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Abstract 
 

 

 

Hydrocarbons in easily accessible areas have been explored, with much of it having 

been tapped out to supply the world’s energy demand. The growing consumption has 

driven exploration to continue in harsher and more challenging areas, in parallel with 

finding alternative renewable resources. In doing so, many oil and gas exploration 

companies have shown an interest in applying for exploration licenses in areas towards 

the northern hemisphere. These areas have been known to be affected, both in the 

present day, and in its geological history by deglaciation. As the ice melted, the buried 

sediment was uplifted due to an isostatic rebound. The methods and knowhow 

commonly applied for exploring and developing hydrocarbons in more common areas 

without such the effect, may not be sufficiently used to apply in the uplifted areas. This 

study realized a potential to fill in the knowledge gaps with laboratory experiments, 

required for better understanding stress release affecting acoustic and petrophysical 

data. These data are important input parameters used during basin modelling, and 

seismic and rock physics modelling studies for resource evaluation. This thesis details 

the impact of stress reduction on acoustic and rock physical properties of sands, as 

sandstone is commonly found as a reservoir rock. Laboratory experiments were 

designed with a stress condition simulating complex burial history, which mimic 

episodes of uplift and erosion.  Measurements of acoustic, petrophysical, and 

geomechanical properties were employed, followed by an investigation of a rock 

physics model, suitable for modelling these types of sediments under these stress 

conditions. The impact of preconsolidation stress prior to the sediments being uplifted 

on time-lapse seismic responses due to fluid saturation changes was also explored. The 

research outcome contributes to the knowledge required to de-risk hydrocarbon 

prospect evaluation and field development strategies. On a separate but related subject, 

this thesis also outlines the results from laboratory measurements and from theoretical 

mixing average model calculations performed on pure brine, pure crude oil, and 

mixtures of both. These are the main reservoirs fluids commonly found to fill in porous 

reservoir rocks, in addition to gas. Modelling various fluid replacement and substitution 

scenarios is a common process required both in hydrocarbon exploration and 

development phases. This analysis is to validate whether the observations from seismic 

responses or well logs show hydrocarbon potentials. During the modelling process, 

especially when the pore fluids are filled with more than one fluid type, the estimation 

of density and bulk modulus properties of the fluids is required. Therefore, it is 

important to verify whether fluid property estimation from the model calculations and 

from direct measurements give a good fit. This research outcome can contribute to 

better parameters constraints during fluid substitution exercises. It can also aid in 

reducing risks during hydrocarbons in-place and remaining oil reserve evaluations.  
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Preface 
 

 

 

This dissertation entitled “Acoustic, elastic, and physical properties of 

overconsolidated sands and reservoir fluids – Experimental measurements, 

modelling, and implications for reservoir characterization, time-lapse seismic 

monitoring, and geomechanics”, has been submitted to the Department of 

Geosciences at the University of Oslo, in agreement with requirements for the degree 

of Philosophiae Doctor (Ph.D.). This research is part of the Barents Sea Rock 

Properties (BarRock) project. Funding for the project was provided by the Research 

Council of Norway under the Petromaks program.    

 

The experimental compaction study herein was based on natural sand samples, which 

were laboratory prepared, in a condition simulating normal subsurface burial and uplift. 

Well log data from the Barents Sea were also included to compare experimental results 

with measured data. The fluid experiments were based on NaCl solution and a crude 

oil sample from the Draugen Field, North Sea.  

 

The thesis consists of two parts: Part I) an overview, and Part II) the embedded papers. 

The overview in Part I is comprised of four chapters. Chapter 1 details the research 

opportunities, and the main objectives of the study. Chapter 2 describes the scientific 

background of the work. Chapter 3 contains the summaries of the four papers enclosed 

in Part II of the thesis. Chapter 4 represents the concluding remarks. Four individual 

papers, together with five expanded abstracts and two local conference abstracts are 

included in Part II. Three papers have been published in the scientific journal 

Geophysical Prospecting, whilst the fourth paper is in preparation for submission to the 

peer reviewed journal Marine and Petroleum Geology. 

 

A primary objective of this research was to perform experimental measurements and 

modelling of unconsolidated sands, to gain a better understanding of the effects of 

stress reduction on rock properties. A secondary objective, which constitutes a minor 

portion of the research, was to compare experimental measurements of fluid properties 

on crude oil and brine mixtures with theoretical mixing average models. The results of 

the primary objective are captured in Papers 1, 2, and 3, whereas the results from the 

secondary research objective can be found in Paper 4. Expanded abstracts 1, 2, and 3 

were derived from the above-mentioned primary objective papers. The same dataset 

was also used to develop expanded abstracts 4 and 5, to investigate the effects of 

depletion on reservoir compressibility and compaction, and stress reduction induced 

anisotropic effects, respectively. These five expanded abstracts were presented at 

international conferences and workshops in the United Kingdom (x 2), the United States of 
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America, The Netherlands, and Switzerland. The two additional short abstracts that were 

presented at local conferences in Norway are also included. 

 

 

 

Sirikarn Narongsirikul, Stavanger, February 2020 
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Chapter 1 

 

INTRODUCTION 
 

 

 

Transformation from seismic or sonic wave propagation data to rock properties is an 

important technique for resource evaluation in hydrocarbon exploration and 

development. To invert seismic or well log data to reservoir properties, rock physics 

modelling is required to link the two domains, as it provides model equations that relate 

seismic to reservoir parameters. Together with traditional and advanced seismic 

techniques in acquisition & processing to improve seismic imaging, rock physics 

modelling allows subsurface interpretation to move from being qualitative to being 

more quantitative. Such quantitative interpretation techniques are important processes 

to extract reservoir properties (e.g. porosity, saturation, pressure) from seismic data. 

These reservoir properties can readily assist in evaluating resource potential during 

hydrocarbon exploration and appraisal. When the hydrocarbons are proven economic 

and further developed, additional reservoir properties including geomechanical and 

elastic parameters (e.g. compaction, pressure depletion, strain, elastic modulus) are also 

commonly obtained from seismic data. This reservoir information can be used to 

manage and reduce uncertainties of the remaining reserves.  

 

The rock physics modelling process can range from a simple estimation of rock 

properties from porosity-stress relationships, to establishing sediment compaction 

trends (e.g. for an application of basin modelling), in a general two or three-

dimensional (2D and 3D) regime, to a more sophisticated fourth dimension (4D), 

which involves additional reservoir parameters. The latter often have an application in 

time-lapse (4D) seismic monitoring, which involves a computation of changes in 

pressure and fluid saturation in the rock through time. This modelling process 

commonly uses the Gassmann fluid substitution workflow (Gassmann, 1951; Smith et 

al., 2013).  This advanced step in the seismic modelling extends the need to estimate, 

not only the rock properties, but also pore fluid parameters. A good estimation of such 

properties requires the understanding of the relationship between the acoustic 

parameters, stress and temperature.   
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1.1 Research Opportunities 
 

The section below details two areas of research (A and B) that are explored in this PhD 

thesis via four research themes (1 to 4). 

 

A) Rock property estimation often involves obtaining acoustic and petrophysical 

parameters, which vary with depth or stress. In any given sedimentary basin, sediments 

commonly experience progressive burial, where the increasing vertical load leads to 

compaction. Such a process induces changes in rock properties, such as density and 

velocity due to several mechanical dynamics, for example sliding, realignment, crushing 

and breakage of grains, which resulting in a loss of porosity. Various experiments have 

been designed to capture normal compaction processes, which allow acoustic, 

mechanical, and petrophysical measurements to be acquired (Yin, 1992; Tao et al., 1995; 

Dvorkin and Nur, 1996; Chuhan et al., 2003; Pettersen, 2007; Mondol et al., 2010; 

Fawad et al., 2011; Grande et al., 2011; Bhuiyan et al., 2013). Therefore, laboratory 

studies have been maturing in this area. In many sedimentary basins, the sediments 

have not only experienced simple progressive burial, but have also undergone more 

complex burial histories, like those found in uplifted basins. The process where the 

sediments are deeply buried and later uplifted, can result in changes to the stress, 

pressure and temperature regimes developed during initial burial. This can often mean 

that the rocks appear “overconsolidated” for the depth at which they are encountered. 

Several study approaches were developed in the past few years with the aim of 

understanding the effects of complex burial histories or stress paths on rock properties, 

for example using rock physics modelling (e.g. Grude et al., 2013; Draege et al., 2014; 

Avseth and Lehocki, 2016). However, the understanding of the impact of stress 

unloading on rocks is still immature. More experimental studies are required to better 

estimate and understand rock properties (e.g. geophysical, petrophysical and 

geomechanical properties) of sediments undergoing stress unloading during uplift. 

Experiments designed to replicate complex burial and uplift histories can lead to 

improvements in the interpretation of subsurface data and the characterization of 

unloaded rocks. The outcome of these studies is relevant for basin modelling, reservoir 

characterization, seismic inversion and time-lapse seismic monitoring applications. 

 

B) Fluid property estimation through seismic forward modelling by Gassmann fluid 

replacement (Gassmann, 1951) is a common method to understand different fluid 

replacement scenarios in the subsurface. Gassmann’s equation comprises of the 

saturated rock bulk modulus term that relates the bulk modulus of the porous rock 

frame, the bulk modulus of the mineral matrix, and the bulk modulus of the pore-

filling fluids to its porosity. The equation requires that each of the properties are 

independently estimated including the pore-filling fluids. If a fluid is fully substituted 

by another, the modelling is straight forward as the averaging of mixed fluids is not 
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required. However, a single fluid phase following the replacement process does not 

commonly exist in the subsurface.  For example, porous reservoir rocks that are filled 

with oil, will never be fully, and homogeneously replaced by brine during water 

flooding (Bahadori, 2018). Traces of oil will be left behind, which explains why oil 

recovery never achieves 100%. This phenomenon means that the fill of the pore space 

in a fluid saturated rock is often a mixture of oil, gas and brine. Estimating the 

properties of mixed fluids requires knowledge of the property of the fluid end members 

(e.g. bulk modulus and density). Average fluid mixing models (Reuss, 1929 or Voigt, 

1910) can then be used to estimate the combined fluid constituents. Most of the fluid 

properties are commonly acquired from laboratory measurements. These experiments 

have been reported to directly measure through the fluids without saturating core 

samples with the fluids (e.g. Han and Batzle, 2000). Many previous fluid experiments, 

to measure acoustic velocity and density, were performed for miscible mixtures (e.g. 

Han and Batzle, 2000; Han and Sun, 2013; Dashti and Riazi, 2014). A miscible mixture 

is when fluids form a homogeneous mix when added together (e.g. decane mixed with 

hexane, or CO2 mixed with oil). Experiments to directly measure immiscible fluid 

mixtures (e.g. oil mixed with brine) are limited. An immiscible mixture is when fluids 

do not form a homogeneous mixture when mixed with another, and the mixed fluids 

remain in their own phases. Unlike miscible fluids, most acoustic wave measurements 

for the immiscible mixtures were performed by a porous core sample being saturated 

with one fluid and flooded or replaced by another (Alemu et al., 2013). The measured 

mixed fluid properties (bulk modulus, density) are then later extracted from the 

measured fluid saturated core using the Gassmann’s equation. Each fluid’s properties 

are then derived using the averaging models through various saturation assumptions 

and iterations that provide a good fit. A lack of laboratory measurements of acoustic 

waves propagating directly through these immiscible fluids can be because seismic 

waves propagate through saturated rocks instead of being through a fluid alone in the 

subsurface. Therefore, experimentally measuring rock samples saturated with fluids is 

a more natural way of replicating the true subsurface conditions. However, the 

estimation of mixed fluid properties by the mixing average laws required in Gassmann 

must be done separately prior to combining with the rock property term. It is therefore 

important to validate whether fluid property estimation for immiscible fluids using the 

existing mixing models gives a good match with direct measurements from 

experiments on pure immiscible fluids without rock samples. The Gassmann fluid 

substitution independent mixed fluid property term can then be further tested and 

verified. 

