
cm diameter core plug for testing CO2-induced changes on the transport and elastic properties
of carbonate-bearing sandstones, and used the trimmings to create thin sections for petrogra-
phic analysis. To conduct the experiment, we used the setup for multi-flow tests of the Rock Phy-
sics Laboratory at the National Oceanography Centre (NOC RPL), Southampton. The experiment
included a high-pressure (30 and 10 MPa of confining and pore pressure, respectively) 3.5%
NaCl brine-CO2 flow-through test with geophysical monitoring (ultrasonic waves and electrical
resistivity), together with a hydro-mechanical assessment (with porosity and permeability deter-
minations, and the stress dependency of the main elastic properties), before and after the CO2

exposure. After the first experiment, we immersed the sample in a CO2-saturated brine solution
for ~5 months at 10 MPa of pore pressure. Then, we repeated the previous procedure to study
the CO2 long-term effect on the original sample properties.



Book of Abstracts. 6IWRP38

Results and discussion

Here we present the preliminary results of the first brine-CO2 flow-through test, only. A mechani-
cal change seems to occur during the brine flow, before the CO2 injection (before 6 PV; Figure 1, 
right). Thereafter, after 90 pore volumes of CO2 flow-through displacing the resident brine solution 
circulating through the sample, the saturation of CO2 was ~35%, derived from a ~5 to ~10 Ohm 
m resistivity change using Archie’s empirical relationship. SEM analysis revelled minor amounts of 
dissolution, and limited to the edges of the mussel shells (Figure 1, left), which could account for 
the 0.75% increase in porosity from before to after the experiment. The minor dissolution observed 
in the thin section should lead to a slightly change in the geophysical record, which could correspond 
to the resistivity and VP drop around 60 PV, not reflected by VS and the attenuation factors QP

-1 and
Qs

-1. The results from this project suggests that during the beginning of CO2 injection, carbonate
bearing reservoirs should behave like pure sandstone reservoirs. Over longer injection periods, the 
calcite shells would likely dissolve, triggering significant changes in porosity and permeability that 
could affect its storing efficiency. Further results from the subsequent CO2-brine flow-through test 
after long-term of CO2 exposure will allow differing between geochemical and geomechanical induced 
by the CO2-brine-rock reactions and whether the dissolution can be isolated from the CO2-brine fluid 
substitution effects.

Figure 1: Left, post-CO2 exposure thin section image highlighting dissolution signs around mussel shell bits (red 
circle); Right, results from the first brine-CO2 flow-through test on carbonate-bearing synthetic sandstone. P- and 
S-wave velocities (VP, VS), attenuations (QP

-1, Qs
-1) and electrical resistivity (ER) are plotted against pore volume

(PV); blue arrow indicates the starting of the CO2 injection.
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Introduction

Forced-oscillation stress-strain laboratory measurements are increasingly employed to obtain elas-
tic and viscoelastic properties of rocks at seismic frequencies. Yet these measurements are slow 
time- consuming and expensive, due in part to the use of metal or semiconductor strain gauges, 
which need to be glued to the sample. Such gauges are fragile, have relatively low sensitivity, and 
measure very local strain only so that the measurements can be affected by a slight misalignment 
of the system assembly and local heterogeneity of the rock. The emergence of fibre-optic distributed 
acoustic sensing (DAS) technology provides an alternative means of measuring strain. Strain meas-
urements with DAS involve winding an optical fibre around the sample multiple times and connecting 
it to a DAS recording unit. Pilot experiments performed using this setup on samples of Poly(methyl 
methacrylate) (PMMA), polyether ether ketone (PEEK), aluminium and dry Bentheimer sandstone 
samples show good agreement with strain gauge measurements.

Figure 1: a) Scheme of the experiment setup. b) Photo of the experiment setup. c) Example of the recorded data 
on the experimental setup containing the aluminium standard and the PMMA sample. The power spectrum of the 
signal recorded at the central 10 m part of the fibre wound around the sample and the standard is in the top left 
corner. The windows used for the calculation of the power spectrum are shown on the figure.

Methodology

Our prototype apparatus is based on the forced-oscillation stress-strain method and an apparatus 
developed described by Mikhaltsevich et al. (2011, 2014) in details. The periodic sinusoidal load is 
applied via a piezoelectric actuator to the experimental setup comprising a sample and an aluminium 
calibration standard (Figure 1). Comparison of the measured strains in the sample and the standard 
allows calculation of elastic moduli of the tested rock at a given frequency. In this study, we modify 
the laboratory apparatus of Mikhaltsevich et al. (2011) by replacing semiconductor strain gauges 
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with optical fibre, which is winded up on the tested sample and aluminium calibration standard 
(Figure 1). The fibre optic cable is connected to one the interrogator such as iDASv2 (Silixa Ltd.) or 
Terra15 (Terra15 Technologies Pty, Ltd), or Fotech (Fotech Solutions Ltd), which uses Rayleigh backs-
cattering to measure the strain rate over a given optical gauge length at regular intervals along the 
full length of the fibre. Our prototype uses the gauge length of 10 m and the channel spacing, the 
distance between the nearest points of measurements along the fibre, of equal to 1 m.

To test the proposed setup, we conduct a set of tests on Poly(methyl methacrylate) (PMMA), poly-
ether ether ketone (PEEK), aluminium and dry Bentheimer sandstone samples (Yurikov et al., 2018) 
subjected to a sinusoidal load at frequencies from 0.01 to 200 Hz. The results can be compared 
against the measurements conducted with semiconductor strain gauges.

Results and Conclusions

Advantages of DAS over strain gauges include much higher strain sensitivity (down to 10-11) and
signal- to-noise ratio (and hence, shorter time required for measurements), larger dynamic range, 
ability to measure average (rather than local) strain in the sample, and robustness at elevated tem-
peratures. Further research is required to obtain independent estimates of Young’s modulus and 
Poisson’s ratio, and to port the system into a pressure vessel to obtain rock properties at under in 
situ conditions.

We have developed and tested a prototype of an apparatus for forced oscillation measurements of 
elastic properties of rocks and materials using fibre optic DAS for strain measurements. The tests 
on a range of rocks and materials confirms reasonable accuracy of DAS measurements in compar-
ison with traditionally used strain gauges. Additionally, DAS has several important advantages over 
such gauges including high sensitivity and large dynamic range of strain measurements, much small-
er time required for experiments, distributed and synchronized measurements in multiple points 
along the full length of the fibre, robustness at under in situ temperature and pressure conditions, 
and full compatibility with the field seismic data acquisitions. The initial results demonstrate great 
potential of fibre optic for rock physics experiments, but further advances are required to enable the 
use of DAS technology for laboratory measurements under in situ conditions.
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Introduction

The use of hydrogen as an energy carrier will be indispensable for implementing the energy 
transition. Green hydrogen is a future oriented and largely climate-neutral solution to convert 
electricity from renewable energy sources such as wind power and photovoltaics into an energy 
carrier that can be transported, stored and used according to demand. To ensure the security 
of supply, large-scale storage of hydrogen is necessary, for which no sufficient storage capacity 
is currently available. One possibility to solve this problem would be the underground hydrogen 
storage (UHS), which could be realized by the usage of geological formations such as salt ca-
verns, but also depleted reservoirs which are existing as hydrocarbon reservoirs in the deep 
underground (Muhammad et al. 2022). 

In order to upgrade an existing pore storage facility from its previous use to a hydrogen storage 
facility, the operator must be able to demonstrate its integrity and economic viability prior to 
commissioning. Therefore, it is indispensable to know, if and how the emplacement of pure 
hydrogen changes the proper ties of the caprock. Since hydrogen has a very low dynamic visco-
sity and geochemical interactions with minerals are expected, it is likely that emplacement of 
hydrogen in conventional UHS decreases the threshold pressure and increases the risk of H2 
loss. Experiments using the test rig developed by the Gesteinslabor, provides essential para-
meters to demonstrate integrity and economic viability. 

Methodology

Besides the strength and the stress field, one of the main criteria for evaluating the site safety 
and integrity of the caprock of such an underground reservoir, is the capillary threshold pressure 
of the caprock (Fig.1). The threshold test rig allows to determine this parameter under different 
simulated reservoir conditions, to investigate the influence and interaction between the cap rock 
and the hydrogen of an underground storage.

Initial tests were conducted to determine the change in threshold pressure caused by hydrogen 
storage, using a slightly modified continuous injection method described by Meyn (1999). The clas-
sical stationary method (see Figure 1b) was used for the samples that were particularly dense. 
Threshold measurements were performed on two caprock samples, once before and once after 
exposure to hydrogen. 

In a first step of the testing procedure the samples were flooded with brine at room tempera-
ture and a confining pressure of 30MPa, the mean pore pressure was kept at 20 MPa. Before 
the hydrogen exposure, the permeability was analyzed under the same pressure conditions as 
described, but with different temperatures (40°C and 125°C). Within the threshold pressure me-
asurement, the experimental temperature was kept constant at 40° and 125°C and a confining 
pressure of 30 MPa. The inlet gas pressure (nitrogen) was held constant at 20 MPa, while the 
outlet brine pressure was lowered stepwise from 19.5 MPa to the level where threshold pressure 
was underrun. Following these measurements, the specimens were exposed to hydrogen under 
the same in-situ conditions as described above for at least four weeks, before the same testing 
procedure was run a second time.
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Figure 1: Schematic sketch of the pressures within an underground storage (left side). Results of the capillary 
threshold measurements after hydrogen exposure for the sample kept with 40°C temperature (right side).

Results

The first results of the measurements show that the performed hydrogen storage lowered the thres-
hold pressure of both samples. The first specimen, kept on a temperature of 125°C, shows a reduc-
tion of 1 MPa, from 4 MPa to 3 MPa (see Figure 1b). A reduction of 1.5 MPa (5.3 MPa to 3.8 MPa) 
was considered for the sample kept at a temperature of 40°C. According to the threshold pressure, 
the permeability was also reduced.

Conclusions

The possibility of determining the threshold pressure under the influence of hydrogen allows safe-
ty-relevant statements to be made with regard to the use of hydrogen in an UHS system. Initial tests, 
conducted with the new test rig on hydrogen-stored samples, indicate that storage causes changes 
in the rock that affect the threshold pressure. In a next step, in addition to the effects of exposure, 
the flow of hydrogen (instead of the nitrogen used in the described tests) is to be carried out, in order 
to enable an in-situ simulation of the conditions in the reservoir.
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Introduction

Permeability enhancement in tight rocks commonly requires the use of proppant agents to keep open 
the flow paths for gas recovery. While the experimental investigation of long-term proppant conductivity is 
sufficiently covered in reference standards (API 1989; ISO 2006), they do not include provisions for the 
specific assessment of the important interactions arising from the contrasting circumstances inherent 
to rocks (e.g. strength, foliation, etc.), joints (e.g. roughness), fluids (e.g. composition, viscosity, etc.), 
proppant (e.g. grain size, shape, strength, etc.) or stresses (e.g. horizontal, vertical, pore pressure) 
operating in a system. These circumstances may conduct to the development of a wide number of 
potentially adverse phenomena damaging the conductivity of propped fractures (embedment, crushing, 
fines migration and pore clogging, rock chipping, fracture closure, chemical reactivity, etc. Reinicke et al. 
2010) what challenges the development of operation and production activities in many assets. In this 
work we present an improved methodology for the experimental laboratory assessment of proppant-rock 
interactions under realistic reservoir conditions and we illustrate its application in one example. 

Methodology

The experimental system is based on a modification of a standard API-type conductivity cell (Cooke 
1973; ISO 2006). The cell itself is manufactured in carbon steel F-1140 while certain elements 
(loading platens, retaining collars) have been made with Uddeholm Corrax® steel. This is a high 
corrosion-resistant Cr-Ni steel. The cell has been designed to contain a maximum of 100-mm length 
rock plates that could be obtained from full size cores. As a special feature of this cell, a custom-ma-
de double-wall flexible sleeve is used to provide a certain level of lateral compression to the system 
conformed by two parallel rock plates with proppant in between. The sleeve isolates the fluid delive-
ring horizontal stress from the one used to flow along the fracture.

The cell is equipped with different instruments and sensors: 

a) Two absolute (Keller-Drück PA-33x; 0-100 bar range) and one differential (Keller-Drück
PD-39X of 0-35 bar range) pressure. The purpose of the transmitters is to assess the hy-
draulic pressure drop occurring in the API cell when a constant flow is fixed at one end of
the cell and fluid is allow to exit through a constrained or unconstrained end.
b) Two linear displacement transducers (Micro-Measurements HS50) with a travel range of
50 mm. These are emplaced in the modified API cell to monitor axial displacements.
c) 2 acoustic emission sensors (McWade Associates mod. NS-3303) of 20 mm diameter
and 15 mm height. They have a ceramic circular face plate of 18 mm diameter and a reso-
nant frequency of ~115 kHz. The purpose of the sensors is to monitor acoustic emissions
concurrent with testing. The AE sensors are connected to an available 2-channel Physical
Acoustics PCI-2 data acquisition system and the AEWin software.

The cell is introduced in a general purpose loading frame commanded by the PCD2K software. This sof-
tware also allows the high-frequency data acquisition of up to 16 analog channels.

A test sample is composed by a pair of rock slabs cut with the aid of a waterjet cutter (Omax ProtoMAX) 
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put on top and bottom of a proppant layer of 3 mm-thickness. The proppant used in the experiments 
is commercialized by HiCrush Operating LLC and has an average grain size from 0.212 to 0.420 mm. 
The rock slabs and proppant are kept in place with the aid of a 200 μm-thick copper sheet that is 
perforated in the longitudinal direction to allow the circulation of the fluid through the fracture region. 
Vertical and horizontal stresses are delivered by independent actuators commanded by a high pressu-
re, two-cylinder pump, fabricated in our laboratory. The confining fluid is oil. For the injection of the fluid 
circulating through the propped fracture, we use an ISCO DX100 twin-pump operated in continuous 
flow. The fluid outflowing the system may be recovered in a trap to continuously weight the mass of 
solids evolved during one test. 

Figure 1: Arrangement of the experimental setup (left) and selected experimental results of one of the demons-
tration tests performed (right).

Results

In the experiment illustrated in this work, the rock slabs are made of a slightly metamorphosed slate 
whose foliation is perpendicular to the vertical loading axis. That determines the contact surfaces of the 
fracture are flat. The proppant was added to the fracture to give it an aperture of ~3 mm (0.5 g/cm2). The 
test consisted in several stages the first one of them being the hydrostatic loading of the system (up to 
5 MPa) and then increasing the vertical stress (i.e. closing pressure) to 10 MPa level. The experimental 
results illustrate an evolution of the experimental system more complex than it could be anticipated with 
evidences of differential closure in the fracture, proppant migration or permeability reduction.

Conclusions

The experimental approach presented allows the investigation of complex hydro-mechanical phe-
nomena simultaneously operating in in a propped-fracture environment. The potential of the experi-
mental set up is significant and goes beyond the current limits of conventional API cell testing and 
standards in use by the industry.
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Introduction

The degree of fracture development in shale rocks is one of the main controlling factors of the shale 
gas reservoir production (Curtis, 2002; Gale and Holder, 2010; Zeng et al., 2016). Thus, under-
standing the main factors related to the natural fracture development is essential. The potential 
reactivation of natural fractures is always influenced by multiple factors, among which the regional 
and local stresses have a crucial effect on fracture development (Brudy and Zoback, 1999; Ameen, 
2014). In this study, we explore by means of numerical simulations the process of fracture initiation, 
propagation and interaction using pre-scribed fracture seeds varying their orientations respect to the 
imposed stress field. 

Methodology

The multi-physics numerical code ANSYS was used to simulate a dual fracture model (Fig. 1). The 
length, width and orientation of the fault seeds with respect to the stress axes were systematically 
varied. The variation and coalescence of the local field stress induced by the dual fracture tips was 
further studied (Fig. 1). Furthermore, in order to investigate the influence of the fracture propagation 
from pre-scribed tips, the Separating Morphing Adaptive Re-Meshing Technology (SMART) based on 
the stress-, and the stress intensity factors (SIFS) criteria was employed to simulate the dynamic 
pro-cesses with varies horizontal stress difference occurring with fracture propagation.

Figure 1: Geometry of the double fracture model (left); Stress evolution applied during loading of the model (right).

Results, Discussion and Conclusions

The condition leading to fracture initiation can be predicted based on the maximum shear stress 
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(τmax) and the maximum principal stress (σmax). The stress factor around the dual fracture system 
highlights the stress field disturbance (Fig. 2). The process of fracture propagation was monitored 
using the stress intensity factor (K1) on the fracture tip (Fig. 3). The results indicate that the dis-
tribution of high K1 values on the fracture tip influences the changing of the direction of fracture 
propagation. Moreover, the fracture tends to propagate to meet another one, this behavior would 
promote the increase of natural fracture volume. Future steps will focus on studying the influence 
of the mechanical heterogeneity and mutual interference from pre-existing fractures, and to further 
investigate the material and geometrical key factors affecting fracture propagation.

Figure 2: Evolution of the maximum shear stress (τmax) along the fracture tip Ⅱ (left); The τmax factor distribution 
around the dual fracture model for a confining stress of 50-60 MPa (right).

Figure 3: Variation of the intensity stress-factor (K1) along the fracture (left); Propagation of the fracture tips (red 
line) and equivalent stress field (right). 
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Highlights

• Cement bond breakage by microcrack generation in weakly cemented sandstone during
stress release can cause velocities to decrease. In addition, crushing of cement may also
contribute to the increasing stress sensitivity.

• We have extended the Patchy Cement Model (PCM) to varying patchiness cement model (VPCM)
which can simulates the variable stress sensitivity as to rock undergoes unloading.

• The crushing effect can be modelled in the varying patchiness cement modelling scheme by
reducing the mixed cement fraction used to compute disconnected PCM.

• VPCM is applied to recreate the experimental data of a synthetic weakly cemented sand-
stone and we achieve a very good match.
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Introduction

The depleting reservoir process will cause pore pressure changes and stress redistribution in the 
subsurface. This may affect the possibilities for infill drilling, both with respect to borehole stability 
during drilling and possible casing collapse after completion (Fjær et al., 2008). Therefore, a proper 
understanding of the geomechanical changes in the overburden is required. For the surroundings, 
the total stress changes may be estimated from geomechanical modelling using rock properties 
from laboratory tests as input (Holt et al., 2018). In this study, we aim to study how different stress 
paths emerge from different rock-mechanical properties and geometries for the formations in and 
around a depleting reservoir
.
Methodology

This work uses numerical simulation (finite element method) to simulate the depletion-induced 
stress changes in surroundings for different scenarios, reservoir geometry (thickness, depth, radi-
us), rock mechanical properties (shear modulus, Young’s modulus, Poisson’s ratio) in reservoir or 
overburden, and material anisotropy in reservoir or overburden. The variation cases accounting for 
different parameter impacts on stress path are compared to a base case (Yan et al., 2022). We as-
sume that the impacts from different parameters could be decoupled so that it is possible to study 
each individual parameter that might induce stress changes after reservoir depletion. 

