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ABSTRACT

The acoustic and elastic responses of sandstones vary with changes in effective
stress. Laboratory measurements have indicated that among different types of
sandstones, velocities and elastic moduli of weakly cemented sandstone show asym-
metrically much more sensitivity to effective stress increases than effective stress
decreases. Numerous sandstone rock physics models available in the literature are
proposed based on the assumption of perfect linear elasticity, which limits the ap-
plicability of most models to explain the behavior of weakly cemented sandstone
upon effective stress release. Effective stress imposed on a rock is typically de-
fined as the difference between the overburden stress and the pore pressure when
the stress coefficient is assumed to be unity. Effective stress release scenarios in
practice often involve an increase in pore pressure within reservoir rock due to
injection, as well as a reduction in overburden stress caused by uplift and erosion
of the rock. However, there is a scarcity of quantitative studies in the literature
examining the impact of stress release on various aspects, such as estimating uplift
in overconsolidated rock and utilizing 4D seismic monitoring for fluid injection.
Compared to high porosity weakly cemented sandstone, unconsolidated sands are
more extensively studied. Laboratory experiments and well-log data have demon-
strated that the acoustic and petrophysical properties of mechanically compacted
overconsolidated sands differ from those of normally consolidated sands. However,
there is currently no documented research exploring the similarities and differences
between these two types of sandstone in an overconsolidated state. This under-

standing is crucial both from an academic standpoint and in practical applications.



This dissertation addresses the above questions in a sequential manner. Moreover,
in order to promote ongoing research on stress release and encourage innovation
in rock physics, the models and knowledge gained during the completion of this
dissertation have been incorporated into an open-source Python library. This li-
brary serves as a valuable resource for the scientific community, providing access
to the developed models and facilitating further exploration and advancements in

the field of rock physics.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Motivations

The acoustic and elastic responses of sandstones exhibit variations in changes
in applied effective stress. Recent experimental studies indicate that the elastic
properties of weakly cemented sandstone display a notable asymmetric sensitiv-
ity, with a more pronounced response to decreases in effective stress compared
to increases. In contrast, acoustic properties, such as porosity, do not exhibit
such marked differences. Despite the existence of various rock physics models in
the literature, few of them address the heightened stress sensitivity observed in
the elastic properties of weakly cemented sandstone during stress release. The
underlying mechanism responsible for this phenomenon has not been thoroughly
explored in the rock physics literature, thereby limiting the applicability of most
published models in elucidating the behavior of weakly cemented sandstone under

stress release conditions.

Effective stress imposed on a rock is typically defined as the difference between
the overburden stress and the pore pressure when the stress coefficient is assumed
to be unity. Scenarios involving the release of effective stress are commonly en-
countered in practice. A representative example is the reduction in effective stress
caused by exhumation, which involves a decrease in overburden stress due to the

uplift and erosion of the rock. An intriguing question arises regarding how stress



release influences the estimation of exhumation using velocity compaction trends.
While there are studies in the literature attempting to estimate exhumation and
understand its impact on source and reservoir rock compaction from a rock physics
perspective, most of these studies are built on the assumption of irreversible com-
paction. This assumption implies that the porosity and velocity of the exhumed
rock will remain the same as acquired at its maximum burial. However, the ob-
servation of the asymmetric sensitivity challenges the assumption. Besides stress,
various parameters play a role in sandstone diagenesis. To comprehensively under-
stand and model the property variations of sandstone during burial and uplift, and
thereby accurately estimate the magnitude of exhumation, it is critical to consider
the entire stress and diagenetic histories of the sandstone. To date, few studies
have considered the asymmetrical stress sensitivity of sandstone in the workflow
and investigated how it can interact with sandstone diagenesis, jointly affecting

the evolution of rock properties.

Continuous stress increase leads to normal consolidation of rock, while stress re-
lease causes overconsolidation of rock. Models and workflows used in quantitative
seismic interpretation often by default assume rocks are normally consolidated.
However, recent studies have highlighted that overconsolidated sands, when sub-
jected to stress release, exhibit distinct variations in acoustic and elastic proper-
ties compared to normally consolidated sands undergoing stress increase. Similar
investigations for more common reservoir analogs, such as weakly cemented sand-
stones, are lacking. Moreover, there is a notable absence of discussion regarding
the differences and similarities in the effects of overconsolidation and stress direc-
tion on the properties of unconsolidated sands and weakly cemented sandstone.
Furthermore, there is a lack of assessment of these impacts on existing seismic
interpretation, monitoring, and rock physics modeling approaches applied to both

media.

This thesis comprises four papers, with the first three addressing the aforemen-



tioned research questions and knowledge gap. The fourth paper introduces an
open-source Python library for rock physics modeling, the newly proposed model
and workflow in this thesis are also included in the library. The thesis begins
by introducing various theories and concepts, providing essential theoretical back-
ground for the subsequent papers. Following the introduction, each paper is pre-
sented in separate chapters. The final chapter of the thesis provides concluding

remarks along with a future outlook.

1.2 Theoretical Background

1.2.1 Fundamentals of effective stress

The concept of effective stress was first proposed by Terzaghi on an empirical basis
and has since been widely used to describe soil consolidation and failure behavior.
Following Terzaghi (1939, 1965), effective stress is defined as the difference between
the total applied stress and the pore pressure, assuming that the soil particles are

incompressible and that their internal friction is equal to zero.
Ugj =045 — (5ijpf (11)

The effective stress was refined later by researchers (Biot and Willis, 1957; Skemp-
ton, 1960; Bishop, 1973; Zoback and Byerlee, 1975; Zimmerman, 1991; Kwon et

al., 2001; Coussy, 2004), especially regarding the fraction of the pore pressure.

According to the amended Biot law (Biot and Willis, 1957), the effective stress

for a general stress state is expressed as follows:
O'gj =045 — 04(517pf (12)

Where 6;; is Kronecker’s delta, and « is called the Biot-Willis coefficient, Biot

coefficient, or effective stress coefficient (Jaeger et al., 2007).



For a porous granular medium, the Biot coefficient is related to the frame modulus

of the rock, Ky,, and the grain material, Ky, as follows:

a=1-K;/K (1.3)

The frame bulk modulus Ky, of a simple porous rock saturated with fluid is
bounded by lower and upper elastic bounds. The lower bound Ky, = 0 is given
by Reuss average and the upper bound K = (1 — ¢)Kj is given by the Voigt
average. Therefore, the Biot coefficient varies within the range of (¢, 1] (Fjeer et

al., 2008).

The Biot poroelastic theory suggests that for weak or unconsolidated rock, «
approaches 1. The weakly cemented glass bead and sandstone studied in paper 1
have a biot coeflicient very close to 1. Comparing equation 1.1 to equation 1.2, it
can be observed that an effective stress coefficient o = 1 is implicitly assumed in
Terzaghi’s law (Terzaghi, 1923; Terzaghi, 1936). However, for consolidated rocks,
« = 1is not a satisfactory assumption. Laboratory measurements have shown that
for underground rock, the value of Biot coefficient is inversely proportional to the
magnitude of the effective stress, and it decreases with porosity and varies among
different lithologies (Bouteca and Sarda, 1995; Wang and Zeng, 2011; Cosenza
et al., 2002). Empirical formulations for the Biot coefficient can be found in
studies by Krief et al. (1990), Jizba (1991), and Zimmerman et al. (1986). Civan
(2021) provides an extensive review of correlations for the Biot-Willis poroelastic
coefficient. In addition to the empirical relations, the dynamic Biot coefficient can

be also estimated from shear well logs expressed as the following (Zhang, 2019):

G* V*Z
a=1- =1 s
Gmat Pmat VSmat

(1.4)

where V¢ 2 and Vg, are the shear wave measurements of the formation and the



matrix, respectively. Assuming a quartz matrix, the Biot coefficients calculated
using equation 1.4 for the sandstone dataset in paper 2 also reveal a decline with
decreasing porosity (increasing burial depth). In the Norwegian Sea dataset, the
calculated Biot coefficient remains stable at around 0.9 up to a burial depth of
1600m, followed by a gradual decrease from 0.9 to 0.7 between 1600 and 3000m.
The Barents Sea sandstone, on the other hand, exhibits an overall depth trend
with smaller values. For depths ranging from 0 to 1500m, the Biot coefficient is
approximately 0.8-0.85, followed by a decrease from 0.8 to 0.5 between 1500 and
3000m.

Estimation of effective stress

The complete description of the stress state within a formation buried underground
involves stresses oriented in three orthogonal directions (Fjeer et al., 2008). How-
ever, it is common to assume a vertical principle stress o, and a uniaxial strain
condition (o4, = opy = op,) for underground rocks (Zhang, 2019) carrying weight

from overburden formations. The vertical effective stress o), is expressed as
/
O, =0, — 0Py (1.5)

where the vertical overburden stress o, is a function of the density and buried depth
and can be calculated by integrating the bulk density profile of the overburden

formations and water columns:

02:/0 p(2)gzdz (1.6)

In practical scenarios where density well-logs are usually absent for shallow depths
shaly formations, there are pragmatic approaches to estimate the overburden stress
for the sedimentary column (zhang, 2019). One common practice is to estimate

the bulk density of shallow formations by using empirical mechanical compaction



functions. One such compaction function for shales was proposed by Athy (1930):
pi(z) = po+ 1.3 (1 — e *?) (1.7)

where pj(z) represents the compacted bulk density at a specific depth z, py is
the bulk density at sea floor, b is the compaction factor. By fitting the den-
sity curve to Equation 1.7 using available bulk density data at certain depths, it
is possible to obtain the shallow density p, and the compaction factor b. Subse-
quently, the missing values of the shaly sections can be estimated by extrapolating
the fitted compaction function. Depending on the research area and type of shale,
site-specific compaction functions can be used to do the interpolation and extrapo-
lation. This approach allows for the generation of composite density profiles in the
absence of direct measurements, enabling the calculation of overburden stresses
for the sedimentary column. Note that in paper 2, this approach is employed
to construct the well log dataset, wherein density logs are either intermittent or

absent in shaly intervals near the sea floor.

Similar to the calculation of vertical overburden stress, the pore fluid pressure at
any given depth can be determined by integrating fluid density from sea level to

the depth of interest as:

z
pie) = [ gerte)i: (18)
0
where py(z) is a profile of fluid density along the vertical depth.

Equation 1.2 indicates that the principle of effective stress applies to normal
stresses including the horizontal effective stress o7, acting on the rock frame. It is
commonly expressed the horizontal effective stress as a proportion of the vertical
effective stress:

o, = Ko (1.9)



When the stress ratio K=1, the horizontal effective stress o} becomes equal to
the vertical effective stress i.e., o3, = o), resulting in a hydrostatic stress state.
The value of K can vary greatly with burial depth and is sensitive to diagenesis
(Bjorlykke and Hgeg, 1997). If the formation deforms under uniaxial strain condi-
tion without lateral deformation, and the stress-strain curves follow linear elastic
Hooke’s law, the ratio K becomes equivalent to the stress path coefficient K used

in laboratory uniaxial strain tests (fjeer et al., 2008).

Since effective stress is imposed on the rock frame and the fluid carries the residual
stress, the effective stress is also called intergranular stress (Bjgrlykke and Jahren,
2010) or grain-grain net stress (fjeer et al., 2008). In laboratory experiments under
drained conditions, as reported in paper 1, the axial effective stresses equal the

magnitude of the applied normal stresses.

1.2.2 Release of effective stress

The thesis aims to enhance the current understanding of the elastic properties
of porous sandstone when subjected to the release of effective stress. Below, we
provide an overview of different effective stress release scenarios that can be en-

countered either in controlled lab experiments or in the field.
Exhumation

The combined process of uplift and erosion, which leads to the elevation of pre-
viously buried rocks, is referred to as exhumation (Corcoran and Doré, 2005).
Sedimentary basins can undergo multiple cycles of elevation and subsidence due
to large-scale changes in regional stress fields. These changes can be driven by
different mechanisms such as orogeny, faulting, and isostatic deglaciation rebound
(Chemenda et al., 1995; Fayon et al., 2001; Warren, 2013). Figure 1.1 displays

petroleum basins worldwide that have undergone exhumation.

The reduction of burial depth and the removal of overburden lead to a decrease
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Figure 1.1: World map of some well-known uplifted petroliferous basins (Data
modified from Henrikson et al., 2011)

in the vertical total stress. The typical overburden density ranges from 1.8 to 2.2
g/cm3, while the water gradient falls within 1.03 to 1.07 g/cm? (Fjeer et al., 2008).
If the pore pressure gradient remains normal (i.e. also referred to as water gradient
in the literature) during uplift, the effective stress imposed on precompacted rocks

will also be diminished.

On the other hand, rapid uplift and erosion processes can lead to abnormally high
pore pressure (Burov et al., 2001). This occurs because there isn’t enough time for
the pore pressure to dissipate and reach equilibrium with the surrounding rocks.
Consequently, the pore pressure in these elevated formations exceeds that of neigh-
boring formations that are normally buried. Equation 1.5 demonstrates that in
the case of pore pressure buildup, the effective stress is significantly decreased,
even more so than the variation in pore pressure based on the water gradient.
It is worth mentioning that uplift-induced overpressure is typically transient and
diminishes rapidly as the pore fluid is expelled through various secondary path-
ways. In practice, uplifted basins often exhibit features such as excessive cap rock

failure, underfilled reservoirs, and regional faulting (Doré and Corcoran, 2002).



These observations are believed to be closely linked to uplift and erosion.
Overpressure

Equation 1.5 indicates that if the pore pressure increases while the overburden
stress remains unchanged, the effective stress is reduced. This can be caused by
in situ stress unloading due to overpressure. Abnormally high pore pressure can
result in abnormally low effective stress of a reservoir. A good example is the
Gullfaks field in the North Sea. The top of the reservoir is approximately 1850
meters deep (Fjeer et al., 2008). A typical number of the effective stress gradient
is 10 MPa per kilometer. Therefore, if the pore pressure in the Gullfaks field is
hydrostatic, the effective stress imposed on the reservoir rock would be around
20 MPa. However, overpressuring in the post-Jurassic mudrocks in the Gullfaks
area leads to elevated pore pressure (Wensaas et al., 1994; Nordgard Bolas et al.,

2004), and the effective stress at Gullfaks is reduced to about 6 MPa.

Overpressure is commonly observed in shale formations and can be attributed to
various mechanisms such as shale dehydration, compaction disequilibrium, and
aqua-thermal effects (Osborne and Swarbrick, 1997). In addition to the authi-
genic origin of overpressure in low permeability formations, reservoir rocks can
be artificially pressurized through fluid injection. It is worth mentioning that the
pore pressure can also be increased under certain stress paths for reservoir deple-
tion according to the simulation done by Holt et al. (2018). An interesting topic
is the variation of pore pressure caused by COs injection. During injection, it
is expected that the increase in pore pressure remains small to avoid exceeding
stress limitations. Real data have indicated that overpressure is likely to appear in
the vicinity of the injector (Saul and Lumney, 2015), and tends to dissipate with
time after the injection shutdown (Vilarrasa and Carrera, 2015). Careful pressure
monitoring and maintenance usually can help to mitigate the overpressure issue

induced by COg injection (Vilarrasa and Carrera, 2015). The Sleipner field serves



as a good example where pressures have remained relatively uniform throughout
its lifecycle (Chadwick, 2013). However, pressure buildup can occur due to factors
such as complex geology, heterogeneity, and constrained reservoir volume (Lum-
ley, 2019). For instance, A history-matched model of average pore pressures in
the megatonne storage site at Weyburn oil field showed that COs injection has
increased pore pressures from hydrostatic (= 15Mpa) to 20 MPa (Verdon, et al.,
2013). Several seismic events occurred during the initial stages of injection, and
the seismicity rate increased when the injection rate was raised. Verdon et al.
(2013) point out that the pressure variations can be attributed to the complex
pressure history of the reservoir and the simultaneous occurrence of injection and

production activities, leading to pore pressure variations across the field.

Even greater pressure variations can occur, as seen in the In-Salah project (Verdon,
et al., 2013). In-Salah is a commercial-scale onshore CO, sequestration site where
COs extracted from natural gas is injected into deep saline aquifers. To enhance
injectivity into low-permeability sands, CO, is injected through three horizontal
wells. Modeled pore pressures at the injection points have substantially increased
from initial conditions of around 18 MPa to approximately 30 MPa. Induced
seismicity is significant in this region, and the analysis of pressure versus injection
rate indicates that pressures in all three wells have likely exceeded the fracture

pressure of the injection horizon for limited periods of time (Bissell et al., 2011).

Coring

Retrieving core samples from deep boreholes also involves effective stress release
that occurs within a significantly shorter time frame compared to the geological
timescale required for exhumation. Such rapid stress release can severely impact
the mechanical properties of the core. Let’s consider the simplest scenario where
the core is obtained from a reservoir rock through a vertical borehole, and the

in situ stress field consists of vertical principal stress, ,, and equal horizontal

10
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Figure 1.2: Schematic of different stress paths and the representative events
for underground rocks. Stress path 1 represents the stress release/ that can be
caused by exhumation, coring and fluid injection. Stress path 2 represents the
stress increase caused by reservoir compaction or depletion. Stress paths 3 and
4 represent the stress loading and unloading respectively, experienced by core
samples during laboratory tests.

stresses, o, with o, > oj. The vertical stress is reduced first as the core is drilled.
The horizontal stress diminishes as the core enters the core barrel. Consequently,
there is a period during which the horizontal stress may exceed the vertical stress
significantly. This situation can potentially lead to core failure. The coring damage
has been extensively studied in the literature through laboratory experiments and
numerical simulations (Santarelli and Dusseault, 1991; Holt et al., 1992; Holt et
al., 2000; Corthésy and Leite, 2008; Bahrani et al., 2015). Additionally, rapid
cooling and changes in pore pressure also contribute to the deterioration of the

core sample (Kern et al., 2001).
Stress unloading lab test

Rock samples can undergo stress unloading in laboratory measurements for various
purposes. For instance, cyclic loading experiments can be conducted to investigate
stress sensitivity under normal and overconsolidated states (Zimmer, 2003). Dur-
ing cyclic loading, rock samples are subjected to repeated stress applications and

releases. It is commonly observed that rock exhibits an unloading path that differs
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from the loading path, this effect is known as hysteresis (Fjeer et al., 2008). When
samples undergo cyclic loading and unloading, a certain amount of irreversible
deformation may occur in each cycle, which can eventually lead to material failure
(Fjeer et al., 2008). This phenomenon is referred to as fatigue (Suresh, 1998).
The cyclic loading test is the most common approach to studying the hysteresis
and fatigue hehavior of rock samples. In cases where hysteresis is undesirable,
cyclic loading and unloading can also be used as an aging treatment to reduce or
eliminate its effect (Bernabe, 1872; Warpinski et al., 1989; Warplnski and Teufel,
1992).

Moreover, apart from being part of the cyclic loading path, the unloading test
per se serves as an important method to investigate rock failures (Huang et al.,
2001; Zhu and Huang, 2019). As introduced in the content about coring, for
rock cores retrieved from deep depths, the dominant recent stress history is the
unloading process that occurs during and after coring. To replicate the coring
effect in the laboratory, stress unloading is conducted. It is worth mentioning
that reloading the core to in situ stress conditions is also a common practice to
study the coring effect. This approach involves subjecting the real core to stress
conditions that mimic its original state in the field. The corresponding stress
path is schematically illustrated in Figure 1.2. Coring activities create cracks and
reduce the elastic stiffness of the core. When the core is subjected to sufficient
stress during laboratory reloading, these cracks tend to close, resulting in increased
velocities. However, laboratory tests have demonstrated the irreversibility of the
core damage caused by coring i.e., despite efforts to restore the stress conditions,
cores may still exhibit residual damage that cannot be fully compensated for by

reloading (Seto et al., 1999).
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1.2.3 From sand to sandstone

The thesis aims to understand, model, and eventually predict the elastic responses
of sandstone under various stress release scenarios. To achieve this, it is critical
to consider the entire stress history including the stress history prior to stress
release, which also influences the evolution of acoustic and elastic properties of
the sandstone. Moreover, as with any other type of sedimentary rock, loose sand
sediment transforms into lithified sandstone through a complex process referred to
as diagenesis (Athy, 1930; Hedberg, 1936; Graham and Williams, 1985; Johnston,
1987; Mondol et al., 2007). Typical processes such as deposition, compaction,
and cementation shall also be considered. Diagenesis encompasses the physical
and chemical changes that take place after sediment deposition and before meta-
morphism (Worden and Burley, 2003). In paper 2, an integrated rock physics-
diagenetic modeling scheme is implemented to elucidate the impact of stress re-
lease associated with exhumation. The modeling scheme considers the interplay
of diagenesis and stress evolution, However, as famously stated, "all models are
wrong," and accurately modeling all factors influencing rock property evolution
during burial and uplift, as well as reconstructing the complete stress profile before
any stress unloading of underground rocks, remains extremely challenging (Zoback
and Kohli, 2019). Two common methods are often employed to address the chal-
lenges. Firstly, by carefully selecting the study area, refining the data collection
process, and preprocessing to exclude as many interfering factors as possible. Sec-
ondly, simplification and modular description of sandstone diagenesis. Paper 2
provides a detailed description of the collection and processing of research data
along with the underlying logic. It also discusses how sandstone diagenesis influ-
ences the evolution of rock acoustic and elastic properties, therefore same contents
won’t be repeated here. Instead, we’ll delve into explaining the simplifications and
assumptions we’ve made regarding sandstone diagenesis in the modeling process.

This additional information is intended to facilitate a smoother understanding of
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sandstone rock physics modeling presented in the subsequent chapters.

In a nutshell, the most fundamental assumption made in the rock physics literature
related to sandstone is that sandstone diagenesis mainly consists of mechanical and
chemical compaction and different processes prevail and predominate at different
depths. This fundamental assumption involves several simplifications regarding

the diagenesis of sandstone. A detailed explanation is as follows.
Mechanical compaction

The first simplification often made is that mechanical compaction prevails from
the time of sand deposition until the temperature rises to a range where chemical

compaction begins to take place.

Right after deposition, loose sand sediments will first undergo so-called mechan-
ical compaction as the vertical compressive stress increases. As indicated by the
equation 1.5. The effective stress or grain-to-grain net stress increases with burial
depth, causing loose sand grains to approach, rearrange, and connect to form grain
contacts and a rock framework. This is accompanied by alterations in packing.
Figure 1.3 illustrates the evolution of grain contacts that commonly to be observed
in real rocks at different burial stages. Mechanical compaction leads to a signifi-
cant reduction of intergranular space and increases in density and frame modulus.
Normally compacted loose sand sediments will usually obey an exponential decay
compaction function, equation 1.7, proposed by Athy (1930) is a representative
example. Note that, different types of sands can experience different degrees of
mechanical compaction depending on texture, sorting, grain size and mineralogi-
cal composition (Bjerlykke and Jahren, 2010). These factors mutually constrain
and influence each other. For instance, experimental findings indicate that the
degree of mechanical compaction in well-sorted, dry, pure sand samples is primar-
ily governed by grain size, which also primarily controls depositional porosity. On

the other hand, the rate of porosity reduction in poorly-sorted samples during
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compaction is less than that in well-sorted samples (Zadeh et al., 2016). Existing
contact-based rock physics models are commonly used to interpret the influence
of the aforementioned geological factors on laboratory experiments or geophysi-
cal data collected (Mavko et al. 2020). However, relying solely on rock physics
models to describe the combined effects of multiple factors is not sufficient; it also
requires integration with other diagenetic models (Lehocki and Avseth, 2020).
For instance, altering the critical porosity in a contact-based rock physics model
can depict the influence of depositional porosity on the velocity evolution of clean
sandstone, implicitly reflecting the impact of grain size. However, the rock physics
model itself cannot elucidate the effect of grain size on cementation. In contrast,
grain size can serve as input parameters for specific diagenetic sandstone models
that control the cementation process. In Paper 2, we adopted the approach pro-
posed by Avseth et al. (2020) to combine rock physics with a kinematic sandstone

diagenesis model to better align the model with geological realities.