 

The two areas highlighted above provide the following four research opportunities that 

have been addressed in this PhD thesis: 
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1) Experimental measurements of acoustic and petrophysical properties 

simulating uplifted sediments:  This research study is devoted to understanding 

the influence of stress reduction on acoustic velocities, and rock physical properties 

based on laboratory experiments. The experiments were designed to simulate a 

complex burial history with periods of uplift. The experimental measurements 

acquiring compressional (P) and shear (S) wave velocities and corresponding 

petrophysical (porosity and density) properties of unconsolidated natural sands 

were reported. The sand samples vary in mineral compositions and textures. The 

research outcome resulted in Paper 1. 

 

2) Rock physics modelling of acoustic and petrophysical properties of stress 

unloaded sediments: This research topic aims at modelling experimental 

measurements of overconsolidated sand data from Paper 1. Existing rock physics 

models and templates were utilised to evaluate the model validity for the 

overconsolidated data. The study focuses on extending the validity of a friable sand 

model, which was established for normally compacted sediments, to describe 

behaviours of overconsolidated sediments. The effect of overconsolidation due to 

stress unloading on fluid detection sensitivity for time-lapse seismic applications, 

was also assessed. The research outcome resulted in Paper 2. 

 

3) (Geo)mechanical properties of overconsolidated sands and its relation to 

acoustic properties:   As a continuation from the first two research themes, this 

topic is focused on investigating the relationship between geomechanical (e.g. 

stress, strain, Young’s modulus) and acoustic parameters from the same sand 

experiments performed in Paper 1. Correlation between static and dynamic elastic 

properties of stress unloaded sands was investigated, to improve the knowledge 

applying to seismic-geomechanics applications for reservoirs undergoing stress 

reduction. The research outcome resulted in Paper 3.   

 

4) Experimental measurements of acoustic properties versus mixing average 

law models for brine – crude oil mixtures:  This research topic has the key 

objectives of acquiring density and velocity measurements of two pure fluids and 

three mixed fluids, together with their computed bulk modulus. The measurements 

were performed directly through the fluids without saturating in a core sample. The 

measurement results were also compared with theoretical mixing average models, 

which are commonly used during Gassmann fluid substitution. The experiments 

were performed under a range of pressures and temperatures. Pure brine and crude 

oil from the Draugen field, North Sea were tested. Three brine - crude oil samples 

were prepared by mixing different volume fractions. The research outcome resulted 

in Paper 4. 
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Chapter 2 

 

SCIENTIFIC BACKGROUND 
 

 

 

This thesis section aims to provide contextual information and scientific background 

relevant to the current study. Previous studies, processes and model equations are 

briefly described. The section also gives a broad context on how the current study can 

contribute to the knowledge gaps in this research area. The main part of the scientific 

background focuses on unconsolidated sand compaction and its petrophysical and 

acoustic parameters. Definitions of some terms and properties related to mechanical 

compaction and uplift process are described. The minor part of this section comprises 

a review of reservoir fluid properties and existing models used to estimate mixed fluid 

properties. 

 

 

2.1 Mechanical Compaction of Sands 
 

Newly deposited sands in sedimentary basins can be transformed into hard rocks 

through mechanical and diagenetic processes when compacted during burial to deeper 

depths. Such transformation increases rock strength as the sediments are subjected to 

more stress, and higher temperatures through time (Bjørkum et al., 1998; Bjørlykke and 

Jahren, 2010). Compaction starts when the vertical weight of the overlying sediment 

increases. This process results in porosity reduction and increased density. Compaction 

can be divided into mechanical and chemical domains depending on burial 

temperatures (Bjørlykke and Egeberg, 1993; Bjørlykke and Jahren, 2010). In basins 

with an average normal geothermal gradient (35°C/km), the transition from 

mechanical to chemical compaction takes place at around 2000–2500 m corresponding 

to 80–100 °C (Bjørlykke and Egeberg, 1993), (Figure 1). Beyond these depths, 

dissolution of quartz takes place at stylolites and precipitation of quartz cement, 

sourced from the dissolution at the stylolites, thereby form as overgrowths on the 

detrital quartz grains found in between the stylolites increasing the rock strength 

(Oelkers et al., 1992, 1993; Bjørkum, 1996; Oelkers et al., 1996; Walderhaug, 1996). The 

chemical compaction process leads to a stiffer rock that becomes mechanically pseudo-

over-consolidated and therefore insensitive to the effective stress (Bjørlykke and Høeg, 

1997; Storvoll et al., 2005).  
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Figure 1. Schematic drawing to 
demonstrate compaction in sands 
(modified from Bjørlykke and Jahren, 

2010). At approximately 80-100 ̊C, 
mechanical compaction is transitioned 
into the chemical compaction domain. 

 

 

 

The mechanical compaction process in sands causes grain realignment and an increase 

of grain-to-grain contacts. Significant grain breakages and fracturing can occur when 

subjected to high stress. Experimental mechanical compaction for unconsolidated 

sands has the potential to reduce porosity of coarse-grained sands from 40-43% to 

approximately 26% (Chuhan et al., 2002; Fawad et al., 2010). Finer sand grains are 

compacted less because small grain sands have a higher number of grain-to-grain 

contacts. Such phenomenon leads to less stress distribution per grain contact, resulting 

in less grain fracturing and smaller porosity loss (Figure 2). The knowledge of sand 

compaction and collection of laboratory measurements allows compaction trends to 

be developed (Chuhan et al., 2002; Fawad et al., 2010). Such knowledge permits us to 

determine the sediment’s acoustic (velocity) and petrophysical properties (porosity, 

density, and permeability) as a function of stress and temperature. The current uses of 

compaction trends are typically for basin and seismic modelling. Since the compaction 

curve is different for each lithology, the trend can be used to lithofacies modelling. Any 

deviation from normal mechanical compaction trends can be an indication of 

cementation (Avseth et al., 2005), over pressure and the presence of gas (Prasad, 2002), 

or uplift and erosion (Alchalabi and Rosenkranz, 2002). The latter is a focus of this 

thesis. 
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Figure 2. Experimental compaction of loose sand grains (after Chuhan et al., 2002). Coarse-grained 
sand is more compressible than fine-grained sand.  

 

 

2.2 Uplift and Erosion 
 

Earth surface uplift due, for example, to tectonic or isostatic deglaciation rebound leads 

to enhanced elevations, which in turn induce erosion. In petroleum provinces, uplift 

and erosion can have important consequences for petroleum systems. It can affect the 

reservoir quality, seal integrity, source rock maturity/migration and reservoir pressure 

(Henriksen et al., 2011). Examples of prolific petroleum provinces that have been 

uplifted are listed in Table 1. 

 

Riis and Jensen (1992) used the term “net uplift” for estimation of reduced burial 

depth. The reduction of a burial depth or overburden removal results in a decrease in 

stress on pre-compacted rocks.  The resulting effect of stress unloading often shows 

on well logs, where anomalously high density and velocity are observed at any given 

depth. Figure 3 demonstrates anomalous density and velocity behaviours of well logs 

from uplifted compared to non-uplifted areas in the Barents Sea.  

 

Porosity (density)/depth and velocity/depth trends have been used to quantify the 

amounts of uplift and erosion (e.g. Hansen, 1996; Densley et al., 2000). As compaction 
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is mostly inelastic and causes permanent damage to sediment grains, only a small elastic 

part of the deformation is reversible during unloading. This means that porosities and 

velocities resemble the maximum burial depth (maximum effective stress) the 

sedimentary rock has experienced. The rocks are said to be “overcompacted” for their 

current depth. Higher velocities or lower porosities than expected for a given burial 

depth can therefore be used to predict the difference between present day and 

maximum burial depth.  

 

 

Table 1 List of some important uplifted Petroleum provinces (modified from 

Henrikson et al., 2011) 

 

 

 

 

 

 

 

 

 

Figure 3. Narongsirikul et 

al. (2013) shows well log 

data from the Barents Sea 

comparing P-wave 

velocity and bulk density 

data between an uplifted 

(red curves) and non-

uplifted wells (black 

curves).  

 

 

 

Basin Country Timing uplift  Nature of uplift 

San Juan USA Late Eocene–Recent Epeirogenic–isostatic 

Permian USA Cretaceous–Recent Epeirogenic–isostatic 

Maracaibo Venezuela Early Miocene- Late Eocene Orogenic 

Zagros Foreland Iran Miocene–Recent Orogenic 

Jungar China Miocene–Recent Orogenic 

Western Canada Canada Oligocene-Recent Post Orogenic, 

Epeirogenic–isostatic 

Timan Pechora Russia Miocene/Pliocene Orogenic–isostatic 

Barents Sea Norway Palaeogene and Neogene Orogenic–isostatic 
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2.3 Effective Stresses  
 

The term effective stress, σ’, is defined as σ’ = σ – αp; where σ is the total stress, and 

subscript v and h are the direction of applied vertical load and the applied cell pressure 

controlling horizontal deformation, respectively; p is the pore pressure; and α is an 

effective stress coefficient. Following Terzaghi (1943) the effective stress coefficient 

value is assumed to be 1 for unconsolidated sediments. 

 

Effective vertical stress (σ'v) is the difference between vertical total stress (σv) and pore 

fluid pressure (p), with unit in Pascals and can be expressed by (Bjørlykke and Jahren, 

2010): 

 

σ'v = σv − p                                                                                                           (1) 

 

The vertical total stress or the lithostatic stress (σv) can be calculated by integrating the 

density (ρb) over the depth of the sediment column (h) 

 

σv=ρbgh                                                                                                                            (2) 

 

where ρb is the average sediment bulk density in g/cm3 of the overlying sediment layers, 

h is the sediment thickness in meters and g is the acceleration of gravity in m/s2.  

 

Pore fluid pressure (p) is the pressure in the pore fluid. Like a total stress, pore fluid 

pressure, at any given depth, can be calculated by integrating the weight of density of 

the water from sea level to a depth of interest.  Pore fluid pressure can be defined by:  

p=ρwgh                                                                                                                            (3) 

 

where ρw is the average fluid density of the fluid that filled the sediment column in 

g/cm3, h is the sediment thickness (meters) and g is the acceleration of gravity (m/s2). 

 

The transmission of stress through the grain framework helps carrying the weight of 

the overburden stress (Figure 4). Therefore, the effective stress is sometimes called the 

intergranular stresses (Bjørlykke and Jahren, 2010). This is the effective stress that 

governs the mechanical compaction of sediments.  
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Figure 4. Schematic representation 
of the effect of stress from 
overburden which is carried by 
mineral grain framework and the 
pore pressure. The effective stress is 
defined as the difference between 
overburden and pore pressure. 

 

 

The effective stress in the horizontal direction (σ’h) is defined as total horizontal stress 

(σh) minus the pore pressure (p). The horizontal stress is customarily expressed as a 

proportion of the vertical stress.  

 

σ’h = K0 σ’v                                                                                                                              (4) 

 

where K0 is a coefficient of earth pressure at rest in terms of effective stresses. 