Results

The results are a summary of findings from using 4D geomechanical simulation for different sce-
narios. For example, the depletion coefficient (defined as horizontal stress changes versus the pore 
pressure changes in the reservoir) for cases with different reservoir thicknesses is given in Figure 1. 
(a). Horizontal stress increases are smaller in the overburden, and arching is promoted when the 
reservoir thickness is larger. Another example for cases with different reservoir Poisson’s ratio is 
given in Figure 1. (b). The horizontal stress changes in the overburden are sensitive to Poisson’s ra-
tio in the reservoir when the Young’s modulus is kept constant and strongly impacts the stress path.



Figure 1: Depletion coefficient ϒh along vertical probing line though central reservoir for cases (a) with different 
reservoir thicknesses (h = 20m, 200m, 400m) and (b) with different reservoir Poisson’s ratios ( = 0.1, 0.3, 
0.45, note that Young’s modulus is kept constant, the shear modulus is changed according to the va r ia t ion 
in Poisson’s ratio). 

Conclusions

This study helps us find the most critical parameters for stress changes and distributions after 
reservoir depletion from simulations with different parameter studies. We can also extract the 
information of possible horizontal stress changes to monitor mud weight in actual drilling opera-
tions. The stress path in the overburden is sensitive to the reservoir’s geometry and mechanical 
rock properties. In the actual field, the stress path is usually impacted by the combined effect 
of multiple parameters. The geometry is complex, and rock mechanical parameters vary between 
different lithologies and depths. Furthermore, rock mechanical features of anisotropy, elastic 
nonlinearity, and elastoplasticity may contribute to the stress path. The parametric study improves 
the understanding of how stress paths emerge by sorting out the mutual impact of these factors 
by systematic variations of simplified geometries and parameters. 
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Introduction

Traditionally, the interpretation of rock-mechanical test results and geomechanical reservoir perfor-
mance focus on describing stress. Rock strength is typically defined as the peak stress attained 
before failure. Nevertheless, while rock strength in chalk is strongly dependent on properties such 
as porosity, cementation and saturating fluid, failure strains are remarkably similar for different 
specimens and saturating fluids when testing under oedometer conditions (Figure 1A). We propose 
a method to derive the elastic strain of a formation using petrophysical logging data. We can assess 
how susceptible to pore collapse each interval is by comparing present levels of elastic strain along 
a borehole against geomechanical testing data.

Figure 1: A) Geomechanical test results of upper Tuxen Formation high porosity chalk samples saturated with 
water or oil (Isopar-L). Tests done at oedometer conditions (εr=0). B) Top reservoir structural map of the Valdemar 
area showing the location of investigated wells (adapted from Jakobsen et al. 2004)

Settings

The Valdemar field is centrally located in the Danish Central Graben, north of the salt dome province 
(Figure 1B). The western part of the Valdemar field is dominated by an elongated N-S structure that 
presents two structural highs separated by a saddle point. Unlike most reservoirs in the Danish 
Central Graben, only residual oil is present in the Lower Paleocene and Upper Cretaceous. Instead, 
commercial accumulations are in heterogeneous Tuxen and Sola formations of the Lower Creta-
ceous Cromer Knoll Group. On the eastern part of the field, a separate dome structure hosting 
hydrocarbons remains undeveloped.

Methodology 

We calculated undrained elastic moduli along the borehole from the density and sonic velocity logs. 
These logs have a shallow depth of investigation, probing the zone flushed by mud filtrate. We cal-
culated fluid saturations of the flushed zone using shallow resistivity logs and derived the elastic 
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properties of the drained rock through a fluid substitution procedure. We obtained the drained bulk 
modulus, Kdry and drained oedometer modulus Eoed.

To derive the strain log, we used Biot’s formulation of effective axial stress σ’ (Eq. 1). Biot’s coeffi-
cient β was calculated with Eq. 2, where mineral modulus K0 is an averaged Voigt and Reuss mix of 
two components: calcite and irreducible residue fraction, calculated from the natural gamma ray log. 
Overburden stress σ was calculated from density log data, and pore pressure, Pf, from the RFT log. 
We then calculated axial strain, εa, along the borehole (Eq. 3).

Results and Discussion

The porosity and strain curves for three wells located in the greater Valdemar area can be compared 
to the strain level at which core plugs from these wells experienced pore collapse during geomechan-
ical testing (Figure 2). This procedure allows us to identify pore-collapse susceptible zones that could 
fail during natural depletion of the reservoir; improving completion design, planned trajectory of infill 
wells, and well abandonment practices towards the end of life of the reservoir.

Figure 2: A), B), and C) Petrophysical logs from Bo-2X, Valdemar-2H and Boje-2C depicting porosity on the left 
tracks and strain on the right tracks.
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Introduction

The behaviour of bentonite-based engineered barrier systems is strongly conditioned by the swelling 
capacity of this material, fundamentally linked to the increase of adsorbed water. For relative hu-
midities RH below 75%, much of the water present in the bentonite can be considered as adsorbed 
water (Gailhanou et al., 2012). Given this, in recent years a significant research effort has been 
made to characterise the variation of bentonite water content under these conditions (Dieudonne et 
al., 2017). In these works, defining the soil specific gravity GS as

[1] 

(where ρG is the density of the soil grains and ρm is the density of the adsorbed water), it is usual to
identify the variation of water content w with the variation void ratio em of the microstructure (func-
tional level used in double porosity models to simulate at macroscopic level the effect that the pro-
cesses taking place inside the aggregates of clay particles have on the whole system) by equation

[2] 

Therefore, the experimental characterisation of the variation of w as a function of RH allows defining 
a state function of em, a basic tool used in swelling modelling. In this process, GS in Eq. [2] is typically 
assumed constant. Therefore, ρm is also taken to be constant. However, there is ample experimental
evidence that the density of adsorbed water varies with w and RH (Richards and Bouazza, 2007). 
Hence the interest in modelling this variation to make available tools to evaluate its effect on the em 
used to simulate the in-service performance of bentonite barriers.

Methodology

The present analysis is based on two previous works. First, the experimental data recently presented 
by Navarro et al. (2022) is used, which characterises the variation of the adsorbed water density 
(Fig. 1) in the bentonite defined in Table 1 by helium gas displacement pycnometry.

Table 1: Main properties of the bentonite analysed.
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Figure 1: Experimental data from Navarro et al. 
(2022) (symbols) and proposed model (lines).

Second, the ρm information is structured using 
the conceptual model of incremental adsorp-
tive water density Δρm proposed by Zhang and 
Lu (2018)

[3] 

where ρMAX is the maximum adsorbed water density, obtained for suction s (calculated as a function 
of RH using the psychrometric equation) reaching the value sMAX, ρw is the bulk water density, and 
the decay coefficient η denotes how the density of adsorbed water decreases for decreasing s (or, 
equivalently, as RH increases). The value of η is estimated from experimental data using the Evolu-
tionary Solving method implemented in Microsoft© Excel.

Results, Discussion and Conclusions

Despite the variability in the experimental data for low RH values, the optimisation carried out allows 
capturing in the model the variation trend of the adsorbed water density (Fig. 1). The maximum devi-
ation is always below 4 %, reducing to 1 % as RH increases. Eq. [3] with a decay coefficient η = 0.95 
defines a plausible model of the variation of the adsorbed water density in the analysed bentonite. 
The proposed methodology can be applied to other clays, thus providing a robust tool to characterise 
the variation of adsorbed water in the macroscale simulation of bentonite barrier behaviour.
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Introduction

Upscaling of rock properties from lab scale (centimeter) to resolution of simulation grid cells (ranging 
from hundred meters to kilometer) are always a challenge. In this work we have focused on shales 
permeabilities and compared lab measurement with large scale simulations of shales using a 3D 
pressure simulator. The methodology has been tested on a dataset from the Norwegian Margin and 
compared with internal and published data from the North Sea.

Methodology

Due to its low permeability, standard laboratory methods can usually not be used to measure shale 
permeability. In this case we have carried out direct calculations from transient decay method where 
a sudden pore pressure difference is established on opposite sides of a thin disk-shaped specimen 
and the pressure decay back to equilibrium is analyzed. An advantage of the transient method is that 
the measurements are performed with small pressure perturbations. It is carried out with isotropic 
external pressure at room temperature. All tests are performed with isotropic confining pressure of 
17.2 MPa and a pore pressure of 10.1 MPa with 0.5 MPa pore pressure amplitude for the decay 
measurements.

A novel way to simulate the diagenetic effect of the smectite illite transition has been implemented 
in three-dimensional pore pressure simulator (Lothe et al. 2020). The simulator (Grøver et al. 2018) 
builds upon basin modelling principles laid out by Borge (2002) and is customized to model pressure 
generation and dissipation in 3D over geological time scales. The basic assumption is that the fluid 
flow dynamics can be described by pressure compartments, defined by faults. The change in porosity 
is given by compaction curves, and kinetic equations reflecting the degree of chemical compaction. 
The tool quantifies pressure dissipation using a model for lateral cross-fault fluid flow and Darcy flow 
equations in the vertical direction. The Griffith-Coulomb failure and the frictional sliding criterion are 
used to simulate hydraulic leakage from the overpressured compartments.

Results, Discussion and Conclusions

A Monte-Carlo approach has been set up, and 1000 simulation runs have been carried out varying 
the input parameters linked to the permeability model (Kozeny-Carman equation), the effect of 
smectite-illite transition in the shales and the temperature gradient within the dedicated basin. 
The pressure generation and dissipation have been simulated for the last 160 million years, with 
time steps of 250 000 years. Twenty interpreted seismic horizons and fault pattern at top Garn 
Formation (Fm.) are used to set up the model. Figure 1a shows simulated permeabilities for the 
sedimentary column for one pressure compartment, where the thin spikes with high permeabilities 
are sandy layers and “break point” is due to the simulated smectite-illite transition. Overall, the sim-
ulated mean permeability for the shales is two orders of magnitudes higher than the measured ones 
from transient decay measurements in the lab, that are in a range from 2.66·10-18 to 3.94·10-22 m2. 
We have compared our measured shales with published data from cores from the northern North 
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Sea (Yang & Aplin 1997) and Norwegian Margin (Hildenbrand et al. 2004), and their data is in the 
same range. The simulated mean overpressure (143.7 bar in compartment #42 for Intra Lange Fm, 
reservoir #2, Fig. 1b) can be compared with measured overpressures 127 - 144 bar from the Lange 
Fm., thus no deviation. For Intra Lange Fm, reservoir #3, the mean overpressure is higher (159.6 
bar), thus gives a deviation of 15 bar (modelled mean – observed).

The simulations indicate that the shale permeabilities measured in the lab need to be increased 
by a factor of 10-102 within the upscaled grid cells applied in the basin simulator in order to match 
observed pressures within the study area. A physical explanation may be that within the larger 
grid cells there always will be some micro-cracks enhancing the absolute permeability The lab ex-
periments seem to give the “lowermost” values for the shale permeabilities, representing shales 
without cracks. 

Figure 1: a) Simulated permeabilities for 1000 runs for shale units versus depth, compared to measured 
permeabilities in the lab. b) Corresponding simulated overpressures for the same compartment. 

Acknowledgements

We would like to thank The Norwegian Research Council and AkerBP, Wintershall, ConocoPhillips and 
Equinor for funding of “Reduced uncertainty in overpressures and drilling window prediction ahead of 
the bit (PressureAhead)” 255418/E30, and AkerBP for input data and funding for the “Pilot field test 
PressureAhead” project, and Vår Energy for funding “PressureAhead Extension”.
 
References

Borge, H (2002) Fault controlled pressure modelling in sedimentary basins, PhD thesis, NTNU, 156 p.

Grøver, A et al. (2018) A novel methodology for 3-D geo-pressure modelling: a stochastic approach. AAPG ICE

Hildenbrand, A. et al. 2004: Gas breakthrough experiments on pelitic rocks: comparative study with N2, CO2 and 
CH4. Geofluids, 4, 61–80.

Lothe, A E et al. (2020) Stochastic Monte-Carlo simulations of the effect of smectite-illite transformation in 
shales on pore pressures build up.3 rd EAGE Worksh. on Pore Pres. Pred.

Yang, Y & Aplin, A (1997) Permeability and petrophysical properties of 30 natural mudstones. Jour. of Geophys 
Research B: Solid Earth, 112, B03206.



Pragmatic estimation of full elastic anisotropy for TI 
shale from C33 only 

6IWRP. A Coruña, Spain. June 2022 59

Rune M Holt a,*, Audun Bakk b

a) NTNU Department of Geoscience & Petroleum, N-7491 Trondheim, Norway
b) SINTEF Industry Petroleum Department, N-7465, Trondheim, Norway

Contact email: rune.holt@ntnu.no

Introduction

Shales are known to be anisotropic, in most cases obeying transversely isotropic (TI) symmetry. 
In practical geophysical and geomechanical applications, they are nevertheless often treated as 
isotropic materials, since all the five elastic TI moduli are not known, as characterization from core 
measurements may not be available, and seismic and borehole field data lack reliable measure-
ments of all five elastic coefficients required.

A plausible question is to what extent neglecting anisotropy is acceptable in such a case. Several 
discussions (at previous IWRPs and in other fora) have raised the question if it would be better to 
assume some kind of default anisotropy instead. “Better” obviously depends on the application, and 
what “some kind of” actually means.

Methodology

Horne (2013) collected anisotropic shale data from various sources; mostly core samples but also 
borehole sonic and VSP. He found good internal correlations between C11 and C66, between C33 and 
C44, and also between C11 and C33. The first interrelationship is not surprising, since both C11 and 
C66 describe velocities of P- and S-waves with both propagation direction and particle motion (polar-
ization) within the symmetry plane. Also, C33 and C44 share the direction of propagation and polar-
ization, while for C11 vs C33 the directional connection lacks although stiffnesses correlate. These 
data demonstrate that most shales have something in common in terms of texture and composition, 
making it tempting to rely on such correlation for understanding the subsurface.

However, such an approach may take away the opportunity to learn about the causes of similarity be-
tween different shales. Sayers and den Boer (2020) built a rock physics model for shale, where solid 
minerals with anisotropic elastic moduli, determined from experiments or 1st principle calculations, 
are embedded in an isotropic interplate medium representing free pore fluid and bound water. The 
minerals are modelled as aligned oblate spheroids with variable aspect ratio. The result is a model 
for clay domains that is generalized by an orientational distribution of the clay minerals, which needs 
to be linked to other mineralogical constituents through effective medium theory. Based on a grid 
search with one million simulations, their numerical model produced internal correlations between 
Cij’s very similar to those of Horne.

In this work, the correlations as given by Sayers and den Boer form the starting point. As a very simple 
approach we assume that the elastic properties of the clay in the shale are given by anisotropic Voigt-
Reuss-Hill averages, using the properties of an anisotropic domain (from Sayers and den Boer). The 
non-clay part of the shale (silt) is assumed to have the corresponding isotropic equivalent stiffness as 
the anisotropic domain, given by the isotropic Voigt-Reuss-Hill average of the anisotropic moduli (also 
given in Sayers and den Boer, 2020). Thus, with knowledge of the clay content, the resulting Voigt-
Reuss-Hill average of the Cij’s of the composite clay and of the non-clay medium can be calculated.

Results, Discussion and Conclusions

This model was applied to ultrasonic core data from four different shales where full anisotropic 
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characterization was done at the respective in situ stresses of the cores. Only C33 was used as 
input, in addition to the clay contents obtained from XRD. Figure 1 shows the resulting correlation 
between C11 and C66. Comparing with the laboratory measurements, both values of moduli and their 
correlation are satisfactory. Table 1 shows predicted and measured anisotropy parameters. There 
are slight trends to overestimate Thomsen’s ε and underestimate δ. However, this work shows that 
a rather simple model may give satisfactory results associated with a bonus of better physical under-
standing. In reality, such as pointed to by Asaka et al (2021), using and refining the more complex 
approach by Sayers and den Boer (2020), stable prediction of all Cij’s is feasible, but requires at 
least three Cij’s measured.

Figure 1: Correlations obtained with simple model described in the text (open circles) and from the experimentally 
based correlations of Horne (2013). The black squares show the laboratory data.

Table 1: Measured (LAB) and modelled (MOD) anisotropy parameters with the simplistic model described in the 
text.
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Introduction

The presence of clay and other non-calcite minerals in chalk reservoirs creates challenges in inter-
preting rock-physical data. The impact of this insoluble residue (IR) fraction on geomechanical and 
rock-physical properties of chalk is difficult to assert because it can be load-bearing or in suspen-
sion within the pore space. Also, the elastic properties of this clay-rich fraction are not well known. 
This knowledge is essential when performing quantitative seismic interpretation and geomechanical 
modelling of the reservoir. Here we present a method to derive elastic properties of the IR fraction 
using standard petrophysical logs and the Isoframe rock physics model.

Figure 1: A) Map of the Lower Cretaceous Tuxen and Sola formations in the Danish Central Graben. B). Lower 
Cretaceous lithostratigraphic units MM, Munk Marl Bed; Fi, Fischschiefer Bed; Alb., ‘Albian Shale’; R,Rødby For-
mation; Å, Åsgard Formation; C. Gp., Cromer Knoll Group; L.Al., Late Albian; E.Al., Early Albian. C) Structural map 
of the Valdemar area showing the location of investigated well (adapted from Jakobsen et al. 2004).

Settings
The Valdemar field is centrally located in the Danish Central Graben, north of the salt dome province 
(Figure 1). The western part of the Valdemar field is dominated by an elongated N-S structure that 
presents two structural highs separated by a saddle point. Oil is produced from heterogeneous Tux-
en and Sola formations of the Lower Cretaceous Cromer Knoll Group.  On the eastern part of the 
field, a separate dome structure hosting hydrocarbons remains undeveloped.

Methodology

We calculated compressional, shear, and bulk moduli along the borehole using the density and son-
ic (shear and compressional) logs. We modelled the elastic properties using the Isoframe model, 
where the matrix is composed of two materials: calcite, with well know properties and the IR fraction.  
We achieve equality between measured and modelled values (Equations 1, 2, 3 and 4) solving for 
the Isoframe values of calcite (IFc) and the IR fraction (IFir).

We create a solution space with possible values of bulk modulus and Poisson’s ratio for the solid 
fraction (Figure 2). For each combination, we derive the elastic moduli and calculate IFc and IFir that 
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minimizes the errors for equations 1, 3 and 4.