Point contact Line contact Fitted contact Sutured contact
Figure 1.3: Different types of grain contact. Modified from Al-Awwad and Pomar

(2015). Floating, point, and line contacts form as a result of early deposition,
whereas fitted and sutured contacts indicate a higher degree of compaction.

Floating contact

Chemical compaction and cementation

The second simplification is that as the burial depth increases, chemical processes
begin to dominate the diagenesis, particularly cementation. Cementation refers to
the precipitation of new materials in pore spaces, fostering the growth of minerals
and the enlargement of existing crystals (Ulmer-Scholle et al., 2014). Cementation
can occur at any stage from deposition through burial to uplift and re-exposure

and it predominates the mesogenetic stage (burial stage) of sandstone diagene-



sis (Ulmer-Scholle et al., 2014). In comparison to carbonate rocks which have
extensive syndepositional cementation with various cement morphologies (Scholle
and Ulmer-Scholle, 2003), significant cementation of sandstone during the early
burial stage (from the syndepositional to eogenetic stage in sedimentology) is rare.
One of the primary cement types in sandstone is quartz cementation, appearing
mostly as quartz overgrowth. Extensive quartz cementation is less likely to occur
at high burial depth temperatures as the solubility of quartz gently increases with
temperature (Mackenzie and Bricker, 1971). These characteristics indicate that
quartz cementation’s influence on sandstone is primarily limited to a certain depth
range, which has led to the oversight of cementation modeling during mechanical
compaction in the existing literature (Lander and Walderhaug, 1999; Taylor et al.,

2010; Lehocki and Avseth, 2020).

The term chemical compaction is used in many literature to encompass all the
chemical processes in diagenesis including cementation. However, the strict defi-
nition of chemical compaction does not include cementation (Houseknecht, 1987).
Chemical compaction refers to the pressure dissolution of existing grains and the
solid-state replacement of existing minerals by new minerals. The sutured grain
contact and stylolite, as illustrated in Figure 1.3, is an indication of pressure dis-

solution.

For simplicity, the effect of grain penetration during sandstone diagenesis on the
elastic properties of sandstone is disregarded in this thesis. However, it is worth
mentioning that there exist models that describe the pressure dissolution of gran-
ular aggregates under static conditions (e.g., Stephenson et al., 1992; Yasuhara et
al., 2003). Draege et al. (2006) also perform porosity modeling that considers the
pressure dissolution on an empirical basis. However, at the current stage, there is
still limited application of the pressure dissolution models in describing and pre-
dicting the acoustic and elastic properties of sandstone. Some early exploratory

work and related studies (Bjorkum, 1996; Florez-Nifio, 2004 Vanorio, 2014) may
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provide inspiration and ideas for future research in this area.
Type of cement

Before delving into the simplification of cement types in the simulation, let’s pro-
vide a brief overview of the common types of sandstone cement. Siliceous sand-
stone exhibits a range of complex cement types (Scholle, 1979), with the most
predominant being various silica cement, carbonates, and clay minerals that make

up the bulk of the cement volume.

As mentioned earlier, quartz cementation typically occurs during the burial stage,
initiating at around 70°C, and is crucial as the primary authigenic mineral for
sandstone in the Norwegian offshore (Lander and Walderhaug, 1999; Maast et
al., 2011; Ogebule et al., 2020). Besides quartz cement, unstable silica minerals
such as amorphous silica (opal A) and microcrystalline quartz (opal CT) can
form at earlier burial stages. opal-A tends to transform into opal-CT which could
eventually transform into quartz with increasing burial depth and temperature
(Williams et al., 1985). However, kinetic experiments reveal that the opal-A to
opal-CT transformation is rate-dependent, with a significant decrease in rate at
lower temperatures (Kastner and Gieskes, 1983). The transformation of opal
A to CT can significantly impact the acoustic and elastic properties of the rock.
Within the transition zone, porosity can significantly decrease (Wrona et al., 2017).
Opal A, being a hydrous, amorphous form of silica, loses water molecules during
the transition to CT, which can cause the stiffening of the rock (Thyberg et al.,
2009). However, because the transformation is more commonly observed in shale
(Thyberg et al., 2009) and happens during shallow burial, it is rarely considered

in sandstone diagenetic modeling.

Carbonate cement is present at different burial stages. Sandstone can form cal-
cite concretions from syndepositional to early diagenetic stages (Walderhaug and

Bjorkum, 1998), often concurrent with mechanical compaction (Mozley and Burns,
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1993). However, much of the early calcite will be dissolved due to its unstable na-
ture, thus seldom considered in the modeling. Calcite cement is more prevalent
during the mesogenetic stage of sandstone, where dolomite and siderite can locally
play significant roles in siliciclastic deposits (Scholle, 1979). Late mesogenetic
stage calcite cements are usually postdated quartz overgrowths and authigenic
clays due to decreased calcite solubility at higher temperatures (Mackenzie and
Bricker, 1971). In Norwegian offshore sandstone, calcite cement occasionally ap-
pears as thin stringers with very low porosity and unusually high velocity. The
layer containing calcite can be excluded from well-log data through quality control

processes using rock physics diagnostics (Avseth et al., 2020).

Clay cementation is also commonly seen in sandstone (Blatt, 1979). The common
morphologies of clay cement are clay coating and pore-filling clay. Clay coating
can inhibit quartz overgrowth and preserve porosity reduction caused by subse-
quent quartz cementation (Walderhaug, 1996). Extensive illitic grain coating has
been reported to significantly contribute to preserving porosities in deeply buried
sandstone reservoirs, such as in the Stg Formation (burial larger than 2.6 km)
in the Barents Sea (Hansen et al., 2017; Levstad et al., 2022) and the Jurassic
Garn Formation (burial larger than 4.5 km) in the Norwegian Sea (Storvoll et
al., 2022). Clay coating is an important input parameter in kinematic diagenetic
sandstone modeling (Walderhaug, 1996) as it determines the available surface area
for quartz cementation. Pore filling clays depending on the volume fraction in the
sand shale mixture influence the compaction and properties evolution to differ-
ent extent (Marion, 1990). Heuristic rock physics models have been proposed to
describe the porosity and velocity evolutions in both sandy-shale and shaly-sand
mixtures (Yin, 1992; Dvorkin and Gutierrez, 2002). However, these models are
based on the assumption that porosity is destroyed only by pore-filling clays. while
cementation and other factors are ignored, making the models less applicable in

modeling cement-bearing sandstone. In practice, by filtering the clay-rich data,
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sandstone with a tiny amount of clay can be treated as clay-free sandstone when

performing rock physics modeling.

A frequently employed simplification in the diagenetic modeling of sandstone in-
volves assuming only one type of cement. This cement may be monophasic, like
quartz cement, occurring within the cementation window. Alternatively, it can
be treated as an effective cement by volume averaging more than one phase (e.g.,
quartz and clay). However, the reality is far more complex than these assump-
tions. Figure 1.4 depicts the diagenetic evolution sequence of a sandstone reservoir
in the Ordos Basin (Hu et al., 2022). It illustrates that the actual diagenetic con-
trol of sandstone is more diverse and involves various cement types and timing,
extending beyond the depth of the cementation window. Furthermore, it is com-
mon in diagenetic modeling workflows to assume a continuous occupation of the
pore space (Dreege et al., 2006; Lehocki and Avseth, 2020), neglecting the detailed
morphology, location (intra- or intergranular), and generations of cement (primary
or secondary). These aspects are not typically considered in the modeling due to

the limitations of the current models available.

As research and technology progress, it is essential to strive towards incorporating
these complexities into diagenetic models to better capture the intricate nature
of sandstone cementation. Indeed, no model can capture all the complexities of
real-world systems, and the diagenetic models used in the papers included in this

thesis will likely inherit the limitations mentioned earlier.

1.2.4 Rock physics theories

In Chapters 2-5, we present descriptions, applications, and extensions of vari-
ous rock physics models. For the sake of completeness, we provide additional
explanations of fundamental concepts and theories crucial for understanding the

subsequent work. The emphasis is on elucidating how rocks respond to stress.
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Figure 1.4: Diagenetic controls and pore evolution of a sandstone reservoir in
Ordos Basin. Modified from Hu et al. (2022). Different types of carbonate cement
are colored grey and clay cements are colored yellowish brown. The diagenetic
processes considered in most diagenetic modeling i.e., quartz cementation and
compaction are highlighted with a black border.

Normal consolidation and overconsolidation

Continuous stress increase leads to normal consolidation of rock, while stress re-
lease causes overconsolidation of rock. As illustrated by Figure 1.5, normally
consolidated rock sits always at its peak level of stress, while in contrast, overcon-
solidated rock sits at a level of stress lower than the maximum stress level it has
been subjected to (Fjeer, et al., 2008). The maximum stress is commonly referred

to as the preconsolidation stress in soil mechanics (Schmertmann, 1955).

When quantifying the degree of overconsolidation, the overconsolidation ratio
(OCR) is commonly utilized. OCR is defined as the ratio between the differ-

ence between the past maximum effective vertical stress (max) and the present

20



normally consolidated

/ overconsolidated

Stres

unloading - reloading

Y

Strain

Figure 1.5: Schematic illustration of normal consolidation and overconsolidation,
modified from Fjeer, et al. (2008).

effective vertical stress (Casagrande, 1936):

O_l

= Rag 1.1
OCR = 22 (1.10)

Note that the diluting factor o* introduced in paper 1 can be rewritten in terms

of the overconsolidation ratio as:

(1—-OCR™H)™ (1.11)

Oé*

Linear elasticity

Contact-based rock physics models are typically based on isotropic linear elastic-
ity. The stress-strain curve of a linear elastic material follows a linear pattern, as
depicted in Figure 1.6. Young’s modulus of the material is equal to the gradient
of this linear function. However, in reality, rocks are rarely linear elastic materi-
als, and their behavior exhibits non-linearity resulting in a nonlinear stress-strain
relationship. Porous sedimentary rocks, in particular, often exhibit hysteresis as
depicted in Figure 1.6. If the strain vanishes when the stress returns to zero, the
material is considered elastic. This means that it undergoes temporary deforma-

tion under loading but returns to its original state once the stress is removed.
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However, if the strain does not fully recover to zero, as shown in Figure 1.6, the
material has undergone permanent deformation (Fjer, et al., 2008). The hys-
teresis commonly observed in reality can be understood as a combination of both
elastic hysteresis and permanent deformation. The corresponding illustration is
shown in Figure 1.6. The hysteresis loop indicates the regions of dissipated and
retained energy. In materials behaving like this, the work done during loading is
not entirely released during unloading. A portion of the strain energy dissipates
within the material resulting in hysteresis. Tutuncu et al. (1998) demonstrated
through laboratory experiments that hysteresis in sandstones can be attributed to
grain contact adhesion hysteresis and stick-slip sliding mechanisms. Grain contact
adhesion hysteresis arises from mechanical instability due to asperities at the grain
surface. On the other hand, stick-slip sliding mechanisms involve frictional sliding
at grain contacts. The theory by Tutuncu et al. (1998) is based on the idea that
grains are interlocked through grain contacts, and the separation at the contact
points due to asperities can be lubricated by a water film. However, if the grain
contacts are cemented, they do not significantly contribute to the total hysteresis

behavior of the rock.

Linear elastic Elastic hysteresis Permanent deformation Hysteresis loop
(%] (%] 173 (%]
2 o 4 g
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> > >
Strain Strain Strain Strain

Figure 1.6: Schematic illustration of stress-strain relations of different materials.
Modified from Fjaer et al. (2008) and Leveille et al. (2017).

Stress dependence of rock frame

Rock physics models provide links between stress and the elastic properties of sand
packs. The stress sensitivity of loose sand packs can be mathematically described

by Hertz-Mindlin contact theory (Hertz, 1881; Mindlin, 1949). The Hertzian
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contact law predicts a stress-dependent elastic modulus with a stress sensitivity

of Keff ~ O'l1/3.

One limitation of the Hertz-Mindlin theory is that it yields stress sensitivity of
loose sand packs at a fixed packing porosity. Various heuristic extensions of the
Hertz-Mindlin theory have been proposed in the literature to account for the
intricate diagenesis process of sandstone. E.g., friable model sand model (Avseth
et al., 2010) is introduced to account for the porosity variation resulting from the

sorting effect in sandstone.

When it comes to describing cementation in sandstone, the Contact Cement (CC)
model (Dvorkin and Nur, 1996) characterizes the stiffnesses of cemented grain
contacts in loose sand packs. In the CC model, the porosity is assumed to be
reduced solely by cement. And cement can be deposited in two ways: grain
contact cement (scheme 1) or grain coating cement (scheme 2), as illustrated in
Figure 1.7. Hybrid cement schemes have also been discussed and modeled in the

literature, e.g. by Allo (2019).

Although the CC model has proven to be useful in various practical cases (Dvorkin
and Nur, 1996; Avseth et al., 2010), it has several limitations when considering
the diagenetic features of sandstone. Firstly, it assumes that cement precipitates
in a random dense packing of spherical grains with critical porosity and point-to-
point grain contact, which is likely to deviate from reality as cement is deposited
during burial in a precompacted rock frame with already reduced pore space.
An extended model of the Dvorkin and Nur (1996) contact cement model is pre-
sented by Dvorkin and Yin (1996), it considers the effects of compaction before
cement deposition which results in the variation of grain contact stiffnesses with
the precompacted area between the grains. The geometric details of the grain

precompaction and cement deposition are sketched in Figure 1.7.

Regarding the porosity variation away from critical porosity, a heuristic extension
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of the contact cement model, i.e., the constant cement model (Avseth et al., 2010)
is proposed to address the porosity reduction resulting from sorting before ce-
mentation, though from a modeling perspective, the cementation is implemented

before porosity extrapolation.

In addition, for cases involving extensive cementation, the elastic moduli predicted
by the CC model underestimate the reality and may not be valid. In such scenarios,
alternative models such as the increasing cement model (Avseth et al., 2010) are

considered in the literature for more accurate predictions.

The most noticeable limitation of the CC model is that even a tiny bit of soft ce-
ment can render the effective rock stress-insensitive. In response to this concern,
Guo and Chen (2022) developed lower and upper bounds for the stress-dependent
elastic wave velocities in unconsolidated cemented sands, building upon the pre-
compacted model by Dvorkin and Yin (1995). In their approach, the grain direct
contact area and cement layer thickness are allowed to vary with stress, leading
to the stress-sensitive elastic properties of the cemented grain pack. Notably, the
cement remains intact and elastic during variations in applied effective stress in
this model. The sensitivities of the elastic wave velocities to the effective stress
increase as the precompacted pressure, cement elastic moduli, and cement volume

content decrease.

All the above models are based on linear elasticity without considering hysteresis.
This means that when the stress is reversed, the elastic properties prediction will
return to a lower value along the model prediction corresponding to the lower
stress. However, these models are unable to explain the observed hysteresis and
the dramatic decrease (up to 60%) in wave velocities observed in very weakly
cemented samples, as presented in Chapter 2. Therefore, there is a clear need
for new mechanisms and modeling approaches to explain such observations, which

will also be one of the research focuses of this thesis.
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Figure 1.7: Schematic representation of different types of cement deposition
and grain compaction. Modified from Mavko et al. (2020) and Dvorkin and Yin
(1995).

Stress dependence of pore pressure

Undrained conditions prevail in underground formations. Although this thesis
primarily focuses on studying the rock frame response to effective stress, it is
worth restating the importance of pore pressure. Because the determination of
effective stress, calculation of fluid properties at various P-T conditions (Batzle
and Wang, 1992), as well as the effective properties of the bulk rock, require the
knowledge of pore pressure. A relative issue concerning the variation of rock frame
properties in response to effective stress is how pore fluid pressure changes due
to changes in the total applied stress. This topic is extensive, and here, we only

briefly touch upon it.

The change in pore pressure caused by a change in applied stress is characterized
by Skempton’s coefficients A and B, also known as the pore pressure coefficients

(Skempton, 1954). For reservoir rock assuming uniaxial strain condition:
Ape = B[Aoz + A(Aoy — Aos)) (1.12)

The change in mean stress is defined as the arithmetic mean of changes in each

normal stress and can be written as (Fjeer et al., 2008):
1
AG = = (Aoy + 2A03) = Aoz + 3 (Ao — Aos) (1.13)
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Therefore equation 1.12 can be written in terms of the applied mean stress as:
_ 1

For isotropic linearly elastic porous rock, A= 1/3 (Holt et al., 2018). Therefore

we have
Apy
Ao

=B (1.15)
Here we can see that Skempton’s B coeflicient quantifies the change in pore pres-
sure with respect to confining stress under undrained conditions. Hart and Wang
(1999, 2010) demonstrated through laboratory measurements and inversion of the

measured data that Skempton’s B decreases with increasing effective stress for

Berea sandstone.

Biot-Gassmann theory is the most common way of determining pore-fluid com-
pressibility or calculating other poroelastic constants of the undrained rock. Skemp-
ton’s B coefficient is related to the Biot coefficient « as (Fjeer et al., 2008; Holt et

al., 2018):

aM

B=———
Kfr—‘—(le

(1.16)
Where Ky, is the dry rock bulk modulus. The storage modulus M is given by

1l_a-¢

M K, +?f

(1.17)

Where Kj and K are the bulk moduli of solid grain and fluid, respectively.

1.3 Thesis outline

This thesis comprises four papers presented respectively in Chapters 2-5. Addi-

tionally, two extended abstracts have been included in the appendix. It is im-
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portant to note that since the abstracts are preliminary results for the already
published papers, only basic information, including the title, introduction, and

conference details, are provided in the appendix.

In Chapter 2, we present a novel rock physics model aimed at quantitatively
describing the stress sensitivity of weakly to moderately cemented sandstone dur-
ing effective stress release. The model is built upon the patchy cement model
and incorporates microscopic observations of cement cracking and crumbling. To
account for the reduced coherence of the cement coherence upon stress release,
we introduce the cement diluting factor, which helps analyze stress sensitivity
changes during stress removal. Additionally, we put forward a sequential model-
ing approach i.e., PCM-VPCM, which effectively explains the hysteresis behavior
observed in cemented sandstone during stress loading and unloading. To validate
our model’s performance, we compared it against published measurements. The
results demonstrate a strong agreement between the modeled stress sensitivities
and the measured wave velocities. The result is published in Geophysics, 2023,
and also partially presented at the First EAGE Rock Physics Workshop in Latin

America.

In Chapter 3, we perform integrated rock physics modeling using the model de-
veloped in Chapter 2 guided by predefined burial history to simulate the effect of
stress release and cementation on the velocity and porosity of rocks during burial
and uplift. Based on the different stress sensitivities of velocity and porosity to
stress release, we propose porosity inconsistency as a measure of how much the
rock has been affected by stress release induced weakening. We discover that the
disparity between porosity sensitivity and velocity sensitivity to stress release can
be leveraged to derive a metric "porosity inconsistency" which can serve as both a
qualitative and quantitative measure for identifying and evaluating stress release
in sandstone using geophysical field measurements. We create an extensive well-log

database that consists of clean sandstone data from the Norwegian Sea normally
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buried and uplifted areas and the Barents Sea uplifted areas. We show for the first
time using field data that the exhumation estimation using velocity depths trend
yield underestimated magnitude compared to estimated using density/porosity
depth trend. The porosity inconsistency indicates the degree of underestimation
and it is correlated with the amount of exhumation. Field data observations are
aligned with the conceptual rock physics modeling. The findings in this work will
contribute to the improved understanding of interactions between exhumation,

cementation, and velocity of rocks. The result is published in Geophysics, 2023.

In Chapter 4, We use laboratory data, field data, and rock physics modeling
approaches to reveal stress paths, overconsolidation, cementation, and their ef-
fects on the acoustic elastic and petrophysical properties of unconsolidated sands
and weakly cemented sandstone. More importantly, we aim to demonstrate how
these factors impact the well-established models and workflows commonly used
in seismic rock physics. The findings of the study indicate discernible disparities
in the behavior of overconsolidated sands and sandstone, as influenced by stress
release, in comparison to their normally consolidated counterparts. Specifically,
mechanical compaction emerges as the driving mechanism dictating the response
of unconsolidated sands under conditions of stress loading and subsequent unload-
ing. However, the weakly cemented sandstone shows more sophisticated features
because of cementation. The role of cement is multifaceted: the saturation of
cement attenuates the stress sensitivity of sandstone. On the other hand, the
strain energy possessed by the cement behavior becomes manifest upon stress re-
lease, leading to markedly distinct behavior compared to over-consolidated sands
affected by stress release. This investigation underscores the paramount signifi-
cance of acknowledging and accommodating the ramifications of overconsolidation
and stress release on porous rock within contemporary seismic rock physics frame-
works. The oversight of these aspects has the potential to encumber the precision

of time-lapsed monitoring and the estimation of fluid saturation within formations
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of overconsolidated porous rock that also contains cementitious constituents. The

work is submitted to Geophysics.

In Chapter 5, we present an open-source Python library rockphypy. rockphypy
has successfully migrated and optimized a wide range of rock physics models from
Stanford SRB Matlab tools to Python. Additionally, it extends the functionality
by introducing new functions and practical workflows. Moreover, the models and
knowledge gained during the completion of this dissertation have also been incor-
porated into the library. By presenting rockphypy, we aim to promote ongoing
research on stress release and encourage innovation in rock physics. The library
caters to individuals interested in rock physics and empowers them to apply rock
physics tools in their work and research effectively. The work is published in

SoftwareX.
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1.4 Contributions

Contributions to the papers presented in this dissertation are as follows:

Paper 1 (Chapter 2): The work was carried out by Jiaxin Yu as the lead re-
searcher and author. Kenneth Duffaut and Per Avseth participated as supervisors

and provided theoretical support.

Paper 2 (Chapter 3): The work was carried out by Jiaxin Yu as the lead re-

searcher and author. Kenneth Duffaut and Per Avseth participated as supervisors.

Paper 3 (Chapter 4): The work was carried out by Jiaxin Yu as the lead re-

searcher and author. Per Avseth and Kenneth Duffaut participated as supervisors.