 

K0 can be used for an estimation of the effective horizontal stress as well as an 

indication of stress anisotropy. K0, also usually defines a stress path for the sediment 

loaded under a uniaxial strain condition in soil mechanics. K0 is the ratio between 

horizontal effective stress σ’h and vertical effective stress σ’v, that is (Mayne and 

Kulhawy, 1982):   

 

K0 =
σ’h

σ’v
                                                                                                                              (5) 

 

For example, for K0 = 1, the stress is hydrostatic implying that the vertical and 

horizontal effective stresses are equal. For K0 < 1, the stress is uniaxial, and the vertical 

effective stress is greater than the horizontal effective stress. For loose sediments 

loaded under normal consolidation, K0 equals approximately 0.5. 

  

Effective horizontal stresses are important for drilling applications. The magnitude of 

horizontal stresses is critical for a mud weight design, whist horizontal stress direction 

is important for well trajectory optimization to improve wellbore stability.  Mud weight 

used to counteract subsurface pore pressure should not exceed the minimum 

horizontal stress to prevent drilling fluid losses into the formation through reopening 

of existing fractures or invasion in permeable formations.  
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The accuracy in the estimation of the horizontal stresses is normally improved using 

calibrated data from Leak Off Tests (LOT) and borehole breakouts (Zoback et al., 

1985). However, these data are not available in a new frontier exploration, as such data 

can only be obtained when drilling a well. Therefore, being able to estimate the 

horizontal stresses through the knowledge of K0 relationship with effective vertical 

stress, can reduce drilling risks in a new frontier basin.   

   

2.4 Normal Consolidation versus Overconsolidation 
 

Normal consolidation refers to a continuous stress increase during sediment 

compaction. Normal consolidation, normal compaction, normal loading, and virgin 

compaction are terms used interchangeably. Sediments presently found at lower stress 

than previous experienced levels due to uplift, erosional unloading or excess pore 

pressure, are termed “overconsolidated” (e.g. Pender, 1978; Bjørlykke and Jahren, 

2010). Alternative terms describing overconsolidation are unloaded, reloaded, or 

uplifted. When the sediments have been precompacted before uplift, the term 

“preconsolidation stress” is used for the past maximum effective stress level acting on 

the sediments prior to stress reduction.  

 

When describing the degree of overconsolidation, the overconsolidation ratio (OCR) 

is used. OCR is defined by the difference between past maximum effective vertical 

stress σ’v max, and the present effective vertical stress σ’v, (Casagrande, 1936) that is: 

 

OCR =
σv max

′

σv 
′                                                                                                                       (6) 

 

When the OCR is equal to 1, sediments are normally consolidated, i.e. when the past 

maximum effective stress and the present effective stress are equal. When OCR is a lot 

greater than one, the sediments are previously buried at significantly deeper depth than 

at present day depth. 

 

Mayne and Kulhawy (1982) determined the relationship between K0 and 

overconsolidation ratio (OCR) on the effect of stress history by compiling data from 

hundreds of different soils. The relation is expressed as: 

 

K0oc = (1- sin θ') OCR sin θ’                                                                                                                                                          (7) 

 

The analysis of unloading stress linking K0 and OCR are built on Jaky’s simplified 

equation (Jaky, 1948). For normally consolidated materials, OCR=1, and equation (7) 

reduces to K0oc= (l-sin θ') = K0nc, where K0nc is K0 during normal compaction. The θ 



14 
 

is frictional angle. For example, if θ’ = 30°, K0nc = 0.5. If we relate K0oc with effective 

horizontal and vertical stresses in equation 4 and 5, the effective horizontal stress in 

uplift basins can be determined.  

 

 

2.5 Acoustic and Rock Physical Properties of Sandstones and Effects of 

Mineralogy and Micro-textures 
 

Acoustic, moduli and petrophysical properties of sands and sandstones are controlled 

by grain contacts, mineralogy, and microtextures such as sorting and grain size. These 

controlling parameters affect initial porosity. How much the porosity is further reduced 

depends on the degree of applied stress and temperature following burial and 

compaction. At a certain stress and temperature (as reviewed in section 2.1), the sands 

begin to increase in stiffness due to quartz precipitation and cementation.  

 

Experimental compaction studies of unconsolidated sands or sandstones have 

previously been documented to show the effect of stress dependent velocities and 

porosity (Yin, 1992; Tao et al., 1995; Dvorkin and Nur, 1996; Chuhan et al., 2003; 

Pettersen, 2007; Mondol et al., 2010; Fawad et al., 2011; Grande et al., 2011; Bhuiyan et 

al., 2013). The measurements were performed for samples with different mineral 

compositions and textural variations. Varying mineralogy and textural differences 

(such as sorting, grain size, and roundness) also has the effect on both acoustic and 

petrophysical properties (Chuhan et al., 2002; Fawad et al., 2011). Sorting is one of the 

most common microtextural properties that influences the mentioned parameters 

(Dvorkin and Nur, 1996; Fawad et al., 2011).  Fawad et al. (2011) demonstrates that 

sand samples with poor sorting shows low initial porosity, while sands with high grain 

angularity has high initial porosity. Compaction and velocities increased with 

decreasing degree of sorting. However, at the same porosity under low stresses, the 

velocities of the composite mixture with varying grain size distribution were slightly 

lower than in the well-sorted sands. This indicates that the presence of loose smaller 

grains in-between the framework grains contributes to porosity reduction but does not 

form grain-to-grain contacts contributing to velocity increase under low stresses.   

 

Fawad et al.’s (2011) sand compaction tests also show that at a given stress, well-sorted, 

coarse-grained sands are more compressible and have higher velocities both for 

compressional and shear waves than fine grained sands when the mineralogy is similar. 

Such phenomenon can be attributed to grain fracturing, where coarser grains lead to 

high compressibility and large grain-to-grain contact areas result in high velocities. On 

the other hand, small grain-to-grain contact areas allow higher deformation at grain 

contacts, more crushing and increased porosity loss resulting in high velocities. The 

mineralogy also influences the velocities. Quartz-poor sands show higher velocities 
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compared to that of quartz rich sands. This could be the result of increasing grain 

contacts of ductile minerals in the quartz-poor sands increasing the effective bulk and 

shear stiffness (Fawad et al., 2011). Since these sand compaction studies were 

performed by applying stress loading to the samples, compaction experiments that 

include the opposite stress application by unloading, can improve the understanding 

of how the variations in sand compositions and textures in such a stress condition can 

impact acoustic and rock physical parameters. 

 

 

2.6 Rock Physics of Mechanically Compacted Sands - Friable Sand 

Model 
 

Rock physics has become an important tool in reservoir geophysics and quantitative 

seismic interpretation. To successfully apply rock physics modelling in such an 

integrated study, appropriate rock physics models suitable to describe certain rock 

types need to be selected. Many empirical site-specific models have been used for 

specific settings. However, such models may not be applicable elsewhere due to 

differences in geologic settings. At the same time, more advanced physics-based 

models can be too uncertain because of poor constraints on the input parameters 

without well or laboratory data to calibrate these parameters. A hybrid modelling 

approach, which combines those two model types, has been proposed and applied to 

siliciclastic unconsolidated to moderately consolidated sediments (Mavko et al., 2009; 

Avseth et al., 2010).  

 

In sandstones, a physical-contact theory Hertz-Mindlin (HM, Mindlin, 1949) can be 

used to calculate elastic moduli and velocities as a function of porosity and pressure.  

This theory can describe the porosity-pressure   dependence   in   any   unconsolidated 

sediment, when the porosity reduction is only due to mechanical compaction.  The 

HM model combined with theoretical elastic bounds such as the Hashin-Shtrikman 

(HS) bounds mimics the elastic signatures of porosity reduction associated with 

depositional sorting and diagenesis, including mechanical and chemical compaction. 

For unconsolidated sands, such a theoretical combination of models was developed 

into a hybrid model called “a friable sand model”.   

 

The friable (unconsolidated) sand model was first introduced by Dvorkin and Nur 

(1996). The model expands the possibility of predicting seismic velocity and porosity 

of unconsolidated sands if rock microtextures (e.g. sorting) are known (Figure 5). 

Without such geometric details the best possible way to predict seismic velocities are 

by using upper, and lower bounds, and the geometric average (Voigt, 1910; Reuss, 

1929; Hills, 1952; Hashin and Shtrikman, 1962, 1963). Therefore, the model allows 
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better characterization of unconsolidated reservoir sands as it helps to discriminate 

between poorly-consolidated and well-cemented rocks. 

 

The friable sand model suggested by Dvorkin and Nur (1996) was based on a dataset 

of high porosity, normally consolidated sands from the North Sea. If the sands buried 

and uplifted within a mechanical compaction domain where the sands remained 

poorly-consolidated after uplift, the model based on compaction, may be used for 

uplifted rocks. This PhD study aims at exploring and expanding the validity of the 

model for overconsolidated sands.  

 

The friable sand model uses Hertz-Mindlin (HM, Mindlin, 1949) contact theory to 

calculate the dry rock moduli at depositional porosity. To connect this porosity end 

point with the solid mineral phase, the modified Hashin-Shtrikman lower bound (HS-

, Hashin and Shtrikman, 1963) is employed to interpolate between the two data points.  

 

 

 

 

 

 

 

 
 
Figure 5.  Schematic representation of 
the friable sand model. Elastic moduli 
or velocities increase as grain sorting 
deteriorates. 

 

 

 

 

The bulk and shear moduli from the HM theory are given by: 

 

𝐾HM =  [
  𝑛2(1−𝜙𝑐)2  µ2

18𝜋2(1−𝜈)2
𝑃 ]

1

3
                                                                                                 (8) 

 

µHM =  
5−4𝜈

5(2−𝜈)
[

  3𝑛2(1−𝜙𝑐)2  µ2

2𝜋2(1−𝜈)2
𝑃 ]

1

3
                                                                                      (9) 

 

, and for the modified HS- lower bound are given by: 
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𝐾dry =  [

𝜙

𝜙𝑐

𝐾HM+
4

3
µHM 

+
1−

𝜙

𝜙𝑐

𝐾+
4

3
µHM 

 ]

−1

−  
4

3
µHM                                                                  (10) 

 

µdry =  [

𝜙

𝜙𝑐

µHM+ɀ
 +

1−
𝜙

𝜙𝑐

µ+ɀ
 ]

−1

−  ɀ                                                                                     (11) 

 

ɀ =  
µHM

6
(

9𝐾HM+8µHM

𝐾HM+2µHM
)                                                                                                       (12) 

 

where KHM and µHM are the dry rock bulk and shear moduli, respectively, at critical 

porosity (depositional porosity), ϕc. µ and ν are the shear modulus of the solid mineral 

and Poisson’s ratio of the mineral. P is the effective pressure. Based on Terzaghi’s 

principle the effective pressure is the difference between total applied pressure and 

pore pressure. The pore pressure is assumed to be hydrostatic. n is the coordination 

number (the average number of contacts per grain). Kdry and µdry are the dry 

unconsolidated sand bulk and shear moduli. K is the bulk modulus of mineral. ϕ is the 

porosity. 

 

 

2.7 Reservoir Fluids 
 

Reservoir fluids fall into three broad categories; (i) aqueous solutions with dissolved 

salts (e.g. brine), (ii) liquid hydrocarbons (e.g. crude oil), and (iii) gases (hydrocarbon 

and non-hydrocarbon e.g. H2S). Their fluid compositions depend upon their source, 

depositional history, and present thermodynamic (temperature and stress) conditions. 

Such variations can influence their physical and acoustic properties. Knowledge of 

thermodynamic and physical properties of hydrocarbons, including their complex 

mixtures, is critical in petroleum production and processing. Accurately predicting 

reservoir fluid properties required in seismic interpretation, reservoir monitoring and 

direct hydrocarbon indicators (DHI) may be the difference between a successful and 

an unsuccessful hydrocarbon discovery and development. 