We generate six constants representing the IF values for 
the calcite and IR fractions through the error minimization of 
each logged parameter:  IFcM, IFirM, IFcG, IFirG, IFcK, and IFirK. 
Each set of constants (e.g. IFcM, IFirM) and tentative values of 
Kir and Gir is then plugged in Equations 1, 3 and 4; outputting 
modelled values for the elastic properties MHS+, GHS+ and 
KHS+. The error between modelled and logged values is cal-
culated, summed and plotted on the solution space shown 
in Figure 2. We adopt the values of Kir and Gir that minimize 
the compound error as the true elastic properties of the IR 
fraction.

Results, Discussion and Conclusions

We ran the algorithm in the Boje-2c well in different stratigraphic units: the clean Tor Formation 
chalk, the Fanø Formation (Albian shale) and the marly chalk of the Tuxen and Sola formations 
(Figure 3). In the Tor chalk, we assumed a matrix of 100% calcite, and solved for its elastic prop-
erties, finding a K of 73.5 GPa and G of 35.9 GPa, values comparable to results in Mavko et al., 
(2009). Results for the IR are comparable to data for wet clay from ultrasonic velocity laboratory 
tests (Vanorio et al., 2003).

Figure 3: Error surfaces for calcite (Tor) and IR fraction (Sola and Fanø), Boje-2c. Lowest error highlighted.
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Introduction

Rockmass is the host media in a wide range of geotechnical applications. A proper structural design 
and optimization of engineering processes in these applications inevitably require a comprehensive 
understanding of the rockmass fracture mechanism. The fracture behavior of rockmass is complex 
and strongly influenced by various geological structures on different scales, renowned as heteroge-
neities. These heterogeneities in rock structure may be present from micro to macro scale, acting 
as a stress concentrating mechanism that can produce local stress concentrations causing local 
failures, which eventually may result in ultimate failure (Dyskin, 1999). The fracturing mechanism 
would become more complex in the presence of an excavation since it induces further damage by 
involving closing, opening, and sliding of rock joints, generation and propagation of new fractures, 
and their interaction with pre-existing rock joints.

Numerical simulation of the rockmass fracturing can provide an adequate understanding of its com-
plex behavior quantitatively at different scales and under conditions that are difficult to achieve in 
the laboratory. These techniques have been proven to be a powerful tool in geomechanical problems 
even though a perfect solution is unattainable. Realistic simulation of the rock fracturing process 
is one of the most critical issues in the geomechanical field. From one side, the overall behavior of 
the rockmass depends on its Discontinuous, Inhomogeneous, Anisotropic, and Non-Elastic (DIANE) 
(Hudson and Harrison, 1997) nature meanwhile, there are other implicit scale effects (arise from the 
mentioned features of rockmass) that predominantly control rockmass behavior. 

This study intends to model rock failure behavior on different scales with different levels of hetero-
geneity and verify the simulation result using laboratory and field data. Since the particle shapes 
affect the mechanical behavior of rock as a granular system, it is necessary to realistically model 
the actual particle geometries, which is one of the main contributions of this study. Furthermore, as 
a granular material with a discrete nature, rock’s global mechanical behaviors originated from the 
grain scale micromechanical mechanisms, so it seems to be logical to incorporate and adjust micro-
mechanical information to predict macroscopic mechanical behaviors using upscaling techniques.

Methodology

This study aims to address scale-dependent issues associated with rock failure behavior modeling 
and then explores and introduces multiscale modeling techniques that incorporate microstructural 
information to predict macroscopic mechanical behaviors for rock as a granular material. In this way, 
there are different challenges. Some of the key challenges include; accurately accounting for realis-
tic generation of grains, considering the presence of microcracks in mesoscale, calibrating material 
parameters at different scales, adjusting proper constitutive models to introduce their behavior, 
whether blocks or contacts, upscaling the macro behavior from fine-scale captured behavior. Among 
the many previous studies on this topic [Shin 2010, Kazerani and Zhao 2014, Hamdi et al. 2015, 
Farahmand et al. 2018, Stavrou 2019, Sinha and Walton 2020] there is no available record that 
could reproduce failure behavior with different types and levels of heterogeneity simultaneously and 
capture the strength, brittleness, and anisotropy of rock; reproduce reasonable post-peak behavior 
of rock, and predict damage process around excavations in large scales using inelastic models. This 
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study aims to address the challenges mentioned above and investigate the mechanical behavior of 
granular materials through multiscale modeling.

Results, Discussion, and Conclusions

The results of this study provide a reliable prediction of rock fracturing by means of a numerical 
simulation procedure that confidently considered different aspects of the modeled rock structure. 
In addition, strengthening the previous predictions in the rock fracturing process by assuming more 
comprehensive constitutive models for the elements dealing with the fracturing process can be 
considered an innovation that fills the study gaps and elevates the recognition of rock behavior in 
this issue. 
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Introduction

Whenever a porous medium is elastically deformed, the internal pore boundaries experience defor-
mation, resulting in a pore space volume change. Though its absolute value is on the order of the 
elastic strain, this pore space volume change is one of the most fundamental characteristics of 
deformable porous media, and yet, its direct measurement is difficult to achieve. Typically, it is 
indirectly measured through the amount of fluid that is squeezed out of the porous matrix upon 
compression. Such measurements are notoriously difficult to master and this is one reason why 
measurement results of poroelastic constants are error-prone and, more often than not, lead to mis-
interpretation. The pore boundary deformation also causes a nonlinear correlation between porosity 
and the Biot coefficient, which to a limited extent can be modeled by taking into account the shape 
and arrangement of pore-scale heterogeneities in an effective medium theory or more advanced 
computational approaches. 

Recently, Couples (2019) examined a micromechanical model for which the pore space volume 
change can be analytically quantified. Based on this micromechanical model, we elaborate on the 
connection between pore space volume change and poroelastic constants, in particular, the Biot 
coefficient. To make a connection with poroelasticity, i.e., a continuum-based description of a flu-
id-saturated porous medium, we employ the de la Cruz–Spanos (dCS) poroelasticity theory (Sahay 
et al., 2001), in which the pore space change is captured through a porosity perturbation equation 
(Sahay, 2013).

Methodology

The change of porosity is reminiscent of the inter facial strain appearing in dCS theory and is 
interpreted as the pore volume change caused by the pore-inter face motion in the direction of 
the pore sur face normal within an averaging volume (as explained in the tutorial of Müller and 
Sahay, 2019.) That is to say, when a deformation takes place, in which the pore inter faces move 
until a new equilibrium state is attained, the initial (unperturbed) porosity η0 changes into a
perturbed porosity η. For a dry rock, Sahay (2013) showed that the porosity per turbation takes
the form with the bulk volumetric strain  and the Biot coefficient α, which 
is taken here as 1 - K0/Ks, where K0 and Ks are, respectively, dry-frame and solid-grain bulk moduli.

The porosity is defined as ratio of pore volume Vp and bulk volume Vb, η = Vp / Vb. This definition
holds irrespective whether the porous medium is in its undeformed original state or after deforma-
tion. So, upon deformation, to first order, the change of porosity is .

In the model examined by Couples (2019), the unit cell is made of rods that are extending from a 
cubic junction. This way, it is a micromechanical model of two interconnected continua: the solid 
matrix and the (fluid-saturated) pore space and the porosity can be expressed in terms of the relative 
length of the rods  Upon an applied deformation of the bulk, the rods 
change their lengths and, via the Poisson effect, they bulge outward/inward, thereby resembling the 
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internal pore boundary deformation.

Couples (2019) found an expression for the pore volume after deformation, which upon linearization 
(neglecting terms of order and higher) results in the porosity perturbation equation.

Comparing this porosity perturbation equation with the corresponding one in the dCS theory (as 
specialized for dry rocks in Sahay, 2013; see above), we can read off the Biot coefficient. Thus, 
the Biot coefficient pertaining to this particular micromechanical model is a rational function of the 
relative length of the rods t and the Poisson ratio of the solid material νs composing the rock matrix.

Results, Discussion and Conclusions

By inspection of Equation 1, we find that the Biot coefficient is maximum for the largest possible 
Poisson ratio of 0.5 (as then the pore boundary deformation is maximum) and less than unity. It ap-
proaches the value of the unperturbed porosity in case of zero Poisson ratio. This means there is no 
change of porosity in this limit. That is, in this limit, the bulk volumetric change is not accompanied 
by a porosity change even though pore boundaries have moved. A vanishing change of porosity is typ-
ically associated with the concept of a geometrical self-similar deformation, i.e., the deformation of a 
micro-homogeneous porous medium in a hydrostatic test, as it is assumed in the Gassmann theory. 
Here, we find that such a particular deformation state can be also realized for a solid phase material 
with vanishing Poisson ratio irrespective whether the deformation is homogeneous or inhomogeneous. 
 
The micromechanical model allows us to exemplify the somewhat abstract concept of pore boundary 
deformation appearing in the continuum description of porous media. Though this is certainly an 
oversimplified model of most real porous media, our analysis may serve as benchmark for numerical 
upscaling based on digitized images to infer the poroelastic material parameters. Our results remind 
us that the Biot coefficient embodies two aspects of a porous medium in a non-trivial manner: (1) 
the elasticity of the solid phase and (2) the geometry/arrangement of the pores. Therefore, simple 
correlations between the Biot coefficient and porosity, or Poisson ratio, as they are sometimes 
searched-for in experimental studies, can be hardly expected.
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Introduction

A logical error was recently discovered in Gassmann’s (1951) derivation of his well-known expres-
sion for the fluid-dependence of porous rock incompressibility. Without this error, the fluid-depend-
ence of porous rock incompressibility contains an additional parameter, which is specified below as 
the parameter kM of Brown and Korringa (1975), different than the Solid compressibility ks. Limited
data is presented below, show that these two parameters are actually different, at least for Berea 
sandstone.

Gassmann (1951)

The essential result of Gassmann (1951), relating the undrained and frame incompressibilities of 
a macro-isotropic porous rock, is given here in modern notation:

where the subscripts indicate respectively the incompressibility Κ of the undrained (ud) rock, the 
frame (fr) of the rock, the Solid (S) grains of the rock, and the Fluid (F) in the pore space of the
rock; Φ is porosity. This result has been used extensively to help understand the fluid content of
subsurface rocks.

Gassmann’s expression (1) may be re-written exactly in terms of compressibilities k =1/Κ as:

As described by Thomsen (2021) and references cited therein, Gassmann’s derivation of (1, 2) 
contained a logical error: a theorem valid for a hydraulically open rock system, was applied to the 
hydraulically closed system of wave propagation. Details of the error implementation and its ramifi-
cations are given there, and are not repeated here. This error was not made by Biot (1941), nor by 
Brown and Korringa (1975), hence their (mutually equivalent) results, corresponding to (2), contain 
an additional parameter.

Brown and Korringa (1975) (“B&K”)

B&K’s (correct) derivation of the relation between kud and kfr may be written (Thomsen 2021 etc) as:

where kM  is the Mean of the Solid and pore compressibilities (cf. B&K p. 614).

B&K’s derivation relaxed Gassmann’s assumption of micro-homogeneous Solid, and they thought 
that this was responsible for the additional parameter. They argued (their p. 610) that, in Gassmann’s 
special case of micro- homogeneous Solid, kM = ks, so that their result (3) reduced to Gassmann’s



result (2), thus establishing consistency with Gassmann for this case. However, that particular ar-
gument (p. 610) by B&K violated their own assumption of a hydraulically closed system, and so is 
not correct; this is similar to the logical error made by Gassmann. Hence, equation (3) should be 
used instead of equation (1) or (2) to analyse the fluid dependence of all isotropic rock elasticity.

Hart and Wang (2010) 

In order to verify these theoretical conclusions, it is necessary to experimentally measure both ks 
and kM on many rocks, under many pressure conditions. This requires quasi-static (not ultrasonic) 
measurements, since the theory is explicitly valid only at low frequencies.

ks may be determined with an “unjacketed” compression experiment, where the bulk strain results 
from equal pressure on all sides of the grains of the rock. This (open-system) procedure is legiti-
mate in this closed-system context, since the Solid compressibility is the same in open and closed 
systems. 

kM may be determined via direct measurement of B = dpF /dp, undrained (Thomsen, 2021 etc.):

The quasi-static data of Hart and Wang (2010) for Berea sandstone, as a function of differential 
pressure, pd = p - pF , are shown below. The Mean compressibility kM shows a difference from the 
Solid compressibility ks, statistically significant (as much as 20%), and pressure-dependent.

Figure 1: Data on Berea sandstone from Hart and Wang (2010).
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Summary

Gassmann's equations can be used to calculate the effective elastic properties of a fluid-saturated 
material (e.g., rock) by using elastic properties of the dry material. Other applications are, for exam-
ple, the possibility to change the fluid saturating the rock and to obtain the effective elastic proper-
ties by using Gassmann's equations. In this contribution, a three-dimensional numerical solution 
is used to validate these equations. First, a dry model is considered. The geometry of a dry model 
varies from a crack connected to a toroidal pore (or spherical pore) to two intersecting cracks. Then, 
the elastic properties of a fully saturated model are calculated in two ways: i) a three-dimensional 
numerical solver is used to calculate the elastic properties of a fully saturated model, and ii) Gass-
mann's equations are used to calculate the elastic properties of a fully saturated model. Finally, the 
results are compared and show that these two approaches provide us with the same solution with a 
negligible difference in the precision of the numerical solution. Our results confirm that Gassmann's 
equations indeed provide us with accurate expressions to obtain the elastic properties of a fully 
saturated model. 

Validation of Gassmann’s equations via three-dimensional 
numerical solutions
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Introduction 

Thermogenic gas discovered within Proterozoic carbonate and sandstone reservoirs in the Son Valley 
sector of Vindhyan Basin, India are unconventional tight gas reservoirs that are fractured with low 
matrix porosities, permeabilities and reservoir pressure (Figure 1). Exploitation is challenging, pri-
marily due to micro-Darcy range permeability and sub economic gas flow rates. Designing of fracture 
oriented directional wells and suitable completion/stimulation for attaining commercial production 
is emphasized. An understanding of the relationship between matrix, natural fracture, and induced 
fracture permeability will improve on how to place and design wells for optimum hydraulic fracturing. 

Figure 1: Geological map of Vindhyan Basin (Prasad and Rao, 2006) (left) Figure 2: Tectonic map superimposed 
on Residual gravity map of Vindhyan Basin after Tushar Kanti Mistry, (2015) (right)

Fault, Fracture Orientation and Insitu Stresses 

Comprehending fractals of the fault-fracture system is essential to decipher the insitu stresses. 
Fault and fracture orientations determined from outcrops, subsurface 3D seismic analysis and grav-
ity anomalies indicate two main fault trends; faults parallel to the Sone-Narmada Lineament (E-W to 
ENE-SW) and along NW-SE aligned oblique faults (Figure 2) These would be the natural fracture trend 
in the basin. Four distinct permeability structure types and fault induced tectonic fractures were 
identified which control the well deliverability. The pre-existing extensional faults formed during rift-
ing, reactivated and inverted under compression. Knowledge of stress tensor is imperative for both 
well planning and completion. Stress directions control fracture orientation (horizontal vs. vertical). 
The orientation and magnitude of the three principal stresses (maximum principal -SH, minimum 
principal- Sh and vertical-Sv) determine the direction and dimensions of the created fractures. The 
orientation of SH assumed from the orientation of major inversion structures was confirmed from 
breakouts in wells and also deduced from the world stress map. Variations in Poisson’s ratio and 
Young’s modulus depends on porosity, but for a tight limestone they are relatively small (Zoback, 



2008). Variation in Sh is related to variation in Poisson’s ratio, pore pressure and overburden density 
and not expected to vary more than 20%. 

Hydraulic Fracturing and Suggested Borehole Trajectory

Hydraulic fracturing enhances production from low permeability reservoirs Prediction of fracture in-
itiation and propagation is essential for stimulation. A high angle inclined well if intended to be hy-
draulically fractured should be drilled in the direction of SH. Inclined and horizontal wells drilled in the 
direction of SH are likely to be more stable in a strike-slip fault regime or thrust fault regime (Figure 3). 
All induced fractures eventually tend to align themselves in the direction of SH (Figure 4). Fracturing in 
other directions will unnecessarily increase the tortuosity. Besides magnitude, the direction of horizon-
tal stresses becomes important for planning high angle inclined wells. The higher vertical permeability 
renders directional drilling suitable. Permeability contrast in the horizontal plane will determine the 
azimuth as low permeability reservoirs are stress sensitive. Parallel to SH will be a better choice than 
one placed in any random direction as it will hydraulic fracture in the maximum permeability direction. 
The directions of SH and Sh normally coincide with the maximum and minimum permeability direc-
tions. Further, they will intersect natural fractures as these fractures tend to align themselves with the 
direction of SH. Successful production results from maximizing the surface area of contact with the 
reservoir by massive hydraulic fracturing. In inclined boreholes prevalence of mineralized fractures, bed 
interfaces, and other discontinuities, and their orientation in relation to in-situ stresses control fracture 
branching. When the stress difference is low and the rock fabric pronounced, the rock fabric defines 
the direction of propagation. When the stress difference is high and the fabric is weak, the stress 
contrast dominates the process (Suarez-Rivera, 2011).Pulse fracturing is preferred as it promotes 
branching and requires less fracture fluid. Appraisal wells should test this concept.

Figure 3: Stress regimes and horizontal wells (left) and Figure-4 Fracture orientation in inclined wells oriented in 
Sh and SH directions.
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Introduction

It is well-known that wave-induced porous fluid flow between heterogeneities of various scales is 
one of the major causes of seismic wave attenuation and velocity dispersion in porous media. This 
attenuation is caused by viscous friction between fluid molecules moving 
with different velocities in a bulk volume of flowing fluid inside porous 
space. There is no friction between the fluid and solid due to Stoke’s 
no-slip boundary condition. However, this no-slip boundary condition is 
not applicable at the contact line location, i.e., at the location where 
interface meniscus between immiscible fluids meets the solid’s surface. 
Fluid molecules can role and slip over the solid’s surface at the contact 
line location, causing attenuation of seismic wave energy by the contact 
line friction mechanism. Previous authors did not study this attenuation 
mechanism (Pride et al., 2004; Müller et al., 2010; Mavko et al., 2020). 
In the recent series of publications (Rozhko, 2019a, 2019b, 2020a, 
2020b, 2020c, 2020d, 2021a, and 2021b), we have demonstrated that 
the contact line friction may dominate wave attenuation at the seismic 
frequencies (i.e., <200 Hz) in the partially saturated rock. It has been 
demonstrated that the contact line friction is fundamentally different 
from other attenuation mechanisms, such as viscous friction or Cou-
lomb friction. Coulomb friction occurs due to sliding on crack surfaces 
and grain boundaries, i.e., it occurs over a specific surface area in two 
dimensions. Viscous dissipation occurs due to the friction of fluid mol-
ecules moving with different velocities in a bulk volume of flowing fluid, 
i.e., in three dimensions. In contrast, the contact line friction occurs at
the contact line location, i.e., in one dimension. At the zero-frequency
limit, the dissipation of energy due to contact line friction will not vanish
to zero; contrarily, all viscous dissipation models predict a zero atten-
uation at the zero-frequency limit. The contact line friction depends on
rock’s wettability (advancing and receding contact angles) the interfacial
tension between immiscible fluid phases and does not depend on fluid’s
viscosities. Contrary to viscous dissipation models, the contact line fric-
tion depends on the wave amplitude. At sufficiently small amplitudes, the
menisci will bulge and change shape but will not slip away. At sufficiently
large amplitudes (with wave strain ~10-6), contact angles reach their
upper or lower values, and the interface menisci will slip inside pore
space, causing the attenuation of seismic wave energy by the contact
line friction mechanisms.