Paper 4 (Chapter 5): The work was carried out by Jiaxin Yu as the lead
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ABSTRACT: Quantitative description of the reservoir rock stress sensitivity
is critical for seismic modeling and interpretation. Laboratory studies have in-
dicated that the wave velocity of high porosity cemented sandstone is asymmet-
rically much more sensitive to stress unloading than stress loading. However,
there is a lack of a simple rock physics model that is capable of describing the
asymmetric stress sensitivity of reservoir rock. A new rock physics model is
developed by extending an existing rock physics model based on contact theory
combined with elastic bounds. The new model relates the stress softening of
rock to cement cracking and crumbling induced by stress release. The diluting
factor is introduced to describe the weakening of effective cement and analyze
the increase of stress sensitivity when the stress is gradually removed. The
combination of the new model and its base model forms a rock physics model-
ing workflow that can accurately describe the evolution of velocities measured
in samples undergoing stress loading and unloading. The model performance is
compared with samples representing synthetic weakly cemented glass bead pack
and sandstone manufactured with different types of cement at different forming
stress levels. The modeling results are in accordance with the measured stress
sensitivities of wave velocities. The sequential model calibration using a simple
constraint optimization approach yields important calibration parameters that
are indicative of the elastic stress sensitivity and damage behavior in the stud-
ied rocks. The model can be particularly interesting for time-lapse monitoring

of fluid injection and seismic interpretation of overpressured reservoir rock.

2.1 Introduction

Dry rock stiffnesses can vary greatly with changing effective stress. Intriguingly,
laboratory and numerical studies show the stress sensitivity of weakly cemented
sandstone upon unloading can be significantly larger than that observed during

stress loading (Holt et al., 2014; Langlois and Jia, 2014; Torset et al., 2021).
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Accounting for the variation of the stress sensitivity is critical for seismic interpre-
tation and reservoir characterization in an exhumed area (Bredesen et al., 2019).
It also facilitates the pressure maintenance and time-lapsed monitoring of reservoir

fluid injection.

The lack of useful rock physics models that map the consequences of stress release
effect on poroelastic attributes of the reservoir rock has been mentioned in the
literature (Langlois and Jia, 2014; Weinzierl and Wiese, 2021). The stress release
results in reduced uniaxial compressive strength, reduced stiffness, and reduced
acoustic velocities. These alterations are mainly attributed to the mechanical
weakening of the cement by microcracks (Holt et al., 2005). Several works have
applied and explored this assumption, e.g., Vernik and Hamman (2009) apply the
rearranged exponential rise function from Shapiro (2003) to predict the velocity
variations as a function of effective stress. Stress sensitivity can be changed by
varying the exponent relating to crack density in the function. Saul and Lumley
(2015) simulate the injection-induced pressure softening of the cement by vary-
ing the cement volume in the heuristic velocity-pressure-cementation model from
Avseth and Skjei (2011) and better assess the observed 4D anomalies. Bredesen et
al. (2019) show that velocity predictions of tight sandstone from an uplifted area
can be considerably improved by accounting for the effect of microcracks using the
“Kite” model which combines the contact cement model with differential effective
medium theory (Berryman, 1992) to incorporate a crack-like inclusion geometry
in the low porosity range (Avseth et al., 2014). Torset et al. (2021) apply a modi-
fied anisotropic crack model (Fjaer, 2006) to fit the measured P-wave velocities in
a weakly cemented synthetic sandstone upon stress unloading, and the modeling
result agrees with the measured data. In this work, we will present a new rock
physics model that aims to quantitatively assess and predict the evolution of stress
dependence in high-porosity weakly to moderately cemented sandstone (porosity

>20%) as stress is progressively removed. The model is based on the patchy ce-
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ment model (PCM) proposed by Avseth et al. (2016). It is widely accepted that
velocities in unconsolidated sands exhibit stress sensitivity that arises from grain-
grain contact and friction-resisted rotation (Hertz, 1882; Mindlin, 1949; Winkler,
1983; Walton, 1987; Norris and Johnson, 1997). When the sands are cemented, the
resulting sandstone will become completely stress insensitive (Dvorkin and Nur,
1996). However, several workers have observed that cemented reservoirs rock can
have significant stress sensitivity that might originate from the inhomogeneous
spatial distribution of the cement within the grain packing (Avseth and Skjei,
2011; Duffaut et al., 2011). Against this background, Avseth et al. (2016) propose
the PCM to make the high-porosity cemented sandstone still stress sensitive by
mixing the cemented sandstone with unconsolidated sands using a nested Hashin

and Shtrikman (1963) (HS) mixing combined with contact theory.

Contact-based effective medium theory assumes that the distribution of contacts
around grains is statistically homogeneous (Mavko et al., 2020). This assumption
holds approximately when predicting compressional modulus but fails for shear
modulus prediction (Makse et al., 2004). To resolve the discrepancy among ex-
perimental measurements of acoustic properties from contact theory estimates,
binary models that honor the nonuniform contact in the grain assembly are pro-
posed (Bachrach and Avseth, 2008). A similar correction also is given by Dutta
et al. (2010). Duffaut et al. (2010) also suggest a methodology that accounts for
the fact that all grains probably exist somewhere between the limits of no-slip and
slip. In this work, shear correction is implemented in the PCM to calibrate the

overpredicted shear modulus from contact theory.

Our overall modeling strategy is to extend the PCM to a varying patchiness cement
model (VPCM) by nonlinear stress-dependent diluting guided by a newly proposed
pragmatic function. By combining the experimental evidence, we identify that the
crumbling of brittle cement also might contribute to the deterioration of the rock

stiffness. This effect can be seamlessly incorporated into the proposed VPCM. A
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two-step sequential calibration of PCM and the newly proposed model is suggested.
The modeling workflow is tested using two relevant published data sets of synthetic
cemented glass bead and sandstone. The calibrated parameters derived from the

data are interpreted in terms of their physical implications.

2.2 Rock physics modeling

2.2.1 Patchy cement model

Avseth et al. (2016) propose the PCM to account for the observed stress sensitivity
in medium- to high-porosity cemented sandstone. Patchy means the microstruc-
ture of the cemented sandstone can be regarded as a mixture of two end members:
stress-sensitive unconsolidated sands and stress-insensitive cemented sandstones
(where all grain contacts are cemented). The stiffnesses of the soft loose sand
Kw and Gyw at critical porosity ¢. are obtained by applying the Walton (1987)
contact theory with shear correction (Bachrach and Avseth, 2008; Duffaut et al.,
2010; Dutta et al., 2010; see Appendix 2.A). The stiff cemented sandstone moduli
Kegm and Gegy are modeled according to the contact cement model (Dvorkin
and Nur, 1996). The amount of cement input into the contact cement model is
a predefined cementation limit ¢gcgpy in Avseth et al. (2016), beyond which the
sandstone is completely stress insensitive. The choice of this bulk volume of the
cement limit is subjective, and 10% is used in Avseth et al. (2016), assuming that
all the stress-sensitive grain contacts are completely cemented at this threshold

volume.

Once Kw, Gw, Kcgwm, and Gogum are calculated, they are mixed with HS bound
to obtain the stiffnesses of the effective well-sorted end member of patchy cement
sandstone. Physically, HS bound can be interpreted as a two-phase composite
consisting of inner cores and coating shells. Depending on the coating phase

stiffness in HS, different patchiness of cement can be obtained. The dry effective
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moduli K¢c and Gac for a well-sorted connected patchy cement sandstone can be
modeled with stiff cemented sandstone coating the unconsolidated sands (i.e., HS

upper bound):

1—
Kce = Kepm + =) - foc) 1 -1 (2.1a)
(Kw — Kcen)  + foe(Kceu + 3Geem)
1
Geoe = Gepm + (1 = feo) (2.1b)

(Gw — Geem) ™'+ 2fcc ( Ecpy+2Gepy, >

5GcEM (KCEM4-%GCEM)

The effective dry moduli Kpc and Gpc for a well-sorted disconnected patchy
cement sandstone are calculated when an opposite coating relation is applied (i.e.,

HS lower bound):

foc
KDC — KW+ — — (22&)
(Kcem — Kw) t+ (1- fDC)(KW + %GW) 1
B foc
Gpe = Gw + (2.2b)

(Goma — Gw) ™" +2(1 = foc) <5G“K(WK:FVZ+G‘§WG\~)>

The effective cement fractions foc and fpc represent the volume fraction of stiff
cemented sandstone in the binary mixture, varying between zero and one. The
product of the cementation limit and connected effective cement fraction foco gives

the cement volume Vigy of the patchy cement sandstone:

Veem = fecbeem (2.3)
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Next, effective dry-rock bulk and shear moduli of patchy cement sandstone Ky,
and Gy, at a smaller porosity ¢ can be obtained by interpolating between the well-
sorted end member calculated at critical porosity and mineral point (zero porosity)
using the modified lower HS bound (Avseth et al., 2010a) as a soft interpolator to

account for varying porosity associated with sorting:

ST Y RO
K, ry — < + = — =G 2.4a
aw [KPCNI + %GPCM K+ §GPCM] g M (2.42)
s e
Gary = = = — 2.4b
dry GPCM-I—Z_‘_G-FZ N ( )
where
_ Gpen (9Kpenm + 8Gpem
z= (2.5)
6 Kpcom + 2Gpom
Kec
KpCM = (26&)
Kpc
Gce
Grow = (2.6b)
Gpe

where K and G are the bulk and shear moduli of the grain material, respec-
tively. The stress sensitivity of the patchy cement sandstone at a given porosity
is obtained by varying the pressure ¢’ in the Walton model (see equation 2.10 in

Appendix 2.A).
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Figure 2.1: Rock physics modeling of connected patchy cement sandstone result-
ing from a stiff HS mixing of stress-sensitive unconsolidated sands (orange line)
and stress-insensitive cemented sandstone (green line) with 10% contact cement.
(a) Modeled dry bulk modulus versus porosity and the schematic representation
of corresponding HS mixing. The effective stress is 10 MPa in this example. (b)
Stress sensitivity curves computed by varying the effective stress in Hertz-Mindlin
theory for porosity = 0.36.

Figure 2.1a shows the modeling results of PCM assuming connected patchy ce-

ment in the porosity and bulk modulus domain. Figure 2.1b shows a family of
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stress sensitivity curves generated at a specific porosity with the lower bound be-
ing the stress sensitivity of unconsolidated sands and the upper constant bound
representing the stress-insensitive nature of cemented sandstone modeled with the
contact cement model. The results for disconnected patchy cement modeling are

shown in Figure 2.2.
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Figure 2.2: Rock physics modeling of disconnected patchy cement sandstone
resulting from a soft HS mixing with the effective cement fraction fpc varying
from zero to one. The results are quite different if we assume connected versus
disconnected patchy cement.
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The modeling results presented in Figure 2.1 and 2.2 assume that the grain and
cement materials are quartz with a bulk modulus K = 36 GPa, shear modulus G
= 42 GPa, and a density of 2.65 g/cm3. The coordination number C is assumed

to be 6, the critical porosity ¢. = 0.4, and the slip factor f = 0.

2.2.2 Varying patchiness cement model

Microcracks play an important role in the stiffness degradation of cemented sand-
stone. The presence of cement can prevent the shatter and cracking of grains by
reducing the stress concentration (Bernabé et al., 1992; Yin and Dvorkin, 1994;
Dvorkin and Yin, 1995). Upon continuing stress release, the rock expansion driven
by the grain residual compressive stresses is counteracted by the cement. The ce-
ment can be eventually broken when the tensile strength of cement reaches its
limit (Bredesen et al., 2019). Instead of putting cracks through an inclusion-based
model in the effective medium, we derive the premise that breaking of the contact
cement bound during stress release can be viewed as a process in which the con-
nected patchy cement is progressively replaced by disconnected patchy cement,
which we call diluting. Figure 2.3 shows the conceptualization of our modeling

approach.

As shown in Figure 2.3a, the grain contact cement is initially bonded together,
forming bridge-like cement that connects individual grains and stabilizes the whole
frame before unloading. This can be readily represented by the connected PCM
of which geometric information regarding the cement and grains is shown in Fig-
ure 2.3b. As the stress is being removed, microcracks start to develop within the
contact cement, as shown in Figure 2.3c, which will greatly reduce the connectiv-
ity and stability of the cement structure, thus softening the rock. The idealized
model of the corresponding disconnected patchy cement sandstone is shown in
Figure 2.3d. Note that the bulky cement is cracked into clustered cement. The

red and blue lines shown in Figure 2.3e are the stress sensitivity curves calculated
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using PCM, assuming connected patchy cement and disconnected patchy cement,
respectively. The difference between these two curves contains rich information
about the development of microcracks in patchy cement structure. For a given
effective stress, the actual rock stiffness close to the upper bound will correspond
to a stiff patchy cemented sandstone, whereas proximity to the lower bound will
indicate a soft patchy cemented sandstone. The movement from the upper bound
to lower bound with stress decrements indicates a dynamic process in which mi-
crocracks are developing (open or closure of microcracks) in the initially intact
patchy cement network. It indicates that the cohesion of the cement structure is

destroyed gradually by the stress release.
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Figure 2.3: Physical interpretation of VPCM in terms of the possible variation of
microgeometry. (a) Scanning electron microscope micrographs showing the artifi-
cial weakly silica-cemented sandstone with intact cement network before unloading
and (b) cement breakage due to stress unloading; adapted from Alvarado et al.
(2012). (c) Schematic representations of idealized connected PCM and (d) dis-
connected PCM. (e) The dashed black lines depict the modeling result of VPCM
using different curvature parameters m. The red and blue lines are stress sensi-
tivities computed from connected PCM and disconnected PCM, respectively. The
red line corresponds to the stress sensitivity line with foc = 0.8 in Figure 2.1b.
The blue line corresponds to the stress sensitivity line with fpe = 0.8 in Figure
2.2b. The modeling is shown for porosity = 0.36.

This physical interpretation in terms of the possible variation of microgeometry
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provides a possibility to model the increasing stress sensitivity upon stress release
observed in high-porosity cemented sandstone. Mathematically, PCM can be ex-
tended to VPCM by introducing an ad hoc diluting parameter « to account for
the increase of stress sensitivity when the effective stress is progressively removed.

The elasticities given by VPCM at high-porosity end member are:

Kvpem = Kee — a(Kee — Kpe) (2.7a)

Gvpem = Goe — a(Goe — Gpe) (2.7b)

The effective dry rock moduli at smaller porosity are again computed using equa-
tions 2.4 - 2.6 with Kpcy, Gpom replaced with Kypoym and Gypoum. The diluting
factor o quantifies how much of connected patchy cement has been replaced by

disconnected patchy cement upon stress unloading. It is allowed to be stress-

o= (1 - ;)m (2.8)

where the in situ effective stress ¢’ is the difference between the total stress and

dependent by

pore pressure, i.e., 0’ = ¢ —py assuming Biot coefficient equals unity (Fjaer, 2006).
Here, oy is a reference effective stress at which unloading begins and this stress can
be related to the hydrostatic net stress of the reservoir rock before any stress per-
turbation caused by, e.g., fluid injection or uplift. For laboratory measurements,
this stress corresponds to the maximum loading stress. Here, m is the curvature
parameter that defines diluting rate. An example of VPCM for porosity = 36%
is depicted as the dashed line in Figure 2.3e. Similar to the widely applied bound
averaging methods (Hill, 1963; Marion, 1990; Marion and Nur, 1991; Avseth et al.,
2010b, 2016), equations 2.7 and 2.8 compute a stress-dependent weighting average

of the stress sensitivity of connected and disconnected patchy cement sandstones.
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As shown in Figure 2.3e, when m > 1, VPCM mimics the case in which the
rock exhibits certain reversible behavior at the early stage of unloading by being
insensitive to stress changes, followed by an increasing softening upon extensive
unloading. Such behavior is observed in the glass bead sample presented in the
subsequent section. More information about the effect of m is included in the

“Modeling results” and “Discussion” sections.

2.2.3 Cement crumbling

Several works report the production of grain fines by grain crushing in uncon-
solidated sands during tension and shearing (see Figure 5 of Ando et al. (2013)
and Figure 5 of Chuhan et al. (2002)). Kozhagulova et al. (2020) examine how
the mechanical behavior of weak artificial sandstone is altered by the bond break-
age of the cement and conclude that the cement bond breakage constitutes the
main mechanism for the deterioration of the sandstone strength. Wang and Leung
(2008) characterize the effect of cementation on the sandstone mechanical proper-
ties using Particle Flow Code (PFC) simulation. It is found that the cement bond
breakage can lead to the formation of bonded clusters and decemented grains,
which are detached from the cement bond network. It also is observed in samples
that the cement can be broken into chips filling the pore space (see Figure 10 in
Kozhagulova et al. (2018)). This observed cement crumbling not only indicates
the irreversible damage to the structure of the rock by stress release but also rep-
resents a snapshot of the deterioration of cemented sandstone being transformed
from structure-dominated material to friction-dominated material. The geometric
details of cement crumbling and the idealized model for patchy cement sandstone
are shown in Figure 2.4a and 2.4b, respectively. Cement crumbling represents
somewhat the displacement of cement through which contact cement changes to

pore-filling cement. Thus, the porosity in the modeling is assumed unchanged.

The cement crumbling effect can be incorporated into the VPCM when the ce-



ment fraction parameter fpc used to compute disconnected patchy cement end
member is smaller than the fco for connected patchy cement end member. The
physical explanation is that chipped cement filling the pore space will no longer be
regarded as part of the load-bearing structure. Thus, the effective cement amount
is reduced. As shown in Figure 2.4c, a larger stress sensitivity is modeled using
VPCM through cement crumbling, and the stiffness of the rock is further reduced

upon stress release. The amount of crumbled cement can be calculated via

Vern = (fee — foc)Verm (2.9)

Notice that Vg, is nonzero when foo > fpo. Cement crumbling is muted for full

diluting (foc = fpc) and partial diluting (foc < fpo).
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Figure 2.4: VPCM for cement crumbling and its idealized model. (a) Schematic
representation of cement crumbling of single cement bond (Tengattini et al., 2014).
(b) Idealized model sketch. Chipped cement detaches from the cement network
and fills the pore space. This represents the further degradation of cement co-
hesion in the cemented sandstone. (c¢)Modeling result of cement crumbling in
VPCM. Note that the crumbling of the cement contributes to the enlarged pres-
sure sensitivity in addition to microcrack generation.
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2.3 Sequential model calibration

The application of VPCM requires the calibration of PCM: given the cement
volume VCEM and porosity ¢ of the sandstone, PCM assuming connected patchy
cement (equations 2.1,2.3, 2.4 - 2.6, and 2.10 - 2.14) is first calibrated to post-
cementation loading data (velocity or stiffness variation with effective stress) to
determine the optimal choice of cement sandstone fraction foc and the slip factor
f for shear correction. Then, these two output parameters from the calibration
of PCM are used as input to VPCM (equations 2.2, 2.7 and 2.8). VPCM is
subsequently calibrated to the unloading data given the reference stress o to

obtain the optimal choice of fpc and positive curvature parameter m.

Given the fact that the effective cement fractions foc and fpe and the slip factor f
are bounded within zero and one, the trust region reflective method (Branch et al.,
1999) is used as an optimization method in the PCM-VPCM modeling sequence
because it is robust and able to determine the model parameters within predefined
bounds. The implementation of the trust region reflective method is available in

Virtanen et al. (2020).

2.4 Experimental data sets

The model performance is evaluated using one published experimental data set
of cemented glass bead from Langlois and Jia (2014) and a data set generated at
SINTEF that aims to investigate the unloading effect on the elastic behavior and

damage of synthetic weakly cemented sandstone (Torset et al., 2021).

In the experiment by Langlois and Jia (2014), the glass beads have uniform grain
diameter of 0.7 mm, with density = 2.45 g/cm?, shear modulus = 26.2 GPa, and
Poisson’s ratio = 0.28. The cemented granular media are formed using a ther-

mally controlled cementation strategy: first, the grains are evenly wetted with



tetradecane and then the oedometric cell containing the wet pack loaded under a
predefined uniaxial stress P(0) is placed inside a refrigerator in which the temper-
ature is lowered homogeneously below the freezing point of the tetradecane. The
initial porosity of wet pack is 38%. The coordination number C = 6 is chosen by
Langlois and Jia (2014) according to Makse et al. (2004). Note that the experi-
ment still simulates a dry pack as the wet pack is transformed into cemented pack
during cooling. The solid tetradecane has density = 0.8 g/cm?, shear modulus =
1.1 GPa, and Poisson’s ratio = 0.34. The amount of frozen cement is approxi-
mately 0.650f 40+20 kPa and 1240420 kPa. The cemented pack is then subjected

to a cycle of uniaxial strain loading and unloading.

The other experimental data set originates from a series of coring tests on arti-
ficial sandstone performed at SINTEF (Holt et al., 2000, 2014). The sample is
fine-grained loose sand with an average grain diameter of 0.04 mm and a wide
grain-size distribution, which causes the initial porosity of the sand packing to
be approximately 33%. This is smaller than the random dense packing porosity
of 36%. The coordination number is 9 in the modeling in Torset et al. (2021).
The dry synthetic sandstone is manufactured through a chemically controlled ce-
mentation strategy: the mixture of sand pack with a small amount of sodium
silicate solution is flushed with carbon dioxide under a high predefined stress level
(15 MPa axial stress and 7.5 MPa radial stress), mimicking sandstone cemented
with quartz cement at typical reservoir settings. The sand grains are hardened
when the cement agent reacts chemically with the CO,, which causes amorphous
silica to precipitate as grain contact cement. After the cementation, the sample
is continuously loaded to the maximum stress of 40 MPa and then unloaded to
7.5 MPa. The loading and unloading after cementation are performed uniaxially
with no radial deformation. The cement volume given in Torset et al. (2021) is
1.6%. The grain and cement properties are the same as quartz with density =

2.65 g/cm?, shear modulus = 36 GPa, and Poisson’s ratio = 0.08.
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The elastic properties of the cement are different in the two experiments. The
cement is much softer than the grain in the thermally controlled cementation
experiment, whereas the stiffnesses of the cement are comparable to those of the
grain in the chemically controlled experiment. For simplicity, we label the former

as a soft cement experiment and the latter as a stiff cement experiment.

When performing contact cement modeling, it also is critical to determine the
cement scheme. According to Dvorkin and Nur (1996), the radius of the contact
cement layer is related to the cement distribution. There are two types of contact
cement deposition: scheme 1 is representative of the case in which cement only
precipitates at grain-grain contacts, and scheme 2 indicates that cement distributes
evenly on the grain surface (see Figure 5.5.6 in Mavko et al. (2020)). Langlois
and Jia (2014) point out that the capillary liquid is mainly accumulated at bead
contact for the soft cement experiment, with only a small amount of wetting liquid
attracted by the asperities at the grain surface. The cemented contact radius as
a function of cement saturation for such cement distribution is very close to the
scheme 1 cement deposition (see the numerical simulation in Langlois and Jia
(2014)). As a result, scheme 1 is chosen when modeling the soft cement data in

this work.

The stiff cement experiment aims to mimic the natural quartz cementation of
reservoir rock. McBride (1989) mentions that it is common for quartz cement and
overgrowth to precipitate around the grains in sandstones. The coating cement
(scheme 2) is usually applied by default in rock physics modeling of sandstones
(Avseth et al., 2014; Lehocki and Avseth, 2021). Accordingly, scheme 2 is selected

for recreating the silica cement experimental data in this work.