 

Fluid properties can be calculated through PVT relations and generalized correlations 

based on the principles of corresponding states (Equation of State, McCain, 1990; 

Danesh, 1998). However, the PVT method involves an isothermal process and is not 

appropriate for seismic modelling studies. Batzle and Wang (1992) made an effort in 

applying engineering properties to develop the geophysical properties of hydrocarbon 

fluids. Their equations are found to be more suitable to estimate fluid properties for 

geophysical applications, as the measurements through wave propagation involve an 

adiabatic process instead of isothermal.  
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The primary seismic properties of pore fluids; density, bulk modulus, velocity, and 

viscosity, vary substantially but systematically under the pressure and temperature 

conditions typically seen in sedimentary basins. Brines and hydrocarbon gases and oils 

are the most abundant pore fluids.  

 

Based on Batzle and Wang (1992), gas and oil density and modulus as well as oil 

viscosity, increase with molecular weight and pressure, and decrease with temperature. 

Gas viscosity has a similar behaviour, except at higher temperatures and lower 

pressures, where the viscosity will increase slightly with increasing temperature. Oil 

density and the bulk modulus are shown in Figure 6 and 7.   

 

 

 

 

 

 

 

Figure 6. Oil densities as a 
function of temperature, 
pressure, and composition 
(Batzle and Wang, 1992) 

 

 

 

 

 

 

 

Figure 7. The bulk 
modulus of oil as a 
function of temperature, 
pressure, and composition 
(Batzle and Wang, 1992) 
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Brine modulus, density, and viscosities increase with increasing salt content and 

pressure. Brine shows anomalous temperature behaviour as the bulk modulus increase 

with temperature and reaches a maximum at a temperature between 40 to 80°C (Figure 

8). Beyond these temperature points, the brine’s modulus establishes a reversing trend. 

It decreases with increasing temperature (Batzle and Wang, 1992).   

 

 

 

 

 

 

 

Figure 8. Calculated brine 
modulus as a function of 
pressure, temperature, and 
salinity (Batzle and Wang, 
1992) 

 

 

 

2.8 Gassmann Fluid Substitution  
 

Gassmann theory (Gassmann, 1951) is the most used theoretical approach for fluid 

substitutions. Gassmann’s equation assumes that the rock is macroscopically 

homogenous and isotropic, and that all pores are interconnected. Gassmann’s 

assumption is valid only at low frequency to allow pore pressures sufficient time to 

equilibrate over the pore space.  Gassmann’s model relates the saturated bulk modulus 

of the rock to its porosity, the bulk modulus of the porous rock frame, the bulk 

modulus of the mineral matrix, and the bulk modulus of the pore-filling fluids using 

the following equation:  

 
𝐾𝑠𝑎𝑡

(𝐾𝑜−𝐾𝑠𝑎𝑡)
=

𝐾𝑑𝑟𝑦

(𝐾𝑜−𝐾𝑑𝑟𝑦)
+

𝐾𝑓𝑙

𝜙 (𝐾𝑜−𝐾𝑓𝑙)
                                                                                    (13) 

 

where Ksat is the saturated bulk modulus in the undrained condition, Ko is the bulk 

modulus of the mineral matrix, Kfl is the bulk modulus of the pore fluid, Kdry is the 

bulk modulus of the dry porous rock frame, and ø is porosity. 
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The equation has two main terms which shows that the application of the Gassmann’s 

model is a two-part process. The first term is the part determining the bulk modulus 

of the dry porous rock frame, whilst the second term relates to the bulk modulus of 

the saturated fluid, which is required to be estimated independently. When there is 

more than one fluid mixture, the fluid mixing average law is employed to calculate the 

mixed fluid bulk modulus, Kfl.  

 

To convert the elastic moduli to seismic wave velocity, Vp, the following equation is 

employed: 

 

Vp  =  √
(K+

4

3
μ)

ρ
                                                                                                                  (14)              

 

where K is the saturated bulk modulus (Ksat), μ is the effective shear modulus of rock 

with fluid (μsat = μdry), and ρ is bulk density.   

 

 

2.9 Fluid Mixing Averages 
 

Voigt and Reuss Averages 

 

Theoretical prediction of the effective elastic moduli of a mixture of grains or pores 

requires that detailed descriptions of rock microtextures e.g. geometrical details and 

volume fraction of the mixtures are known. However, in most cases, such information 

is not available. The best possible way to achieve the estimation of the elastic moduli 

is to predict upper and lower bounds using Voigt and Reuss averages (Figure 9).  

 

 

 

 

 
 
 
Figure 9. Effect of changing the 
volume fraction of constituent 
materials. The bulk modulus will 
move along the vertical dotted line 
between the two bounds (after 
Mavko et al., 2009). 
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At any given volume fraction of considered constituents, the effective elastic modulus 

will fall between the upper and lower bounds. The Voigt (Arithmetic) and Reuss 

averages are interpreted as the ratio of average stress and average strain within the 

composite mixture. The stress and strain distribution in the rock are generally unknown 

and are expected to be nonuniform. The upper bound (Voigt, 1910) assumes the strain 

is uniform or called iso-strain (Figure 10, left). The lower bound (Reuss, 1929) assumes 

the stress is uniform or called iso-stress (Figure 10, right). In a geological context, the 

Voigt bound describes an extreme condition that all the sediment grains experience 

the same strain when the sediment is compacted and deformed under stress. Whilst, 

Reuss describes another extreme (iso-stress) under which all deposited sediments 

experience identical stress when forces are applied to the rocks. Since the Reuss average 

describes an iso-stress situation, it also applies accurately to suspensions and fluid 

mixtures and therefore is an appropriate model used for comparison with fluid 

experiments herein.  

 

 
 

Figure 10. Schematic representation of Voigt or iso-strain (Left) and Reuss or iso-strain (Right) which 
are theoretically served as the upper bound and lower bounds, respectively. 

 
 
The Voigt average of the effective elastic modulus, Mv, of any given number (n) of the 

mixed constituents is: 

 

𝑀𝑉 = ∑ 𝑓𝑖𝑀𝑖
𝑛
𝑖=1                                                                                                                 (15)                               

 

The Reuss average of the effective elastic modulus, MR, of any given number (n) of the 

mixed constituents is: 

 
1

𝑀𝑅
 = ∑

𝑓𝑖

𝑀𝑖

𝑛
𝑖=1                                                                                                                    (16)                      

 

where fi is the volume fraction of the ith constituent, and Mi is the elastic modulus of 

the ith constituent. 
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Wood’s Equation 

 

In fluid suspension or fluid mixtures, compressional wave velocity is given by Wood’s 

equation (Wood, 1955), given that heterogeneities are small when compare with a 

wavelength.  

 

𝑉𝑃 = √
𝐾𝑅

𝜌
                                                                                                                         (17) 

 

where VP is P-wave velocity, KR is the Reuss average (iso-stress) of the constituents 

 
1

𝐾𝑅
 = ∑

𝑓𝑖

𝐾𝑖

𝑛
𝑖=1                                                                                                                      (18) 

 

and ρ is the average density which is estimated by Voigt averaging method 

 

𝜌 = ∑ 𝑓𝑖𝜌𝑖
𝑛
𝑖=1                                                                                                                    (19) 

 

fi. Ki, and ρi are volume fraction, bulk moduli and density of the constituent, 

respectively. 
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Chapter 3 
 

SUMMARY OF THE PAPERS 
 

 

 

This thesis section provides a summary of the four papers. Each paper summarizes 

the study objectives and the main findings.  

 

 

3.1 Paper 1: Acoustic and petrophysical properties of mechanically 

compacted overconsolidated sands: Part 1 – Experimental results 
 

Objectives: 

 

This study reports an experimental investigation of seven brine-saturated 

unconsolidated sands with varying mineralogical compositions and textures. The study 

applies complex stress paths under a zero horizontal strain condition including three 

stages of loading, partial unloading and reloading to simulate sediments that underwent 

several uplift-erosion episodes. The samples were compacted in the uniaxial strain 

configuration from 0.5 up to 30 MPa effective stresses. The measurements reported 

here include porosity and ultrasonic P- and S-wave wave velocities. Relationship 

between porosity and velocities were assessed. Quantification of changes in the 

measured parameters after stress reduction was also included to study the effect of 

overconsolidation. The results were compared with previously published sand 

compaction datasets and with well logs from the Barents Sea Shelf.  

 

Main findings: 

 

• The experimental results show that stress unloading impacts velocities both P- 

and S-waves, porosity, and density of sands differently compared to the sands 

subjected normal loading. Lower porosity and higher velocities are found at a 

given applied stress in pre-consolidated compared to normally consolidated 

sands. This can be explained by deformation of the sediments due to pre-

compaction is being permanent and irrecoverable. Porosity and P- and S- wave 

velocities deviate from the normal compaction trends during unloading and the 

degree of deviation increases with increasing preconsolidation stress. However, 

varying preconsolidation stress magnitudes (maximum applied stress) do not 

significantly affect the change in the porosity - velocity relation during 

unloading.   
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• The estimation of the amount of porosity loss and the change of P- and S-wave 

velocities due to the stress changes during unloading caused the total porosity, 

and the two velocities to change a maximum of 5%, 25%, and 50%, respectively. 

At any given stress change, these relations can constitute a porosity loss (Δϕ) 

and a change in the P-wave velocity (ΔVP) relationship to an approximation of 

Δϕ ~ 5ΔVP. This means one unit of porosity loss causes five times P-wave 

velocity increase. For the velocities, the 25% and 50% changes of the P- (ΔVP) 

and S- (ΔVS) waves as a result of stress reduction gives ΔVP ~ 2ΔVS.  This means 

the change in S-wave velocity is approximately two times larger than the change 

in P-wave at any given stress reduction.   

 

• Mineral composition and sorting are found to influence porosity and velocities 

mostly during the normal consolidation, but less significantly during unloading 

and reloading. Published experimental data of sand samples with varying 

mineral compositions and textures, but subjected to a similar stress condition, 

resemble the same unloading trend on the velocity – porosity space as the study 

herein.  

 

• The research findings and the dataset can be used in velocity modelling, basin 

analysis, time-lapse seismic monitoring, and potential seismic-geomechanics 

applications for basins subjected to stress unloading or uplift. The experimental 

results are only valid for unconsolidated sands that have been compacted and 

unloaded/reloaded within the mechanical compaction domain.  

 

 

3.2 Paper 2: Acoustic and petrophysical properties of mechanically 

compacted overconsolidated sands: Part 2 – Rock physics modelling and 

applications 
 

Objectives: 

 

The objective of this paper is to utilize existing rock physics models to evaluate the 

validity of the model for the measured data from Paper 1. A friable sand model was 

used to describe relationships between velocities and porosity of the laboratory data. 

Evaluation of the validity of the friable sand model, established for normally 

compacted sediments to describe micro-textural changes, in particular sorting, suitable 

to be used for overconsolidated sediments was investigated. Overconsolidated rock 

properties in the P-wave and S-wave velocity ratio (VP/VS) and acoustic impedance 

(AI) domain were also included in the study. Observations of geological trends utilizing 

Rock Physics Templates (RPTs) were discussed. For the purpose of time-lapse seismic 
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applications, fluid saturation sensitivity was also further analysed in order to address 

whether 4D fluid detectability can be affected if the rocks experienced pre-

consolidation. Barents Sea well log data were included for comparison with the 

experimental measurements.  