Figure 1 provides more details on the physics of the contact line friction 
phenomena. These experimental data (e.g., Shi et al., 2018) cannot be 
explained by any previous publications involving fluid viscosity (Pride et 
al., 2004; Müller et al., 2010; Mavko et al., 2020), only by the hysteresis 
of contact angles.

Figure 1: a) A liquid drop be-
tween parallel plates. b-d) 
Schematic, four stages of 
liquid bridge hysteresis ob-
served in laboratory tests 
(e.g., Shi et al., 2018). c) 
Capillary force versus the 
half aperture. d) Contact 
angle versus the half aper-
ture. e) The radius of the 
wetted area versus the half 
aperture.
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Results, Discussion and Conclusions

Interfacial phenomena effects are not typically considered in rock physics. However, our recently 
published papers predict a first-order impact on the mechanical rock properties and explain cer-
tain physical phenomena, which are challenging to explain using conventional rock-physics models. 
Those effects include:

1) Low-frequency microtremor anomalies, observed above hydrocarbon fields (Rozhko,
2020a, 2020d, 2021a)

2) Theoretical explanation of the empirical-Brie correlation for effective fluid’s bulk modulus
(Rozhko, 2020a)

3) Theoretical explanation for the low-frequency attenuation anomaly in gas reservoirs
(Rozhko, 2019a, 2019b, 2020a, 2020b, 2021a)

4) Effect of fluid saturation on the mechanical strength and shear modulus of the rock
(Rozhko, 2020b)

5) Effect of seismic waves on stimulation of hydrocarbon production (Rozhko, 2021b;
Rozhko et al., 2022)

6) Low-frequency shadows observed around gas fields (Rozhko, 2021a).

In this venue, we aim to present new theory, supporting experimental results, and potential applica-
tions in order to foster discussion with a broader community to stimulate the development of new 
technology.
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Introduction

Fractures are ubiquitous in Earth’s upper crust and tend to dominate the mechanical and hydraulic 
properties of the host rock. Seismic methods have shown their potential to obtain mechanical prop-
erties of fractures, of which the normal compliance is pertinent because it quantifies the opening/
closing of a fracture in response to pressure changes. This information is essential for hydraulic 
stimulation experiments in general and for controlling induced seismicity in particular. Barbosa et 
al. (2021) proposed a method to estimate complex-valued fracture compliance from the transmis-
sion coefficient of critically refracted P-waves propagating across fractures in full-wave form sonic 
(FWS) experiments. Their transmission method allows to account not only for the deformation of 
the fracture but also for energy dissipation at the fracture and has been applied to static FWS data. 
Static measurements have favourable signal-to-noise (S/N) characteristics, but are time consuming 
and logistically complex. In this study, we investigate the impact of S/N on fracture compliance 
estimates by analysing synthetic FWS data contaminated with noise from standard, production-type 
field FWS data. The aim is to assess the applicability of the transmission method under such cir-
cumstances and to constrain the data quality required for standard FWS measurements to obtain 
reliable compliance estimates.

Methodology

The transmission method is based on the linear slip theory and combines the fracture-induced 
phase time delay tph and amplitude decay of the critically refracted P-wave to obtain the transmission 
coefficient T of the normally incident P-wave (Barbosa et al., 2021)

where Aint and Afra correspond to the amplitudes of the P-waves at a specific angular frequency ω 
after propagating through the intact and fractured sections of the medium, respectively. From  T(ω) 
one can then infer the complex-valued fracture compliance Z (Schoenberg, 1980)

with I denoting the impedance of the intact background rock. To assess the effect of noise on the 
estimation of both components of fracture compliance, we first compute synthetic FWS data with a 
finite-difference solution of the poroelastic equations for a cylindrical model containing a water-filled 
borehole surrounded by a homogeneous background embedding a water-saturated fracture. The 
properties of the background represent a stiff crystalline rock of low porosity and permeability, 
whereas the fracture has a very low stiffness, a very high porosity and permeability. We consider 
two fracture models having the same physical properties except for the apertures to explore the 
influence of noise on fractures of different size and compliance: one with a 5mm aperture and one 
with a 1mm aperture. The chosen fracture properties result in compliance values that are typical 
of mesoscale fractures (Barbosa et al., 2021). From the resulting FWS seismograms the refracted 
P-wave is extracted using a tapered time window. The noise before the first arriving P-wave from
numerous traces for standard production-type FWS field measurements in a crystalline environment
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is utilized. To test different S/N, calibration and simple scaling factors are applied to the extracted 
noise, which is then added to the synthetic data to replicate the S/N of the field data. We consider 
four S/N characteristics (Figure 1a). Next, the time delay and amplitude ratio of the noise-contam-
inated refracted P-waves between the intact and fractured sections are evaluated in the frequency 
domain to estimate fracture compliance (Eqs 1-2).
 
Results, Discussion and Conclusions

Figures 1b and 1c present the imaginary and real component of the fracture compliance as a func-
tion of offset from the fracture for the four S/N scenarios in Figure 1a. The black and blue curves 
correspond to the fracture compliance estimated from the synthetic data without noise for the 5 
mm and 1 mm apertures, respectively. They are analogous compliances to static measurements 
and act as the reference scenarios. The results indicate that the more transmissive fracture with an 
aperture of 1 mm is more susceptible to noise than the 5 mm fracture and that the real component 
of compliance is more robust than its imaginary counterpart. For the lowest S/N level considered 
(S/N=5), the real component of the 1 mm fracture varies up to one order-of-magnitude, whereas the 
imaginary component varies up to two orders-of-magnitude. In contrast, the real component of the 
5 mm case only deviates up to half an order-of-magnitude. To quantify the observed deviations of 
compliance for four scenarios, the RMS errors between the mean reference compliances and noisy 
estimates for offset from 0.2 m to 1.0 m are computed as a function of the median S/N ratio, which 
is summarized in Figure 1d. Considering that fracture compliance estimates are order-of-magnitude 
estimates, the results indicate that the transmission method provides satisfactory estimates of the 
real component for the lowest S/N level for compliances above 10-12 m/Pa, whereas for a fracture 
with a lower real part, a S/N level above 8 seems to be required. The imaginary component can only 
be reliably obtained for S/N levels above 8.

Figure 1: a) Noise distributions from field FWS data for four different median S/N levels. b) imaginary and c) real 
component of compliance as a function of offset from the fracture. d) RMS error between the reference and the 
noise-contaminated scenarios as a function of the median S/N ratio.
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Introduction

Carbon dioxide when injected into a reservoir that contains water mixes, producing carbonic acid. 
Carbonic acid is highly reactive with rocks, in particular carbonates, clays and basalt-bearing min-
erals. Minerals can dissolve or precipitate as a result of these rock-fluid reactions (Kanakiya et al. 
2017), changing the physical (e.g. porosity, permeability) and geophysical (wave speeds, resistivity) 
properties of rocks. For sandstones, quartz is not particularly reactive to carbonic acid, but the type 
of mineral in the cement is critical to characterize. In New Zealand, the Taranaki Basin petroleum res-
ervoirs are sandstone with variable carbonate (dolomite,siderite) cement. Here we study how short-
time rock-fluid reaction experiments on sandstones with variable carbonate cement influence poros-
ity and wave speeds with the ultimate goal of geophysical monitoring geosequestration reservoirs.

Samples and methods:

Eight samples were collected from borehole cores extracted from the Pohokura Field. Sampling tar-
geted similar porosity rocks with variable carbonate cement while minimizing clays (Figure 1). Sam-
ple selection was based on nearby thin section and geophysical log analysis. Overall, the sampling 
provided a good range of carbonate minerals and relative constant porosity. Porosity was measured 
with NRM analysis, while permeability is predicted from such data. Carbonate and clay mineral 
volumes were estimated from point count analysis. Samples have variable modal grain size. The 
diagenetic processes that have controlled carbonate cement are linearly correlated to the original 
modal grain size of the samples (Higgs K. E. 2014). Samples are set in a CO2 + equilibrated water 
bath first for 18 hours and the for 2 weeks. Wave speeds using laser ultrasonics and NMR porosity 
are measured on all samples (dry) before and after reactions with carbonic acid.
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Figure 1: Top: Microphotographs of three representative samples. S: siderite, Q: quartz, Pl: plagioclase, Kf: K-feld-
spar, MP: macropores (blue). Bottom: Table of Pohokura samples with variable cement. Porosity and estimated 
permeability from NRM analysis. Carbonate and clay mineral volumes are estimated from point count analysis.

Results, Discussion and Conclusions

After 18-hours and 2 weeks of reactions with CO2 porosity increases due to dissolution of carbonate 
cement. Samples with the most cement volume showed the largest increase in porosity. However, 
samples with the least cement volume show the largest changes in waves speeds (Figure 2). Our 
observations predict that contact cement – responsible for rock stiffness - is dissolved for the sam-
ples that initially have low volumes of cement (e.g. S2). By weakening the cement, wave speeds 
after reactions decrease. Samples that have high volumes of cement have a combination of contact 
and pore-filling cement. As reactions progress, pore filling cement dissolves, increasing porosity by 
an absolute  few percent. However, contact cement remains intact or slightly dissolves, keeping the 
rock stiff and resulting in little-to-no variations in wave speeds (e.g. S6).

Figure 2: P-wave speed changes due to rock-CO2-water reactions after 18-hours and 2-weeks. Overall, the trend 
shows that samples with the least carbonate cement show the largest change in wave speed. Two samples are 
slightly away from this trend, one being banded (anisotropic) and the other having bimodal grain distribution 
(heterogeneous).
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Introduction

Fluid injection at depth in homogeneous geological reservoir rocks induce deformations and stress-
es which fits well into the realm of poromechanics. Similarly, when investigating fluid injection in the 
laboratory, poromechanical coupling occurs. From poroelastic theory, in homogeneous rocks and 
at least at the scale of the Representative Elementary Volume (REV), one might readily predict how 
and at which time scale the rock will be affected by effective pressure variations. Indeed, porome-
chanical coupling is inferred from the known hydraulic and mechanical properties: Hydraulic prop-
erties determine the time scale at which deformation occurs; the deformation magnitude is in turn 
determined by the mechanical properties. Hydraulic and mechanical properties can be assessed 
independently at the sample scale, which we refer here to as “meso-scale”. Because poroelasticity 
deals with effective properties at the REV scale or larger, it seems logical to directly combine the 
meso-scale hydraulic and mechanical properties to get the hydromechanical response.

One could argue whether such an approach might however require for hydraulic and mechanical 
properties to depend on the rock microstructure in the exact same manner. Studies from the past 
decades seemed to confirm the applicability of such an approach, for instance in granites (Walsh 
& Brace, 1984). For these cases, indeed, the two properties depend in a similar way on the rock 
microstructure in terms of microcrack density. However, that might not necessarily be the case for 
rocks bearing two families of pore microstructure: spherical low compressibility – stiff – pores and 
low aspect ratio compressible – soft– microcracks. This work aims to question in a straightforward 
and deductive manner, by using reported experimental datasets of pressure dependent hydraulic 
and elastic properties, and by comparing models why data of hydraulic and mechanical properties 
yields a peculiar hydromechanical coupling behaviour.
 
Meso-scale hydraulic and mechanical properties

Compiling data from the literature for hydraulic and mechanical properties measured on 4 sandstone 
samples (Pimienta et al., 2017) under the same effective pressure conditions, we observe that 
they exhibit opposite pressure dependences of permeability (Fig. 1a) and bulk modulus (Fig. 1b). 
Hydraulic and mechanical properties of low porosity rocks have similar pressure dependence, yet 
those of higher porosity rocks differ. Mechanical properties of all rocks similarly depend on the ef-
fective pressure, yet hydraulic properties of porous rocks are independent of the pressure condition. 
Because the pressure dependence of properties has been linked to the crack family network (e.g. 
Walsh, 1965), this implies that in such rocks the two properties depend in a different way on the 
two families of pore microstructure.

The simplest and largely used models (Fig. 1c & 1d) of pore families acting in parallel on the hydrau-
lic (e.g. David et al., 1993) or mechanical (e.g. Fortin et al., 2015) properties, are consistent with 
the experimental data: very different behaviours and pressure-dependent properties are inferred for 
either low or high porosity rocks.
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Figure 1: Comparison between experimental datasets and models in rocks with two families of pores and spheroi-
dal cracks (after Pimienta et al. 2021): (a-b) Compiled dataset from Pimienta et al. (2017) of pressure-dependent 
permeability and bulk modulus of four sandstone samples ranging in porosity; and (c-d) Prediction from the model 
of networks acting in parallel, for rocks bearing two families of porosity (i.e. pores/tubes and cracks/sheets), of 
(c) permeability and (d) bulk modulus.

The agreement between data and models shown in Figure 1 confirms the qualitative applicability of 
the concept of parallel networks for the two properties, and further highlights that the two proper-
ties depend in an opposite manner on the different pore families. As this simple concept of parallel 
networks applies for the prediction of either hydraulic or mechanical properties, we try applying it 
to the prediction of hydromechanical coupling (Pimienta et al., 2021). We will discuss how such an 
approach leads to a change in the properties when compared to the one theoretically expected. 
Further we will highlight how – if this deductive approach were to hold true – this could affect the 
measurements that we might retrieve in the laboratory.
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Introduction

Injection and recovery processes in carbonate reservoirs are poorly understood due to the complex 
distribution of storage and the movement of the fluids across different porosities (primary, second-
ary and tertiary) and scales (micro-, meso- and macro- pores). Thus, making it imperative to have 
a better understanding of the involved physical processes leading to accumulation and recovery of 
hydrocarbon resources from these reservoirs. This requires a detailed investigation of the resourc-
es in terms of its host rock characterization, distribution of pore types, presence of different fluids 
and the surrounding conditions of temperature and pressures for its successful and sustainable 
utilization. Digital Rock Physics (DRP), provides a platform to characterize the reservoirs using the 
scanned images of the core samples extracted from these reservoirs. The scanned images provide 
an insight into the distribution and nature of capillaries and the possible production behavior they 
might exhibit in the field. In this paper, we have performed multi-resolution scanning of the core 
samples and determined the flow regimes in order to get a reliable measure of the heterogeneity of 
storage and flow in the carbonate reservoirs. The aim of this paper is two-fold, 

1) To partition the pores into micro, meso and macro type based on the grain aspect ratio (AR) 
to determine the dominant pore type. In this paper, we use the Lonoy (2006) classification 
to define area of the pores based on grain AR and classified them into micro, meso, and 
macro pore types. 

2) To determine the dominant flow regime by calculating the Knudsen number using the 
average pore size (pore diameter).

Methodology

The field equivalent laboratory measurements of the petrophysical properties were made using the 
steady state CMS-300 method (Core Measurement System).

Results, Discussion and Conclusions

Table 1: Pore type classification based on pore area calculated for the six grain aspect ratios (AR).

In this study we have used four samples. It was observed that the 25 µm resolution images charac-
terize the dominant pore types as macropores with negligible amount of micropores (Fig. 2a). Also, 
for AR=<0.25 (Fig. 2b) macro-porosity = 100% and meso-porosity becomes zero (0), that is, the 
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samples appear composed entirely of macropores. On the other hand, the 3 µm resolution images 
show all three types of pores, i.e. micro, meso and macro in all the six (06) cases of the grain AR. 
The presence of all three pore types in these scanned samples for case 1 (AR=1) through case 6 
(AR=0.05) can be clearly observed in Fig. 3a,b. Additionally, the percentage of micro-porosity de-
creases with increasing grain AR (Fig. 3b).

After pore classification, the average pore size is determined for each sample and their correspond-
ing Knudsen values are determined. The high-resolution (3µm) samples lie on the left end of the 
parallel lines and the low-resolution (25µm) samples lie on the right end of the parallel lines in Fig.4. 
The different flow regimes observed based on the Knudsen number and the facie type based on the 
pore size is also defined in the plots shown in Fig.4. It shows the dependence of Knudsen number on 
factors like, pressure, resolution of the samples, facie type and fluid type (collision diameter). Thus, 
it can be concluded that the pore classification workflow presented in this study helps in understand-
ing the effect of pore sizes in fluid flow. The simulation can also help determine fluid transport in the 
reservoir and the impact on the total production. Also, the Knudsen number variation with pore size 
can help understand the possible flow regimes and thus identify the dominant flow regime.
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Figure 2: The percentage distribution of micro, meso 
and macro pores for: (a) Case 1(circular grains, 
AR=1), and (b) Case 6 (elliptical grains, AR = 0.05) 
for 25μm resolution sample.

Figure 3: The percentage distribution of micro, meso 
and macro pores for: (a) Case 1(circular grains, AR=1), 
and (b) Case 6 (elliptical grains, AR = 0.05) for 3μm 
resolution sample

Figure 4: Knudsen number as a function of pore size (diameter) for various pressure at a temperature of 100°C 
for two different fluids; water(left), and CO2 (right).
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Introduction

Seismic wave propagation in porous rocks may exhibit strong dispersion and attenuation due to 
fluid flow at the pore scale, so-called squirt flow. For example, fluid flow takes place in compliant 
cracks (which can be grain-to-grain contacts), if these cracks are connected to stiff pores. The 
energy dissipation is due to viscous friction in the fluid and can be quite strong.

A classical model aiming to explain squirt flow consists of a crack connected to a toroidal pore (Figure 
1a). For this model and others, it is believed that the characteristic frequency of squirt flow (the fre-
quency at which the attenuation is at its maximum) is simply controlled by the aspect ratio of the crack 
(O’Connel and Budiansky, 1977; Gurevich et al., 2010; Alkhimenkov et al., 2020; Alkhimenkov and 
Quintal, 2021). In this study, we show that this is not always the case and that the shape and number 
of stiff pores also have a significant effect on the characteristic frequency of squirt flow.

Figure 1: Results of numerical simulations for the real part of the C33 component (e) and corresponding dimen-
sionless attenuation (f) for the pore spaces shown on the left. The crack aspect ratio is 0.01.