2.5 Modeling results

2.5.1 Soft cement

Figure 2.5 shows the modeled P-wave velocities and acoustic measurements for a
cycle of loading and unloading of the synthetic cemented glass bead pack man-
ufactured under different prestress P(0). For a better comparison of the stress
sensitivity variation, the P-wave velocity measurements are normalized with re-
spect to the velocity measured under the maximum loading stress. The predictions
from rock physics modeling also are normalized to the maximum modeled P-wave
velocities. During loading, the cemented pack shows a weak stress sensitivity that
is well captured by PCM. As shown in Figure 2.5a, the sample formed under low
stress shows a slightly reversible behavior at the beginning of unloading preced-
ing an irreversible reduction of the P-wave velocity, whereas the velocity of the
glass bead pack prepared at higher stress (Figure 2.5b) starts to decrease at the
beginning of unloading followed by a drastic velocity decrease. In both cases,
the VPCM agrees reasonably well with the observations. The optimal choices for

modeling parameters are tabulated in Table 2.1.

2.5.2 Stiff cement

Figure 2.6 shows the evolution of axial P-wave velocities for the synthetic sand-
stone with silica cement during post-cementation loading and unloading. The
displayed P-wave velocities also are normalized. During the stage of loading from
7.5 MPa to 40 MPa, the stiff cement sample shows more pronounced stress sen-
sitivity than the soft cement samples. The increased stress sensitivity also is
observed upon unloading. Again, PCM and VPCM successfully explain the stress
sensitivities in the sample observed during the stage of loading and unloading,

respectively. Table 2.1 provides the optimal choices of modeling parameters.
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Figure 2.5: Normalized model predictions and measured P-wave velocities as a
function of stress for tetradecane-cemented glass bead pack prepared (a) under low
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Figure 2.6: Model predictions and the evolution of normalized P-wave velocities
measured for silica-cemented sandstone during post-cementation loading and un-
loading. The measured Vp 7., = 2340 m/s.

2.6 Discussion

The PCM has been extended to VPCM by stress-dependent diluting. VPCM
aims to explain and quantify the increasing stress sensitivity of P-wave velocities
observed upon stress unloading in high-porosity cemented sandstones. It has been
shown that the combination of PCM and VPCM is able to match very well with
measured P-wave velocities in high-porosity cemented grain pack and sandstone
manufactured at different forming stresses with different types and amounts of

cement.

Contact cement significantly contributes to the contact stiffness (Dvorkin and Nur,
1996). The connected effective cement fraction foe and slip factor determined
through PCM calibration reflect the combined contributions from cement and
forming stress to rock stiffness. In the soft cement experiment, samples have the
same amount of cement, but the effective cement fraction foc is higher for the
sample with high forming stress than for the sample with low forming stress (Table

2.1).
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The slip factor is nearly zero for the low-prestress sample, whereas the high-
prestress sample has a slightly larger slip factor given the same cement amount.
The silica cement sample prepared under much higher stress with more cement
yields a slip factor larger than 0.5 (see Table 2.1). It indicates that the slip fac-
tor shows a good correlation with the cementation and stress at which cement
deposits. The stress-dependent behavior of the slip factor is reported in the lit-
erature (Bachrach and Avseth, 2008; Ahmed and Lebedev, 2019). Although the
slip factor is devised to fix the nonaffine assumption in effective medium theory in
the shear modulus prediction of loose sand, we can see that it also can be used to
indicate how well the grains are locked in a cemented granular pack. Note that the
coordination number also is reported to be stress-dependent (Dutta et al., 2010),

but it is canceled out in equation 17 in Bachrach and Avseth (2008).

In this work, the velocity decrease during the stage of unloading is attributed
to the cement weakening. The stress-dependent diluting in VPCM simulates the
breaking of the cement bond by replacing connected patchy cement sandstone
with disconnected patchy cement sandstone as the stress is progressively removed.
The effective cement fraction fpc determines the elasticity of the disconnected
patchy cement sandstone, thus representing the stage to which the sandstone
evolves during stress release. For instance, both low and high-prestress samples
experience a decrease in velocity after unloading, with reductions of more than 30%
and 60%, respectively. Despite these reductions, the velocities of both samples
remain nonzero when the applied stress is completely removed. This suggests that
the grain packing remains coherent despite partial cement debonding (Langlois
and Jia, 2014) induced by stress release. In this case, fpc derived from these
soft cement samples is larger than zero. In contrast, for the stiff cement sample
(Figure 2.6), fpc derived from VPCM is very close to zero indicating significant
damage to the sample during unloading, and the stress sensitivity of the sample

will be close to unconsolidated sands as the bonding effect from cement vanishes
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(Verh closes to 100%). This agrees with the fact that the velocity measurements in
the cemented sandstone are approaching its pre-cementation measurements upon
unloading (see Figure 3 in Torset et al. (2021)). From these interpretations, we
suspect that the diluting degree and the exact value of fpc provide a way to infer
the structural coherence of the sample. That is to say if fpc is nonzero in VPCM,
the stiff connected patchy cement sandstone is evolving to a less-stiff disconnected
cemented sandstone. In contrast, if fpc is zero, it indicates that microcracks have
severely affected the cement network such that the cemented sandstone tends to

behave similarly to unconsolidated sands with Hertzian stress sensitivity.

Note that the last velocity measurement at the end of unloading shown in Fig-
ure 2.5b is much smaller than its prior sampling point indicating an accelerating
deterioration of the grain packing stiffness. Surprisingly, VPCM successfully pre-
dicts this tendency. In VPCM, the curvature m is allowed to control the cement
debonding rate. Figure 2.5a shows that the P-wave velocity of the low-stress
sample exhibits a less rapid change with stress at the initial stage of unloading
followed by a rapid decrease upon further unloading. As the forming stress in-
creases (Figure 2.5a, b and 2.6), the curvature parameter m becomes close to
one (Table 2.1), indicating that the cement debonding becomes increasingly more
linearly dependent on stress. A similar failure behavior of weakly cemented sand-
stone also is reported in previous work. E.g., numerical simulation in Kozhagulova
et al. (2020) shows that the rate of bond breakage in samples of lower confining
pressure indicates an evident speed transition, which will become less distinct for

high confining pressure.

The samples are dry in both soft and stiff cement experiments. The proposed
model can be combined with Gassmann (1951) theory to compute elastic moduli
and low-frequency wave velocities of the saturated rocks. At high frequencies,
the unequalized pore pressure between cracks and pores can cause frame stiff-

ening in fluid-saturated porous media with embedded cracks upon stress load-
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ing (Mavko and Jizba, 1991; Mavko and Nolen-Hoeksema, 1994; Miiller et al.,
2010; Zhang et al., 2021, 2022); Winkler (1983) observes that the brine-saturated
high-porosity sandstone shows the opposite sign of dispersion compared with dry
samples. Tillotson et al. (2012) observe that the P-wave attenuation of artifi-
cially high-porosity (30%) silica-cemented sandstone upon unloading is different
from loading, and the difference results from hysteresis. The cement weakening
effect on the velocity dispersion and attenuation remains less understood, hence
future works should consider how effective stress release will influence the short-
wavelength wave propagation through saturated high-porosity porous media in

addition to the well-studied effects, such as saturation state and fluid properties.

This work exclusively is concerned with measurements of artificial samples, which
are oversimplifications of real rocks. The soft cement sample has relatively uniform
grain size, and frozen tetradecane is not analogous to the natural cementation.
Compared to the soft cement sample, the stiff cement sample is a fair represen-
tation of the quartz-dominated sandstones. The quartz grains are sourced from
real sediments. The cementation is allowed to happen under a stress level that is
comparable with in situ reservoir state, and the stress path is selected to be rep-
resentative of those occurring in reservoir rocks. Different samples generated by
using the same cementation strategy are presented in Holt and Stenebraten (2013).
It is found that the synthetic sample has properties mimicking those of real rock
in terms of mechanical, petrophysical, visual, and acoustic characteristics. Fu-
ture experimental design could investigate the impact of varying mineralogy and

lithology on stress sensitivity to stress reduction.

It has been demonstrated that by assuming cement bond breakage and reduction
in effective cement amount, VPCM is able to capture the significant velocity de-
crease resulting from the effective stress reduction. According to Terzaghi’s law,
effective stress release can be associated with an increase in pore pressure when the

overburden stress remains unchanged. This is typical for a fluid injection scenario
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if the pore pressure is not properly maintained. Previous studies have reported
that 4D seismic response around high-pressure injectors cannot be explained by
classical models that only consider fluid saturation and pressure changes (Duffaut
et al., 2011; Saul and Lumley, 2015). Al Hosni et al. (2016) also show that 4D
crosswell data of COy injection into weakly cemented Frio sandstones can be bet-
ter interpreted by assuming the reduction in contact-cement percent in the chosen
rock physics model. The ability of VPCM to model the asymmetrical sensitivity
of sandstone velocities to stress decrease due to the weakening of rock frame can
help the interpretation of 4D seismic attributes of fluid injection monitoring and
fluid saturation estimation. In practice, VPCM can be repeatedly calibrated using
newly acquired monitoring data. The resulting fpc value, as discussed previously,
indicates the coherence of rock frame. When the value is approaching zero, it in-
dicates a high level of injection risk because the cemented rock frame might have

been significantly damaged by injection.

The proposed model is rooted in isotropic linear elasticity with the inherent limi-
tations and caveats of grain contact models and bound filling models (see Mavko
et al., 2020). The nonlinearities exhibited by the initiation and evolution of mi-
crocracks are mitigated and approximated by the diluting process in the VPCM
model. In material science, fatigue theory is widely used to treat stress cycling-
induced excessive rock deformation (Marigo, 1985; Newman, 1998; Suresh, 1998).
When the stress is repeatedly released and reapplied, the material may eventually
fail due to the accumulation of damage in each loading-unloading stress cycle. The
number of stress cycles required for fatigue failure varies greatly from 1 up to mil-
lions and more depending on the magnitude of applied stress and material strength
(Newman et al., 1999; Caputo and Carcione, 2011). Although this work studies
the first unloading cycle, the microcrack generation during this single unloading

step can be part of a complete fatigue life.

The proposed model works well for high-porosity cemented sandstone. When the
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rock becomes heavily cemented (e.g., cement >10%), increasing cement model
(Avseth et al., 2010a) can be introduced to PCM to circumvent the limitation
of the contact cement model. Only axial P-wave velocities are used in this work
due to the isotropic assumption of the model. Nevertheless, the applicability of
the modeling is not greatly limited to field application because the stress-induced
anisotropy in sandstone is considered weak (Thomsen et al., 1993). The input pa-
rameters, such as the amount of cement, coordination number, and grain moduli,
are known for soft and stiff cement samples present in this work but might not
be always available and often are very difficult to obtain. Empirical relationships
among coordination numbers, porosity, and stress can be applied (Murphy, 1982;
Garcia and Medina, 2006; Dutta et al., 2010; Mavko et al., 2020). In practice, the
cement and grain properties can be estimated from petrophysical logs and core

quantification to narrow the uncertainty related to the choice of these parameters.

PCM and VPCM assume that microcracks are distributed randomly in the ef-
fective medium considering the structural heterogeneity of the granular medium,
unknown spatial distribution of cement, and coupling of shear and tensile failure
(Fjaer, 2006). However, this assumption will be violated if the rock develops global
failure, e.g., rock core discing by coring (Holt et al., 2000; Fairhurst, 2003) and

horizontal fracturing due to severe uplift (Flottmann et al., 2004).

2.7 Conclusion

A new rock physics model has been proposed for high-porosity cemented sandstone
to describe the deterioration of the stiffness as stress is gradually removed. Unlike
inclusion-based and pore shape models, the softening of the cement is described
by the stress-dependent diluting, i.e., replacement of connected patchy cement
sandstone by disconnected cement sandstone. The cement crumbling is identified
and modeled as an additional source of the increasing stress sensitivity upon stress

release at a grain-scale level. The model prediction is compared with axial P-wave
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velocity data measured for artificial cemented glass bead pack and sandstone.
Despite the pragmatic nature, the model recreates the experimental measurements
very well. The sequential calibration workflow acts as a tool to quantify the
velocity evolution with effective stress in target sandstone. The parameters derived
through the sequential calibration have physical implications about the coherence
of the rock, which is likely to provide early warning of the unexpected collapse
of the high-porosity cemented sandstone upon stress release and facilitate the
underground pressure maintenance in practice. The modeling workflow also can
be useful in predicting velocities affected by the combined effect of overpressure

and fluid effect in time-lapsed monitoring of fluid injection projects.
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2.A Walton contact theory and shear correction

Walton (1987) contact theory can be formulated as two limits: no-slip limit for
grains with infinite friction and slip limit for grains without friction. The effective

bulk modulus is identical for the limits and given by

2,v2 171/3
W} (2.10)

1
Kw = 6 { T4 B2

where C'is the coordination number, ¢ is the porosity, and ¢’ is the effective stress.

B is defined as
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where A is the Lamé’s coefficient of the grain material. The effective shear modulus

for slip limit is given by

3
Gslip = gKW (212)
For nonslip limit,
3(5—4v)
non—slip — K 2.1
¢ i 512—-v) W (2.13)

where v is the Poisson’s ratio of the grain material.

The shear correction from Bachrach and Avseth (2008) is applied to account for
the loose contact in the grain assembly. Finally, the effective shear modulus used

in this work is

GW = (1 - f)Gslip + fGnonfslip (214)

where f is the slip factor.
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CHAPTER 3

LUNDERSTANDING THE SYNERGISTIC IMPACT OF
STRESS RELEASE AND CEMENTATION ON SANDSTONE
USING SOUND WAVES — IMPLICATIONS FOR

EXHUMATION ESTIMATION

Paper published as Yu, J., Duffaut, K., and Avseth, P.; 2023, "Understanding
the synergistic impact of stress release and cementation on sandstone using sound

waves — Implications for exhumation estimation" in Geophysics 88, 6, 1-87.
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ABSTRACT:

Exhumation is the process that encompasses both uplift and erosion, leading to
the removal of overburden and the release of effective stress exerted on rocks.
When estimating exhumation magnitude using the compaction trend method,
it is commonly assumed that the physical properties of rocks are insensitive to
stress reduction. However, recent laboratory evidence has shown that porosity
exhibits weaker sensitivity to stress release compared to velocity which can be
significantly affected by stress release. This raises uncertainties regarding the
assumption of irreversible compaction. It remains unclear whether the impact
of stress release can be observed in real rocks in exhumed areas, as there is a
lack of methods to directly measure the impact of stress release on field data.
Additionally, studying real rocks is further complicated by the presence of rock
diagenesis and its interaction with stress release. To address these knowledge
gaps, this study employs stress-dependent burial and uplift modeling and in-
terprets an extensive well-log dataset using the modeling-derived evaluation
metrics. Conceptual modeling suggests that the velocity depth trend method
tends to underestimate exhumation magnitude when the combined effect of
cementation and stress release on rock elastic properties is neglected. Further-
more, we discover that the disparity between porosity sensitivity and velocity
sensitivity to stress release can be leveraged to derive a metric porosity incon-
sistency which can serve as both a qualitative and quantitative measure for
identifying and evaluating stress release in sandstone using geophysical field
measurements. We have gathered a significant amount of sonic velocity and
porosity data from normally compacted and uplifted clean sandstones in the
Norwegian Sea and the Barents Sea. Notably, we observe significant porosity
inconsistency in the exhumed well 6510/2-1 in the Norwegian Sea. In the Bar-
ents Sea, which has experienced extensive Cenozoic exhumation, the well data

reveals a varying pattern of porosity inconsistency increasing towards the north
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and decreasing towards the west. This distribution of porosity inconsistencies
in Barents Sea wells not only aligns with the spatial variation of exhumation
reported in various studies but also exhibits a positive correlation with the
magnitude of exhumation. Furthermore, the exhumation magnitude derived
from velocity-depth trends is considerably lower than the magnitude obtained
from porosity /density-depth trends for wells displaying significant porosity in-
consistency. These observations provide support for the predictions made by
the conceptual modeling. The results of this study enhance our understand-
ing of the synergistic impact of stress release and cementation on sandstone.
Moreover, these findings have implications for pore pressure prediction and core
evaluation in exhumed areas. They also provide insights into the feasibility and
interpretation of time-lapse data of reservoir injection, where the effective stress
is likely to decrease due to pore pressure buildup. When estimating the magni-
tude of exhumation using the compaction trend method, velocity and porosity
are usually assumed to be stress-insensitive as the rock is uplifted from the max-
imum burial to the surface. The degree of stress release associated with uplift
is assumed negligible by default and hardly ever quantified from field data.
By performing conceptual rock physics modeling honoring the burial history, a
simple diagnostic approach is proposed to study the exhumation-cementation-
velocity interplay and its impact on exhumation estimation. The approach is
based on the difference between the velocity stress sensitivity and porosity stress
sensitivity upon stress release. By utilizing the regional reference porosity and
velocity depth trends, porosity inconsistency, a quantitative measure of the av-
erage stress release degree can be computed for uplifted rocks. P wave velocity
and porosity data of normally compacted and uplifted clean sandstones in the
Norwegian Sea and Barents Sea are analyzed using the diagnostic approach.
Significant porosity inconsistency is observed in the well 6510/2-1 in the Nor-

wegian Sea. In the Barents Sea, the data shows varying porosity inconsistency
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that is positively correlated with increased exhumation towards the north and
decreased exhumation towards the west. The porosity inconsistency and dif-
ferent estimations given by the porosity depth trend indicate the deteriorating
effect on the rock velocity caused by uplift. The field data observations support
the conceptual model prediction i.e., the velocity depth trend approach tends
to underestimate exhumation magnitude under the assumption of irreversible

compaction due to ignorance of stress release impact on the velocity.

3.1 Introduction

Exhumation is a term used to describe the integral effect of uplift and erosion on
buried rocks relative to a datum (Lasabuda et al., 2021). Accurately estimating
the magnitude of exhumation is crucial for assessing the hydrocarbon prospectiv-
ity in both onshore and offshore basins, as it significantly impacts various aspects,
such as source rock maturation, structural stability of reservoirs, and migration
pathways (Doré¢ and Jensen, 1996; Henriksen et al., 2011). Practically, the param-
eter of interest is the net exhumation, which refers to the displacement of rocks
along the depth axis from their maximum burial depth to their present-day burial
depth (Corcoran and Doré¢, 2005). This definition coincides with the terms “net
erosion” used in Henriksen et al. (2011) and “net uplift” used by Doré and Jensen
(1996). In this study, exhumation is used as the descriptive term, and “uplift” is
used per se to describe the elevation of the buried rocks when applicable. Compre-
hensive overviews of the estimation methodologies are available in the literature
(Japsen and Chalmers, 2000; Corcoran and Doré¢, 2005; Lasabuda et al., 2021).
Among the various estimation techniques, the compaction trend method is widely
applied due to its simplicity, wide data availability, and independence of sample

distortion (Corcoran and Doré, 2005).

Generally, the estimation of exhumation magnitude for a single well using the

compaction trend method at a specific depth location can be summarized as fol-
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lows: a Normal Compaction Trend (NCT) is established for a given lithology in
an unexhumed area, representing the relationship between a rock property e.g.,
porosity and burial depth under hydrostatic conditions. This requires a significant
number of core or sonic measurements spanning a wide depth range and currently
buried at their maximum burial depth with normal pore pressure. Subsequently,
the exhumation magnitude is estimated as the vertical offset between the NCT

and the depth trend established using the data observed in the exhumed well.

A key assumption in this workflow is the irreversibility of compaction, meaning
that the porosity (or its proxies) of the exhumed rock will remain unchanged from
its state at maximum burial (Licciardi et al., 2020). Compaction is a diagenetic
process that involves the reduction of sediment volume, resulting in increased rock
stiffness and decreased porosity (Athy, 1930; Magara, 1980). There are two main
types of compactions: mechanical and chemical. Mechanical compaction involves
a decrease in rock volume due to increased compressive stress from mechanical
processes. Chemical compaction, on the other hand, involves a reduction in rock
volume due to chemical processes such as dissolution (Worden and Burley, 2003).
Another important diagenetic process that significantly impacts rock properties
is cementation i.e., the precipitation of minerals in the pore space. It’s worth
noting that some literature considers cementation as part of chemical compaction
(Bjorlykke and Hgeg, 1997; Avseth et al., 2010a). For the purpose of this study,
a differentiation is made between cementation and chemical compaction. The
removal of the overburden typically leads to a reduction in the effective stress
exerted on the rock, which will be referred to as “stress release” herein in this
work. If the poroelastic properties of rock are significantly altered by factors
such as cementation and stress release during exhumation, the aforementioned
NCT workflow may yield inaccurate estimations (Japsen and Chalmers, 2000;
Al-Chalabi, 2001; Bredesen et al., 2019; Torset et al., 2021). Experimental and

rock physics studies have indicated that porosity changes upon effective stress
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release are generally modest (=1 porosity unit) for overconsolidated sandstone
(Luo and Vasseur, 1995; Giles et al., 1998; Dong et al., 2010; Holt et al., 2014;
Wang et al., 2017a; Narongsirikul et al., 2019b), and varies for shale depending
on the factors such as clay composition, organic matter content, temperature and
diagenetic transformation of mineral phase, which influence the inelasticity of shale

(Johnston, 1987; Katahara, 2006; Masri et al., 2014).

In contrast to porosity, velocity can greatly change as the effective stress is pro-
gressively released. Laboratory studies have shown that sandstones can exhibit
strong asymmetries in the velocity stress gradient during stress loading and un-
loading due to the weakening of the cement bond upon stress release (Langlois
and Jia, 2014; Torset et al., 2021). During exhumation, if a sandstone is cemented
when the reduction of overburden begins, the cement will be subjected to tensile
stress, which may eventually lead to brittle deformation and tensile fracturing
(Bjerlykke and Jahren, 2010), even though the total stresses remain compressive
(Holt et al., 2014). Such brittle deformation can significantly reduce velocity while
only slightly affecting porosity. Indeed, cementation plays an important role in
influencing the velocities of both sandstones and shales during compaction and
stress release associated with uplift. As one of the most common types of cement
in sandstones, quartz cementation begins when the temperature reaches around
70 — 90 °C (Avseth et al., 2010a). Within a similar temperature window, silica
released from the smectite-to-illite conversion in shale diagenesis (Thyberg and
Jahren, 2011) can precipitate as micro-quartz crystals which accelerates the stiff-
ening of shale (Thyberg et al., 2009; Thyberg et al., 2010). According to Dvorkin
and Nur (1996), even a tiny amount of cement at sand grain contacts can dras-
tically increase velocity while causing almost no change to porosity. Similarly,
shale diagenesis can lead to an increase in velocity without a significant change
in density. A representative example can be found in Figure 4 of Thyberg et al.

(2010): quartz cementation induced by clay minerals is indicated by an abrupt
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change in the velocity-depth trend, while the corresponding density-depth trend

does not exhibit a similarly sharp change.

Since cementation is temperature-dependent (Huang et al., 1993; Walderhaug,
1996), it will not cease unless the temperature drops below the threshold required
for cementation to occur. Consequently, during uplift, if the rock remains within
the temperature range suitable for cementation (referred to as the cementation

window), a reduction in porosity and an increase in velocity can be anticipated.