 

Main findings: 

 

• The results show that a friable sand model established from normally 

consolidated sediments can also be used to predict velocity and porosity of 

overconsolidated sediments. At a given stress, the sands which were 

subjected to stress reduction, plotted on the same model line as the sands 

that experienced normal consolidation. The overconsolidated sand data 

plotted towards the lower porosity and higher velocity ends as a result of 

the porosity loss due to the effect of preconsolidation. This also means that 

the data from overconsolidated sand samples plotting along the friable sand 

model lines, not only describes the deterioration of grain sorting as 

traditionally explained by other studies, but also outlines the differences in 

the preconsolidation stresses associated with a maximum burial depth or 

amount of uplift. These findings extend the validity of a friable sand model 

and have a potential to be used for estimating preconsolidation stress of 

overconsolidated sediments.  

 

• Different behaviours are found for velocity and porosity (density) 

relationship and VP/VS versus AI space between overconsolidated sands 

and normally consolidated sands. The overconsolidated sands exhibit 

steeper velocity-porosity and VP/VS-AI gradients compared to the normally 

consolidated sand data. The VP/VS-AI trends established on Rock Physics 

Templates (RPTs) also add geological burial history information, such as a 

degree of stress reduction, on top of the already existing relations previously 

reported.  

 

• The effect of preconsolidation on a 4D fluid detectability for reservoir 

monitoring applications was investigated. The result showed that fluid 

sensitivity of the overconsolidated sands decreases with increasing degree 

of preconsolidation stress prior to the sands being unloaded. The sensitivity 

of the VP/VS and AI responding to the fluid replacement is less in 

overconsolidated sediments compared to normally compacted sediments. 

This implies that there could be a limitation on the change of fluid saturation 

detectability if time-lapse seismic monitoring is employed in a field where 

the reservoir rocks are affected by uplift. These findings allow better rock 
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physics diagnostics and fluid sensitivity understanding for uplifted 

sediments. 

 

 

3.3 Paper 3: Effects of stress reduction on geomechanical and acoustic 

relationships of overconsolidated sands 
 

Objectives: 

 

Experimental investigation to acquire mechanical properties (e.g. stress, strain, and 

overconsolidation ratio) measured of the same sand samples as used in Papers 1 and 2 

are reported. The mechanical data reported together with acoustic velocity and density 

are used to compute static and dynamic elastic moduli. Relationships between rock 

acoustic and mechanical properties and the different behaviours between normal 

compaction and overconsolidation are investigated. The objective is to compare such 

properties between normal and overconsolidated stress conditions in order to 

understand the effect of stress reduction. The knowledge obtained can improve the 

understanding of seismic – geomechanics inter-relations of overconsolidated 

sediments. 

    

Main findings: 

 

• Mechanical parameters including stress, strain, effective horizontal and vertical 

stress coefficient or stress path under a uniaxial strain condition (K0), and 

overconsolidation stress ratio (OCR) show significantly different relationships 

when comparing normal compaction to overconsolidation (unloaded and 

reloaded).  K0 value of approximately 0.5 is found for most of the normally 

consolidated sands, but slightly varies during unloading depending on mineral 

compositions and textural differences.  The relationship between K0 and OCR 

from previously published studies can be further simplified from the K0 and 

OCR relation established from the experimental data study herein. Given that 

K0 has a direct relationship with an effective horizontal and vertical stress, the 

effective horizonal stress can be derived if effective vertical stress is known. An 

ability to estimate a horizonal stress is important especially in exploration of a 

new frontier basin. This is because more accurate data like Leak Off Tests 

(LOT), which is usually tested and acquired during drilling is not available in an 

early hydrocarbon exploration phase. The finding is especially helpful to the 

estimation of horizontal stress for designing drilling parameters (e.g. mud 

weight) in a well being drilled in an uplifted basin.  
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• The investigation results on the elastic moduli of the sand samples (e.g. 

constrained modulus, Young’s modulus, bulk and shear modulus) show that the 

static moduli, which were computed from stress and strain data, of the 

overconsolidated sands are much higher than for normally consolidated sands 

as the deformation is smaller (small strain). The correlation between dynamic 

(computed from velocities and density data) and static (computed from stress 

and strain data) elastic moduli is stronger for the sands subjected to the stress 

during overconsolidation stage than for a normal consolidation stage. Such 

correlation can be used to transform dynamic elastic moduli which are more 

frequently obtained from well log measurements to static elastic moduli which 

are rarely obtained from core measurements. The static moduli are the 

parameters required for geomechanical model input for many geomechanics 

application, for example collapse analysis for wellbore stability understanding.   

  

 

3.4 Paper 4: Acoustic properties of brine – crude oil mixtures: 

Experimental measurements versus mixing average law model 
 

Objectives: 

 

Experimental measurements to acquire density and velocity of two pure fluids and 

three mixed fluids were performed under applied pressure up to 35 MPa at three 

temperatures 23˚C, 75˚C and 120˚C. Pure brine with NaCl concentration of 35000 

ppm and crude oil from the Draugen field, North Sea were tested. Three brine - crude 

oil samples were prepared by mixing different volume fractions. The mixtures 

constitute of 70% brine - 30% crude, 50% brine - 50% crude, and 30% brine - 70% 

crude. The study aims to report measurement results and compare the measured mixed 

fluid properties including velocity, density, and calculated bulk modulus with 

theoretical mixing average models that are commonly used during the Gassmann fluid 

substitution workflow.  

 

Main findings: 

 

• The results show that measured velocity, density, and its bulk modulus product 

decrease with increasing temperature and oil volume fraction. The above-

mentioned fluid properties increase with pressure for most samples. However, 

pure brine behaves abnormally as the velocity and bulk modulus increase with 

increasing temperatures up to 70 ̊ C and then decrease as temperature rises to 

120 ˚C. This pure brine behaviour is similar to that reported in other published 

studies. 
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• Experimental measurements of fluid properties under elevated pressure and 

temperature show that most mixed fluids have similar behaviours compared to 

the commonly used models, with a few exceptions. Arithmetic averaging model 

(Voigt average), matched measured density reasonably well for most samples, 

except 100% crude oil at 120˚C, where the model overpredicted the density 

especially at a high stress level. Bulk moduli estimated from Wood’s (or Reuss) 

averaging methods give a reasonably good match to the values calculated from 

the measured density and velocity data for most of the mixed fluids, except the 

sample with 70% brine and 30% crude oil. At 75 ˚C and 120 ˚C, Voigt’s mixing 

average matches the bulk modulus of this high brine content sample (70-30: 

brine-oil mixture) better. However, at 23˚C both Wood’s and Reuss models fail 

to capture bulk modulus for this sample.  The large discrepancy between the 

model and measured moduli is possibly due to anomalous brine temperature 

behaviour in mixed samples with a high proportion of brine. The study shows 

that careful fluid substitution modelling is required for mixed fluids with high 

brine concentrations when estimating bulk modulus of the mix fluid which is 

performed as part of the fluid substitution workflow. 
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Chapter 4 

 

CONCLUDING REMARKS 

 

 

 

The main scientific contributions of this PhD dissertation were to improve the 

understandings of; i) stress reduction affecting rock physical and acoustic properties 

and ii) fluid property measurements versus estimation using models. The first 

contribution constitutes a major part of the thesis, which combines experimental 

measurement, rock physics, and geomechanics studies.  

  

This experimental compaction study of natural sand samples document significant 

measurement differences in velocity and density (porosity) between normal 

consolidated (stress loading) and overconsolidated (stress unloading) samples. The 

degree of the differences increases with preconsolidation stress prior to unloading. 

Velocity and porosity loss remained higher after stress unloading when the sands were 

subjected to higher preconsolidation stress.  This implies that at a given present day 

depth, the velocity and porosity of sediments, that undergo different burial depths 

before stress release, varies after uplift. By choosing the sand samples with varying 

mineralogy and textures, the study can detail the effect of mineral composition and 

sorting on stress reduction. This is applicable as in the subsurface various sands with 

different mineral and microtextural compositions are found. The change in velocity 

and porosity trends, found for the different samples with different mineral constituents 

and sorting, is very similar even during the application of stress reduction, while the 

trends for the normal compaction varies. This behaviour implies that mineralogy and 

sediment textures do not strongly influence acoustic response and porosity of the 

sediments in uplifted basins. In one way, this can make a model of stress dependence 

acoustic velocities and porosity of stress unloaded sediments less complicated, as the 

similar velocity – porosity trend can be established no matter how the sediments’ 

mineralogy and microtextural (e.g. sorting) properties are constituted. In another way, 

the same velocity – porosity trend used for a lithology prediction of overconsolidated 

sands subjected to uplift becomes more complex as the work suggests it is difficult to 

discriminate the sand types (e.g. sands with varying mineralogies have similar 

behaviours). This complexity needs to be accounted for in an uncertainty analysis 

during basin modelling studies. 

 

In rock physics studies, a new or modified rock physics model is often proposed when 

the measurements of rock or fluid properties are obtained from a laboratory 

experiment. In this study however, a new or modified rock physics model equation is 
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not established. An existing rock physics model was used instead with the aim to 

investigate and expand its model validity to the sand types that were subjected to stress 

release similar to the studied samples herein. A friable or unconsolidated sand model 

was utilized.   The rock physics modelling result using the friable sand model applied 

to the measured sand data shows that the model is not only valid for normally 

consolidated but also overconsolidated sands. At any given stress, the overconsolidated 

sand data plots along the friable sand model lines, not only describing deteriorating 

sorting but also outlining the differences in preconsolidation stresses the sands were 

subjected to before unloading.  The result expands the validity of the friable sand 

model for use in overconsolidated sediments. The model can also provide information 

about the degree of preconsolidation stress the sediments were subjected to. These 

findings can also pose a level of ambiguity in discriminating sediment sorting properties 

from well to poorly sorted using the velocity-porosity relationship. This is because the 

sand data plots on the model toward the lower porosity end may be a poorly sorted 

normally compacted sand, but can also be a well sorted sand that was previously pre-

compacted at a deeper than present day depth. These important findings mean that 

knowing whether a studied basin experienced uplift or no-uplift before a rock physics 

modelling exercise is important. The results of the study can help to improve velocity 

modelling, basin analysis and seismic modelling studies of shallow reservoir sands 

subjected to stress reduction at burial depths where mechanical compaction is the 

dominant process.  

 

If a hydrocarbon discovery in an uplifted basin is proven economic and the field is 

further developed, it is important to include oil or gas recovery strategies as part of a 

field development study. The fluid saturation sensitivity results in this study help to 

understand the impact of uplift on the detectability of fluid saturation change (e.g. 

water replacing oil). Results show that when fluid saturation changes, reservoir sands 

that experienced stress release have reduced acoustic responses and porosity changes. 

The higher the pre-compaction depth prior to uplift the lesser fluid sensitivity to the 

seismic response which could impact the detectability of fluid saturation changes on 

time-lapse seismic. This can mean that another alternative reservoir monitoring 

method (e.g. electromagnetic or resistivity time-lapse) needs to be considered as part 

of an oil recovery plan during field development studies.       

 

On a separate, but related subject from the above highlighted aspects of stress 

reduction affecting rock properties, the final part of the study focuses on laboratory 

measurements of fluid properties. The measurements of velocity and density were 

performed for both pure and mixed fluids under elevated pressures and temperatures. 

Some discrepancies between the measured properties and the model calculation using 

fluid mixing average laws are found for one mixed fluid sample, but other mixtures 

show a good match between the measured and the modelled properties. Arithmetic 
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averaging model (Voigt average), matched measured density reasonably well. Reuss or 

Wood’s averaging method gives a reasonably good match to most mixed fluids, except 

for the sample with high brine volume (70:30 brine-crude oil). At low temperature, 

Voigt’s model does not capture the measured data of this mixture. The effect of brine 

abnormal temperature behaviour for mixed samples with high proportions of brine 

possibly explains the discrepancies. The study shows that modelling error due to an 

incorrect mixed fluid property estimation using the averaging models can occur at this 

step of estimating fluid property during fluid substitution modelling. Careful fluid 

substitution exercises are required, and a new mixing average model may be needed. 