Methodology

We perform three-dimensional numerical simulations of squirt flow (Quintal et al., 2019; Alkhimenk-
ov et al., 2020) for various geometries of the pore space, as shown in Figures 1a-d. The crack aspect 
ratio is equal to 0.01 and the same in all simulations. 
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Results and Conclusions

Figures 1e and 1f show the numerical results for moduli dispersion and attenuation due to squirt 
flow, where it can be seen that the characteristic frequency is different for different pore shapes 
even though the aspect ratio of the crack is the same for all models. We introduce a new parameter 
that we refer to as the squirt flow length (Dvorkin et al., 1995), which controls the characteristic 
frequency. The squirt flow length may occupy only a portion of a crack, depending on the fluid flow 
direction (Figure 2).

Figure 2: Sketch illustrating the definition of the squirt flow length.
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Introduction

We designed a geomechanical testing program to investigate the influence of temperature on the 
dynamic stiffness properties of high-porosity Danian age North Sea chalk. The North Sea Basin 
is geologically undergoing subsidence, and the studied chalk has presumably never experienced 
higher temperatures than in situ. Accordingly, we determined dynamic stiffness moduli at ambient 
(≈25°C) and in situ temperature (75°C). For heating to temperatures below the experienced maxi-
mum natural temperature, Orlander et al. (2021) found strain reduction, probably because thermal 
expansion is effectively a frame stiffening mechanism. A counteracting effect is temperature-in-
duced decrease in mineral stiffness. Hence, the ratio between temperature-induced decrease in 
mineral stiffness and thermal expansion coefficient governs temperature-induced in- or decrease 
in frame stiffness. The ratio may be defined as Ω = S/θ, where S is the temperature-induced 
decrease in the constituting mineral’s compressional, shear, or bulk modulus [δGPa/δT], and θ is 
the mean linear thermal expansion coefficient. Temperature-induced decrease in calcite stiffness 
varies among moduli (Figure 1b), so we investigate whether temperature effects on a chalk frame 
likewise vary between moduli.

Material and methodology

Four cleaned Danian chalk core plugs with a carbonate content of around 90% were characterized 
and mechanically tested in this study. The core plugs had high similarity in initial petrophysical 
properties, with a grain density of 2.71 g/cm3 and porosity around 43% determined from N2 ex-
pansion. The liquid permeability was estimated to ≈1 mD using Klinkenberg correction. The core 
plugs were assigned to ambient or in situ temperature and hydrostatic or uniaxial compaction. 
The testing was done with independent control of: temperature, axial stress, radial stress, radial 
strain, and volumetric strain. All plugs were saturated with Dynobear 5 multi-purpose oil. An ul-
trasonic compressional wave (P) and two orthogonal shear waves (S1 and S2) propagating in the 
longitudinal plug direction were continuously transmitted and recorded throughout mechanical 
testing. Ultrasonic wave velocities were determined and combined with bulk density to derive dy-
namic compressional-, shear-, and bulk modulus.

Results, Discussion, and Conclusions

Experimental results show decreased chalk stiffness with increased temperature. Comparing 
dynamic moduli across testing temperatures shows decreased frame stiffness for increased 
testing temperature during both uniaxial and hydrostatic compaction (Figure 1a). The respective 
magnitude decrease for Mdyn, Gdyn, and Kdyn correlate with the temperature-induced stiffness 
decrease of calcite (Mcal, Gcal, Kcal, Figure 1b) as well as the magnitude of Ω (Table 1). The most 
significant magnitude decrease is seen on Mdyn and the lowest on Gdyn, suggesting a direct link 
between temperature effects on calcite and the chalk frame stiffness.
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Figure 1: a) Dynamic modulus vs. strain of oil-saturated Danian samples during compaction at 25 and 75˚C 
testing temperature. Marker size approximates experimental error. Grey figures show CT scans of plugs be-
fore compaction b) Calcite and Quartz moduli vs. temperature (Dandekar and Ruoff, 1968).
 
A stiffness decrease of the constituting mineral must result in a frame stiffness decreasing effect. 
However, Orlander et al. (2021) found an increased dynamic stiffness on dry quartz-bearing sand-
stone. They proposed that stiffening from thermal expansion exceeds temperature-induced stiffness 
decrease of the constituting quartz mineral. In contrast, the present study shows the opposite effect 
on chalk, where temperature-induced stiffness decrease of the constituting calcite mineral exceeds 
stiffening for thermal expansion. When comparing Ω of calcite and quartz, we find a significant dif-
ference between the two (Table 1). The difference in Ω (calcite vs. quartz) provides an explanation 
for why present results show 1) a temperature-induced decrease in dynamic chalk frame stiffness 
opposite to the stiffness increase observed on sandstones by Orlander et al. (2021) and others, 
and 2) the magnitude of temperature-induced decrease in dynamic chalk frame stiffness correlated 
with the temperature-induced decrease in calcite stiffness (Figure 1).

Table 1: Thermal expansion coefficients and temperature-induced change in calcite and quartz moduli. 
aChange in mineral stiffness, based on slopes of Figure 1b. K is temperature change in degree Kelvin
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Introduction

Monitoring seabed changes during geological CO2 storage is required to track the evolution of the 
CO2 plume and prevent unexpected changes that can affect the integrity of the storage site. Fluid 
pressure can build up when CO2 is injected into the reservoir (depending on e.g. injection rate, 
the reservoir permeability, the presence of pressure barriers) and this can create uplift of the 
materials above. 

Modern techniques such as InSar can provide measurements of sur face deformation, both verti-
cally and horizontally, and assist site operators to track the pressure propagation in the seabed. 
However, the magnitude of uplift also depends on the bulk modulus of the sediment which is 
indeed affected by the pore fluids. Subsurface uplift is then affected by both fluid saturation and 
pressure changes and discriminating their contribution may provide early-warning of undesired 
pressure pattern anomalies.

Here we present a synthetic study to discriminate fluid pressure and saturation changes from 
surface uplift data by combining an analytical solution for pressure-induced deformation of a 
multilayered subsurface, machine learning (ML), analytical rock physics modelling, and a capillary 
pressure model.

Methodology

The methodology follows three sequential stages:

i) We create a synthetic training dataset of seabed deformations from 1000 three-layer 
(overburden, reservoir, underburden) models with different elastic properties and pressure 
perturbations using the generalized Geertsma’s solution (Park et al. 2021). We provide 
the dependency of fluid saturation on seabed deformation by defining the bulk modulus ac-
cording to an effective media model such as Gassmann (Mavko, 2009). This bulk modulus 
is changed randomly for different combinations of CO2 and brine saturations, assuming a 
sandstone reservoir with constant mineral grain bulk and shear moduli, constant brine bulk 
modulus and, pressure and temperature dependent CO2 bulk modulus. We assume that the 
bulk modulus of the material does not depend on effective stress.

ii) We train a convolutional neural network (CNN) with an encoder-decoder architecture 
(Figure 1) and with the inputs (effective elastic properties and pressure perturbation) and 
output (surface deformation) from step i). The encoder consists of a series of 3 convolu-
tional layers, decreasing in input size but increasing in its dimensionality, and the decoder 
is a series of 3 transpose convolutional layers, reducing the dimensionality but increasing 
in size (the inverse operation). The activation functions through the network are Rectified 
Linear Units (ReLU) functions and the network weights are updated based on a classical 
Adam optimization. The loss function to evaluate the prediction is a mean square error 
(MSE), to ensure that our trained model has no outlier predictions with big errors. 
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iii) We provide upper and lower bounds of the CO2 and brine pressures and saturations 
that can explain surface deformation data by combining several rock physics models 
(Gassmann, Hertz-Mindlin contact model, Reus effective fluid model; Mavko et al., 2009) 
and a capillary pressure model.

Figure 1: Synthetic example showing the input surface deformation (left), the ML architecture (middle) and the 
output pressure field (right)
 
Results and Discussion 

We test the methodology using seafloor deformation data from a 2D multiphase hydro-mechanical 
study of geological CO2 injection, which are introduced into our ML approach. Figure 2 shows an ex-
ample of the brine and CO2 pressures and saturations estimated from ML results of 2 MPa pressure 
increase in a sandstone reservoir with an effective bulk and shear moduli of 1.6 GP and 1 GPa, 
respectively, that explain the input seafloor deformations. 

The results in Figure 2 consider a model in which the pressure increased obtained with ML is assumed 
to correspond to the non-wetting phase (in this case CO2; inset in Figure 2). We observe CO2 satura-
tions ranging between 0.54 to 0.69 depending on adhesion parameter. The adhesion parameter is a 
free parameter in the Hertz-Mindlin model ranging between 0 (no 
friction between grains) and 1 (perfect adhesion) (Mavko, 2009). 
The CO2 pressure remains constant and the capillary pressure in-
creases with the increase of saturation of CO2, as expected based 
on the capillary pressure model. 

The methodology is applicable for any fluid injection problem 
where surface deformation data is acquired. 
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Introduction 

For geothermal applications, the ability to accurately predict the heat-flow parameters and tempera-
ture distribution in the subsurface can lead to a better prediction of potential “hot spots” and will im-
prove heat harvesting from the subsurface.  Specifically, small changes in subsurface temperatures 
can lead to large efficiency gains over the lifespan of the geothermal field.  This can be achieved via 
geothermal inverse modelling. 

Geothermal inverse modelling is the process of inverting temperature measurements (or thermal 
gradient/heat flux measurements) into rock properties governing heat flow at the subsurface (e.g., 
Pulsen et al., 2017).  The governing equation for steady-state heat flow is similar to equations used 
in geophysical potential field analysis and inversion.  Temperature information from wells can be 
used to estimate subsurface thermal conductivity.  However, the problem is in general ill-posed as 
temperature information is available typically in sparse wells.  Strong regularization in the inverse 
problem formulation will lead to smoothing of the subsurface properties and may not improve local 
drilling.
 
Seismic reflection and reservoir characterization techniques are frequently used to derive subsur-
face rock properties such as porosity and lithology.  As thermal conductivity is a rock property 
affected by porosity and lithology, solving a joint multi-physics problem which inverts seismic am-
plitude and temperature can provide a subsurface property map that can be used to better predict 
temperature in the earth.

In this presentation we will review the methods used for single domain inverse thermal modelling, 
rock properties and models linking elastic properties and thermal properties through synthetic ex-
amples.  We will also present an expansion of data assimilation approach (LPE inversion, Bachrach 
and Gofer, 2020), which aims to jointly solve a seismic-geothermal characterization problem, where, 
both, temperature information and seismic angle stacks are being inverted to provide high-resolution 
temperature maps of the subsurface, consistent with both seismic reflection and heat flow equa-
tions. Single-domain inversion using sparse temperature measurement along wells cannot provide 
sufficient resolution to help and identify thermal “sweet spots”, while integration of seismic inver-
sion greatly increases resolution and allows better prediction of subsurface thermal properties and 
temperatures.
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Figure 1: Synthetic example:  Single-domain inverse geothermal modelling: a)  True model; b)  estimated thermal 
conductivity if all temperatures are known; c) Thermal conductivity from 9 sparse wells. 

Figure 2: Integration of Litho-petro-elastic inversion as a second observation improves the single-domain inverse 
thermal modelling and helps to derive a high-resolution thermal conductivity model together with lithologies that 
are also consistent with temperature observation along the 9 wells; a)  P-Impedance inversion; b) Lithoclass 
estimation, and; c) thermal conductivity consistent with inverse thermal modelling
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Introduction

Gas hydrates are ice-like, crystalline solids consisting of hydrocarbon gases, in nature most com-
monly methane, enclosed in a cage of hydrogen-bonded water molecules (Kvenvolden, 1993). Re-
search on gas hydrate has increased significantly through the 20th century for several different 
reasons: its possibility as energy sources; geohazards potential; climate change agent risk; and the 
possibility for carbon capture and storage application. However, further investigation of the effects 
of hydrate content, distribution, and morphology on geophysical properties is needed because our 
understanding of the subject is still limited. At the moment, laboratory-based gas hydrate studies be-
coming more popular because it is providing a solution to the challenging effort in field observation 
and sample retrieval. Most of the geophysical laboratory studies of hydrates were done in ultrasonic 
frequency to understand its elastic properties (e.g. Sahoo et al., 2019; Wang et al., 2015). Mean-
while, elastic properties are frequency-dependent, therefore, we are conducting measurements in 
sonic frequency to widen up the observation frequency in an acoustic pulse tube as a calibration and 
preparation for upcoming gas hydrate studies.

Methodology

This study will explore the measurements of samples in sonic frequency (1-10 kHz frequency), which 
is relevant to borehole sonic logging. This research will utilise the use of an acoustic-pulse tube or 
impedance tube for measuring elastic wave velocity and attenuation of the samples. In this early 
work, calibration measurements were done in similar pressure-temperature conditions to explore the 
method’s repeatability. P-wave velocity and attenuation were observed in three different samples: 
nylon, unconsolidated sand, and synthetic sandstone. Both sand and sandstone sample were also 
saturated with water to observe its effect on the elastic properties. In future work, to link to the 
natural settings, observation in seismic frequency by using resonant column technique (Priest et al., 
2006) and laboratory results application to hydrate reservoirs data (e.g. IODP data) will be explored. 
The use of CH4 and CO2 as the hydrate formers will also be explored to explore the effect of various 
gas presence in the gas hydrate-bearing sediments.

 Sample M1 (m/s) M2 (m/s) % of Difference
 Nylon 2404.2 2402.4 0.07
 Sand 2385.6 2317.6 2.85
 Sandstone 2837.5 2885.7 1.70

Table 1: P-wave velocity comparison of nylon, unconsolidated sand, and synthetic sandstone on two measure-
ments (M1 and M2).

Results and Discussion

In this initial experiments, measurements of P-wave velocity were conducted for calibration purposes. 
As shown in Table 1, the most consistent readings were shown by nylon rod measurement, followed 
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by sandstone and sand sample, respectively. P-wave velocity and attenuation variations were also ob-
served as shown in Figure 1. It can be seen in the left figure that the P-wave velocity tends to increase 
with water saturation. However, in the sand sample, the velocity of saturated sample was lower com-
pared to the dry one, which could be due to uneven distribution. Meanwhile, in the sandstone sample, 
the velocity increased with water saturation.

In the right figure of Figure 1, P-wave attenuation (1/Q) was observed on the sandstone sample with 
increasing water saturation. In general, for the partial and full saturation samples, attenuation tends 
to decrease with frequency. The attenuation effect is most likely due to the addition of water which 
introduced sub-micro squirt flow effect (e.g. Marín-Moreno et al., 2017). However, further works 
need to be done to address the water saturation distribution problem and rock physics modelling will 
be employed to understand the wave velocity and attenuation mechanism of the samples. 

These results provide a calibration for our new Pulse tube setup and show that we are getting sensible 
results. We are currently planning experiments with increasing methane gas saturation in brine sat-
urated sediments and forming hydrates. We aim to observe how methane hydrate formation affects 
the geophysics properties and how they changes compared to brine saturated samples. These results 
will provide helpful insights into how to accurately infer gas hydrate saturation from well-logging data. 

Figure 1: P-wave velocity with water saturation of sand (blue) and sandstone (grey) (left); Variation in P-wave at-
tenuation with frequency in sandstone sample with increasing water saturation (right). 
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Introduction

Knowledge on heat transport properties are required for applications such as underground nuclear 
waste disposal, CO2 storage, or exploration and exploitation of geothermal reservoirs. In low perme-
ability rocks, one of the key properties governing heat transfer is the effective thermal conductivity 
(Clauser, 2011). Since accessing directly and accurately the in situ Thermal Conductivity (TC) is chal-
lenging, this property is either (i) measured on extracted cores samples (e.g. Esteban et al., 2015); 
or (ii) estimated using semi-empirical models. While these models are based on physical consider-
ations, the effects of microcracks – or soft porosity - on thermal properties are often disregarded. 
Yet, microcracks strongly affect the rocks dependence to stress conditions (Walsh, 1965), and the 
TC largely depends on the confining pressure applied to the rock (e.g. Lin et al., 2011). Comparing 
published datasets of elastic and thermal properties measured on samples of Berea sandstone, 
Pimienta et al. (2014) showed that the pressure dependence of these two physical properties was 
very similar. They attributed this pressure dependence to the presence of microcracks and open 
grain contacts, and they derived a micromechanical model to infer the TC of clean sandstones from 
Elastic Wave Velocities (EWV) and porosity measurements.
 
The aim of this work is to extend this pore-scale laboratory approach and model to larger scales by 
using the well-log sonic EWV and porosity (i.e., two standard data acquisitions from well logging) to 
infer TC. Further, the different assumptions made on the presented model will be discussed, e.g. in 
the light of our knowledge of the frequency dependence of elastic properties.

Methodology

Figure 1: Principle of the pore-scale modeling approach using effective media theories (left), with the same as-
sumptions for TC and EWV; and (right) methodology for TC predictions (after Pimienta et al, 2014).

The methodology for TC prediction (dry and/or water-saturated sample state) follows a two-step pro-
cedure (Fig. 1) : 1) the P-wave velocity and porosity measured from well log are data input to invert 
some rock microstructural parameters, including microcrack density and length-to-width microcrack 
aspect ratio, using an effective elasticity model, and (2) these inverted parameters are then used to 
predict TC by forward modelling.
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Results & Discussion

We applied this TC prediction methodology in a relatively clay-free sandstone formation from  Me-
na-Murtee well, Darling Basin (New South Wales, Australia) from reported (Bell & Knight, 2014) 
well-log sonic P-wave velocity ranging between 2 and 6 km/s and neutron porosity ranging from 5% 
to 45% assuming no clay minerals influence (Fig. 2). The TC results show a continuous increasing 
trend (dry and saturated state) with depth up to 1.2 km, then reach a maximum of ~ 5.6 W.K-1/m-1 

and ~ 6.5 W.K-1/m-1 in dry and water-saturated conditions respectively (Fig. 2). Those results are 
matching the TC measured on cores retrieved from Mena-Murtee well (e.g., Esteban et al., 2015). 
Two extreme crack aspect ratio values, representing typical ratios observed in sandstone reservoirs, 
were tested and led to a positive TC offset of ~ 0.4 W.K-1/m-1 for both dry and water-saturated states 
from low to high crack aspect ratio. Such microcracks aspect ratio could be independently assessed 
(e.g. microscopy imaging) to improve the TC predictions. The TC prediction however relies on several 
assumptions: (i) the rock is composed of only quartz mineral in this study; (ii) the pore media is 
only filled with air or water; (iii) the unrelaxed – high frequency – regime. The relative effect of such 
assumptions will be thoroughly discussed.
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Figure 2: TC prediction for either dry (bottom 
left) or water-saturated (bottom right) sand-
stone formations along Mena-Murtee well, 
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neutron porosity (top right). Low value (red 
curve) and high value (green curve) of micro-
crack aspect ratio were tested to model TC.
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Introduction

Seafloor gas hydrates are ice-like solids that form naturally and contain large volumes of green-
house gases mostly methane. Scientific studies are directed at understanding the rate at which they 
melt (dissociate) due to global warming of the oceans, their possible impact on sub-sea landslides 
causing tsunamis (tidal waves), and their suitability as energy (natural gas) resources. Geophysical 
methods like seismic and electrical resistivity are generally used to quantify gas hydrates. The pres-
ence of hydrate in sediments changes elastic wave velocity and attenuation, electrical resistivity 
and intrinsic permeability; the extent of change depends on the amount (saturation) and distribution 
(morphology) of hydrate. We need to accurately determine how gas hydrate affects geophysical prop-
erties to correctly quantify hydrate deposits. Laboratory geophysical studies of gas hydrate-bearing 
porous media can help us achieve this goal. Natural gas hydrate also co-exists with free gas, either 
naturally or during dissociation (e.g., Sahoo et al., 2018). Such co-existing gas can also affect the 
geophysical properties (Marín-Moreno et al., 2017) and quantification. We conducted high resolution 
synchrotron imaging of methane hydrate formation in brine saturated sand (imitating natural seafloor 
sediment conditions) to understand gas bubble distribution. We used a theoretical rock physics mod-
el to understand the effect of this bubble size distribution.