In well-explored offshore areas, e.g., the North Sea, NCTs are commonly con-
structed based on compressional velocity data obtained from sonic transit time
or shot gathers due to the wide availability of well logs and dense seismic arrays
(Japsen, 1998; Baig et al., 2016; Olierook and Timms, 2016). These data have also
facilitated the generation of regional exhumation magnitude maps (Tassone et al.,
2014; Baig et al., 2016; Ktenas et al., 2019). However, rich literature employing
velocity depth trends often overlooks the effect of stress release and its interplay
with cementation during the exhumation process. Cementation and stress release
are two distinct and competitive mechanisms that influence the elastic properties
of rocks. Specifically, cementation stiffens the rock whereas stress release tends
to weaken the rock. The combined effects of these two mechanisms on velocity
can complicate the estimation of exhumation (See Figure 3.1 for further details).
One of the challenges in investigating how the joint effect of cementation and ex-
humation influences rock velocity is the lack of a reliable indicator for assessing
the degree of stress release in rocks (Al-Chalabi, 2001). Nevertheless, the distinct
responses of porosity and velocity to stress release offer insights for a better un-
derstanding of the exhumation-cementation-velocity triangle. Getting that better
understanding will be the main objective of this study. Specifically, the following

questions will be addressed:

e (Can stress release and cementation impact the estimation of the exhumation
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magnitude using the velocity compaction trend method?

e How can the impact on the rocks and their velocity depth trend be diag-

nosed?
e Is the impact significant or negligible in practical terms?

e How to improve the estimation of exhumation magnitude using velocity

depth trends?

Firstly, we perform a conceptual integrated rock physics modeling guided by burial
history following a modeling strategy outlined in Torset et al. (2021). This mod-
eling is aimed at extracting the different depth/stress dependencies of porosity
and velocity during both burial and uplift, based on which a simple indicator is
proposed to identify the presence of stress release. Next, an extensive well-log
dataset collected from the Norwegian Sea and the Barents Sea is presented. The
principles for selecting the wells and processing the data are also described in de-
tail. This dataset then serves as the basis for establishing the normal compaction
and uplift trends, as well as for verifying the modeling hypothesis. Finally, the
observations from the well-log dataset are presented and thoroughly discussed in

relation to the aforementioned research questions.

3.2 Porosity and velocity evolution with burial

and uplift

Although the estimation of exhumation magnitude using compaction trends is
primarily done for shale, this study will specifically focus on sandstone due to the

following reasons:

The huge shaly sedimentary package in offshore basins generally motivates the use

of data~driven empirical models for shale compaction and diagenesis (Avseth et
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al., 2010a). However, there is a lack of deterministic rock physics models for shales
that handle stress sensitivities as a function of various geological parameters (fab-
ric, composition, etc.). The understanding of stress sensitivity in the shales during
uplift is also limited (Holt et al., 2005). Furthermore, due to the low permeability,
the time required for pore pressure equilibrium in a typical shale layer is usually
in a geological time scale (Fjaer et al., 2008), and the disequilibrium compaction
significantly contributes to overpressure development in thick shale sequences (Os-
borne and Swarbrick, 1997). Additionally, the illitization of smectite in shale also
causes pore pressure build-up (Katahara, 2006; Meng et al., 2021), Therefore, it
is quite challenging to isolate the effects of stress release and cementation in shale
without considering the pore pressure. More importantly, the density of shales can
vary significantly (Rider, 1986), and the density well logs are often unavailable for

shaly intervals.

Rock physics combined with basin modeling provides a valuable approach for
obtaining insights into the porosity and velocity evolution of sandstones. Avseth
and Lehocki (2016) proposed a modeling scheme that can predict the variations
of physical properties throughout the “life cycle” of sandstone, considering any
given burial history. Torset et al. (2021) implement an integrated rock physics
workflow, building upon the work of Lehocki and Avseth (2021), to simulate the
velocity evolution of rock during a representative burial history. When modeling
the stage of uplift, different models can be blended with the cementation model
depending on the properties of the sandstone. For example, the crack model
(Fjaer, 2006) is used in Torset et al. (2021) to capture the impact of stress release
on soft sandstone with weakly cemented grain contacts. The differential effective
medium (DEM) model (Avseth et al., 2014) is commingled with a cementation
model in Bredesen et al. (2019) to simulate the effect of fracturing on the elastic
properties of the well-cemented Kobbe Formation sandstone during uplift. In this

study, the varying patchiness cement model proposed by Yu et al. (2023a) is used
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for the uplift modeling. The model is suitable for describing weakly to moderately
cemented sandstones, which are common reservoir rocks present in the Norwegian

Sea and the Barents Sea.
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Figure 3.1: The conceptual modeling of P wave evolution through different stages
of burial and uplift. The modeling strategy follows that of Torset et al. (2021).
The degradation effect on velocity induced by uplift is modeled by using Vary-
ing Patchiness Cement Model (VPCM) as proposed by Yu et al. (2023a). The
cementation begins when the rock is buried below 2 km in this example. The ce-
mentation window is shaded with light red color. The porosity and P wave velocity
at point A’ are denoted as ¢y and Vs, respectively. Whereas porosities and P
wave velocities at locations A, B and C are distinguished by the corresponding
subscripts. D and E mark the exit of the cementation window. When the rock
is lifted outside the cementation window either from D to A or from E to A, ce-
mentation ceases and no longer impacts the rock. Note that the integration of the
varying patchiness cement model with the cementation model (C — E) generates
a depth trend of decreased velocity. The modeling result for subsequent uplift
outside the cementation window (E — A) shows an increasing gradient of velocity
reduction. Acronyms: MC: mechanical compaction; QC: quartz cementation.

Figure 3.1 illustrates the conceptual rock physics modeling of the P wave evolution
guided by two predefined burial histories with different maximum burial depths.

The complete modeling workflow and the input burial histories can be found in the
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Appendices. Note that all depths indicated in the figures in this work are True Ver-
tical Depth Below Sea Floor (TVD-BSF) unless otherwise stated. The red-shaded
highlights the quartz cementation realm in which the cementation modeling is
performed. Several important diagenetic processes defining the rock properties
are simulated, including mechanical compaction after deposition (black), quartz
cementation during burial (blue; blue dashed), continued quartz cementation dur-
ing uplift (cyan; cyan dashed), and subsequent uplift outside the cementation
realm without considering the stress release effect (red), combined effect of con-
tinued quartz cementation and stress release during uplift (green dashed), and
subsequent uplift considering the effect of stress release effect (olive). The deter-
mination of the maximum burial depth directly controls the final net exhumation
estimation. Figure 3.1 elucidates how the velocity NCT method can lead to in-
correct interpretations of the maximum burial depth when cementation and stress
release during uplift are disregarded. The figure highlights three associated cases,
providing valuable insights into the complexities introduced by cementation and

stress release on exhumation estimation:

e Case 1: According to the conventional NCT method, the apparent maximum
burial is determined by projecting the current burial depth A vertically onto
the reference velocity trend. Hence, the net exhumation estimate is obtained

as the vertical offset between A and A’.

e Case 2: If the effect of cementation during burial is considered but the
stress release does not affect the sandstone velocity during uplift, the actual
maximum burial depth will be at B. The uplift modeling trajectory from
maximum burial depth to the current depth follows the path B — D — A.
In this case, the offset AA’ represents an apparent net exhumation estimate
which overestimates the true magnitude—the vertical distance between A

and B.
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e Case 3: If the cemented sandstone undergoes weakening due to stress re-
lease associated with uplift, the rock at current depth location A may have
been buried even deeper to location C. The corresponding uplift modeling
trajectory from maximum burial depth to current depth follows the path C
— E — A. This implies that the conventional NCT method will underestimate
the net exhumation magnitude, as the vertical distance between A and C is
larger than the vertical offset AA’ . This finding aligns with the qualitative

conclusion made by Torset et al. (2021).

The corresponding conceptual modeling results of porosity evolution and the
amount of the quartz cement precipitation are shown in Figure 3.2a and 3.2b,
respectively. By considering the variations in porosity as a cross-reference when
applying the standard velocity depth compaction trend method, it becomes possi-
ble to discern the influence of stress release and assess its effect on the exhumation
estimation in the velocity-depth domain. More specifically, the relative magnitude
of porosity at current depth location A and its vertical counterpart A’ in the ve-
locity depth trend serves as both an effective indicator and a diagnostic tool for

evaluating the impact of stress release on the rock and its velocity depth trend.
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Figure 3.2: (a) Porosity evolution as a function of burial history. (b) The cumu-
lative amount of intergranular quartz precipitation as the rock undergoes burial
and uplift within the cementation window. The color coding, legend, and annota-
tion are consistent with Figure 3.1.
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The analysis is as follows: the assumption made in the conventional NCT method
is that the rock elastic properties will remain the same as acquired at the maximum
burial during the entire uplift. If this irreversible compaction assumption holds
valid, it is expected to observe the porosity ¢4 = ¢, at the current depth. Note
that ¢,.; refers to the porosity of the reference porosity depth trend at the depth

that would have been predicted by the conventional velocity NCT.

If the rock experiences continued quartz cementation during uplift while the stress
release effect is negligible, the rock’s diagenetic history corresponds to case 2. In
this case, as shown in Figure 3.2, the porosity at the true maximum burial point B
(¢p) is larger than the porosity at reference point A’ (¢,.s). However, the ongoing
quartz cementation during uplift from B to D will further reduce the porosity,
resulting in the same porosity value as at the reference point A’. During the sub-
sequent uplift outside the cementation window, the porosity remains unchanged.
Therefore, in this case, the resulting porosity at location A will still satisfy the

relationship ¢4 = ¢.y.

Conversely, in case 3 where cementation continues during uplift and rock is weak-
ened by stress release, the porosities at locations A and A’ in the velocity—depth
domain will not satisfy the relationship ¢4 = ¢,.f. This is explained by the fol-
lowing reasons: Firstly, the porosity ¢¢ at maximum burial C is smaller than ¢,.;.
Because the rock was buried deeper and experienced more quartz cementation. In
addition, from maximum burial C to the cessation of cementation at point E, the
rock undergoes continued quartz cementation, leading to a further reduction in
porosity. Hence, the resulting porosity at current depth A will be smaller than
the porosity at reference point A’, i.e., ¢4 < ¢res in the velocity-depth domain.
Notice that in all cases, the porosity variation is assumed negligible from the exit

point (D and E) of the cementation window to the current depth A.

Table 1 presents a summary of the three cases together with the respective ve-
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locity and porosity relationships between A and A’ in the velocity-depth domain.
The above analysis highlights that porosity can be used as a stress release indi-
cator when estimating the exhumation magnitude using the velocity depth trend.
Specifically, if the porosity of the rock at the current depth location is smaller
than that of the rock with the same velocity on the reference velocity depth trend,
it is likely to indicate the P-wave velocity was affected by the stress release during
exhumation. The exhumation magnitude will be thus underestimated.

Table 3.1: A summary of three cases and the corresponding diagnostics when

estimating the net exhumation using the velocity compaction trend as shown in
Figure 3.1.

Cases Velocity Porosity ~ Processes during uplift ~NCT assumption

Cementation: no
Casel VA = Vref (bA = (bref Valid
Stress release: no

Cementation: yes
Case2 Vi=Vies ¢a= brey Invalid
Stress release: no

Cementation: yes
Cased Vy = Vref s < (bref Invalid
Stress release: yes

3.3 Dataset

In this study, well-log data from clean sandstones from the Barents Sea and the
Norwegian Sea are compiled to investigate the combined effect of cementation and
stress release on the exhumation estimation using velocity depth trends. The ma-
jor part of the Barents Sea is believed to be greatly affected by the Cenozoic uplift
and erosion (Ohm et al., 2008; Henriksen et al., 2011). The magnitude of the ex-
humation varies greatly, ranging from less than 100 m to more than 2000 m from
west to east (Baig et al., 2016). The St¢ formation forms a primary target reser-

voir rock present across the Barents Sea (Duran et al., 2013). It mainly contains
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mature sandstone with quartz-rich detrital grains (Bergan and Knarud, 1993).
Petrographically, the typical sub-arkose sandstones in the Stg formation show a
favorable comparison to their equivalents in the Norwegian Sea, especially the
middle Jurassic sandstones (Ehrenberg, 1990; Henriksen et al., 2011). Hence, the
sandstone NCT established using the Norwegian Sea data are used as the reference
depth trend for the Stg formation in the Barents Sea. Note that the eastern part
of the Norwegian Shelf and mainland Norway also experienced uplift and erosion
during the late Cenozoic with decreasing magnitude outwards from the coastline
(Hansen, 1997). Thus, the reference wells in the Norwegian Sea are selected from
areas with no or little uplift according to the exhumation map for the area be-
tween the Danish-Norwegian sector border and 66°N created by Hansen (1997).
Generally, the selection of wells and data processing follow specific principles to
minimize the influence of undesired factors. The following principles are applied:
1) Wells with sandstone formations in a hydrostatic compaction state are selected
to avoid the effects of overpressure. 2) Brine saturated sandstones are preferred.
In cases where the pore space of sandstone is filled with hydrocarbons, the mea-
sured velocity and density logs are corrected. To minimize the fluid substitution
impact, for wells in the Norwegian Sea, only the water zone data are used, and the
sections saturated with hydrocarbons are excluded from the reference dataset by
utilizing the oil-water contact (OWC) and gas-water contact (GWC) information
present on the NPD website. Note that two oil-saturated (Wisting) wells pene-
trating the Stg formation are included in the analysis. The rest of the wells are
brine saturated. 3) All the deviated wells are calibrated for True Vertical Depths
(TVDs) to ensure consistency in the depth reference across the wells. Figure 3.3a
shows the well location maps of the study areas. An interactive map is created for
visualizing the well locations and associated structure information. In addition to
the Barents Sea wells, the exhumed well 6510/2-1 Ylvingen fault complex in the
Norwegian Sea is also included in the analysis. The location of this well is marked

with an orange star in Figure 3.3a.
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Figure 3.3: (a) Well locations for 29 selected wells (28 reference wells and 1
exhumed well) in the Norwegian Sea and 26 wells in the Barents Sea. Check the
interactive well location map for more information. (b) Top depths of the clean
sandstone formations in 28 reference wells. All sandstones are brine saturated (c)
Top depths of the clean Stg formation. Two Wisting wells are oil saturated. The
top depths are in True Vertical Depth Below See Floor (TVD-BSF).

As indicated by Figure 3.3b, the tops of clean sandstone formations in the reference
wells exhibit a wide and nearly continuous depth range, ensuring the generation
of reliable depth trends. These sandstones primarily belong to the Fangst group,
which includes the Garn and Ile formations. Additionally, clean sandstones from
the Bat group, specifically the Tilje, Tofte and Are formations are used to sup-
plement the creation of the reference depth trend. Note that the Are sandstones
with burial depths exceeding 2 km are excluded from the dataset. Because the
prevailing interbedding of sand-shale sequence with coal embedding layers makes
those Are sandstones less comparable to the Stg formation. The well-log data
undergoes rigorous quality controls following the steps outlined in Ktenas et al.
(2017). Moreover, the rock physics screening approach proposed by Avseth et
al. (2021) is used to check whether the well-log data is physically justified. This
screening approach also facilitates the identification and removal of erroneous to-
tal porosity data, washouts, and calcite cement layers. The cut-off V,;, < 10%

is used to define clean sandstones across all sandstone formations in the total 55
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wells in the Norwegian and the Barents Sea. Figure 3.4 illustrates that the clean
sandstone data, categorized by formation, align nicely within the elastic domain

defined by different robust rock physics models (Avseth et al., 2021).
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Figure 3.4: Rock physics diagnostics of well log data from the Norwegian Sea
and the Barents Sea clean sandstone formations using elastic bounds. Garn, Ile
formations from the Fangst group are shown in (a) and (b), respectively. Tilje,
Tofte, and Are formations from the Bat group are shown in (c), (d), and (e),
respectively. The Stg formation data are shown in (e). The lower bound (dashed
line) is friable sand model (Mavko et al., 2020) computed at ¢’ = 20MPa. The
upper bound (solid line) is modeled with contact cemented model (Dvorkin and
Nur, 1996) blended with increasing cement model (Avseth et al., 2010a) at ¢ = 0.3.

The porosity values are not directly measured but rather derived from the density
log. To verify the accuracy of the density-derived total porosity data, three pub-
lished porosity depth trends are compared to the well-log data from the Norwegian
Sea. Ramm and Bjerlykke (1994) proposed a linear porosity compaction model
based on the He porosity data sourced from Jurassic sandstones, including the Béat
group and Garn formation in the Haltenbanken area. In the same paper, a cou-
pled model that considers both mechanical compaction and quartz cementation

was concurrently presented to honor the increased porosity depth trend gradients
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below intermediate burial at around 2600m. The compaction trend from Ehren-
berg (1990) was derived from the average core porosity data for the Garn formation

in the Haltenbanken area.
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Figure 3.5: (a) The Norwegian Sea porosity data of clean sandstone formations
plotted against three published porosity depth trends. The linear Halten trend-
line proposed by Ramm and Bjerlykke (1994) is depicted as a solid line. Ramm
and Bjgrlykke (1994) also proposed a coupled mechanical-chemical model (dashed
line), namely the porosity loss due to mechanical compaction follows an exponen-
tial decay model, and the porosity loss caused by quartz cementation in deeper
burial is a linear model. The dotted trend line is digitized from Figure 3.6 in
Ehrenberg (1990). The functional forms of these depth trends are listed in Table
3.2. (b) The porosity versus depth plot of the Barents Sea Stg formation. Wells
with porosity validation are highlighted with color-coded squares. The porosity
range and average porosity values are tabulated in Table 3.3.

Figure 3.5 depicts the comparison between the derived porosity data from well logs
and the published porosity depth trends. It is observed that the coupled model
tends to underestimate the porosity with a relatively low explained variance. This
discrepancy may be attributed to the fact that the depth axis of the coupled model
is not measured depth, but is calculated thermal maturity corrected depth based

on the thermal history of the Northern Viking Graben, as described in Ramm
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and Bjerlykke (1994). Nonetheless, both linear trendlines derived from core data
fit the selected Norwegian Sea data with reasonable goodness, thus validating the

porosities derived from well logs.

Table 3.2: The empirical porosity and velocity depth trends used in this work.
Note that the functional form of the porosity model is not published in Ehrenberg
(1990). It is obtained by linear regression of the digitized data point from the
original plot in the paper. Japsen (1998) also proposed a regional segmented
depth trend for the North Sea Chalk but with different function parameters.

Model unit References
¢ or Vp z
-z ¢ =46.4 — 0.00852 % m  Ramm and Bjgrlykke (1994)

¢ = 45 — exp(—0.000252)
¢~z % m  Ramm and Bjgrlykke (1994)
¢ =25—10.013(z — 2500)

¢z *¢p = —0.092z + 0.48 frac km  Ehrenberg (1990)
Vp-z  Vp =2325+0.51z m/s m  Scherbaum (1982)
Vp-z  Vp = 304.8/(135.9 — 20.222) km/s m  Hillis (1995)
Vp-z  Vp =2600+ (1/1.76)z m/s m  Storvoll et al. (2005)
1550 + 0.6z z < 1393
Vp-z 400+ 22 1303 < z < 2000 m/s m Japsen (2000)
Vp =
2600 + 0.5z 2000 < z < 3500
34754 0.25z 3500 < z < 5300
Vp-z Vo = 1708 +0.66= z < 2630 m/s m  This study

1200.8 + 0.85z 2630 < z < 4000

The porosity values derived from cores sampled in some of the Barents Sea wells
are compared with the well log-derived porosities for the Stg formation. The data
used for comparison, along with the associated references, are presented in Table
3.3. Figure 3.5b demonstrates a good agreement between the well log data agrees
and the average and range of porosities derived from core samples. Notice that

a mismatch between the average core porosity value and the density porosity for
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the Stg formation in well 7324/10-1. This discrepancy arises because the Stg
formation in this well is condensed, with a net sand thickness of only 6.13m and a
net-to-gross (N/G) ratio of 76.6%. The average porosity is affected by the presence
of shaly sand, resulting in a slightly higher density-derived porosity for the clean

sandstone (Vi < 10%) compared to the average porosity.

Table 3.3: The core porosity measurements of the Stg formation in some of
the selected wells in the Barents Sea. The data from NPD are petrophysical
evaluations documented in the well reports.

Wells TVD-BSF Por. Ave. Por. Range References References

Ave. (m) Por. Ave. Por. Range
7324/10-1 143.9 0.235 - NPD -
7324/8-1 250 0.25 . Meunier (2019) -
7131/4-1 524.2 - 0.09 - 0.31 - Henriksen et al. (2011)
7228/9-1S 7743 0.228 0.07 - 0.308 NPD Henriksen et al. (2011)
7119/12-2 1236.5 0.262 - NPD -
7120/10-1 1388.5 0.22 0.18 — 0.255 NPD NPD
7120/5-1 2037.3 0.16 0.03 - 0.28 NPD Lovstad et al. (2022)
7120/2-2 2381.6 - 0.04 - 0.1 - Henriksen et al. (2011)

3.4 NCT assumption validation

The reference velocity depth trend is established using the sonic velocity data of
clean sandstones from the Norwegian Sea. This compaction trend serves as the
basis for the analysis of stress release impacts on the velocity data in other selected
wells. As shown in Figure 3.6, the reference velocity data show a monotonous
increase with increasing depth, which is usually approximated by linear trendlines
(Japsen et al., 2007). Figure 3.6 displays five previously published velocity depth
trends (Scherbaum, 1982; Hillis, 1995; Japsen, 2000; Storvoll et al., 2005; Ktenas

et al., 2017) along with the reference data present in this work. The function
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forms of all trendlines are tabulated in Table 3.2. These trendlines underfit the
data to varying degrees. In order to better describe the average velocity increase
resulting from mechanical compaction and quartz cementation during burial of the
Norwegian Sea data, a linear segment NCT (yellow line) is proposed. This NCT
adopts the onset of cementation depth (/2630m) approximated by the coupled
model proposed by Ramm and Bjgrlykke (1994). Figure 3.6 demonstrates that
the proposed NCT aligns well with velocity data. The trend also agrees well with
the velocity in the gas saturated Garn formation in well 6507/3-7 after Gassmann

(1951) fluid substitution (grey data points).

O7v
N\ o Norwegian Sea data
N 6507/3-7
N Scherbaum (1982)
\ ——= Hillis (1995)
Japsen (2000)
1 —=—=Storvoll et al. (2005)
——- Ktenas et al. (2017)
This work
g
o
22
2
3 4
4 . . . . \ — -
15 2.5 3.5 45 5.5
Vp (km/s)

Figure 3.6: Comparison of the Norwegian Sea clean sandstones velocity data to
the NCT of this study and previously published NCTs applying to sandstone. The
functional forms of the baselines are given in Table 3.2. The trendline from Ktenas
et al. (2017) is digitized from the original plot. The HC-saturated well 6507/3-7
fills the gap depth location, the velocities after Gassmann fluid substitution fall
on the depth trend proposed in this study.