Since most studied fluid samples show a good fit between the measurements and the 

model calculation except for this one, a possible cause for the discrepancy, can be an 

experimental error. This aspect of the research cannot be explored further unless a 

repeated experiment is performed. This is beyond the scope of this study and hence a 

repeat experiment represents a future research opportunity. 

 

Overall, the present work benefits the industries in the direction they are heading, 

which is moving the exploration of hydrocarbons toward the northern hemisphere. 

Area such as the SW Barents Sea, have had isostatic deglaciation rebound in its burial 

history. Therefore, sediments in the basin were affected by uplift and erosion. Many 

resource evaluation methods, for example basin modelling, lithology mapping, and 

rock physics modelling require the inter-relationship knowledge between 

acoustic/seismic response and petrophysical properties. Understanding how complex 

burial histories affect these properties can make the difference between a successful 

and an unsuccessful exploration outcome.   

 

 

4.1 Future Research Outlook 
 

The experimentation and modelling studies performed on both sand compaction and 

fluid property measurements have encountered numerous ideas and challenges. 

Despite of being interest, some ideas and arisen questions emerged during this study 

were not pursued further, and they were not addressed due to current work scope and 

time allocation. However, these present potential future research opportunities. 

Scientific communities as well as the petroleum industries will benefit, if the following 

research areas are considered.  

 

A reduction in the effective stress has various potential causes, with the following two 

being the main contributions; 1) uplift and erosion where vertical weight of overburden 

was removed and 2) an increase in pore pressure. In basins that have been affected by 

uplift, the sediments may have also been experienced over-pressure, which could occur 

pre- or post-uplift.  The ability to distinguish between these two effects, either through 



32 
 

laboratory experiments, rock physics modelling, or well log observations, can help us 

prepare for drilling in uplifted basins, which may encounter risks due to overpressure. 

In addition, the current experimental studies presented herein, were only performed 

on natural sand samples. Similar experiments employed for clays or mudstones can 

complement the understanding of the stress release impacting the acoustic and physical 

properties of these fine-grained lithologies.  If the reservoir sands were uplifted, it is 

likely that the entire overburden, comprised mainly clays and mudstone that overlying 

reservoir rocks, were also uplifted.  

 

In this research, fluid saturation sensitivity for time-lapse seismic applications were 

investigated. The study, however, did not explore the absolute detectable limit where 

time-lapse seismic monitoring will not work for uplifted reservoir rocks. To highlight 

how much maximum burial depth (or preconsolidation stress) prior to uplift will limit 

time-lapse seismic response, more rock physics modelling, combining different fluid 

replacement scenarios with rock properties affected by various degrees of pre-

consolidation stress is required. With these results, alternative reservoir monitoring 

methods can be justified whether they are required to improve oil or gas recovery in 

uplifted reservoirs.  

 

Lastly, the fluid property measurements for brine and oil mixtures for 70-30 brine-oil 

components, give distinctive results which do not fit with the mixing average models, 

especially when compared to other mixtures. Repeated experiments on brine and oil 

mixtures, focusing on high brine proportions, can help explain the discrepancies found 

in this sample. It can also determine whether a new mixing average model is required 

to estimate fluid bulk modulus for fluid substitution exercises. 
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ABSTRACT
Relationship between different geomechanical and acoustic properties measured from
seven laboratory-tested unconsolidated natural sands with different mineralogical
compositions and textures were presented. The samples were compacted in the uni-
axial strain configuration from 0.5 to 30 MPa effective stress. Each sand sample was
subjected to three loading–unloading cycles to study the influence of stress reduc-
tion. Geomechanical, elastic and acoustic parameters are different between normal
compaction and overconsolidation (unloaded and reloaded). Stress path (K0) data
differ between normal consolidated and overconsolidated sediments. The K0 value of
approximately 0.5 is founded for most of the normal consolidated sands, but varies
during unloading depending on mineral compositions and textural differences. The
K0 and overconsolidation ratio relation can be further simplified and can be influ-
enced by the material compositions. K0 can be used to estimate horizontal stress for
drilling applications. The relationship between acoustic velocity and geomechanical
is also found to be different between loading and unloading conditions. The static
moduli of the overconsolidated sands are much higher than normal consolidated
sands as the deformation is small (small strain). The correlation between dynamic
and static elastic moduli is stronger for an overconsolidation stage than for a normal
consolidation stage. The results of this study can contribute to geomechanical and
acoustic dataset which can be applied for many seismic-geomechanics applications in
shallow sands where mechanical compaction is the dominant mechanism.

Key words: Overconsolidation, Stress path, Static, Dynamic elastic.

1 INTRODUCTI ON

Effective stress reduction due to sediment uplift or excess pore
fluid pressure affects acoustic, geomechanical and petrophysi-
cal properties (Holt 1990; Bowers and Katsube 2002; Zimmer
et al. 2007; Narongsirikul, Mondol and Jahren 2019a,b). In-
crease of vertical weight on the sediments results in poros-
ity loss, as well as increase of velocity and density in the
underlain sediments. In a contrary, unloading the stress act-
ing on rocks results in velocity and porosity reversal. How-
ever, the reversal of velocity and density is not fully re-

∗E-mail: Sirikarn_nar@hotmail.com

gained back the values as the previous stress level due to
permanent deformation (Bower 1995; Bowers and Katsube
2002).

The different effects the stress condition has on the sed-
iment properties, due to different burial histories, need to be
considered in reservoir characterization and seismic modelling
studies. Moreover, in the seismic-related geomechanics field,
understanding the correlation between geomechanical param-
eters and acoustic relations is critical, as one data type (e.g.
seismic velocities) can be used to extract another (e.g. mechan-
ical stress and strain). A link between acoustic/seismic and
geomechanical parameters can be expressed through various

968 C© 2019 The Authors. Geophysical Prospecting published by John Wiley & Sons Ltd on behalf of European Association of
Geoscientists & Engineers
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relationships. The relation between dynamic and static elastic
moduli is one of the most common correlations in geome-
chanics. This relation is especially required when the dynamic
moduli calculated from acoustic logs are needed to convert to
static elastic moduli, as the static moduli are rarely obtained
due to limited core measurements. The static elastic proper-
ties such as Young’s and Shear Modulus, and Poison’s ratio,
are important for geomechanical modelling. Uniaxial or con-
strained modulus is important for reservoir compaction study.
Another common relationship is between velocity and strain.
Previous studies have demonstrated that such a correlation
is effective in evaluating seismic-geomechanics coupling via
R-factor, a ratio of the change between velocity and in the
vertical strain (e.g. Hatchell and Bourne 2005; Holt, Nes and
Fjær 2005; Røste, Stovas and Landro 2005; Rickett et al.

2007; Herwanger and Horne 2009). This correlation means
seismic responses of four-dimensional time-shift or time-strain
can give information about geomechanical changes due to
production, that is deformation and dilation. Another geome-
chanical parameters which are important for geomechanics
applications are horizonal stresses. These parameters are often
accurately obtained through leak off test or borehole breakout
data. However, without drilling, the horizontal stresses need
to be estimated by other means. Previous studies show that the
stress path (K0) can give an estimation of effective horizontal
stress if effective vertical stress is known (Holt 1999; Grande,
Mondol and Berre 2011; Holt et al. 2016). K0 can also be es-
timated by overconsolidation ratio (OCR, Jaky 1948; Mayne
and Kulhawy 1983).

The seismic and rock mechanical relations of nor-
mally compacted sediments have been investigated extensively
through laboratory experiments on compacted sands studies
(Yin 1992; Tao, King and Nabi-Bidhendi 1995; Dvorkin and
Nur 1996; Chuhan et al. 2003; Pettersen 2007; Mondol et al.

2010; Fawad et al. 2011; Bhuiyan et al. 2013). Such exper-
iments lead to a good collection of data that can be utilized
for geomechanics and seismic integration for normal consol-
idation (NC) stress conditions. However, a few experimen-
tal approaches have been developed with the aim of under-
standing the effects of stress unloading on rock properties for
overconsolidated (OC) sediments (Holt 1994; Nygård et al.

2004; Bhuiyan, Kolstø and Holt 2011; Grande et al. 2011;
Dræge et al. 2014; Avseth and Lehocki 2016). More studies
can mature the understanding of the subject and increase the
collection of database for seismic and geomechanical appli-
cations such as reservoir compaction and time-lapse seismic
studies.

This study reports an experimental investigation of seven
unconsolidated sands with varying mineralogical composi-
tions and textures, aiming at mechanical parameters ob-
tained from the same laboratory measurements performed
by Narongsirikul et al. (2019a). The study applies cyclical
stress paths under zero horizontal strain conditions (K0) in-
cluding three stages of loading, partial unloading and reload-
ing to investigate different behaviours between NC and OC.
Mechanical properties (stress, strain, OCR and K0) mea-
sured from the experiments are reported. These data are used
to estimate static elastic moduli. The acoustic velocity data
studied in Narongsirikul et al. (2019a,b) are used to esti-
mate dynamic elastic properties. The relationships between
rock acoustic and mechanical properties, and the different
behaviours between normal compaction and OC are inves-
tigated. The study aims at correlating different geomechan-
ical parameters together with acoustic and computed elastic
properties, which are common for geomechanics and seismic
applications.

2 NORMAL CONSOLIDATION VERSUS
OVERCONSOLIDATION

Normal consolidation (NC) refers to a continuous stress
increase during sediments compaction. NC, normal com-
paction, normal loading and virgin compaction are the terms
used interchangeably. In contrast, sediments that are at
present found at lower stress than previously experienced due
to a reduction of the overburden (erosional unloading) or due
to excess pore pressure are termed overconsolidated (OC; e.g.
Pender 1978; Bjørlykke 2010). The term ‘pre-consolidation
stress’ was used for the past maximum effective stress prior
to stress reduction if the sediments have been preloaded. The
overconsolidation ratio (OCR) is defined by the difference be-
tween past maximum effective vertical stress σ ′

v max and the
present effective vertical stress σ ′

v, (Casagrande 1936) that is

OCR = σ ′
v max

σ ′
v

. (1)

When the OCR is equal to 1, sediments are normally
consolidated, that is when the past maximum effective stress
and the present effective stress are equal.

K0 can be used for an estimation of the effective hori-
zontal stress as well as an indication of stress anisotropy. K0

usually defined a stress path for the sediment loaded under
a uniaxial strain condition in soil mechanics. K0 is the ratio

C© 2019 The Authors. Geophysical Prospecting published by John Wiley & Sons Ltd on behalf of European Association of
Geoscientists & Engineers, Geophysical Prospecting, 68, 968–981



970 S. Narongsirikul, N.H. Mondol and J. Jahren

between horizontal effective stress σ ′
h and vertical effective

stress σ ′
v, that is

K0 = σ ′
h

σ ′
v

. (2)

For example, for K0 = 1, the stress is hydrostatic implying
that the vertical and horizontal effective stresses are equal.
For K0 < 1, the stress is uniaxial and the vertical effective
stress is greater than the horizontal effective stress. For loose
sand sediments loaded under normal consolidation, K0 equals
approximately 0.5 (Grande et al. 2011).

Finally, the term effective stress, σ
′
, is defined as σ

′ = σ −
αp, where σ is the total stress, and subscript v and h denote
the direction of vertical and horizontal stresses, respectively, p

is the pore pressure and α is an effective stress coefficient. Fol-
lowing Terzaghi (1943), the effective stress coefficient value
is assumed to be 1 for unconsolidated sediments.