Methodology

We conducted high resolution synchrotron imaging to capture gas bubble dynamics during methane 
hydrate formation, using monochromatic X-rays at Diamond Light Source, UK. The rig dimensions are 
2 mm internal diameter, 0.8 mm wall thickness and 10 mm sample scan height. Trial scans found 
that beam energy of 21 keV, detector distance of 81 mm from the sample and an exposure time of 
200 ms was optimum. Leighton Buzzard E sand (average grain size of 100 µm) was used, with 35% 
porosity. Brine (3.5 wt % NaCl solution in deionized and de-aerated water) was injected to partially 
fill the sample pore space with a high (>83%) initial brine saturation. This method allows excess 
water condition (Sahoo et al., 2018). The sample was left for 3 days so that the pore fluids could 
re-distribute throughout the sample by capillary action. Methane gas of 10 MPa was then applied to 
the bottom of the rig and the valve was closed before starting the hydrate formation stage. Hydrate 
was formed by reducing the temperature to 1 oC using a cryojet stream applied to the top of the rig 
(Fig 1b) with a thermistor at the bottom of the specimen. The synchrotron rig was scanned every 2-3 
hours to image the hydrate formation in the pore space.
 
Results and Discussion

The shape of the individual methane gas bubbles within the pore space was analysed by fitting an 
equivalent sphere. Figure 1a shows the bubble size distribution within the specimen pore space dur-
ing hydrate formation at 0 hours (h), 10.72h and 20.77h. Initially, at the start of hydrate formation 
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(0h), due to presence of large pipe shaped bubbles, 60% of the bubbles are greater than 300 µm 
average radius. Due to formation of hydrate, a large amount of gas is consumed and hence less 
than 5% bubbles are greater than 300 µm. As hydrate formation continues, the bubble size analysis 
at t = 10.72h shows well distributed bubbles with radii 100 µm to 6 µm. A reduction in bubble size 
variability (homogenisation distribution) then follows, as seen after t = 20.77h in Fig. 1a.

We plan to use the measured bubble size distributions as input to an effective medium rock physics 
model (Marín-Moreno et al., 2017), but here report initial model results for different representative 
bubble size extracted from synchrotron imaging to predict how gas bubbles might affect geophysi-
cal properties such as P-wave velocity (Figure 1b). For each model run, we assumed all the gas is 
represented by a single representative bubble size: average diameter DA, D10, D50 and D60 (D10, 
D50 and D60 are standard are metrics borrowed from standard granulometric analysis, where D50 
defines the sieve aperture size through which 50% of the bubbles can pass through; similarly, for 
D10 and D60). Hydrate saturation for all the runs is fixed at 25% with pore-bridging or load bearing 
hydrate morphology. It is generally very difficult to know gas size distribution in the field, and so pre-
vious studies and gas bubble modelling used a specific bubble size which is generally assumed to 
be an average or representative radii. Here, our initial results show that for the same hydrate satura-
tion, different representative bubble size affect P wave velocity differently at a frequency of 650 kHz.

Figure 1: a) Segmented 3D reconstructed CT scan showing methane gas bubbles (in blue) distribution during 
hydrate formation at different times: 0 hours, 10.2 hours, 20.77 hours, 30.02 hours and 36.25 hours after initi-
ating hydrate formation. b) Change in P-wave velocity at 650 kHz due to the effect of gas bubble size calculated 
using an effective medium model accounting for gas bubble resonance (Marín-Moreno et al., 2017). Different 
representative bubble diameter extracted from the synchrotron imaging data are indicated as DA, D10, D50 and 
D60. Where DA is average or mean diameter and D50 represents a median diameter. D50 defines the sieve 
aperture size through which 50% of the bubbles can pass through; similarly, for D10 and D60
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Introduction - Theory

Established experience with CO2 storage scenarios indicates that seismic attributes can be used to 
locate and quantify the highly mobile gas out of solution in storage reservoirs. Recently, the idea of 
seasonal hydrogen storage in porous formations is gaining traction. This involves a one-time loss 
of hydrogen as cushion gas which is estimated to be up to half of the reservoir capacity by volume, 
and is necessary to maintain pressure and enhance seasonal recoverability of hydrogen Fig. 1. The 
high economic cost as- sociated with hydrogen production has lead researchers to suggest different, 
cheaper alternative cushion gasses such as nitrogen or CO2, as well as methane. In this work, we 
provide theoretical rock physics modelling of hydrogen-cushion gas scenarios, discuss the seismic 
visibility of the hydrogen-cushion gas interface and use our finds in a forward modelled case-study 
in a potential storage target from the Scottish Midland Valley.

Figure 1: 1d model depicting the stratigraphy of different formation¬s and fluids pre- and post-injection

Using a rock physics model with a dispersive p-wave modulus according to the standard linear solid 
(SLS) model we obtain the generalised acoustic impedance Z:

where Z0 is a relaxed acoustic impedance, and α − 1 is the amount of dispersion related to maximum 
attenuation through  We furthernassume the transition frecuency ω∱ scales with 
mobility:

which in fully saturated rocks, depends solely on fluid viscosity but in partially saturated rocks is 
an appropriately scaled expression involving effective mobilities(Mochizuki, 1982, Murphy III et al., 
1986, Papageorgiou and Chapman, 2017).
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Results

Using Eq. (1) and equations of state for three potential cushion gasses (methane, nitrogen and CO2), 
we show that the dependence of the dispersive impedance from viscosity, leads to different dis-
persion regimes for the hydrogen sand-cushion sand (Fig. 2). This offers a pathway for the cushion 
gas-hydrogen interface to become seismically visible due to the attenuation contrast, and despite 
fluids having similar acoustic properties. This effect is similar to observations in Lines et al. (2014) 
where two acoustically identical half-spaces nevertheless produce normal-incidence recorded reflec-
tions. Using a proposed hy- drogen storage target in the Scottish Midland Valley, we forward model 
the injection scenario that allows for visibility of hydrogen in a case-study (Fig. 3).
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Figure 2: Dispersive acoustic impedance leading to an 
increase in reflection coefficient for the same, highly 
dispersive rock, saturated by hydrogen and a cushion 
gas of different viscosity.

Figure 3: Raytracing and forward mod- elling of a shot 
gather in a 1d Earth model corresponding to an injection 
prospect in the Scottish Midland Valley.
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Introduction

Existing oil and gas fields provide a potential option for geological CO2 storage to enable reduction 
of CO2 emissions as part of the energy transition. Conversion of existing oil and gas wells to CO2 

storage wells can potentially result in cost savings, especially for offshore projects where drilling and 
completion costs are significant. We designed an experimental workflow to simulate how reservoir 
rock and cement interfaces could have evolved after prolonged exposure to formation fluid in terms 
of microstructure and mechanical behaviour, using North Sea reservoirs as a base line. 

Cement only and cement-sandstone interface samples’ mechanical strength were tested pre and 
post artificial ageing treatment. Additionally, a subset of the interface samples was also biologically 
treated to evaluate the possibility of using carbonate bio-precipitation as a new solution to reduce 
microannuli in such borehole context.

Methodology

Sample preparation

Samples of 54 mm in diameter and ca. 2-2.3:1 length to diameter ratio were prepared from Portland 
class G cement (no additives) and Stanton Moor sandstone blocks (ISRM, 2007; ASTM, 2014). 
Interface samples were prepared using an in-house methodology to achieve as similar standard: 
halved sandstone cylindrical cores were encased in a heat-shrink sleeve and fresh cement was 
poured along, then cured for 28 days under water.

Chemical treatment for artificial ageing

Cement and interface samples were exposed to a NaCl solution of similar composition to reservoir 
brine at the Esmond Gas Field (a Bunter Sandstone Southern North Sea reservoir) in order to simu-
late relevant conditions for field case comparison. Four cement only and six interface samples were 
placed in a pressure vessel and saturated with this solution for 4 weeks at a nominal N2 pressure 
of 100 bar and 80 ºC. Four cement only samples were also exposed to the same conditions for 12 
weeks. One reference sample was exposed to the same pressure and temperature but with DI water 
instead for 4 weeks.

Porosity reduction by bio-precipitation

Interfaces samples were placed within a pressurised apparatus and were flooded with 50ml growth 
medium containing culture of BH03 (identified as the microbial strain most capable of bio-precipita-
tion under elevated temperature or pH by Barnett et al., 2021) or uninoculated medium (for refer-
ence) in three phases: 1) inoculation phase – allowing the contents of the inoculation reservoir to 
flow into the sample; 2) attachment phase – where the flow was stopped to allow microbial cells to 
attach to the sample surfaces for an extended period of 137 h; 3) precipitation phase - a modified 
growth media was flowed through the core at 0.05 ml min-1 for the rest of the experiment to trigger 
Ca precipitation from the microbes. Increase in pressure upstream of the interface sample was used 
as a measure of resistance to flow within the sample caused by biological or chemical changes. 
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Mechanical (strength) testing

Both Uniaxial Compressive Strength (UCS) tests and triaxial strength (TRX) tests were performed 
to assess the maximum strengths of the samples. UCS tests were performed on wet, cement-only 
samples following the standard ISRM methodology for such tests with an axial strain control at 
1x10-5 mm/mm/s (Ulusay & Hudson, 2007). Conventional TRX drained tests were performed on 
sandstone and interface samples at effective confining pressures of 15 and 25 MPa, in the brine 
saturated samples.

Results and Discussion

The results have highlighted that:

– artificially aged cement has a significantly modified microstructure compared to its orig-
inal one, that leads to a mechanical brittle behaviour in UCS test similar to the one of 
low strength sedimentary rocks instead of a quasi-brittle one.

– the fluid medium pH is influenced by the cement and microbial activity interactions, with 
treated samples having a lower final pH than control ones (pH 8.3 compared to 9.3), 
likely due to the production of organic acids. 

– decreasing local pressure variations provide evidence that microbial inoculation reduces 
flow.

– in the interface geometry tested, macroscopic brittle failure is more likely to propagate 
in the sandstone rather than in the cement or fully along the interface.

At the time of this abstract, full petrographical analysis is not yet done; microscopic data will thus 
complete our understanding of the success and challenge of these experiments.
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Introduction

Vp/Vs ratio from seismic tomography are usually interpreted in terms of type of fluids or pressure 
effects. For instance, at Nevado del Ruiz volcano (NRV) low Vp/Vs values are associated with the 
presence of gas while high Vp/Vs are used to describe magma flows (Londono and Kumagai 2018). 
There are no measurements of elastic properties at in-situ conditions of saturation, pressure and 
temperature for rocks from the NRV. Here we investigate how these rocks respond in P- and S-wave 
velocity and Vp/Vs ratio to these geothermal conditions. 

Samples and methods:

Fourteen samples were collected from outcrops and the geothermal borehole Nereidas-1 in the 
geothermal field and volcanic edifice of NRV based on its general stratigraphy and geological evo-
lution (Figure 1a; Ceballos-Hernandez et al. 2020). The diversity of the rocks includes altered and 
unaltered volcanic and metamorphic rocks (andesites – PRE-1, PRE-2, PRE-3, FEPR, OLL, SEPR, LAV; 
andesitic tuff - IGN), intrusive (MS, AI), greenschists (Schists), meta-sandstones (Meta) and garnets 
(NM and NV), providing a wide range of porosity. The metamorphic rocks visually show foliation, 
while the borehole samples are quartz altered. P and S-wave traveltimes using transducers and 
laser ultrasonics were measured on all samples under atmospheric, pressure, temperature, and 
water-saturation conditions.

Results, Discussion and Conclusions

Our findings can be summarized as: Vp/Vs is inversely proportional to rock porosity (Figure 1b); 
pressure-sensitivity of Vp/Vs can be used to characterize pore shapes such as cracks (e.g., samples 
IGN, LAV, OLL, FEPR, SEPR in Figure 1c) or round pores (e.g., sample PRE-3 in Figure 1c); Vp/Vs 
behave anisotropic due to rock-foliation with higher values parallel to foliation (e.g., measurements 
Meta-1 and Schist-1 in Figure 1d) and lower values perpendicular to foliation(e.g., measurements 
Meta-2 and Schist-2 in Figure 1d); Vp/Vs is an indicator of mineralogy and rock alteration (e.g., 
stars indicating in Figures 1c and 1e); fluid-saturation increases Vp/Vs (e.g., wet measurements 
from Figures 1c and 1e); and additionally, preliminary work shows that Vp/Vs remains constant with 
temperature, although Vp and Vs do not (Figure 1f). Through lab measurements of P and S wave 
traveltimes, we found similar Vp/Vs values that those from the field influenced by rock physical 
properties and subsurface conditions (pressure and temperature). From these observations, the 
variability of Vp/Vs caused mainly by porosity, cracks, mineral content and foliation-induced aniso-
tropy. Overall, estimates of Vp/Vs are in agreement with seismic tomography field inversions: low 
values range between about 1.3 and 1.6 and high values between 1.7 to 2.1. In seismic tomography 
images, these Vp/Vs variations are interpreted only as due to the presence of either gas or magma 
(Londono and Kumagai 2018). We show that for these rocks, Vp/Vs variations are also controlled by 
pore geometry, mineralogy and seismic anisotropy. Our data can be useful to better constraint field 
Vp/Vs inversions using field scaling models at NRV.
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Figure 1: a) Sketch of the NRV stratigraphy associated with the rock sample names; b) Vp/Vs at room condition 
as a function of porosity; c) Vp/Vs versus Vp for NRV volcanic rocks; d) Vp/Vs versus Vp for NRV foliated rocks 
under dry conditions; e) Vp/Vs versus Vp for rock samples of the borehole Nereidas-1; f) Vp/Vs versus Tempera-
ture for the sample NM. The colorbars in b), c) and d) indicate the color contrast associated with depth variations 
for each rock sample. Dashed lines in c) and e) are linear regressions. Stars in c) and e) indicate the value of 
convergence of the dry and wet linear regressions.
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Introduction

Gas chimneys over hydrocarbon prospects are common in the deep waters of South China Sea. The 
presence of gas lowers the seismic interval velocities rendering the traditional velocity- based pore 
pressure prediction impracticable. Drilling through the gas chimney was undertaken on the prospect. 
(Figure 1). A geologically tenable pore pressure prediction enabled deliver the well safely (Figure 2). 
The dynamic rock properties and spectral logs analyzed enabled decipher the effect of gas on host 
rock lithology, low velocity against the gas chimney and the interplay of geophysical response in de-
termining the transition to higher pressures. It is reasoned that gas chimneys can be drilled safely 
when associated well and seismic data are prudently interpreted and close real time monitoring is 
implemented.

Figure 1: Gas chimney over the prospect (left) and Figure 2: Reasonable pore pressure prediction for well design 
along with the irrational velocity based prediction (right).

Methodology

Traditional velocity- based pore pressure prediction indicated pore pressures reaching overburden 
near the top of the low velocity zone (LVZ). Deeming it suspect, a fit for purpose, offset well data- 
based prediction drove the well design. Real time pore pressure estimation based on logging while 
drilling and well behaviour optimized drilling. Different geophysical responses can be explained by 
examining such rock properties as mineralogical composition, porosity, fluid saturation etc. The 
linkage between these properties and velocity, density and resistivity responses was examined and 
then linked them to rock physics. The choice of most appropriate rock physics depends on the type 
and features of the rocks and the geological context.
 
Results and Discussion 

Real time monitoring captured the onset of pressure and invalidated the velocity-based prediction. 
The two geophysical parameters of compressional velocity and resistivity are related by their com-
mon cross property of porosity. The physical basis for the resistivity and/or velocity based (sonic or 
seismic) pore pressure prediction is their sensitivity to porosity. In shale lithology, measured resis-
tivity and sonic data shows a porosity dependence i.e., other factors remaining same, an increase in 
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porosity leads to a decrease in resistivity and an increase in sonic slowness. The temperature model 
was also input.The relationship between density, velocity and resistivity was examined.The dynamic 
rock properties; Vp/Vs ratio and Poisson’s ratio indicated lowering from the overlying rocks in the 
low velocity zone (Figures 3&4). This means that in gas-saturated rocks, Poisson’s ratio decreases 
with increasing pore pressure (Dvorkin et al, 1999). Cross plots of Vp vs. Vs, Velocity vs. density and 
resistivity indicate that when compaction is sufficiently low the pore spaces are connected, increas-
ing the effect of brine and resistivity decreases together with seismic/sonic velocity and constant 
density. The LVZ comprise Montmorillonite clays as deduced from the spectral analysis while Chlorite 
clays occur in the overlying rocks (Figure 5). Shale resistivity decrease with depth may be related to 
increasing temperature that led to increased mobility of dissolved and exchangeable ions causing 
higher conductivity and hence lower resistivity. The reduction in velocity and resistivity with constancy 
of density marks the onset of unloading pressure generation mechanism (Figure 6). The LVZ due 
to gas cloud effect also falls within the zone of unloading. Effects of gas cloud were examined by 
fluid substitution and low gas saturation suffices the response. Drilling through the gas cloud was 
incident free and the well was delivered safely, prompting renewed advocation of drilling through gas 
chimney related structural closures, should it warrant geologically.

Figure 3: Vp-Vs crossplot (left) and Figure 4: Vp/Vs & PR vs. Depth

Figure 5: Spectral log analysis (left) and Figure 6: Vp-Density crossplot excluding gas cloud: (right).