Well 6510/2-1, located close to the Norwegian coastline, has been affected by the
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uplift of mainland Norway (Hansen, 1997). The well penetrates several sandstone
formations that are also present in the reference wells, including the Garn, Ile,
Tilje, and Are formations. Note that, the sandy sequences in this well contain
thin coal beddings whose depth locations are identified and documented in the well
report. Therefore, these thin coal layers are removed from the dataset. Figure 3.7a
illustrates the comparison between the reference velocity depth trend (solid black
line) proposed in this study and the well log data of clean sandstone formations
in well 6510/2-1. To mitigate the lithological effects that may cause exceptionally
high velocities, such as layers of calcite concretions within the sandstone, running
moving means have been applied along the depth axis using a window size of 1m
(Ravasi and Vasconcelos, 2020). The data points are color-coded by porosity. The
core evaluated porosities (see Table 3.4) and the corresponding average velocities
for each sandstone formation in the exhumed well 6510/2-1 are highlighted as

squares with black edges in both Figure 3.7a and 3.7b.
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Figure 3.7: Stress release effect identification for exhumed well 6510/2-1 in the
Norwegian Sea. The core porosity data highlighted in the plot for the well are
tabulated in Table 3.4. (a) Data visualization in the velocity-depth domain, the
segmented velocity NCT (Normal Compaction Trend) proposed in this study is
plotted as baseline. The auxiliary dashed line is the result of linear fitting to
the highlighted velocities in the exhumed well, with a constrained gradient that
matches that of the quartz cementation line segment in the velocity baseline quartz
cementation. (b) Data visualization in the porosity-depth domain, the empirical
porosity NCT with the highest explained variance (Ehrenberg, 1990) is plotted
as a reference. The auxiliary dashed line has the same gradient as the Ehrenberg
porosity reference trend.
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Before proceeding with the data analysis, it’s useful to recall the model-derived
hypothesis: porosity can serve as a stress release indicator when estimating the
exhumation magnitude using the conventional velocity depth trend approach. If
the rock was affected by the stress release during exhumation, the porosity at
the current depth location will be smaller than that of the rock with the same
velocity on the reference velocity depth trend. And the magnitude yield by the

conventional approach will underestimate the true magnitude of exhumation.

As depicted in Figure 3.7a, the porosities of uplifted sandstone formations are
visibly smaller than that of the vertical projection counterpart in the reference
velocity trend, i.e., ¢4 = ¢,cs as described by the case 3 interpretation of the con-
ceptual modeling. The hypothesis regarding the underestimation of exhumation
magnitude is also verified. As shown in Figure 3.7b, the vertical offset estimated
using the porosity depth trend is larger than the offset determined from the veloc-
ity depth trend. The discrepancy between these estimates is approximately 600m.
Sidewall cores have been from the sandstone formations in this well. According to
the well report, the cores are mostly soft and friable despite the sandstones being
predominantly cemented, ranging from weak to moderate and high cementation
degrees in Garn and Bat groups (Table 3.4). Notably, some of the cores exhibit
shattered grains and cement fabrics, which indicate significant stress-weakening

effects.

In the Barents Sea data, similar inconsistencies in porosity are also observed be-
tween the exhumed rock and its iso-velocity counterpart in the reference velocity
depth trend. Figure 3.8 illustrates the average velocity and porosity response of
the clean Stg formations in each of the Barents Sea wells. Interestingly, the poros-
ity inconsistency is particularly pronounced for rocks currently buried less than 1
km below the seafloor. When comparing the magnitude estimated using the veloc-
ity depth trend (Figure 3.8a) to the magnitude given by the porosity depth trend

(Figure 3.8b), the difference is also maximized for the shallowly buried rocks. The
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Table 3.4: The average petrophysical result of sandstone section in well 6510/2-
1. Data is taken from the final well report from NPD. All depths are in Measured
Depth (MD).

Sidewall
core
Formation From To sampling Cementation Coherence and Porosity
(m) (m) d hardness
epth
(m)
Garn 1543 1654 1597.5 Very weakly cemented Friable 0.24
Ile 1688.5 1719.5 1704 Weakly cemented Friable very soft 0.23
1718.5 Very weak silica cement ~ Very friable
Tilje 1823 1945 1853 Weak silica cement Friable, 0.17
soft to firm
1883 Moderate silica cement Friable
1887 Weak siliceous cement Shattered
Are 1945 2236 1952 Silica cement Friable 0.15
1991.3 Weak silica cement Very friable
2067 Weak silica cement Very friable/crumbly
2163.5 Silica cement Shattered

porosity inconsistency becomes less prominent for rocks at intermediate burial
depths between 1 to 1.7 km and diminishes further for rocks with deeper burial.
It is worth noting that in Figure 3.8a, the Wisting wells 7324/8-1 and 7324/7-3 S
exhibit great differences in their distances to the reference velocity depth trend.
While in the porosity depth domain (Figure 3.8b), these two wells show larger
distances to the porosity depth trend, but the difference between them is smaller

compared to what is observed in the velocity depth domain.

The porosity inconsistency can be computed approximately by using the refer-
ence velocity and the reference porosity depth trends. By taking the velocity of
the exhumed rock at the current depth, the corresponding burial depth location
on the reference velocity depth trend can be determined by inverting the linear
segment function proposed in this study. Next, the reference porosity trend from
Ehrenberg (1990) is used to compute a corresponding average porosity response at
this depth location. The porosity inconsistency is then computed by subtracting
the porosity of the exhumed rock from the computed porosity. Figure 3.9 presents

the porosity inconsistency for the Barents Sea data plotted against the burial
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Figure 3.8: The mean velocity and (b) porosity variations with depths of the
clean Stg formations in the Barents Sea wells compared to the reference depth
trends established using the Norwegian Sea data.

depth. The data points are color-coded by the corresponding structure element of
each well. The results reveal relatively small porosity inconsistency (less than 2%
porosity unit) in the Hammerfest basin, Ringvassgy-Loppa Fault Complex, Masgy
Fault Complex, and Polhem Sub-platform. These structures are mainly located
on the southwestern side of the Barents Shelf (check the map interactively). Con-
versely, higher porosity inconsistency is observed in the wells located in the bank
area of the Finmark Platform and Signalhorn Dome. Notably, wells exhibiting
significant porosity inconsistency are found on the north Barents Shelf, including

the Bjarmeland Platform, Hoop Fault Complex, and Norvarg Dome.

Figure 3.10 presents a compilation of different published estimations of the total
Cenozoic exhumation of the Barents Sea shelf, obtained using various estimation
approaches. The data utilized in this compilation are taken from Henriksen et al.
(2011), Baig et al. (2016), and Lasabuda et al. (2021). Despite the confidence
variability and methodological uncertainties, a general pattern emerges wherein
exhumation tends to increase from the southwest to the north. Interestingly, it is
observed that the porosity inconsistency also exhibits the same spatial variation

and is positively correlated to the magnitude of exhumation.
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Figure 3.9: The porosity inconsistency computed for the Barents Sea wells; Data
points are color-coded by the corresponding structure unit. Abbreviations used:
BP: Bjarmeland Platform; FP: Finmark Platform; HFB: Hammerfest Basin; HFC:
Hoop Fault Complex; MFC: Masgy Fault Complex; ND: Norvarg Dome; PSP:
Polhem Sub-platform; RLFC: Ringvassgy-Loppa Fault Complex; SD: Signalhorn
Dome.

3.5 Discussion

The main objective of this study is to gain a deeper understanding of the interplay
between cementation and stress release during uplift and their impact on exhuma-
tion estimation using the velocity compaction trend method, thereby verifying the
validity of the irreversible compaction of the NCT method. Through conceptual
modeling, we propose that porosity inconsistency plays an important role in di-
agnosing the presence and degree of stress release, as porosity is less sensitive to
stress reduction compared to the elastic properties of the rock. The analysis of
well-log data from the Norwegian Sea and Barents Sea supports the hypotheses

derived from the conceptual modeling.

The sandstone data obtained from well 6510/2-1 in the Norwegian Sea shows ev-
ident porosity inconsistency in the velocity-depth domain. The presence of local
shattered features in soft cemented sidewall cores suggests the potential stress

weakening of the sandstone during uplift. However, it is important to acknowl-
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Figure 3.10: The net exhumation estimations from published studies using dif-
ferent estimation methods with the uncertainties indicated as error bars. Abbre-
viations and color coding are the same as used in Figure 3.9. The circle indicates
estimations based on the shale compaction trend, thermal maturity and shot gath-
ers methods from Baig et al. (2016). The triangle represents the estimations given
by the vitrinite reflectance method in Riis and Fjeldskaar (1992). The star rep-
resents the estimations from Henriksen et al. (2011) which is a compilation of
results from vitrinite reflectance (VR), sandstone diagenesis, thermal apatite fis-
sion track and shale compaction method. The square represents the summation
of the pre-glacial (Lasabuda et al., 2018) and the post-glacial (Laberg et al., 2012)
exhumation estimation using mass balance (Lasabuda et al., 2021). Data are taken
from Lasabuda et al. (2021), Baig et al. (2016) and Henriksen et al. (2011).

edge the uncertainty associated with the interpretation: it is not trivial to distin-
guish between the coring effect and potential uplift-induced weakening effect in
the core, as retrieval from deep boreholes can cause core damage and significantly
alter the rock mechanical properties (Holt et al., 2014). Nevertheless, rock core
samples extracted from normally buried wells with similar degree of cementation
are mostly hard and firm without any shattered features (Table 3.5). This obser-
vation strengthens the confidence in the interpretation that the stress release effect
contributes to the weak coherence and hardness of the core samples retrieved from
the uplifted well. It also suggests that coring may not significantly weaken a ce-
mented sandstone that is hard and firm. However, if the sandstone has undergone
extensive unloading prior to coring, the coring process can induce weakening. In
practical scenarios, it is possible to observe that a rock sample, taken from an ex-
humed area with a shallow burial depth, may display a significant stress sensitivity

of velocity which arises due to both coring and stress release.
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Table 3.5: Core description for sandstone in some of the selected Norwegian Sea
wells. Data are taken from the NPD website

Core sample

Well d Group Cement Coherence and hardness
epth
6608/10-1  3065-3092 Garn Silica cement = Moderate hardness
3159-3187 Ile Silica cement ~ Moderate to hard hardness
Tofte Moderate Moderate
A Silica Firm to moderate caused by
re silica cement
6507/2-2 3672-3697 Garn Strong Very hard
3697.5-3720  Ile Strong Very hard
3746-3770 Tofte Moderate Hard to friable
3790-3810 Tilje - Are Strong Moderately hard to hard
Locally hard
6407/1-4  3675-3776 Garn Silien womet e Moderately hard to hard
Very weakly Render the rock hard
6407/1-2 3716 Garn Silica cement  but friable

The Wisting Central well in the Bjarmeland Platform exhibits the most significant
porosity inconsistency and the discrepancy between estimations derived using the
velocity and porosity depth trends, as depicted in Figure 3.8. Lasabuda et al.
(2021) estimated an exhumation magnitude of 1277m using the compaction trend
of sonic velocity and a magnitude of 1300m using interval velocity for the shale
interval in well 7324/8-1. This corresponds to a maximum burial depth of 1520
~ 1543m for the Stg formation in 7324/8-1, considering that the current burial
depth below the sea floor is 243m for that well. The Stg formation in Wisting
central area contains approximately 1—3 percent quartz cement, according to the
microscopic analysis (Meunier, 2019) and rock physics diagnostics (Lehocki et al.,
2020). This indicates that the rock has been buried below the cementation win-
dow. The average temperature gradients for the research area in the Barents Sea
range from 35°C/km to 42°C/km (Khutorskoi et al., 2008; Lasabuda et al., 2021).
Lehocki et al. (2020) used a temperature gradient of 38°C/km in the rock physics
modeling guided by a burial history for the Wisting area. Let’s assume the on-
set of quartz precipitation happens at approximately 70°C—80°C (Bjgrlykke and
Jahren, 2010) and the temperature at the sea floor is 4°C. Quartz cementation

is then expected to occur when the burial depth reaches at least 1.74km—2km
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for sandstones in the Wisting well (with T},,q = 38°C/km). However, this depth
range is greater than the maximum burial estimated by the sonic and interval
velocity depth trend methods. Lasabuda et al. (2021) also reported an estimated
exhumation magnitude of 1760m using a sandstone diagenesis approach for the
Wisting Central well. The discrepancy between the sandstone diagenesis method
and interval /sonic velocity methods is considered to be related to structural com-
plexities, strain partitioning and differential erosion according to Lasabuda et al.
(2021). As demonstrated in this study, the velocity NCT methods tend to under-
estimate the true magnitude of the exhumation due to the neglect of stress release
and its interplay with the cementation effect during uplift. Although the sand-
stone diagenesis approach used by Lasabuda et al. (2021) honors the impact of
sandstone cementation, it does not account for the stress release effect. Hence, it
is postulated that the Wisting central well may have been buried even deeper than

1760m, considering the significant porosity inconsistency observed in this well.

In addition to the porosity inconsistency, the stress release effect becomes evident
through the discrepancy in exhumation magnitudes estimated using velocity and
porosity depth trends. As shown in Figure 3.7 and Figure 3.8, in the porosity-
depth domain, the estimation is higher. However, this higher estimation is not
the true magnitude either. As mentioned in the section on conceptual modeling,
during uplift within the cementation window, the porosity acquired at the max-
imum burial will continue to decline due to ongoing cementation. Theoretically,
if the rock is affected by stress release, the true exhumation magnitude may lie
between the magnitudes derived from velocity NCT and the porosity NCT. On
the other hand, when the stress release effect is negligible, the two magnitudes
should be equal. Note that, the sandstone diagenesis method, considering the
cementation effect, can serve as a more accurate lower bound for exhumation es-
timation compared to the velocity NCT method. For example, the exhumation

magnitude estimated using the diagenesis approach for the Wisting Central well is
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about 1760 to 2000m (Lasabuda et al., 2021; Lehocki and Avseth, 2021), which is
higher than about 1300m given m approach for shale intervals, and is smaller than
2500m as given by the porosity depth trend in Figure 3.8b. Hence, the Wisting
well might have been buried between 2000m (given by sandstone diagenesis) and
2500m (the porosity depth trend) before being uplifted. Given the proportional
relationship between cementation speed and burial /uplift rate (Figure 3.2b), along
with the inhibiting effects of coating and oil saturation on quartz precipitation, it
is expected that the reduction in porosity during cementation while experiencing
uplift would be insignificant. Consequently, the exhumation magnitude is likely to
closely align with the magnitude derived from porosity. In practice, by establish-
ing or finding published regional porosity and velocity depth trends of sandstones
that are comparable to the sandstone in the exhumed area can be very useful
to help narrow down the uncertainty of the exhumation estimation performed by

using other lithology e.g., shale or chalk compaction trends.

An intriguing observation from the analysis of the Barents Sea St¢ formations,
as depicted in Figure 3.9 and Figure 3.10 is that there exists a positive correla-
tion between exhumation magnitude and porosity inconsistency. In other words,
the extent to which the rock has been affected by stress release during uplift is
higher when the exhumation magnitude is greater. This finding aligns with the
conceptual modeling prediction. Figure 3.1 illustrates the stress-dependent uplift
modeling, indicating a non-linear stress release effect where velocity decreases with

an increasing gradient from the exit of the cementation window to the sea surface.

This observation aligns with the findings of Han et al. (2021) regarding the influ-
ence of overpressure on rock properties. In their study, Han et al. (2021) conducted
simultaneous measurements of ultrasonic velocity and porosity on three quartz-
dominated Berea sandstones. The pore pressure was systematically increased from
0 to 40 MPa while maintaining a constant confining pressure of 50 MPa. This grad-

ual increase in pore pressure reduced the effective stress imposed on the samples.
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As depicted in Figure 3.11, the porosity exhibited a slight linear increase with
pore pressure, whereas the compressional velocity showed a much stronger nonlin-
ear dependence on pore pressure. Han et al. (2021) emphasized that the increase
in porosity alone was insufficient to explain the exponential variation in elastic
properties of the rock with pore pressure. Instead, they highlighted that changes
in the microstructure of the rock played a more significant role in the exponential
decrease in elastic velocity. Likewise, the stress-dependent uplift modeling in this
study assumes that porosity remains unchanged while velocity decreases due to
stress release. The velocity reduction is modeled using the Varying Patchiness
Cement Model (Yu et al., 2023a), which accounts for the deterioration of cement
coherence. The corresponding results from this study and the overpressure study
by Han et al. (2021) indicate that the pore pressure prediction in exhumed rocks

cannot purely rely on empirical effective stress—porosity relationships.
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Figure 3.11: (a) Porosity and (b) velocity of three Berea sandstone samples
measured as a function of pore pressure ranging from 0 to 40Mpa. The confining
pressure is maintained at a constant 50 MPa. The data are sourced from Han et
al. (2021).

Another important implication derived from the results of this study pertains to
feasibility studies and the interpretation of time-lapse seismic data in uplifted
reservoirs: since the reduction of effective stress in reservoir rocks can occur not
only due to the removal of overburden but also because of pore pressure buildup,

it is plausible to anticipate that the weakening effect of stress release associated
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with uplift can render a reservoir in an exhumed area more sensitive to further
stress changes caused by fluid injection. Moreover, the heightened response to
effective stress variation during injection may be underestimated if the mechanical
compaction and cementation models are used in isolation without accounting for

the prior uplift.

All the rock physics models utilized in the conceptual modeling are isotropic, and
the collected field data primarily consist of axial P-wave velocities. A noteworthy
finding made by Torset et al. (2021) is the reversal of P-wave anisotropy during
simulated uplift. This reversal was attributed to the tensile deformation having
a directional dependence favoring the reduction of the vertical P-wave velocity.
The stress dependence of P-wave anisotropy has also been explored in Firdaus
et al. (2022), who examined different lithologies and stress paths. Both studies
support a pressure dependence of the anisotropy due to preferentially aligned de-
formation. In future research, it would be valuable to investigate the potential for
an uplift-controlled, depth-dependent anisotropy trend to manifest in real-world
examples using the similar workflow present in this work. However, gathering data
to establish such a trend can be challenging. Nevertheless, it might be feasible
to obtain an "estimated" trend of anisotropic parameters derived from analyzing

wide-azimuth seismic data (Bachrach et al., 2009).

The dataset exclusively consists of sandstones. However, it is natural to ques-
tion if the stress release effect observed in sandstone is also present in shale.
Obradors-Prats et al. (2019) offer valuable insights into this question through
coupled geomechanical-poroelastic modeling by incorporating a phenomenological
diagenetic model that describes the smectite to illite transition in shale into a con-
stitutive model. The integrated modeling framework, guided by an approximate
burial history similar in this work, reveals that the shale packages become more
prone to failure due to the ductile to brittle transition, and predicts a softening of

shale during simulated uplift. These findings, combined with the results obtained
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in our study, emphasize the importance of considering the effects of cementation

and stress release when conducting research on both sandstone and shale.

In this study, we have presented the collection, processing, and analysis of data
from a substantial number of wells to validate the hypothesis derived from the
conceptual modeling. The advantage of the dataset present in this work is that it
provides a significantly broader foundation for drawing conclusions regarding the
effects of stress release compared to the limited and synthetic core data that has
been previously utilized. However, it is important to note that data collection is
limited to the Norwegian Sea and Barents Sea. The principles for well selection
and data evaluation, as well as the data analysis workflow presented in this work,
can be utilized as a framework for conducting similar analyses in different regions.
It would be highly encouraging if similar results could be obtained in other ex-
humed basins in the future. Note that although the dataset has been carefully
processed prior to data analysis, the natural variability related to textural and
compositional complexities, such as sorting, clay content, grain size, and packing
can still introduce significant ambiguities in the porosity-velocity space (Lgvstad
et al., 2022). Conceptual modeling can never fully capture the complexities of
reality. Moreover, the Cenozoic exhumation in the Barents Sea is believed to be
multi-episodic (Japsen, 2000; Sobolev, 2012; Zattin et al., 2016), while the mod-
eling in this work assumes continuous uplift of the rock from the maximum burial
to the sea floor. Nevertheless, the impact of stress release persists in the rock
and accumulates over time, ultimately leading to the permanent alteration of rock
properties (Bjorlykke and Jahren, 2010; Torset et al., 2021). Future work could
explore the possibility of integrating the impact of unloading-reloading cycles on

the elastic and acoustic properties of rocks into the estimation of exhumation.
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3.6 Conclusion

It is commonly assumed in the NCT method that the velocity and porosity ac-
quired at the maximum burial remain unchanged as the rock is uplifted towards
the surface when estimating the magnitude of exhumation. However, the findings
of this study challenge that assumption. By using the porosity inconsistency as a
qualitative and quantitative metric of stress release, it has been demonstrated that
the compressive velocity of sandstone in the exhumed regions of the Norwegian
Sea and Barents Sea is more affected by exhumation compared to the porosity.
The degree of stress release impact is positively related to the magnitude of ex-
humation. The results of this study highlight the limitations of using velocity as
the sole metric for the exhumation estimation without considering the effects of
stress release, cementation, and their interplay. Relying solely on velocity depth
trends, as has been done in past and potentially future exhumation estimation
studies, is likely to lead to underestimating the magnitude of exhumation. Fur-
thermore, the findings in this work also suggest that the inconsistent variation of
elastic stress sensitivity and acoustic stress sensitivity of reservoir rocks due to
stress release is crucial for understanding core damage evaluation, pore pressure
prediction, time-lapse seismic interpretation, and the feasibility of fluid injection

in reservoir rocks in areas affected by significant exhumation.
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3.8 Data availability

All well-log data used in this study are currently released by the Norwegian
Petroleum Directorate and available for members of Diskos (The Norwegian Na-

tional Data Repository for Petroleum data: www.npd.no/en/diskos).

3.A Input burial history

The burial history from Torset et al. (2021) is adopted for the conceptual modeling
in this work. The main inputs include temperature gradient gr, effective stress
gradient gg, seafloor temperature Ty, temperature at the onset of temperature
T,., burial rate ry, uplift rate r,, and maximum burial depth. The corresponding
values are tabulated in Table 3.6. Note that two maximum burial depths are used
in the conceptual modeling, i.e., 2.5km for point B and 3.2km for point C in Figure

3.1, respectively.

The depth at which quartz cementation begins can be calculated as:

Zc = (T(. — To) /gT (31)

Table 3.6: The input parameters used for conceptual modeling shown in Figure
3.1 and 3.2.

Parameters Symbol  Magnitude Unit
temperature gradient gr 35 °C/km
effective stress gradient gs 12 MPa/km
seafloor temperature To 5 °C
cementation onset temperature T. 70 °C
burial rate Ty 0.05 m/Ma
uplift rate Tu 0.1 m/Ma
maximum burial depth Z maz 2.5 and 3 km
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3.B Porosity modeling

3.B.1 Phasel: Mechanical compaction from seafloor to Z,

According to Ramm (1992), the porosity variation with effective stress (typically

expressed as burial depth) is found to follow:

b= ¢Cef[(m+(XVsh)]Z (3.2)

where ¢ is the porosity at current depth Z, ¢.is critical or depositional porosity
taken as 40% (Ramm, 1997), ap is the framework grain stability factor of clean
sandstones, assumed as 0.175 in this work following Ramm (1992), and X is a
factor that describes the sensitivity to increasing clay content V. In actual sand-
stones, the factor X would likely depend on the distribution of clay. Specifically
X =1 for dispersed clay. For clean sandstone, Vg, = 0, equation 3.2 collapses to

the well-known exponential decay function from Athy (1930).