3 S TATIC A ND DY N A MI C ELA ST I C
M O D U L I

Elastic moduli are elastic parameters which can be derived
from laboratory measurement and well logs. The elastic mod-
uli calculated from deformational experiments are the static
moduli. Whilst, the elastic moduli calculated from elastic wave
velocities (P- and S- waves, Vp and Vs) and density (ρ) are the
dynamic moduli (Mavko, Mukerji and Dvorkin 2009). Five
elastic parameters considered in the present study are listed
below. The definition and the equation are based on Mavko
et al. (2009).

Young’s Modulus, E, for static is defined as the ratio of
the extensional stress to the extensional stain in a uniaxial
stress state:

Estatic = σzz

εzz
. (3)

For dynamic:

Edynamic = ρV2
s

(
3V2

p − 4 V2
s

)

(
V2

p − V2
s

) . (4)

Poisson’s ratio, ν, for static is defined as minus the ratio
of the lateral strain to the axial strain in a uniaxial stress state:

νstatic = σzz

εzz
. (5)

For dynamic:

νdynamic =
(
V2

p − 2 V2
s

)

2
(
V2

p − V2
s

) . (6)

Constrained or P-wave modulus, M, for static is defined
as the ratio of the axial stress to the axial strain in a uniaxial
strain state:

Mstatic = σzz

εzz
. (7)

For dynamic:

Mdynamic = ρV2
p . (8)

Bulk Modulus, K, for static is defined as the ratio of the
hydrostatic or isotropic stress, σ 0, to the volumetric strain
(εαα):

Kstatic = σ0

εαα

. (9)

For dynamic:

Kdynamic = ρ

(
V2

p − 4
3

V2
s

)
. (10)

Shear Modulus, μ, for static is defined as the ratio of
the shear stress to the shear strain. It can be defined by the
functions between Young’s Modulus (E) and Poisson’s Ratio
(ν) as

μstatic = E
2 (1 + ν)

. (11)

For dynamic:

μdynamic = ρV2
s . (12)

4 D ATASET AND EXPERIMENTAL
P R O C E D U R E

The same data as reported in Narongsirikul et al. (2019a)
are used herein. A total of seven experimental compaction
tests were performed on seven brine-saturated natural sand
aggregates with varying mineral compositions and textures
(Tables 1 and 2).

An axi-symmetric triaxial cell located at the Norwegian
Geotechnical Institute was used for measurements of rock
properties in this study. The samples were initially isotrop-
ically compacted to an effective stress of 0.52 MPa in the
triaxial cell. The effective stress was then increased from 0.52
to 30 MPa under a uniaxial strain condition (K0), which was
maintained through adjustment of radial stress (σ

′
h, onset,

Fig. 1). Pore pressure was kept constant at 1 MPa throughout
the experiments. To assure complete saturation prior to com-
paction, vacuum was applied before fluid saturation to ensure
no air was left inside the samples. Carbon dioxide (CO2) was
then applied and left within the samples for a few minutes

C© 2019 The Authors. Geophysical Prospecting published by John Wiley & Sons Ltd on behalf of European Association of
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Table 1 Mineral compositions from the XRD analysis (after Fawad et al. 2011)

Mineral constituents (weight percentage, %)

Sample name Quartz Feldspar1 Clay2 Other minerals3 Effective grain density (g/cc) Initial porosity (%)

Quartz arenite 1 (QA1) 95.27 4.73 – – 2.65 36
Quartz arenite 2 (QA2) 97.88 1.77 – 0.35 2.65 41
Sub arkose 1 (SA1) 91.27 8.73 – – 2.65 38
Sub arkose 2 (SA2) 77.19 22.81 – – 2.64 34
Arkosic arenite (AA) 54.84 34.18 10.97 – 2.65 42
Volcanic arenite (VA) 4.84 52.51 – 42.65 2.81 40

1Includes K-feldspar, albite, and plagioclase.
2Includes kaolinite and illite.
3Mostly present in volcanic arenite including aragonite, calcite, ankerite, amphibole and augite.

before brine solution (35 g NaCl per litre of water) was in-
jected into the samples. Finally, the back pressure application
was introduced to ensure fully liquid saturation. Details of
the back pressure application can be found in Berre (2011).
At 15, 25 and 30 MPa, effective stresses partial unloading
was carried out by decreasing the vertical load followed by
reloading to the next stress level (Fig. 1).

A maximum strain amplitude of the order of 10−2 can
be achieved in this experiment setup. The strains were con-
tinuously recorded during each loading and unloading cycle
through the changes in the sample height and diameter using
vertical and horizontal deformation sensors (Fig. 1). Wave
velocities both P- and S- and density data were taken from
Narongsirikul et al. (2019a) to estimate the dynamic elastic
properties of the sands. The detailed setup of the triaxial cell
is described in detail in Berre (2011) and Narongsirikul et al.

(2019a).

5 EX P E R I M E N T A L R E S U L T S

5.1 Stress, strain, K0 and overconsolidation ratio

Figure 2 shows relations between (a) stress–strain (b) stress–
K0 (c) overconsolidated ratio (OCR)–strain and (d) OCR–K0

for all sand samples at all pressure steps. Solid lines in all
plots denote normal consolidation and dashed lines signify
overconsolidation from unloading/reloading. OCR and K0 are
calculated using equations (1) and (2), respectively. The gen-
eral observation for all the plots shows that all samples in an
overconsolidated (OC) condition exhibit distinctive behaviour
compared to the samples during normal compaction. The dif-
ference in magnitude of the parameters between the samples
is attributed to the variations in the mineral compositions and
textures of each sample.

Figure 2(a) shows the stress–strain relationship plotted
for all samples. The stress versus strain relation is an important

coupled attribute for a reservoir during compaction, which is
commonly known to result from production/injection-related
stress changes. The slopes calculated from stress–strain rela-
tion yield the uniaxial compaction coefficient which is one
of the key parameters for the estimation of the magnitude of
reservoir deformation (Geertsma 1973). From the plot, strain
increases with an increase in effective stress in the range 50–
180 millistrain at the maximum effective stress at 30 MPa. In
general, the samples with quartz rich content of >90% quartz
content [quartz arenite 1 (QA1), quartz arenite 2 (QA2) and
sub arkose 1 (SA1)] establish flatter slopes than the samples
with medium to low quartz content [sub arkose 2 (SA2), arko-
sis arenite (AA) and feldspathic greywacke (FG), except vol-
canic arenite (VA)] during normal loading. The VA sample has
the lowest quartz content. However, the sample exhibits in-
termediate stress–strain gradient between high and low quartz
samples, instead of steep slope like what observed for other
low quartz members. Other minerals (e.g. aragonite and cal-
cite) of VA composite may contribute to this behaviour (See
Table 2). At any given stress level, decreasing quartz con-
tent (increase of ductile and clay minerals) results in higher
strain or compressibility. This shows that rock composition
affects the compaction behaviour. However, this behaviour
contrasts with that of the samples under unloading/reloading
conditions, where different constituents do not significantly
govern the degree of deformation, since all samples exhibit
similar unloading strain–stress gradients (Fig. 2a). This may be
due to the effect of permanent deformation the sands experi-
enced from pre-stressing. The strain observed in all samples for
OC curves shows elastic hysteresis. For all unloading cycles,
the slopes of stress and strain curve (dashed lines) are of the
same degree regardless of the change in the pre-consolidation
stresses.

Figure 2(b) shows the stress–K0 relation for all load-
ing, unloading and reloading cycles. As reviewed in the
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introductory section, K0 can be used to estimate the effective
horizontal stress as well as an indicator of stress anisotropy.
Here, we find that as the samples underwent normal com-
paction under a uniaxial strain condition, K0 ranges between
0.45 and 0.55 (solid lines) and remains fairly constant across
the stress range between 5 and 30 MPa. This observation is
comparable with a typical K0 value of 0.5 for unconsolidated
sands under normal consolidation in soil mechanics. For nor-
mal consolidation, the difference in mineral compositions is
responsible for variations in the K0 development where the
samples with high quartz content (>90% weight percent), that
is QA2, QA1 and SA1 (black, magenta and blue solid lines)
show high K0 compared to samples with lower quartz con-
tents (i.e. SA2, AA, VA and FG). Increasing amount of quartz
(decreasing amount of clays and ductile minerals) increases K0.

For OC when the stress was removed during the unloading
with resultant decreasing effective stress, the development of
K0 increases approaching 1 (dashed lines). This means that the
vertical and horizontal stress becomes less anisotropic from
stress reduction.

Figure 2(c) illustrates the OCR–strain relation for all sam-
ples. The definition of the OCR is referred to in equation (1).
During normal consolidation (NC), the OCR is equal to 1
(solid lines) as the maximum effective stress is the same as
present effective stress. Therefore, the NC condition plots at
OCR = 1 for all samples. When the samples were de-stressed
and re-stressed, depicted by dashed lines, increasing the OCR
does not change the strain significantly due to hysteresis effect
(permanent damage of pore structure during preconsolida-
tion). This behaviour is observed for all unloading cycles.

Figure 2(d) demonstrates the relation between OCR and
K0. A clear separation can be observed between the normal
compaction trend (solid lines plotted at OCR = 1) and OC
lines (dashed lines). The unloading/reloading trends show lin-
early proportional relationship between OCR and K0 where
K0 increases with an increase in the OCR. At the points where
the OCR is equal to 1 and K0 is equal approximately to 0.5,
the samples are at the maximum effective stress prior to the
stress reduction. As the stress was further reduced from the
maximum stress point, the OCR and K0 begin to increase in
a linear fashion. As previously stated, that the K0 can be an
indicator of stress anisotropy, this means the reduction in the
effective stress causes the stress anisotropy to become weaker
as K0 approaches 1 (isotropic).

In the same plot (Fig. 2d), we also find that the samples
that comprised greater amounts of quartz exhibit higher K0

at any given OCR. For example, at OCR 2.5, a group of
samples that comprised high quartz (QA2, QA1, SA1) has
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Figure 1 Loading protocol for experimental mechanical compaction applied to the sand samples in the present study (from Narongsirikul et al.
2019a). The procedure employs loading, unloading and reloading cycles. Unloading was applied at 15, 25 and 30 MPa effective stresses before
further reloading. The uniaxial strain loading (K0-consolidation) condition is demonstrated in the upper left corner of the figure where zero
horizontal strain, εh = 0, is controlled by adjustment of effective horizontal stress, σ ′

h, while the effective vertical stress is increased, σ ′
v .

K0 of approximately 0.85–0.9 while the group of samples
with lower quartz (SA2, AA, FG, VA) has K0 of 0.65–0.75.
The SA2 sample has lower K0 than what is expected from a
sample with a moderate amount of quartz content. This may
be explained by textural parameter differences, possibly the
sorting in this sample may have a stronger control than the
mineralogy alone.

5.2 Relationship between acoustic and mechanical
properties

Measurements of the acoustic and mechanical properties of
the samples expressed as relationships between strain ver-
sus velocities, K0 versus velocities and overconsolidation ratio
(OCR) versus velocities plots are shown in Fig. 3. The P-
wave velocities are on the left column (Fig. 3a,c,e) and the
S-wave velocities are on the right column (Fig. 3b,d,f). In gen-
eral, all three mechanical properties exhibit similar relation-
ships with P-wave and S-wave velocities. The difference is the
magnitude where the shear wave propagation phenomenon is
overall slower than the compressional wave. The normal con-
solidation (NC) trends (solid lines) are noticeably different

from the overconsolidation (OC) trends (OC, dashed lines).
In addition, mineral compositions still play a significant role
in exhibiting the relation varying between samples to samples
in all plots.