Conclusions

Integrated analysis of the well data real time, realized and explained the gas chimney to be pres-
sured by unloading mechanism. Integration expanded the links between different types of obser-
vations and measurement to reduce the uncertainty in prediction to a large extent. The well was 
delivered safely and reassure drilling such prospects overlain by gas chimneys safely circumventing 
potential geohazards.
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Introduction

Carbonate reservoirs produce some half of the oil and gas produced annually in the world, especially 
across the Middle East. Despite the importance of carbonate reservoirs in hydrocarbon production, 
seismic responses of these rocks are yet to be well studied. Seismic interpretation for the purpose 
of extracting elastic properties is one of the most important tools serving reservoir geophysicists. 
Information on compressional and shear wave velocities (Vp and Vs, respectively) and their ratio 
allows one to delineate lithology, porosity and fluid content of the considered rock. Effect of fluid sat-
uration on wave velocity through carbonates was addressed by Assefa et al. (2003) who elaborated 
on petrographic fabric and lithology. Ødegaard and Avseth (2004) proposed a rock physics template 
(RPT) by which fluid content and mineralogy of reservoir could be estimated on Vp/Vs vs. acoustic 
impedance cross plot. Furthermore, Gegenhuber and Pupos (2015) used well log and seismic data 
to produce a RPT for a sand reservoir and suggested that, seismic interpretation can be used to es-
timate rock physical properties at acceptable accuracy, especially for thin and partitioned reservoirs. 
The RPT was first used in sandstone and shale for lithology and saturation identification. Since then, 
RPTs have been used as a tool for seismic interpretation and reservoir characterization. However, 
RPTs are basin-specific and influenced by local geological factors, so that those must be verified for 
and adapted to the field of interest. Trying to address this issue, the present research proposes a 
RPT for Iranian carbonate reservoirs containing various fluid types using fluid substitution and rock 
physics modelling. Next, the RPTs are tested on real data acquired from different carbonate reser-
voirs with different fluid saturations. Finally, the results are compared to the results of ultrasonic 
core studies at a selected well, indicating that the proposed template can appropriately distinguish 
between different fluid contents in carbonate reservoirs.

Methodology and Results

For this study, five major oil producing carbonate reservoirs in south and southwestern Iran were se-
lected. The selected carbonate formations (Ilam, Sarvak, and Dalan Formations) were dominated by 
different types of pore such as interparticle, fracture, and vuggy porosities. A suite of well log curves 
(gamma ray, density, Vp, Vs, RHOB and NPHI) were available for formation evaluation. Firstly, fluid 
substitution and rock physics modeling were carried out according to Xu and Payne (2009). Fluid 
substitution was performed to consider scenarios wherein the target formations were fully saturated 
with brine, oil, and gas. Final outputs of the fluid substitution were Vp, Vs, and density for each of 
the saturation scenarios. Cross plots of Vp/Vs vs. P-impedance (P-wave impedance) and Vp/Vs vs. 
porosity were generated (Figure 1). According to the results, three discriminating lines (correspond-
ing to 100%-saturated condition) were fitted to the two cross plots to describe different saturation 
scenarios. In Figure 1, the model curves in blue, green and red represent brine, oil and gas borders, 
respectively. Subsequently, as a case study, the proposed templates were applied to a real-world car-
bonate reservoir for discriminating the fluid type. For this, the values of Vp/Vs ratio and P-impedance 
were calculated from petrophysical data of three carbonate formation for five fields. Related results 
are shown on the presented template with different symbols. As it is clear on Figure 1, different fluid 
contents could be separated on the cross plots, with the results being in agreement with the fully 
saturated boundary curves obtained from rock physics modeling. Consequently, as a rock physics 
test, conventional pulse transmission technique was applied on 12 core samples (prepared in brine 
saturated and dry condition) for validating the proposed RPTs. In this regard, P- and S-wave velocities 
were obtained at ultrasonic frequencies in the range of 500-1000 kHz using triaxial loading under 
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reservoir conditions (Assefa et al. 2003; Sharifi and Mirzakhanian, 2019).

Figure 1: Rock physics templates based on a) Vp/Vs ratio vs. porosity and b) Vp/Vs vs. P-impedance (P-wave im-
pedance) cross plots. Symbols # refer to different reservoirs and Sv, Il, and Dl stand for Sarvak, Ilam, and Dalan 
carbonate Formations, respectively. Results of saturated and dry core tests (ultrasonic data) are also shown. 
 
Discussion and Conclusions

In this paper, rock physics templates (RPTs) for fluid content estimation in carbonate reservoirs were 
presented. Fluid substitution and rock physics modelling were performed to delineate model curves 
representative of different saturation scenarios. Results showed that the proposed templates can 
describe brine, oil, and gas-bearing carbonate formations. Ultrasonic core studies further confirmed 
these templates based on the agreement between rock physics modelling results and real data. Due 
to differences in micro structure of carbonate rocks in different geological settings, the proposed 
cross plots need to be adapted to and calibrated for the formation of interest. Interestingly, only 
post-stack data could not be used to discriminate different fluid contents. This fact highlights signif-
icant role of AVO studies for extracting shear and compressional wave velocities.
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Introduction

Major rock-forming minerals have relatively low symmetry and very often their physical properties 
vary with the direction of observation and measurement. For instance, the anisotropy in the prop-
agation velocity of seismic waves in many of the most common rock-forming minerals exceed 30% 
easily. The preservation of part of that large anisotropy will depend on how the mineral grain shape 
and lattices are arranged in rocks. One geological scenario where mineral orientation can occur 
is when rocks are subjected to tectonic deformation and develop a fabric as a consequence. In 
such a case, the alignment of mineral grains and, more importantly, their crystallographic lattices, 
will provide the resultant rock with a measurable anisotropy to the propagation of seismic waves. 
Whether this anisotropy upscales to larger volumes of the crust will additionally depend on the 
deformation events producing foliated rocks to have sufficient entity and homogeneity to affect 
significant parts of the crust. Here we approach the study of anisotropy of physical properties in 
some specific parts of the continental crust from two different angles: firstly, by studying propa-
gation velocities in rock samples, representative from a larger area, that show a strong tectonic 
fabric, secondly, by calculating anisotropy to the propagation of seismic waves from ambient noise 
seismic tomography.

Methods in the study of rock properties

The rock samples selected for our study are slates, and in particular, some of the lithotypes which 
are exploited industrially to produce roofing slates. The slate quarries sampled belong to the slate 
belt of the Variscan orogen in Iberia (Fig. 1). The slate district overlaps a low to medium grade meta-
morphic belt constituted by an early Paleozoic rock sequence dominated by fine-grained lithologies, 
which were deformed during the development of the Variscan orogeny, mostly Carboniferous in age 
in the study area. A widespread and regional tectonic foliation is present, a slaty cleavage that 
forms in relation to near isoclinal, often recumbent, large folds (e.g. Pérez-Estaún et al., 1991). This 
dominant and pervasive fabric is often crenulated by a secondary regional tectonic fabric in relation 
to upright open folds.

The slates are ideal because, firstly, they require a strongly developed tectonic fabric to be able 
to part in shingles and, secondly, because the main and dominant rock-forming phase defining 
the fabric are phyllosilicates, from the mechanical point of view, the most anisotropic group of 
minerals (Cárdenes et al., 2021). Sample blocks were obtained from the front of the exploita-
tion, thus showing pristine conditions of preservation. Blocks were cut into 10 cm cubes. Direct 
measurements with ultrasounds were made under room pressure conditions. Ultrapolished thin 
sections from the same blocks were used to determine and quantify mineral phases and measure 
crystallographic preferred orientation in all major rock-forming minerals. Seismic velocities and 
anisotropy were then determined based on crystallographic orientation and mineral fraction using 
averaging schemes. 
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Figure 1: a) Simplified geological map of NW Iberia based on the continuous geological map of Spain at 1:1000000 
(CSIC-IGME). b) Vp and Vs1 laboratory vs calculated velocities as a function of principal structural directions. c) 
W-E cross-section through the slate belt in radial anisotropy models.

Methods in the study of crustal properties

Until very recently, seismic stations were mostly used to record high energy events related to earth-
quakes, while the rest of the signal was regarded as noise. The cross-correlation of records between 
station pairs in seismic interferometry theory, however, allows us to transform ambient seismic noise 
into a useful signal that provides data on the distribution of seismic velocities within the propagat-
ing medium, ultimately producing geophysical images of parts of the crust. In this contribution, we 
extract the velocity data obtained from a wider area in the continental crust of NW Iberia that relates 
to the slate belt of the Variscan belt of Iberia (Acevedo et al., 2021b). Rayleigh and Love dispersion 
data from ambient noise were recorded by stations belonging to two different networks. From ambi-
ent noise, a radial anisotropy variation model was obtained for the upper crust in a wide region that 
includes the study area. Rayleigh and Love dispersion measurements are used in ambient noise to 
extract vertically (Vsv) and horizontally (Vsh) polarized shear waves. When there is a mismatch between 
the two, the medium is regarded as radially anisotropy (Vsv>Vsh is positive, Vsv<Vsh is negative). 

Results

Petrophysical and laboratory work on slate samples show, as expected, a strongly planar material to 
the propagation of seismic waves. The discontinuities along grain boundaries in a rock with a strong 
shape preferred orientation of grains enhance near the surface the intensity of the intrinsic proper-
ties calculated from crystallographic orientation data. At the crustal scale, the slate belt has a strong 
positive radial anisotropy at the base of the upper crust, consistent with the expected orientation of 
rock fabric at that depth. However, it shows a similar pattern at a shallower depth, near the surface, 
where tectonic fabric is mostly subvertical.
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Introduction

An integrated study to unravel well bore stability involving elastic parameters, the related geome-
chanical attributes, and the pore pressure is a step in the right direction. The studied wells in the 
KG basin in India consist of Tirupati sandstones, Raghavapuram shale, and Nandigama formation, 
predominantly. An alternate layer of intercalated shale and sandstone lithologic pattern variation in 
the formations augments the heterogeneity and anisotropy in the subsurface. Fine-grained Ragha-
vapuram shale has a distinct intrusive insertion of mixed type clays peculiarly smectite and illites. 
Most of the chemical diagenesis takes place with increased depth due to high temperature and 
pressure. This chemical alteration and dehydration of smectites to illites together with the overlying 
burden of sediments causing overpressure in the formation as depicted in Figure 2. A safe mud 
weight window estimated from Mogi- Coulomb Criteria lies in a range of 15.5-16 ppg for Raghavapu-
ram shales while for Nandigama formation a wider window ranging 14.4-16.8 ppg is estimated. The 
above-stated numerical studies brought to light the relation between mechanical stratigraphy, clay 
type with associated Pore pressure, elastic and strength attributes and stress magnitudes effecting 
wellbore stability.

Methodology

Figure 1: Flowchart showing the methodology adopted.

Figure 2: a) Illustrates Th-K crossplot to quantify clay type, data points cover region of illites, montmorillonite 
and kaolinite while the colour bar represents the TVD. b) Illustrates Velocity and density cross plot with their 
associated causal mechanism of overpressure generation, circle marked signifies chemical compaction or clay 
diagenesis particularly dehydration of smectite to illites.
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Figure 3: Illustrated on extreme left are  zonations  followed by strength and elastic properties followed by vertical 
and horizontal stress and well schematics which are utilised  to construct a wellbore stability profile. The used 
mud weight is marked by black bold line while the dotted line shows the safe mud weight to be used. A breakout 
is observed as marked by A and is well calibrated using calliper log on extreme right.

Results, Discussion and Conclusions

Rock Fabric has an underlying influence on rock deformation and the extent and orientation of break-
out or fractures in the wellbore. The bedding, grain size, grain orientation along with the mineralogy 
of rock has the power to redirect the course of a breakout along with the rock’s weakest point. In 
12.5” section a steeply increasing pore pressure in Raghavapuram shales has reduced the mud 
weight window limiting it only to 15.5-16 ppg while the Nandigama formation has a wider window 
ranging 14.4-16.8 ppg. Raghavapuram shales have encountered a few breakouts that are well-cal-
ibrated using the caliper log as shown in Figure 3. Nandigama formation on the other hand seems 
to possess a relatively wider range of mud weight windows with a lesser breakout due to its near 
constant Pore pressure. This study is useful not only to mitigate the undesired consequences in 
increasing challenging reservoir but also to act as a template for a similar study.
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Introduction

Mixtures of sands and shales are quite common in most depositional environments, and in most 
reservoirs/aquifers, there are varying clay contents and net-to-gross within the sandy intervals. 
Even the cap rocks can be quite heterogeneous (silty/sandy shales) in cases with gradual transi-
tions between sandy reservoirs and transgressing shales. Several key cap rocks on the Norwegian 
shelf can be very heterogeneous, including Rødby Fm in the Måløy Slope area, the Melke Fm in the 
Norwegian Sea, and the Fuglen Fm in the Barents Sea. It is important to understand the elastic 
effect of these heterogeneities in hydrocarbon exploration, production, and during monitoring of 
CO2 sequestration in the subsurface.

Methodology and results

This study investigates the effect of heterogeneity and clay content, going from a clean reservoir 
sand to a pure shale, using rock physics modeling. Several authors have done similar studies on 
laboratory data (e.g., Marion and Nur, 1991) and on well log data (e.g., Dvorkin and Gutierrez, 
2002). However, in this study, the effect of burial depth and diagenesis on sand-shale mixtures is 
also investigated. Especially for shales, it can be challenging to separate between the diagenetic 
effect (i.e., cementation) and the effect of increasing silt content.

The Walderhaug model (Walderhaug, 1996) is used to constrain the clean sandstone end-member 
as a function of time/depth. The pure shale end-member can be obtained from empirical models 
for a given burial history (Avseth and Lehocki, 2021) or from coupled diagenetic-rock physics mod-
els (e.g., Dræge et al., 2006). Then, the Dvorkin-Gutierrez model for sand-shale mixtures is used 
to interpolate between the end-members (Avseth, 2021), honoring the non-linear effect of pore-fill-
ing clays via a two-step Hashin-Shtrikman modeling scheme. The models are compared with ob-
served well log data from selected fields on the Norwegian shelf (Figure 2). The modeling scheme 
incorporating burial history also allows us to create rock physics depth trends for heterolithics 
with varying degrees of clay content (Figure 1). These can be valuable to constrain AVO feasibility 
modeling or inversions in areas where net-to-gross varies significantly within the target zone.

The scale effect of interbedding is also addressed. The elastic response of sand-clay mixtures 
can vary as a function of the clay distribution (Khadem et al., 2021). However, at a seismic 
scale, one can have a combination of pore-filling clay at a small scale (10s of cm to a few me-
ters) and interbedded sand-shales at a scale of several meters. Hence, the effective response 
of a heterolithic unit/interval at the seismic scale can be quite complex with many competing 
effects (textural clay, cementation, scale). In addition, the heterogeneities will affect/control 
the fluid distributions (homogeneous versus patchy saturation), making it quite challenging to 
predict hydrocarbons or CO2 from heterolithic reservoirs. 

Figure 1: Upper: Rock physics depth trends of sandstone (cyan=brine; orange=gas), shales (green) and het-
erolithic mixture of sands and shales (black; dashed black=uplifted by 600 m, c.f. Walderhaug modeling of 
sandstones). Lower left: Rock physics template of Vp/Vs versus AI versus models for brine sst (cyan), gas sst 
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(orange), shale (dashed green), and heterolithics (black lines). Data from the target zone in the well include base-
rock shale (green), cap-rock shale (brown), gas reservoir sst (red/yellow), and fluid substituted brine sst (blue). 
Lower right: Vp versus porosity; data versus model using the scheme suggested in this study for heterogeneous 
sandstones/shales, constrained by sand and shale burial depth trends. (The gas model/data are not included in 
the Vp-porosity crossplot, to better highlight the sand-shale mixture effects)

Conclusions

Both depositional and compactional trends of sandy shales and silty shales can be modeled concur-
rently, combining Walderhaug diagenetic modeling and contact theory for clean sandstone end-mem-
ber, then mixing this end-member with clean shale for the same burial history, using the Dvorkin-Gut-
ierrez approach. The modeling can explain some of the higher velocities in heterolithic intervals 
compared to background shale trends. It is important to bear in mind that cap-rock shales can often 
be quite heterolithic. It is also important to take into account the effect of heterolithics on veloci-
ty-depth trends before evaluating the tectonic uplift from well log or seismic velocity data. Increasing 
pore-filling clays in sandstones will also cause reduced fluid sensitivity as the rocks get stiffer. In 
addition, heterolithics tend to cause more heterogeneity in the fluid saturation pattern, and patchy 
saturation will be more likely at well log scale.
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Introduction

Numerous attempts involving state-of-the-art machine learning (ML) algorithms have been made 
to automate petrophysical facies interpretation, a tedious, time-consuming, manual routine that 
precedes seismic inversion. However, there is a limit to what conventional ML can do to automate 
the petrophysical facies interpretation workflow - the best result at an open worldwide international 
contest did not exceed the accuracy of 64% (Hall and Hall, 2017). We believe that a primary reason 
for the poor performance of these standard ML clustering algorithms is that the implied models do 
not include compaction effects. While some rocks are less affected by mechanical and chemical 
compactions, others show much more variability - the fact remains that the petrophysical properties 
of a facies at one depth will differ from the properties of the same formation a few hundred meters 
above or below.
 
We have developed a new rock physics and machine learning (RPML) toolkit that fully embraces the 
compaction behaviour of rock physics models and places them in the very core of the petrophysical 
and seismic interpretation workflows. Rock physics parameters like porosity, cementation, coordina-
tion numbers (sands) and clay-silt ratios (shales) are obtained as a by-product of petrophysical log 
inversion. Apart from its primary purpose of automation of the petrophysical facies classification, 
the methodology provides a principled and objective rock physics-based technique for missing log 
restoration and gap filling. 

Methodology

The Expectation Maximisation (EM) algorithm (Dempster et al., 1977) is used for simultaneous infer-
ence of rock types at logging samples, in one or more boreholes, as well as the best fitting parame-
ters for the corresponding rock physics models. We model the observed well log measurements ypq-
for property p and discrete class q (e.g., sandstone, shale, carbonate) by the following normal form:

 ypq~N(μp,q,σ2p,q), (1)

where μp,q, σ2p,q are facies and property specific means and variances. The properties of the rocks 
are modelled by functions of depth (d), for example, the elastic parameter tuple {density, velocity} is 
modelled as follows:

 ρq(d) ~N(μp,q(d),σ2pq), (2)

 Vq(d)~N(μv,q(μp,q(d)),σ2v,q), (3)

where the depth dependencies of density and compressional and seismic velocities are determined 
by a chosen rock physics model. The EM algorithm classifies them into one of the pre declared set 
of rock types by objectively selecting and fitting the most likely model from a number of instances 
of models from the supplied rock physics model library for different lithologies (for more details, 
please, see Beloborodov et al., 2021). Depth-dependent rock physics models have been predomi-
nantly developed for sandstones and shales. We have extended the rock physics library to several 
depth-dependent models for other ubiquitous rocks like carbonates and marls. The rock physics 
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models in the library are extended to include models of a rich multivariate suite of petrophysical pa-
rameters including natural radioactivity, neutron porosity, resistivity, and photoelectric cross section.