3.B.2 Phase 2: Quartz cementation during compaction

The effect of quartz cementation on porosity is calculated using the kinematic
model proposed by Walderhaug (1996). The model assumes that mechanical com-
paction ceases upon the onset of cementation, and pore space is reduced solely
due to continuous quartz precipitation within a time period:

Zmaz — 2,
Atz — ( max c)
i=1 Tp

(3.3)

where n is number of time discretization At.
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The volume of cement V,.,,,;) precipitates at a given time step t; is described by:

—MA()G

10b(cti+Tc) _ 10b(ct<i,1)+Tc)
bepgr-P1in(10) ( )

‘/cem(i) = ¢1 - (¢1 - ‘/cem(ifl)) exXp
(3.4)

where ¢; is the porosity resulted from phase 1 mechanical compaction, which can
be calculated using equations 3.1 and 3.2 with Z = Z.. M = 60.09 g/mol is the
molar mass of quartz. The density of quartz p,,., is 2.65 g/cm®. Heating rate c¢ in
this phase is the product of burial rate and temperature gradient, i.e., ¢ = r,gr.
a and b are two constants that define the rate of quartz precipitation r,. Here a
linear time-temperature history is assumed, thus r, = a10%*7e. The default values

from Walderhaug (1996),

where @ = 1.98 x 107*?mol/cm? and b = 0.0221/°C are used. Ay is the initial sur-
face area available for quartz cementation assuming spherical grains with diameter

D for one unit volume, which equals to:
6
a=%0-y (35)

where f is the volume fraction of quartz grains in the sandstone at the onset
of cementation, for sandstone with 100% quartz composition, f = 1 — ¢.. If
a sandstone contains 65% quartz blast, 10% feldspar, and 25% porosity after
mechanical compaction, then f = 0.65. When quartz grains are coated by clay or
other minerals, such as carbonate, the initially available quartz surface area will
be reduced. This effect is taken care of by the factor v, v = 0 for the absence of
coating in this study. When coating presents, v € (0, 1] depends on the type and

amount of coating.

Since Veem(s) at time step ¢; depends on the cement volume Ve, i—1y at the previ-
ous time step t;,_1, Equation 3.3 needs to be solved iteratively. The quartz surface

area at given time step is proportional to the porosity loss caused by quartz pre-
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cipitation and can be calculated as:

Vrcem(i)
i

AZ:A()(l— ),’L: 172,,7?, (36)

The porosity variation due to the quartz cementation is:

¢i = ¢1 - ‘/cem(i)ai = 17 27 sy T (37)

3.B.3 Phase 3: Quartz cementation during uplift

The amount of quartz cement precipitated in the process of exhumation from the
maximum burial to the depth point where the rock exits the cementation window
can be calculated using the same procedure as outlined above. However, due to
the disparity between the uplift rate and burial rate, the time series for this phase
is different:

" A= (Z’”Ti_ZC) (3.8)
As the rock is uplifted from the maximum burial towards the surface, the tem-
perature progressively decreases over time. Therefore, the cooling rate becomes

¢ = rugr. The quartz precipitation is modeled using a modified version of Lander

and Walderhaug (1999) model considering the cooling effect:

MA,a

100(=¢tj+Tmax) _ 1(b(=ct(j—1)+Tmax)
bepgr¢-In(10) ( )

‘/cem(j) = ¢T_(¢T_‘/cem(j—1)) exXp
(3.9)

where ¢; = ¢1—Vem(n) is the remaining porosity after the first phase cementation. T},
is the temperature at the maximum burial depth. The initial quartz surface area
changes from A to A,, which can be computed using equation 3.6 at the maximum

burial.
The porosity variation with increasing quartz cementation is described by the
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following relationship:

¢j = ¢n - ‘/(:em(]),j = 1a27 —e, M (310)

3.B.4 Phase 4: Uplift outside quartz cementation window

In the conceptual modeling, porosity is assumed to remain constant when the rock

is uplifted beyond the cementation window.

3.C Velocity modeling

Rock physics models provide a direct mapping between porosity and velocity. The

fluid effect can be incorporated using Gassmann (1951) fluid substitution.

3.C.1 Phase 1: Mechanical compaction from seafloor to D,

The depth-dependent porosity during mechanical compaction is calculated using
equation 3.2 for Z ranging from 0 to Z.. The resulting porosity values are then
used as input in the rock physics model to obtain the corresponding velocities.
The rock physics mapping for dry sandstone, associated with mechanical com-
paction, is accomplished using the friable-sand model (Avseth et al. 2010a). The
model computes the high porosity end member using Walton contact theory with
shear correction (Bachrach and Avseth, 2010). To account for the sorting effect,
the model extrapolates to lower porosity using the lower Hashin-Strikmann (1963)
bound (Mavko, 2020), The detailed velocity modeling steps are described by equa-
tions A4 — A10 in Bredesen (2019).

3.C.2 Phase 2: Quartz cementation during compaction

A general practice of modeling the porosity reduction due to quartz cementation

from critical porosity down to zero porosity involves two steps: firstly, when the
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quartz cement is below a certain cement limit, e.g. 4% (Torset et al., 2021),
the elastic moduli of the rock can be modeled using Dvorkin-Nur (1996) contact
cement model. This model assumes that the quartz cementation starts from a
random dense sand packing with critical porosity. For further quartz cementation
beyond the cement limit, a modified Hashin-Strikmann upper bound is employed
to interpolate between the contact cement model computed at the cement limit
and the mineral point. This approach is commonly referred to as the increasing

cement model (Avseth et al., 2010a).

However, when critical porosity is reduced due to preceding mechanical com-
paction before quartz cementation, the two-step modeling strategy requires modi-
fication. The modification is illustrated in Figure 3.12: the dots represent the dry
velocities calculated using the friable sandstone model at the end of mechanical
compaction, which reduced the porosity from critical porosity to approximately
29.8%. For each increment of quartz cement, the corresponding elastic moduli
are calculated at critical porosity and extrapolated to the actual porosity using
the lower Hashin-Strikmann lower bound. This ensures that the assumption in
Dvorkin-Nur model is not violated. This adjustment is depicted by the movement
from Vp CC to Vp CC adjusted (and V5 CC to V5 CC adjusted). Once the amount
of cement exceeds the cement limit, the increasing cement model is appended as

indicated by the Vp IC adjusted and Vg IC adjusted in Figure 3.12.

3.C.3 Phase 3: Quartz cementation during uplift

In this phase, the velocities of the sandstone are primarily influenced by quartz
cementation and the degradation effects induced by uplift. Following Torset et al.
(2021), the changes in elastic moduli of the sandstone, from maximum burial to
the depth at which cementation ceases, can be modeled as a superposition of the
effects from cementation models and stress release model. Note that the linear

summation of effects arise from the two competitive mechanisms is a simplification
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Figure 3.12: Modified two steps modeling strategy that solves the limitation of
the contact cement model regarding the critical porosity assumption. Mechanical
compaction of unconsolidated sand followed by quartz cementation can be modeled
using this approach. Abbreviations: CC, Contact Cement model; IC, Increasing
Cement model; FS, Friable-Sand model.

employed for the modeling purpose, the interplay between cementation and stress

release can be highly nonlinear in actual geological settings.

The increasing stress sensitivity of wave velocity, resulting from the mechani-
cal weakening of the cement upon stress release is modeled using the Varying
Patchiness Cement Model (VPCM) proposed by Yu et al. (2023a). This model
describes the softening of the cement by replacing connected patchy cement sand-
stone with disconnected patchy cement sandstone, this replacement is referred to
as cement diluting in Yu et al. (2023a). The patchy cement sandstone model
involves the mixing of two end members: stress-sensitive unconsolidated sands
and stress-insensitive cemented sandstones, using Hashin-Shtrikman bounds. The
connected patchy cement is resulted from the mixing using the upper HS bound,
while the lower HS bound results in disconnected patchy cement. The effective
cement fraction fcc in Yu et al. (2023a) refers to the proportions of the connected
patchy cement in the binary mixture. To apply VPCM in the stress-dependent
uplift modeling, the cemented sandstone at the maximum burial depth is consid-
ered as a patchy cement sandstone with 100% connected patchy cement, thus the

connected effective cement fraction foc = 1.
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VPCM allows the modeling of both cement breakage by microcracks and crumbling
of cement upon stress release. In this work it is assumed that the uplift only
causes microcrack development within the cement. The stress-dependent factor «

describing the cement diluting follows an empirical power law (Yu et al., 2023a):

O_/ m
—(1-= 11
o ( aa) (3.11)

where ¢’ is the current effective stress, o(is the effective stress at the maximum
burial. m determines the rate of diluting depending on the type of cement and the
magnitude of stress at which cement precipitates (Yu et al. 2023a). m approaches

to unity with increasing cementation stress. In this work m is chosen as 1.2.

The detailed VPCM modeling can be found in equations 1-12 by Yu et al. (2023a).
The procedure for modeling the combined effect of stress release and cementation
during uplift can be summarized as follows: 1) Consider the rock at maximum
burial depth as a binary mixture, where the cemented end member constitutes the
entire mixture. 2) Model the stress release effect from the maximum burial point to
the surface using the VPCM. 3) Determine AV (see Figure 3.13) by comparing the
VPCM modeled velocity with the velocity at maximum burial depth. 4) The final
velocity for the rock within the cementation window is obtained as a summation
of the weakening effect modeled with VPCM and the cementation effect modeled

with the increasing cement model.

3.C.4 Phase 4: Uplift outside quartz cementation window

During subsequent uplift, as the rock exits the cementation window, the quartz
cementation ceases. As a result, the sandstone retains the velocity it possessed
at the point of exit from the cementation window. This can be observed as the
vertical red dashed line in Figure 3.13. When taking into account the effect of
stress release, the velocity of the rock uplifted outside the cementation window

will be the velocity indicated by the red dashed line, adjusted by subtracting the
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Figure 3.13: VPCM is a pure stress model that causes the reduction of velocity,
while the quartz cementation is the detrimental factor to the porosity, thus causing
the velocity to increase. When the rock exits the cementation window, the quartz
cementation shuts down, hence the velocity is preserved at the end of quartz
cementation as shown by the red dashed line. The final velocity profile is the
summation of the cementation effect modeled with increasing cementation model

and VPCM.

stress weakening effect AV modeled using VPCM model, as shown in Figure 3.13.
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CHAPTER 4

LOVERCONSOLIDATION AND STRESS RELEASE - A
COMPARATIVE STUDY OF UNCONSOLIDATED SANDS

AND WEAKLY CEMENTED SANDSTONE

This paper is submitted for publication and is therefore not included.

Paper submitted to Geophysics as Yu, J., Avseth, P., and Duffaut, K., 2023, "Ef-
fects of overconsolidation and stress release on seismic rock physics: A comparative

study between unconsolidated sands and weakly cemented sandstone"
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CHAPTER 5

LROCKPHYPY: AN EXTENSIVE PYTHON LIBRARY FOR

ROCK PHYSICS MODELING

Paper published as Yu, J., Mukerji, T., and Avseth, P., 2023, "rockphypy: An

extensive Python library for rock physics modeling" in SoftwareX, 24, 101567.
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ABSTRACT: Rock physics aims to understand the relationship between the
physical properties of rocks and geophysical observables under various condi-
tions. The generic knowledge provides valuable insights into the behavior of
subsurface rocks and has been applied in various fields. However, the avail-
ability of comprehensive open-source Python libraries for rock physics is quite
limited. To address this limitation, we present rockphypy: a comprehen-
sive and streamlined Python library that offers access to a vast array of rock
physics models and workflows ranging from basic to sophisticated. The library
is designed to be easily embedded in interdisciplinary fields such as deep neural
networks and probabilistic frameworks, leveraging the rich resources of Python.
Currently, rockphypy implements ten modules with over 100 methods, acces-
sible through a straightforward and user-friendly API that facilitates various
modeling tasks in rock physics. Its modular design allows easy extension to in-
corporate new features and functionalities. In addition to the versatility of the
library, we have shown that rockphypy also greatly simplifies practical tasks
that require many different rock physics models, enabling fast experimentation

and iteration of research and practical programs.

5.1 Motivation and significance

Rock physics is a multidisciplinary field that draws upon geophysics, petrophysics,
geomechanics, and geology. The term "rock" can refer to naturally occurring
rocks, sediments and granular media, synthetic rocks created in laboratory settings
(Rathore et al., 1995), and digital rocks created using high-resolution imaging and
modeling techniques on computers ( Andra et al., 2013). The main objective of
rock physics is to quantitatively describe the relationships between rock properties
and physical measurables of rock under different conditions (Mavko et al., 2020).
Physical measurements of rocks can be obtained from field-based remote sensing

data acquisition methods (yilmaz, 2001), such as seismic, electrical and electro-
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magnetic measurements, downhole well logging measurements, static and dynamic
laboratory experiments (Fjer et al., 2008), as well as estimates from numerical
simulations (Saenger et al., 2011). The sought-after relationships can be mathe-
matically formulated as various rock physics models (RPMs). Numerous RPMs
models targeting different research problems in rock physics have been proposed in

the literature, which constitutes a complex yet invaluable repository of resources.

Rock physics has a wide range of applications in various fields and is essential
for making informed decisions in many industries. For example, rock physics has
played a crucial role in studying the effect of fluid extraction and injection on
the subsurface reservoir system and its surroundings. It helps the quantitative
interpretation and monitoring of changes in seismic responses resulting from vari-
ations in reservoir rock and fluid properties (Avseth et al., 2010a; Wang, 2001)
Recently, there has been a shift in focus from energy recovery to reducing and
neutralizing CO, emissions, the same generic rock physics knowledge has been in-
creasingly applied to sustainable studies, such as CO; sequestration (Daley, 2019)
and geothermal energy exploration (Bredesen et al., 2021). Another rapidly evolv-
ing field in rock physics is the intersection of rock physics, statistics (Grana, 2016),
machine learning (Avseth et al., 2021), and deep learning approaches (Weinzierl
and Wiese, 2021), enabling the uncertainty quantification of prediction using rock
physics given limited data and promoting significantly the precision and accuracy
of predictions given large volumes of data. To foster innovation and progress, it is
crucial to democratize the rich resource of rock physics models, making them more
adaptable to current computing power and infrastructure for Al-based inference

in Python, and more accessible to the research community.

The Stanford SRB Matlab toolbox (Mavko et al., 2020) was one of the earliest
open-source projects of an extensive implementation of various rock physics mod-
els. There have been other resources of rock physics models and applied examples

written in Matlab (Avseth et al., 2010a). Researchers (Grana, 2016; Amato del
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Monte, 2017) sometimes will publish Python codes containing a limited number
of RPMs dedicated to the workflow present in the research papers. There are also
a few open-source Github projects offering a selection of commonly used RPMs
such as open_petro_elastic and rppy. Many of the projects mentioned above
however don’t regard RPMs as the centerpiece. More often, rock physics models
are integrated into commercial software and remain prioritized. There is still a
lack of comprehensive, standardized streamlined Python integration of the vast
array of rock physics models available. To address this gap, we present rock-
phypy, an open-source Python library that provides an extensive, cohesive, and
structured implementation of RPMs, supporting e.g. the modeling of elastic be-
havior of rock, fluid, and their coupling under various considerations, with over
100 methods. rockphypy is crafted to embody flexibility and versatility allowing
easy extension and remaining adaptable to evolving rock physics field. There are
two ways to use rockphypy, individual models and extensions are designed to be
called without initializing an instance, on the other hand, given data, an instance
of the practical workflows built upon different RPMs can be created, the instance
is then used to do data analysis. In this way, rockphypy permits a great reusabil-
ity of the code which allows for rapid experimentation and iteration of research
and practical programs. This library is expected to be useful for both researchers

and practitioners interested in various rock physics applications.

5.2 Software description

rockphypy is an open-source Python library for rock physics modeling. It is
a trove of useful models and workflows that aims to offer a convenient and effi-
cient way to perform complex tasks in rock physics studies. For that purpose, a
consistent API and image galleries of examples and tutorials are documented on
ReadTheDocs https://rockphypy.readthedocs.io/en/latest/. All examples

can be downloaded as both Python files and Jupyter notebooks. The rockphypy
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is currently released under the GNU General Public License (GPLv3)(GPL, 2020).
To foster a community-driven innovation and collaboration, the codebase is pub-
licly accessible on GitHub https://github.com/yujiaxin666/rockphypy and

encourages contributions and continued development from the community.

5.2.1 Software architecture

rockphypy utilizes objected oriented programming (OOP) paradigm in Python
to create modular, maintainable, and reusable code. the library is built upon two
Python libraries numpy and scipy and consists of 10 core modules, each of which is
associated with a class that holds the implementation of a specific group of models
and workflows. Figure 5.1 depicts module organization and some keywords of the
generic functions. The hierarchical classification of rockphypy is designed for

easy extension to introduce new rock physics modeling approaches.

In rock physics modeling, it is often necessary to use multiple models to complete
a task. Additionally, it is common for a newly proposed model to depend on
existing models. As a result, the classes in rockphypy are designed to interact
with one another and are mutually called. These interactions are illustrated and

color-coded in Figure 5.1.

5.2.2 Software functionalities

rockphypy includes 10 classes and over 100 methods that can be used to per-
form a variety of rock physics modeling tasks. The list below provides a detailed
description of each class and its purpose. Users are recommended to check the
API interface of the library, which provides an exhaustive explanation of each
individual method. Referred link of API: https://rockphypy.readthedocs.io/

en/latest/autoapi/index.html

AVO: The AVO class consists of methods that model the Reflectivity, Amplitude

Variations with Offset (AVO), and Amplitude Variations with Azimuth (AVOAz)



’i rockphypy/ (D Key words of methods

— AVO.py class AVO (Zoeppritz) @ki-Richards) eflectivities)...
—— Anisotropy.py class Anisotropy = (Backus average) (anisotropic parameter) (TD)...

—BW.py class BW @atzle-Wang) €0, properties) (Brine Gas 0i) ...

——EM.py class EM  (elastic bounds) @Hudson thoery) @erryman) GO @QEM)...
— Emp.py class Empirical = (rief) Gelocity NCTs) (porosity NCTs) (Shear wave)...

——Fluid.py class Fluid (fluid subsitution) (dispersion) Gttenuation)...

—GM.py class GM  (granular media) (Contact models) (heuristic extensions) ...

—Perm.py class Permeability (Kozeny-Carman) (Bernabe) (empirical)...

——QI.py class QI (rock physics diagnostics) (rock physics templates)...

— utils.py class utils (velocity) (moduli) (conversion) Gtiffness matrix)...

Figure 5.1: Codebase structure of rockphypy 0.0.1 version. A color-coding
scheme is employed to differentiate classes based on their interdependencies.
Classes that exhibit mutual calling relationships have been assigned distinct colors,
whereas those classes that operate independently of others are denoted in gray.
Taking the red-coded EM class as an example, it invokes the utils class, hence
it has a green color tag. Notably, the QI class exhibits dependencies on multiple
classes, one of which being the EM class, consequently leading to the assignment
of a red tag to the QI class.

in both Isotropic and anisotropic Media.

Anisotropy: Anisotropy is generally used to describe the properties of the mate-
rial or systems that are directionally dependent (Newnham, 2005). The Anisotropy
class focuses primarily on seismic anisotropy, which concerns the directional de-
pendence of wave velocity and elastic properties of rock. This class includes various
models for computing the effective elastic constants and velocities of transversely

isotropic (TI) media.

BW: The acronym BW stands for Batzle-Wang (1992) who developed models for
predicting the density and bulk moduli of reservoir fluids by combining thermo-
dynamic relationships and empirical trends from published data. The BW class
implements the original Batzle-Wang models to compute water, brine, oil, and
gas properties at various pressures and temperatures. Additionally, the modified

Batzle-Wang equations that yield more accurate CO4 properties are also included.
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EM: Effective medium (EM) models treat rock as a composite of different con-
stituents such as pore and matrix. The EM class includes most well-known EM
models that pertain to the theoretical modeling of macroscopic rock properties
by incorporating the individual elastic properties, the volume fractions, and the
assumed spatial geometry of the different phases that make up the rock. EM mod-
els requiring the recursive or iterative computation of the effective properties such
as Differential Effective Models (DEM) and Self-Consistent (SC) models are also
included. Note that this class is primarily concerned with elastic mixing laws and
inclusion effective medium models, while the effective medium models for granular

medium are collected in GM class.

Empirical: This class contains models that are empirically derived to best fit
certain types of data. Examples include the Krief model (Krief et al., 1990)
for computing the elasticity of stiff sandstone, the Greenberg-Castagna model
for S-wave velocity prediction, and various rock physics depth trends of different
lithologies in different sedimentary basins. These models usually have limited

ranges of applicability and should be used with consideration.

Fluid: Fluid presence has a significant impact on the effective elastic properties
of rocks and the propagation of waves, and it’s a crucial aspect of rock physics.
This class includes several methods for performing fluid substitutions, as well as
various poroelastic models that describe the attenuation and dispersion caused by

wave-induced fluid flow.

GM: The study of granular media is essential in rock physics as it plays a crucial
role in determining the mechanical and elastic properties of many types of rocks.
Sands and sandstones, for example, can be represented by the granular packing
of unbounded and bounded clastic particles, respectively. The literature contains
numerous models, including theoretical, hybrid, and heuristic models (Avseth et

al., 2010b), which have gained popularity in both academia and industry. The



GM class provides a comprehensive collection of these models, including their
heuristic extensions, which can be used to model the elastic properties of different

lithologies, such as sand-shale mixtures.

Permeability: This class includes the Kozeny-Carman relation (Carman and
Machefer, 1961), as well as several empirical estimations of permeability in porous

media based on it.

QI: Rock physics plays a crucial role in Quantitative Interpretation (QI) of geo-
physical measurements. The QI class offers some of the most widely used tech-
niques and newly developed workflows in practice, including rock physics tem-
plates, rock physics diagnostics, AVO synthetics, and diagenetic modeling with

rock physics constraints.

utils: Short for utilities, contains fundamental functions and tools that are com-
monly used throughout the entire codebase. These include velocity computation,
conversion between elastic modulus and stiffness matrix formulations for isotropic
and anisotropic media, as well as other basic functions. The utils class helps

reduce code duplication and enhances the maintainability of the codebase.

5.3 Illustrative examples

The classes in the API that were previously described mostly consist of different
rock physics models. In the rockphypy library, all of the rock physics models,
except for workflows, are written as static methods within each Python class.
This makes it flexible to use the models with or without a dataset, depending on
the task at hand. The following examples demonstrate how to use rockphypy
to perform various rock physics modeling tasks. All of the datasets and scripts
used in these examples are available for download from the GitHub repository and

ReadTheDocs page of the library.
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5.3.1 Rock physics modelling of CO, sequestration

CO,, injection involves injecting carbon dioxide into a storage reservoir, where it
usually mixes with the preexisting pore fluids, To monitor the injection process
using time-lapsed seismic methods, it is necessary to have knowledge of the seismic
properties of the fluid mixture consisting of CO5 and in-situ pore fluid at different

reservoir pressures and temperatures.

The acoustic properties of pure carbon dioxide can be computed using different
equations of state, depending on the preferred method. Complex models, such as
EOS-CG model (Gernert and Span, 2016) based on Helmholtz energy equations of
state, provide accurate estimations for both pure and impure CO4 as a function of
temperature and pressure. However, these models require numerical optimization

and are usually only available through specialized software.

A common practice is to use the Batzle-Wang equations for gas to compute CO,
properties. However, this can be highly inaccurate, particularly at higher fluid
pressures. Xu (2006) modified the original Batzle-Wang (B-W) equations, making
them more accurate for computing CO, properties at various P-T conditions. The
discrepancy between using the Batzle-Wang equation and its modified version can

be easily compared by utilizing the built-in methods in rockphypy as follows.

# amport the modules

from rockphypy import BW, GM, Fluid

import numpy as np

# Computing bulk modulus and density of

# pure (02 properties as a function of pressure
# and temperature.

G = 1.5349 # gas gravity of C02

pressure = np.linspace(0, 40, 100)

temperature = np.linspace (20, 80, 100)

P, T = np.meshgrid(pressure, temperature)

# mew BW prediction
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rho_co2, K_co2 = BW.rho_K_co2(P, T, G)
# original BW prediction

rho_co2_BW, K_co2_BW = BW.rho_K_gas(P, T, G)

The results are shown in Figure 5.2. The new B-W method gives more accurate
predictions compared to the original B-W methods, and the discrepancy between

the two models exponentially grows as pressure increases.
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Figure 5.2: (a)Comparison of acoustic properties of CO5 computed using both
the original and modified B-W methods at a temperature of 57°C. The experi-
mental data (Wang and Nur, 1989) of the CO, properties are digitized from the
reference (Xu, 2006). (b)Bulk modulus and density of pure COy computed using
new B-W method at various P-T conditions. (c)The same results computed using
the original B-W method for gas.

The following experiment investigates the impact of errors in CO, properties on the
seismic response of an injected reservoir. The seismic properties of a COs-brine
mixture are calculated using the Brie fluid mixing method, based on the reser-
voir temperature, post-injection pore pressure, and known brine salinity. Both
the original and modified Batzle-Wang equations are used to calculate the mix-
ture properties. The reservoir is assumed to be homogeneous and isotropic, and

a granular medium model is utilized to compute the dry rock properties at the
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corresponding effective stress. Finally, the P and S wave velocities of an uncon-
solidated sandstone reservoir saturated with COs-brine mixtures at various levels

of CO, saturation are calculated using Biot-Gassmann theory.

# Modelling of (C02 sequestration

# in unconsolidated TeservoirT.

# grain density, bulk and shear modulus

Do, KO, GO = 2.65, 36, 42

# brine density, bulk modulus

Db, Kb =1, 2.2

# Reservoir condition and brine salinity
overburden_stress = 40 # MPa

pore_pressure = 20 # MPa

temperature = 45

# effective stress

sigma = overburden_stress-pore_pressure

salinity = 35000/1000000

sw = np.linspace(0, 1, 50) # water saturation
sco2 = 1-sw # (02 saturation

# Parameter for granular medium

phi_c = 0.4 # critical porostity

Cn = 6 # coordination number

# saturation condition: patchy saturation

brie = 4

# Using softsand model to compute the dry

# rTock properties

Kdry, Gdry = GM.softsand(X0, GO, phi_c, phi_c, Cn,
sigma, f=1)

# C02-brine mizture properties computed using

# original B-W and Brie mizing law

denl, Kf_mix_1 = BW.co2_brine(temperature,
pore_pressure, salinity, sco2, brie_component=brie,
bw=True)

# C02-brine mizture properties computed using new

# B-W and Brie mizing law
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den2, Kf_mix_2 = BW.co2_brine(temperature,
pore_pressure, salinity, sco2, brie_component=brie,
bw=False)

# Seismic properties of the reservoir rock saturated
# with Brine-C02 mizture

vpl, vsl, rhol = Fluid.vels(Kdry, Gdry, KO, DO,
Kf_mix_1, denl, phi_c)# B-W

vp2, vs2, rho2 = Fluid.vels(Kdry, Gdry, KO, DO,

Kf_mix_2, den2, phi_c)# B-W new

The impact of CO, properties on the modeling of time-lapse effects of COs se-
questration is shown in Figure 5.3. The use of rockphypy makes it easy and
intuitive to perform modeling tasks, enabling users to focus on specific features.
It provides great flexibility by allowing users to customize functions with a wide
range of pre-built functionalities. In this example, the BW.co2_brine method is
built upon several basic building blocks to model brine-fluid mixture using patchy

mixing.

2.25- —_B-W
— B-W New
2.00
@
£ 1751 SIS S
P
S 1.501
ko]
[0
> 1.251 v
1.00_—_—_—-—_1._“%

00 02 04 06 08 10

Sco,

Figure 5.3: The P and S wave velocities of an unconsolidated sandstone reservoir
saturated with CO,-brine mixture are affected by the accuracy of the CO, model.
The use of the less accurate B-W gas model leads up to about 15% error in P
wave velocity as the CO, saturation increases. Mistakes in density calculation of
COs-brine mixture also impact the shear wave velocity, particularly for high COq
saturations.
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5.3.2 Rock physics interpretation

Grain contact rock physics models, in combination with fluid substitution, can be
utilized for both qualitative and quantitative interpretation tasks (Avseth et al.,
2010a). In the following, we demonstrate how to efficiently perform rock physics
screening, diagnostics, lithology and fluid predictions using the rockphypy with
a synthetic dataset. The well-log dataset used in this section is synthesized based
on the empirical depth trends for different seismic properties of sandstones in

Norwegian offshore.

In practice, given the abundance of well-log measurements, data screening is es-
sential to identify and address any errors, inconsistencies or missing data in the
dataset before further analysis is conducted. Figure 5.4a depicts the rock physics
screening (Avseth et al., 2021) results for the sandstone data. The elastic bounds
generated using contact-based elastic models can determine whether the data is

consistent with known principles of physics.

import pandas as pd

from rockphypy import QI
df=pd.read_csv(’../../data/well/sandstone.csv’)
# grain density, bulk and shear modulus

Dgz, Kqz, Gqz = 2.65, 36.6, 45

# clay density, bulk and shear modulus

Dsh, Ksh, Gsh = 2.7, 21, 7

# cement density, bulk and shear modulus

Dc,Kc, Gc = 2.65, 36.6, 45

Db, Kb = 1, 2.2 # brine density, bulk modulus

phi_c = 0.4 # critical porosity
sigma = 20 # effective pressure
scheme = 2 # cement distribution
Cn = 8.6 # coordination number
vsh = 0 # shale wolume

phib = 0.3 # adjust porosity
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f = 0.5 # slip factor

# compute elastic bounds

phi,vpl,vp2,vp3,_,_,_ = QI.screening(Dqz,Kqz,Gqz,
Dsh,Ksh,Gsh,Dc,Kc,Gc,Db,Kb,phib,phi_c,sigma,vsh,
scheme ,f, Cn)

# anitialize the object

gqi = QI(df.VP, phi = df .PHIT_ND,Vsh = df.VSH_GR)

fig_a = qi.screening_plot (phi,vpl,vp2,vp3)

Probability density functions can also be applied to provide better visualization of
the data, which reveals more information about the distribution of rock properties
in certain dataset. Figure 5.4b shows the KDE plot of data generated using the

following commands:

fig_b = qi.kde_plot(phi,vpl,vp2,vp3)

Diagenetic cement is commonly found in reservoir sandstone. The volume of
cement can be estimated through rock physics diagnostics using constant cement
models. Figure 5.4c displays the estimation for the example dataset, assuming
silica cement. The code used to generate the examples is presented below:

# estimate cement

vcem_seeds = np.array([0,0.005,0.01,0.02,0.03,0.04,0.1] )

vcem = qi.estimate_cem(vcem_seeds ,hKqz,Gqz,Ksh,
Gsh,phi_c,Cn,Kc,Gc,Db,Kb,scheme,vsh,Dsh,Dqz,Dc)

# drawing the constant cement lines

phib_p = [0.3,0.37,0.38,0.39,0.395]

fig_c = qi.cement_diag_plot(vcem,Dqz,Kqz,Gqz,Dsh,Ksh,

Gsh,Dc,Kc,Gc,Db,Kb,phib,phib_p,phi_c,sigma,vsh,Cn, scheme,f)

Apart from the aforementioned functionalities, Rock Physics Templates (RPTs)
can also be utilized to comprehend the elastic attributes derived from well log
data, as depicted in Figure 5.4d. Rock physics models can calculate elastic prop-

erties with various combinations of lithology and fluid parameters. Based on these
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characteristics, Rock Physics Templates (RPTs) provide a reference framework of
all the possible variations of a specific rock with different fluid saturations. RPTs
can be constructed using different grain contact models. RPTs can be constructed
using various grain contact models. The following code uses the stiffsand model
to construct the RPT. By transforming the same data to the RPT domain, it be-
comes evident that the data are primarily dominated by brine saturated sandstone
which comply with the empirical trends used to generate the data.

# stiffsand model

Kdry, Gdry = GM.stiffsand(X0, GO, phi, phi_c, Cn, sigma, £=0)

fig_d = plot_rpt (Kdry,Gdry,K0,DO,Kb,Db,Kg,Dg,phi,sw)

IP= df.VP*df.DEN

PS= df.VP/df.VS

plt.scatter (IP,PS,c=df .eff_stress,edgecolors= .

s=80,alpha=1, cmap= )

5.4 Impact

Rock physics is a broad field of research with a wide range of applications. As
demonstrated by previous examples, rockphypy is a versatile and flexible Python
library that enables users to perform various modeling tasks simply and efficiently

while avoiding the hard-coding of many rock physics models and workflows.

Introducing this Python library is instrumental in its adoption by modern re-
searchers seeking to perform sophisticated tasks in rock physics, leveraging the
Python infrastructure for statistical and machine learning inference. To our knowl-
edge, rockphypy is the first publicly available Python library that provides com-
prehensive and easy-to-use functionalities in rock physics. Our long-term goal is
to standardize base-level rock physics modeling using rockphypy, making it a

go-to tool for the research community.
rockphypy has already been utilized as teaching material for Reservoir seismic at
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Figure 5.4: (a)Rock physics screening using elastic bounds. (b)2-D KDE plot of
the data within elastic bounds defined by several rock physics models. (c¢)Cement
amount estimation using constant cement model. (d)Rock physics template over-
lain the data.

NTNU since 2022, reaching out to a broad audience beyond the authors’ research
group. The library is also currently being used in the authors’ ongoing project,
as mentioned in the Acknowledgments section. The research paper has utilized

rockphypy to build new rock physics models and there are other papers under

revision or in preparation where rockphypy is presented.

5.5 Conclusion

We present an extensive yet easy-to-use Python library rockphypy for rock
physics modeling. It offers a toolbox for computing elastic properties of rock,

fluid, and their interactions under various conditions. The built-in workflows also
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simplify the process of performing broadband data analysis tasks. The library is
created in a modular fashion which allows users to customize functions using pre-
built functionalities, build workflows, and easily extend the library’s applicability
by incorporating new models. We foresee contributions from across different areas

of geoscientific research and practice where rock physics modeling is involved.

Current work focuses on expanding the test case suite for automated testing. We
strive to maintain the readability and reliability of the codebase while continuously
enriching the library’s capabilities through both internal and external contribu-

tions that adhere to strict contribution guidelines.
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CHAPTER 6

CONCLUDING REMARKS

6.1 Summary

This thesis is centered on three main objectives: (1) Understanding and modeling
the influence of effective stress release on the elastic properties of high-porosity ce-
mented sandstone through the introduction of a novel rock physics model. (2) Sys-
tematically elucidating the practical implications of stress release in applications
related to high-porosity cemented sandstone. (3) Advocating for the open-source
movement within the field of rock physics to improve accessibility, transparency,

and innovation in both research and practical applications.

In paper 1, a novel rock physics model was developed for predicting the deteriora-
tion of stiffness during stress release in high-porosity cemented sandstone, based
on the patchy cement model. In theory, the decreasing elastic properties and sub-
sequent wave velocity changes are associated with the breakage and crumbling of
contact cement, thereby weakening the original contact cement network. Addition-
ally, a sequential modeling scheme was proposed, allowing the accurate modeling
of elastic properties in partially cemented sandstone under both stress application
and reduction. The modeling results successfully replicate experimental measure-
ments in cemented glass bead packs and sandstone. The sequential calibration
workflow not only provides a valuable tool for quantifying velocity changes with

effective stress but also offers insights into the rock’s coherence. The understanding
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and theoretical developments acquired in paper 1 were applied in papers 2 and 3
to further elucidate the practical impact of stress release on sandstone with partial
cement. In paper 2, a measure of stress release, termed porosity inconsistency, was
proposed through integrated rock physics and diagenetic modeling guided by burial
history. An extensive database of clean Jurassic sandstone from both the Norwe-
gian Sea and Barents, spanning a wide range of burial depths, was established. By
utilizing porosity inconsistency, it was demonstrated that the compressive velocity
of sandstone in exhumed regions of the Norwegian Sea and Barents Sea is more
affected by exhumation compared to porosity. The extent of stress release impact
correlates positively with the magnitude of exhumation. Importantly, it was shown
for the first time that relying solely on velocity-depth trends may lead to underes-
timated exhumation magnitudes. These results highlight the limitations of using
velocity alone for exhumation estimation, emphasizing the importance of consider-
ing stress release, cementation, and their interactions in future work. Additionally,
this study suggests that the inconsistent variation in elastic stress sensitivity and
acoustic stress sensitivity due to stress release is critical for understanding core
damage evaluation, predicting pore pressure, interpreting time-lapse seismic data,
and assessing the feasibility of fluid injection in reservoir rocks in areas with signif-
icant exhumation. Additionally, this study suggests that the inconsistent variation
in elastic stress sensitivity and acoustic stress sensitivity due to stress release is
critical for understanding core damage evaluation, predicting pore pressure, inter-
preting time-lapse seismic data, and assessing the feasibility of fluid injection in
reservoir rocks in areas with significant exhumation. In paper 3, a comprehensive
comparison was conducted between the acoustic and elastic properties variation
in unconsolidated sand and weakly cemented sandstone, in both normally con-
solidated and overconsolidated states. The results provide crucial insights into
sandstone stress sensitivity. Specifically, in comparison to unconsolidated sands,
the presence of contact cement reduces porosity’s responsiveness to stress while

enhancing velocity sensitivity to stress reduction. Unlike unconsolidated sands,
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the Vp/Vg in weakly cemented sandstone is stress path dependent. Well-log data
from the Norwegian Sea and Barents Sea align with experimental findings. The
study underscores the importance of considering cement presence and alterations
during stress release. The results emphasize the necessity of selecting appropriate
models based on rock type and consolidation state when studying reservoir sand-
stone. Neglecting improved stress sensitivity in velocity during stress release can
impede the accuracy of time-lapsed monitoring and fluid saturation estimation in

overconsolidated, cement-containing porous rock formations.

Finally, in paper 4, an extensive Python rock physics library was developed and
is publicly available. With this library, many models and workflows, including
those developed in this dissertation, can be conveniently applied in both research
and practical tasks. This library has garnered attention in both industry and
academia, with more than 2,000 downloads as of the completion of this thesis.
The author of this thesis believes that embracing open-source practices can foster
a more inclusive and cooperative community, enabling researchers and profession-
als to share, modify, and contribute to advancements in rock physics modeling
and analysis. It is therefore sincerely hoped to see more open-source initiatives

emerging in the field of rock physics.

6.2 Recommendation for future research

e From isotropy to anisotropy

The impact of successive stress application and stress release on elastic anisotropy
is unexplored in this dissertation. In Paper 1, the experimental data of the syn-
thetic sandstone reveals a direct link between the decrease in wave velocities
and the decrease in effective stress. Notably, alongside the observation of stress
release-induced weakening, an intriguing finding involves the reversal of P-wave

anisotropy, shifting from negative to positive upon stress release. Further detailed
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descriptions of the phenomenon are documented in Torset et al. (2020). Paper 2
utilizes an extensive well-log dataset to demonstrate that stress release associated
with uplift weakens the rock. However, a notable gap exists in field data replica-
tion for the observed reversal of P-wave anisotropy. Consequently, future research
endeavors could focus on providing empirical evidence through field data to ascer-
tain whether stress release can indeed trigger the reversal of P-wave anisotropy.
Taking a cue from the approach used in Paper 2, a similar well-log database of
stress-dependent anisotropy could be established in an uplifted area and its ref-
erence area. An approach worth adopting for dataset building is the work by
Teng and Sams (2023), who investigated depth-dependent P-wave anisotropy and
its impact on AVO interpretation in the Northern Malay Basin. One foreseeable
challenge is acquiring a sufficient amount of data, as deviated wells with varying

penetration depths are required to estimate anisotropy parameters fieldwise.
e From comprehension to prediction

This dissertation focuses primarily on understanding the impact of stress release
on the elastic properties of sandstone and its consequential effects on the seismic
rock physics workflows. The knowledge acquired through this research is generic
and applicable across various domains, including petroleum exploration, reservoir
monitoring, subsurface storage, and basin modeling. In future work, investigating
the incorporation of stress release in practical inversion tasks is highly valuable.
For instance, commonly used rock physics models in petrophysical seismic inver-
sion and Bayesian inversion often neglect the stress release-induced weakening of
the rock. While this might not pose a significant limitation for studying reservoirs
that haven’t experienced substantial stress release, it becomes a critical prob-
lem in cases such as stuying uplifted areas and overpressured zones. Because a
stress-muted inversion workflow in such situations may lead to erroneous inversion
results. Therefore, it is worthwhile to develop an inversion scheme (e.g., bayesian)

for the entire PCM-VPCM workflow, providing flexibility in studying both nor-
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mally stressed areas and areas affected by stress release. Note that the linearization
of the PCM and VPCM is complicated by the use of the contact cement model
and nested Hashin Strikmann bounds with strong nonlinearity. To mitigate this,
piecewise linearization and approximations such as the bounds proposed by Avseth

et al. (2013) can be employed.
e From geomechanical to geochemical effects

The rock physics model VPCM, developed in Paper 1, may offer insights into
the seismic response of cement dissolution in siliciclastic rocks triggered by pro-
cesses like COs injection. Originally, cement crumbling in VPCM describes the de-
tachment of stress-bearing cement from the cement network, transforming it into
non-stress-bearing intergranular fragments. This overall implies a reduction in
the volumetric percentage of effective contact cement. In literature, the constant
cement Model is commonly used for qualitative interpretation of COs-dissolved
reservoir rock. Typically, data is plotted in the porosity-VP domain overlaid by
rock physics models computed at different amounts of cement and a fixed ef-
fective stress level. Compared to the constant cement model, VPCM enables a
quantitative study of the seismic response to COy sequestration-induced chemical
dissolution. More importantly, the stress evolution can be also incorporated into
the interpretation workflow. Therefore, future application of the VPCM to rock

physics analysis of geochemical effects in CO4-flooded reservoir rocks is intriguing.
e Towards full physics

The emphasis of our research lies in understanding and approaching stress release
from the perspective of rock physics. By treating sandstone as an effective granu-
lar medium, we extend existing rock physics models to describe changes in stress
sensitivity during stress removal in patchy cement sandstone. The practical ap-
plications of our proposed modeling approach are likely confined to the realms of

seismic exploration and interpretation. However, it’s important to note that our
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model only covers partial physics. The cement breakage associated with stress
release, studied in this dissertation, reflects the inelasticity of partially cemented
granular materials. Menendez et al. (1996) pointed out that, in addition to cement
damage, inelasticity is also influenced by grain crushing and fragment reorganiza-
tion—factors not considered in our model. To fully capture the physical processes
of rock undergoing stress release, the ultimate solution lies in constructing con-
stitutive models based on the elastoplastic framework. Material science literature
indicates that heavily cemented granular media can be well-described by classical
breakage mechanics theory. For weakly to moderately cemented granular media,
different failure mechanisms need incorporation into the constitutive model. This,
however, is beyond the scope of this dissertation. For readers interested in the sub-
ject and who have read up to this point, we recommend exploring the following
articles as a starting point. These articles provide a fresh perspective on simi-
lar issues, approaching them from the angles of failure mechanics and numerical

simulation.
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Extended Abstract published as Yu, J., K. Duffaut, and P. A. Avseth. "Rock
Physics Modeling for Stress Release in Cemented Sandstone." In First EAGE
Rock Physics Workshop in Latin America, vol. 2021, no. 1, pp. 1-5. European

Association of Geoscientists and Engineers, 2021.
Introduction

Uplift estimation using seismic and sonic log data commonly assumes no change
in velocities as rocks undergo stress relaxation. However, experimental studies
on core damage have shown that breaking of grain contact cement upon coring
leads to a significant reduction in velocities. Numerical simulation by Holt et al.
(2004) has shown that uplift also causes bonding cement breakage. Ignoring such
stress sensitivity of cemented sandstone may greatly underestimate the magni-
tude of uplift estimation. However, few models have been proposed to predict the
stress-dependent velocities of rocks upon stress release. Bredesen et al. (2019) in-
troduced weakness to tight cemented sandstone by combining the contact cement
model with DEM theory incorporating a crack-like inclusion geometry in the low
porosity range, thus achieving more consistent velocity predictions compared to
observed data. Torset et al. (2021) applied a modified anisotropic crack model
from Fjaer (2006) to fit the measured compressional wave velocities of weakly
cemented synthetic sandstone during simulated uplift. The increased stress sen-
sitivity upon uplift can be well explained, but the complicated forward modeling,
plentiful controlling parameters, and the need for accurate determination of radial
P wave velocity limit the generalization of the approach. In this work, we pro-
pose a model to quantify the stress sensitivity of cemented sandstone undergoing
unloading by modifying the Patchy Cement Model (PCM) as proposed by Avseth
et al. (2016). We derived the premise that the weakness can be introduced to ce-
mented rock by varying the degree of patchiness of the patchy cemented sandstone.
A diluting parameter is introduced to show how much of the connected patchy

cement has been replaced by disconnected patchy cement. The diluting parame-
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ter can be made either stress-dependent or stress-independent. By combining the
experimental evidence, we identify that the crushing of brittle cement will also
contribute to the deterioration of the rock stiffness, and further increase the stress
sensitivity. We demonstrate how the Varying Patchiness Cement Model (VPCM)
can further incorporate the crushing effect by reducing the effective stress loading
cement amount. We show that the laboratory experimental loading and unloading
data can be well replicated and the observed stress sensitivity upon unloading can

be predicted with few model parameters.
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Extended Abstract published Yu, J., K. Duffaut, and P. A. Avseth. "Rock Physics
Modeling of Geomechanical and Saturation Effect Caused by COs Injection." In
83rd EAGE Annual Conference and Exhibition, vol. 2022, no. 1, pp. 1-5. Euro-

pean Association of Geoscientists and Engineers, 2022.
Introduction

Pore pressure increases during CO» injection are expected to be small to avoid ini-
tiations of stress-induced fractures. However, pressure is likely to build up due to
complex geology, heterogeneity, constrained reservoir volume, etc. (Lumley, 2019).
The existing rock physics models that honor the stress sensitivity in sands/sand-
stones are restricted to contact theory for unconsolidated sands and crack/pore
shape models for well-consolidated sandstones (Shapiro, 2003; Vernik and Ham-
man, 2009). Few models have been proposed to describe the stress sensitivity
variation upon stress release in high porosity cemented sandstone that can be also
utilized as CO, storage formation. This type of reservoir rock may be irreversibly
altered by geomechanical effects caused by pore pressure variation during injec-
tion. One of these effects is the weakening of the contact cement. Yu et al. (2021)
developed a rock physics model which quantifies the stress sensitivity of weakly to
moderately cemented sandstone upon stress release by considering cement bond
breakage. We demonstrate model calibration using field data measurements and
forward modeling combining saturation and geomechanical effects at both well log
and seismic scales. The time-lapse seismic modeling indicates that the geome-
chanical effect caused by pressure transients may be observable as strong 4D AVO

differences caused by the reduction of P- and S- wave velocities.
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