Results

The performance of the above-mentioned method is demonstrated on the wireline log data from the 
Chrysaor-2 well, Northern Carnarvon Basin, the North-West Shelf of Australia (Figure 1). The RPML 
method identified nine different litho-fluid facies of two major classes: sand (represented by brine 
saturated soft sand, and gas and brine saturated cemented sand) and shale (represented by brine 
saturated silty shales). The rock physics and petrophysical parameters of the automatically identified 
litho-fluid instances are compared to the information provided in the well completion report (Chev-
ron, 2012). The oil-saturated sandstone reservoirs between 3200 and 3300 m are best described 
with a soft sandstone model with 26% porosity which is in excellent agreement with the average 
estimated porosity of the reported 23%.

Figure 1: Chrysaor-2 well classification produced by RPML tool. Wireline log data used for classification are shown 
by solid grey lines. Coloured sub-vertical lines superimposed on the wireline data are the per-facies depth trends 
defined by the corresponding instances of fitting rock physics models. The rightmost panel shows the distribution 
of facies probabilities with depth. Each sub-panel has a range from zero to one from left to right, respectively. 

Conclusions

A newly developed rock physics-based toolkit for automatic petrophysical facies interpretation offers 
a number of advantages compared to current manual workflows, namely, objective and principled 
model declarations, modelling of compaction, automatic simultaneous rock physics/petrophysics 
model inference and classification, and fast performance. We expect the framework and toolkit 
to be of significant value and use to the user community, and anticipate the rapid development of 
depth-dependent rock physics models for all rock types.
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Introduction

Digital Rock Physics (DRP) relies on digital rock images derived from various imaging techniques, 
such as X-ray micro-Computed Tomography (μCT) and Scanning Electron Microscopes (SEM) (Andra 
et al., 2013a,b). One way to bridge the high resolution 2D SEM images and the 3D μCT images is to 
construct 3D digital rocks from available 2D images (Berg et al., 2017).

To overcome the challenge of reconstructing large-scale 3D rock images with complex structures 
seen in carbonates, we propose a new GAN-based method to reconstruct 3D rocks from 2D slices 
scanned at large constant intervals along the axial direction. The key idea of our method is to train a 
progressive growing GAN (PG-GAN) (Karras et al., 2018) to learn the mapping from normally distrib-
uted low-dimensional vectors to high-quality realistic 2D cross-section images, and then reconstruct 
3D images via linear interpolation between the inverted low-dimensional vectors of the scanned 
slices. The low-dimensional vectors are named as latent vectors in ML. They comprise the latent 
space of PGGAN.

Methodology

The proposed method for 3D reconstruction essentially learns bidirectional mapping between the 
latent and image space, with PG-GAN (Karras et al., 2018) learning the forward mapping from latent 
vectors to 2D cross-section images and the gradient-based approach handling the inverse mapping. 
To be specific, we reconstruct 3D digital rocks in following steps. First, train a PG-GAN to synthesize 
realistic 2D cross-section images in the xy plane. Secondly, invert for the latent vectors correspond-
ing to the 2D cross-section images taken at large constant intervals along the axial direction of the 
rock sample. Next, interpolate the inverted vectors to obtain a complete latent representation of the 
rock sample. Lastly, map the latent representation to the image space, forming the 3D reconstructed 
digital rock.

Results, Discussion and Conclusions

Figure 1 shows one reconstructed slice in the xz plane. Concatenation of the 2D synthesized xy-plane 
slices provides us with structurally continuous slices in xz plane. As pointed out in Figure 1, grains, 
pores and even thin cracks are well restored using our 3D reconstruction method. The interpolation 
process in the latent space slightly reduces the image resolution and causes mild linear artifacts 
in the reconstructed slice. There is nearly no difference in reconstruction performance between the 
training and test sections, although some stepped grain-pore boundaries are observed in the test 
section (an example of the stepped boundary is circled by a red dashed line).

In our method, both the PG-GAN and GAN inversion work with xy-plane slices. Structural continuity 
along the third dimension is achieved by linear interpolation between the inverted latent vectors of 
the equally spaced xy-plane slices. This demonstrates that semantic concepts and pixel patterns 
are encoded linearly in the latent space learned by the PG-GAN, which is consistent with previous 
studies (Radford et al., 2016). This means that various image editing tasks can be achieved more 
easily and efficiently in the latent space than in the image space, including image interpolation and 
manipulation (Zhu et al., 2016). Thus, by linearly transforming the latent vectors, we might be able to 



simulate natural processes like rock deformation, cementation, and failure. This suggests that the 
linearity of the latent space is likely to be an inherent attribute of GANs, not limited by the class of 
training data. Hence our 3D reconstruction approach has great potential for other material systems, 
such as alloys and composites.

Figure 1: Comparison of a real slice a) and the corresponding reconstructed slice b) in the xz plane.
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Introduction

Understanding petrophysical and mechanical properties of shales is important when exploring and 
drilling for hydrocarbon production and subsurface energy storage, as many of the layers between 
the surface and reservoirs are made of shales. In addition, these properties are important for the 
development of unconventional reservoirs, such as shale gas. 

Shale properties have traditionally been obtained from laboratory measurements on core samples. 
However, coring in shale sections is costly and therefore rare. This has driven the development of 
alternative methods to determine these properties. In this paper we describe a robust methodology 
for determination of petrophysical and mechanical properties of shale formations by performing 
digital rock analyses combined with laboratory testing on cutting sized samples, since cuttings are 
readily available during most drilling campaigns.

Methodology

The methodology consists of combining digital rock analyses and laboratory tests on small, cutting 
sized shale samples. Digital rock analyses incorporate a multi-scale workflow (Lemmens et al., 
2013) where scanning electron microscopy and spatial mineralogy analysis are used for rock char-
acterization. This is followed by acquisition of three-dimensional volumes with nanometer resolution 
for pore scale analysis, generation of digital 3D models and calculation of petrophysical and elastic 
properties. 

Laboratory tests include P-wave velocity measurements using the Continuous Waveform Technique 
(CWT) described by Nes et al. (1996) and shear strength testing using the Puncher described by 
Stenebråten et al. (2008). Both tests can be performed on a single common sample, and by comb-
ing the test results as described by Stenebråten et al. (2008) the uniaxial compressive strength and 
the failure angle of the material are obtained.

Results, Discussion and Conclusions

The shale material used in this study is the Pierre Shale II outcrop mainly from South Dakota (Pierre 
outcrops stretch from Canada to New Mexico). Due to its rich clay content but relatively high strength 
and linear elastic behaviour below peak stress, it has been widely used in laboratory experiments as 
a substitute for North Sea overburden field cores. 

Segmented FIB-SEM images of three representative locations are shown in Figure 1. The segmented 
pore space provides the porosity of the samples. Absolute permeability and elastic moduli (including 
P- and S-wave velocities) are calculated directly on the images using the methods described by Yan 
et al. (2017) and Garboczi and Day (1996), respectively. The results are shown in Figure 2 where the 
cross-plots are generated from calculations on non-overlapping sub-samples from the full FIB-SEM 
volumes. Sub-samples indicate the variability of properties within each sample. There is significant 
spread in permeability at a given porosity, which is due to heterogeneities at the scale of investigation.
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Figure 1: Segmented FIB-SEM images of three representative locations of the Pierre Shale II sample. The pore 
space is shown in blue, clay minerals in green and quartz in yellow. The acquired images are approximately 20 
μm in the x-direction, 15 μm in the y-direction, and 11 μm in the z-direction. The pixel resolution is 10 nm. 

Figure 2: Absolute permeability (to the left), bulk and shear modulus (in the middle) and P- and S-wave velocity 
(to the right) versus total porosity from digital rock analyses on Pierre Shale II.
 
For a direction normal to the bedding plane, a P-wave velocity of 1972 ± 13 m/s and a shear strength 
of 2,6 ± 0,3 MPa were obtained. This corresponds to a uniaxial compressive strength of 6,6 ± 0,6 
MPa and a failure angle of 51 ± 0,1°.

The properties derived from digital rock analyses and laboratory measurements on cutting sized 
samples have been compared with conventional laboratory data as well as literature data to validate 
the predicted properties. The comparisons show that the results are in good agreement, indicating 
that petrophysical and mechanical properties of shale formations may be obtained by combining 
digital rock analyses and laboratory measurements on small cutting sized samples.
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Introduction

Fluid injection into the subsurface, e.g. for Enhanced Oil Recovery (EOR) and Carbon Capture and 
Storage (GCS), may significantly influence the hydraulic and mechanical properties of the rock. For 
example, during water injection for EOR, weakening may occur within the reservoir which can result 
in unwanted deformation and subsidence. For CO2 injection, salt precipitation due to the drying of 
brine can have negative impacts on injectivity through clogging of fluid transport pathways around 
the well. In such injection scenarios, the elastic and electrical properties are sensitive to changes 
in fluid saturation and mineral precipitation, and may be used to monitor changes in the reservoir. 
Rock physics models provide the necessary relations between measurable geophysical properties 
and fluid saturation and may be calibrated using laboratory measurements made under relevant 
pressure conditions. However, rock physics models are often developed without explicit consider-
ation of the spatial distribution of fluid within rock samples. To address this issue and help select 
appropriate rock physics models, X-ray computed tomography (CT) may be used to non-invasively 
track density and fluid saturation changes during core flooding experiments.

Here, we present a suite of core flooding experiments on reservoir sandstone analogues to determine 
the influence of fluid saturation, fluid type (brine, oil, and liquid CO2), and salt precipitation on geophysical 
(electrical resistivity, P- and S-wave velocities) and mechanical properties (bulk modulus). Experiments 
were performed within an X-ray micro-CT scanner to track fluid flow, and density and saturation changes.

Methodology

For our core flooding experiments we used two isotropic pressure cells, one being X-ray transparent 
(Alemu et al., 2013; Griffiths et al., 2021) equipped with three pumps to control the cell pressure 
and pore pressures at the inlet and outlet at the top and bottom of the sample. Pore fluids used 
were brine (5 wt% salinity), Marcol 52 mineral oil, and liquid CO2 (10 MPa pore pressure and room 
temperature). All experiments were performed at 15 MPa effective isotropic stress. Table 1 gives an 
overview of the tests. For tests performed within the X-ray CT scanner, we determined the relative 
fluid saturation throughout the 3D volume assuming a linear relation between changes in CT-value 
and density, and calibrating against known values of saturation for low injected volumes (before the 
fluid front reaches the opposing end of the sample).

 Test ID Initial saturating fluid  Injected fluid Equipment used
 1 Oil Brine Isotropic pressure cell
 2 Brine Oil Isotropic pressure cell
 3 Oil Brine X-ray-transparent isotropic pressure cell
 4 Brine CO2(l) X-ray-transparent isotropic pressure cell

Table 1: Overview of core flooding experiments, the initial fluid saturation conditions, the injected fluid, and the 
equipment used. 
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Results, Discussion and Conclusions

In all experiments, X-ray data shows a piston-like fluid front migration (see Figure 1 for the case of 
liquid CO2 injection), leaving behind a near-uniform saturation of the injected/displaced fluids. For 
CO2 injection, an apparent increase in density (increase in CT value; Figure 1) observed for high 
volumes of injected CO2 may be indicative of mineral precipitation.

Figure 1: Cross-sections through X-ray micro-CT 3D volumes of a brine-saturated sandstone sample injected with 
liquid CO2 from the sample top. Distribution of liquid CO2 follows the bedding planes, with a piston-like fluid front.

To explain our geophysical measurements, we develop rock physics models based on standard 
models for fluid substitution (i.e. Gassmann) and accounting for the layering observed in our exper-
iments. In the case of brine injection into oil, fluid substitution alone is insufficient to explain the 
observed shear-weakening with increasing brine saturation. To account for water-weakening, we 
used a brine saturation dependency on the shear modulus. For CO2 injection, velocity and resistivity 
changes suggest some salt precipitation occurs during a week-long dwell period between injections.
 
Our results highlight the usefulness of CT imaging to monitor fluid flow and mineral precipitation, and 
to constrain/inform the modelling of the associated significant changes in geophysical properties.
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Highlights

• Rock physics based novel seismic amplitude versus offset (AVO) inversion method to 
estimate the reservoir dynamic changes either due to production or fluid injection.

• The adjoint-state solution is implemented to derive the gradient equations of an 
objective function with respect to model proper ties.

• The gradient descent optimization method is implemented with adjoint solution and 
L-BFGS is applied for the objective function minimization.
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T H A N K Y O U !

T h a n k  y o u  f o r  a t t e n di n g  t h e  6 I W R P  i n  A  C o r u ñ a !  W e  a p p r e ci a t e  t h e  s u p p o r t  of  s p e a k e r s,

s p o n s o r s  a n d  c o m mi t t e e s.  W e  h o p e  y o u  h a d  a  p r o d u c ti v e  a n d  e nj o y a bl e  ti m e  a t  t h e

w o r k s h o p. W e will s e e y o u i n P a u ( F r a n c e ) i n 2 0 2 4 f o r t h e 7 I W R P !

 

6 I W R P p h o t o g all e r y : h t t p s : / / m e g a. n z /f ol d e r / 0 K 0 H z Q p B # o Y V K 8 C y u Tl u c P n z r H 9 n D R A

 Pri v a c y  - T er m s

H O M E
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R E GI S T R A TI O N
S P O N S O R S HI P
G A L L E R Y
C O N T A C T

https://mega.nz/folder/0K0HzQpB#oYVK8CyuTlucPnzrH9nDRA
https://www.google.com/intl/en/policies/privacy/
https://www.google.com/intl/en/policies/terms/
https://lameroc.eu/programme/
https://lameroc.eu/call-for-papers/
https://lameroc.eu/registration/
https://lameroc.eu/sponsorship/
https://lameroc.eu/gallery/
https://lameroc.eu/contact/
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CONGRATULATIONS TO THE STUDENT AWARD
WINNERS
 

BEST ORAL PRESENTATION
Winner: Yury Alkhimenkov (University of Lausanne, Switzerland) for ‘The characteristic

frequency of squirt flow in porous rocks’.

Honorable mention: Kim Sarah Mews (NTNU, Norway) for ‘Low-frequency

measurements coupled with micro-CT; a new apparatus’.

BEST POSTER PRESENTATION
Winner: Shahrbanou Sayadi (Isfahan University of Technology, Iran) for ‘Multiscale

modeling of rock failure behavior around underground excavations’.

 

 

Presentation
 

The 6  International Workshop on Rock Physics will take place in A Coruña, Spain,

between the 13 and 17 of June, 2022. This meeting follows the track of the five

previously successful encounters held in Golden (USA, 2011), Southampton (UK, 2013),

Perth (Australia, 2015), Trondheim (Norway, 2017) and Hong Kong (China, 2019).

The aim of the workshop is to bring together experiences allowing to illustrate, discuss

and exchange recent advances in the wide realm of rock physics, including theoretical

developments, in situ and laboratory scale experiments as well as digital simulations.

While rock physics is at the core of the oil & gas industry applications, it also plays a

significant role in other fields, notably in all those related with the energy transition (e.g.

CCS, geothermics), natural resources (e.g. mining) and management (e.g. radwaste).

While the context of the workshop is clear and proved by the previous experiences, that

arising from COVID’s 19 outbreak has introduced uncertainties and challenges. At the

time of writing these words, the worldwide situation has not yet stabilized and evolves on

a daily basis. However, there are founded expectations on the imminent development of

treatments and eventually a successful vaccine. We feel confident that, in the next

months, the situation will settle and the nearly one-year ahead will make us able to make

th
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t h e ri g h t d e ci si o n s.

T h e  fi n e  pl a n ni n g  of  t h e  w o r k s h o p  i s  o n g oi n g  a n d  a  p r o g r e s si v e  n u m b e r  of  n e w s  a n d

a n n o u n c e m e n t s  will  p r o c e e d  f r o m  t hi s  w e b p a g e :  W e  ki n dl y  e n c o u r a g e  y o u  t o  s t a y  t u n e d

f o r t h e l a t e s t n o v el ti e s !

T a ki n g  i n t o  a c c o u n t  t h e  p r e vi o u s  c o n si d e r a ti o n s,  w e  h a v e  c o n si d e r e d  t h a t  t h e  a d vi c e  of

p r e vi o u s I W R P c o n v e n e r s i s a v al u a bl e a s s e t i n t hi s c h a n gi n g c o n t e x t. T h u s, i n a d di ti o n t o

t h e L o c al  a n d  S ci e n tifi c  C o m mi t t e e s ,  w e  h a v e  s e t  u p  a n  A d vi s o r y  C o m mi t t e e  t o  a s si s t  u s

wi t h t h ei r e x p e ri e n c e.

A  C o r u ñ a  i s  a  s m all  a n d  pl e a s a n t  ci t y …  a n  i d e al  pl a c e  t o  e x c h a n g e  s ci e n c e  w h e r e  n o b o d y

i s a f o r ei g n e r. W e h o p e t o s e e y o u s o o n. I n t h e m e a n w hil e, t a k e c a r e a n d s t a y h e al t h y !

Wi t h o u r B e s t C o m pli m e n t s,

T h e O r g a ni zi n g C o m mi t t e e

S h a r e t hi s p a g e

        

A n n o u n c e m e n t s

T h e 6 I W R P p r o g r a m m e i s o u t

G u e s t ti c k e t s

S o ci al p r o g r a m m e

S p o n s o r s hi p

T y p e a n d hi t e n t e r …
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Follow me on Twitter

Tweets by @6IWRP

Useful Links

• Practical Information for Tourists in the COVID-19 Crisis

• International Association of Rock Physicists (IARP)

• European Association of Geoscientists & Engineers (EAGE)

• Sixth EAGE Rock Physics Workshop

Past Events

5IWRP. Hong Kong SAR

4IWRP. Trondheim, Norway

https://www.turismocoruna.com/web/
https://www.turismocoruna.com/web/
https://www.repsol.com/en/index.cshtml
https://www.ikonscience.com/
https://estrellagalicia.es/en/
https://twitter.com/6IWRP
https://www.spain.info/en/reportajes/informacion-practica-turistas-covid-19-viajar-espana.html
http://www.rockphysicists.org/
https://www.eage.org/en
https://eage.eventsair.com/sixth-eage-rock-physics-workshop/
http://sgpnus.org/5iwrp.html
http://sgpnus.org/5iwrp.html
https://www.ntnu.edu/4iwrp
https://www.ntnu.edu/4iwrp
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Organizers

  

  

 

Collaborators

 

 

 

 

3IWRP. Perth, Australia

2IWRP. Southampton, UK

1IWRP. Golden, Colorado, USA

https://lameroc.es/
https://www.udc.es/
http://www.ficg.es/
http://caminos.udc.es/
http://www.dereito.udc.es/
https://www.udc.es/citeec/
https://www.coruna.gal/
https://www.xunta.gal/portada
https://www.emalcsa.es/index.php/es/
https://www.shell.com/
https://www.servosis.com/
http://www.3iwrp.org/
http://www.3iwrp.org/
http://archive.li/2M2dF
http://archive.li/2M2dF
http://1iwrp.rockphysicists.org/
http://1iwrp.rockphysicists.org/
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