In the strain–velocities plot (Fig. 3a,b), the inter-relation
between these attributes are non-linear at low strain and later
develop a linear trend at higher strain as the deformation
continues. These behaviours are observed for all samples dur-
ing normal compaction (solid lines). As with the strain–stress
plot (Fig. 2), a significant deviation from normal compaction
occurs for OC (dashed lines). The strain–velocity coefficient
for OC is low compared to normal compaction, indicated by
the low gradient on all unloading cycle lines. This means a
small change in strain can be expected from a large change
of velocities in overconsolidated sediments. In both OC and
NC conditions, we find that the magnitude of strain changes
correlate linearly with the changes in velocity. The link be-
tween these attributes can be useful approximation of the
R-factor in seismic geomechanics application where R-factor
is defined the ratio between travel time changes due to veloc-
ity changes and the path length changes due to physical strain
changes (Hatchell and Bourne 2005; Røste et al. 2005). This
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Figure 2 Geomechanical parameters for all samples and all loading/unloading/reloading cycles expressed in term of (a) stress and strain, (b)
stress and K0, (c) Overconsolidation ratio (OCR) and strain and (d) OCR and K0. The normal consolidation trend (NC, solid lines, OCR =
1) separates clearly from overconsolidation trend (OC, dashed lines). The data span in all plots is attributed to the mineralogical and textural
differences comprised in each sample.

R-factor allows the transformation from seismic travel-time
to displacement.

In the K0 and OCR versus velocities plot (Fig. 3c–f), an
increase of either K0 or OCR means the effective stress is
decreased. As a consequence, the velocities for both P- and
S-waves decrease from the maximum pre-consolidation stress
(dashed lines). The K0 and OCR versus velocities show the
same behaviour both during NC where the values are constant
and during OC where the value shows an inverted polynomial
trend.

5.3 Dynamic and static moduli

Dynamic elastic moduli obtained by wave propagation mea-
surements or log-derived data are a well-known application
for seismic modelling studies. For example, fluid substitution
required effective bulk and shear stiffness information. Static
elastic moduli are of the same importance as this information
is often used in many in situ stress applications, for example
wellbore stability, compaction and hydraulic fracturing. In lin-
ear elasticity of isotropic homogenous materials, static elastic
moduli or stiffness is generalized by Hooke’s law, σ = –C/ε,

C© 2019 The Authors. Geophysical Prospecting published by John Wiley & Sons Ltd on behalf of European Association of
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Figure 3 Geomechanical versus acoustic relations for all samples demonstrating links between velocities, both P- and S-waves, and, from the top
down, strain (a, b), K0 (c, d) and OCR (e, f), respectively. The normal consolidation (NC) stage is plotted as solid lines and overconsolidation
(OC) stage is plotted as dashed lines. The NC and OC stages clearly have different trends.

where the modulus, C, is a ratio between stress, σ , and strain,
ε. The static moduli are not often acquired due to expensive
coring. Therefore, the conversion from commonly obtained
dynamic moduli to static moduli is important. Figures 4–6
show the static and dynamic elastic parameters derived from
experimental measurements in the present study. The equation
and the description of the elastic moduli for each parameter,
both static and dynamic, were explained in the Section 3. The
parameters presented herein comprised constrained modulus,
bulk modulus, shear modulus, Young’s modulus and Poisson’s
Ratio.

In Fig. 4, measurement of static (open symbol) and dy-
namic (filled symbol) elastic parameters between the two end
members, the quartz arenite 2 (QA2, red) and the felds-
pathic greywacke (FG, blue), were plotted. VA has the low-
est quartz content. However, VA’s other composite minerals
are uniquely different from other samples. Therefore, FG was
used to represent the end member instead. Both the normal
consolidated stages and unloading/reloading stages for all cy-
cles are included in the plots and depicted as a circle symbol
and a square symbol, respectively. All the static and dynamic
properties were plotted as functions of effective stress. For
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Figure 4 Elastic moduli parameters, both static (open symbols) and dynamic (filled symbols), versus effective stress for two representative
samples, QA2 (red) and FG (blue). The plots are for all pressure steps both normal loading (circles) and unloading/reloading (square).

all the elastic parameters, dynamic moduli (fill symbol) over-
all are higher than static moduli (filled symbol) as expected.
The quartz arenite 2 sample that represents the high quartz
end member has lower elastic moduli than the low quartz
feldspathic greywacke. However, the magnitude difference
between the two end members is less pronounced for static
elastic moduli.

All plots in Figs 5 and 6 show a relationship between
static and dynamic elastic moduli for all samples at all pres-
sure steps. Figure 5 colour-codes the data with effective stress

which is grouped into low, medium and high stress levels.
Figure 6 colour-codes the data with quartz content separating
into three groups of 0–40%, 40–80% and >80% quartz per-
centage. The red solid line in all plots is one-to-one correspon-
dence (1:1 relationship) between the moduli. The black solid
lines are the differences where the correspondences are one-
to-n, where n = 0.25, 0.5, 2, 4 and 8. The higher number of n

shows the greater difference between the static and dynamic
moduli. All derived data plot on the left side of the one-to-one
correspondence indicate that the dynamic moduli are higher
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Figure 5 Relations between static and dynamic properties for all samples coloured by applied stress for all samples. Circles are normal
consolidated (NC) sands, and squares are overconsolidated (OC) sands. The correspondences between 1:0.25 and 1:8 were projected on all
static and dynamic elastic moduli relations. In all plots, for NC (circles) dynamic moduli are higher than static moduli and increase with stress
as the data plotted beyond 1:8 correlation. The overconsolidated samples (squares) have static and dynamic elastic relationship closer to 1:1
correspondence.

than static moduli, except for Poisson’s ratio where the data
are plotted close to 1:1 relationship. Note that Poisson’s ratio
is the mechanical parameter that represents strain–strain re-
lationship, instead of stress–strain relationship like the other
four moduli. Therefore, the dynamic-static elastic relation can
be different from the other elastic moduli.

The deformation during normal compaction is far greater
than the deformation during unloading/reloading at any given
stress. Therefore, the derived static elastic moduli for normal
compaction data (circles) were expected to be low (due to

higher strain). This agrees with the observations for all elastic
moduli in Figs 5 and 6 (circles) that the normal compaction
data are plotted as very low values of static moduli, indicating
that the sediments loaded under normal compaction are more
compliant. The relation between static and dynamic elastic
properties is very different, indicating by the observed data,
is beyond the one-to-eight correspondence. In contrast, the
static moduli of the overconsolidated (OC) sands are much
higher as the deformation is small (small strain). Therefore,
the static moduli are high and the rock is stiff due to the effect
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Figure 6 Relations between static and dynamic properties for all samples coloured by quartz content for all samples. Circles are normal
consolidated (NC) sands, and squares are overconsolidated sands. The correspondences between 1:0.25 and 1:8 were projected on all static
and dynamic elastic moduli relations. In all plots, for normal consolidation (circles) dynamic moduli are higher than static moduli as the
data plotted beyond 1:8 correlation. Overconsolidated (OC) samples with high quartz show dynamic–static relation closer to 1:1 relationship
compared to groups of samples with lower or medium quartz content. The OC (squares) have static and dynamic elastic relationship closer to
1:1 correspondence.

of pre-consolidation. Thus, the static moduli of the unload-
ing/reloading sands correlate more closely with the dynamic
elastic moduli. The static and dynamic relation of the con-
strained and bulk modulus exhibit a correlation between 1:3
and 1:8 correspondences. The shear modulus and the Young’s
modulus are closer to a one-to-one which observed to be be-
tween 1:1.5 and 1:8. Comparing between the influence of
stress and sand compositions, the variations in all moduli are

affected by the mineral compositions as can be seen from
Fig. 6. For example, the OC samples grouped as high quartz
content is closer to a one-to-one relationship compared to the
other two groups. This observation suggested that static mod-
ulus estimated from static–dynamic relations for OC sands
can vary from 30% to 87% (1:1.5 to 1:8 correspondences)
depending on mineral compositions (Fig. 6). On the other
hand, the stress magnitude affects mainly the stiffness of the

C© 2019 The Authors. Geophysical Prospecting published by John Wiley & Sons Ltd on behalf of European Association of
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sands; for example, the static–dynamic relationship between
the Young’s moduli observed at a 1:2 correspondence still plot
on the 1:2 line for all levels of stress magnitude (Fig. 5).

6 D I S C U S S I O N

6.1 Horizontal stress development and stress path

Knowing the magnitude of the minimum horizontal stress is
important for drilling operations in petroleum exploration
and development which is imperative for safe drilling. Mud
weight used to counteract subsurface pore pressure should
not exceed the minimum horizontal stress to prevent drilling
fluid losses into the formation through reopening of existing
fractures or invasion into permeable formations. Therefore,
predicting horizontal stress, especially in the area where there
is no well control, through the relationship between the K0

and effective stress can be useful.
Several plots of stress path (K0, i.e. Fig. 2b–d) show that

K0 under normal consolidated conditions (K0nc) ranges be-
tween 0.45 and 0.58 while K0 under overconsolidated (OC)
conditions (K0oc) starts from the K0nc points and further in-
creases to 1 as a function of overconsolidation ratio (OCR).
Mayne and Kulhawy (1983) determine relationship between
K0 and OCR on the effect of stress history by compiling data
from hundreds of different soils. The relation is expressed as

K0oc= (1 − sin θ ′) OCRsinθ
. (13)

The analysis of unloading stress path that linked between
K0 and OCR are built on Jaky’s simplified equation (Jaky
1948). For normally consolidated materials, OCR = 1, and
equation (13) reduces to K0oc = (l – sinθ ′) = K0nc. The θ is
frictional angle. For example, if θ ′ = 30°, K0nc = 0.5.

In the present study, the K0 and OCR relationship ex-
hibits two distinct trends separating between a group of high
quartz samples and a group of low-medium quartz samples
(Fig. 7). The best fit was performed in the form of the power
function as in equation (13) on the two groups of samples and
arrived at the following correlations:

For high quartz:

K0oc= 0.53 OCR0.53. (14)

For low to medium quartz:

K0oc= 0.47 OCR0.47. (15)

If the material is lacking internal friction angle informa-
tion (θ ′), above best fit functions can be used for a simplified
estimation of K0 if OCR is known.

Figure 7 Polynomial best fit functions established for K0 and over-
consolidation ratio (OCR). Thin solid lines aligned across the whole
range of K0 (0.4–0.95) at OCR = 1 and dashed lines are measured
data from all samples in this study. The data trends show a group of
high quartz (red thick line) and low quartz samples (black thick line).

The effect of stress release as the reduction of vertical
effective stress causes an increase in horizontal effective stress
through the increase of K0 value (K0 = σ

′
h/σ

′
v). Therefore,

this may have implications for safe drilling in uplifted region
because the difference between horizontal stress minus pore
pressure (assuming hydrostatic pore pressure) may be large
(wide safely drilling window) as the horizontal stress is high
due to the effect of overburden removal.

6.2 Dynamic and static elastic behaviour

The dynamic elastic moduli derived from wave propagation
through ultrasonic measurement and static elastic moduli de-
rived from deformation loading are different as previously
reported (Figs 4–6). Several previous studies have explained
potential causes of the difference (e.g. Jizba and Nur 1990;
Fjær 1999; Wang 2000). One of which is the difference in
strain amplitude between the two measurements (Martin and
Haupt 1994). In the dynamic wave propagation experiment,
the elastic strain amplitude is <10−6 while static strain is typ-
ically >10−2 (Wang 2000). Fjær (2009) also supported this
assumption on his experiment on dry weak sandstone. Other
plausible causes giving rise to the difference between static
and dynamic moduli were summarized by Wang (2000) and
Mavko et al. (2009). The suggested cause includes the effect

C© 2019 The Authors. Geophysical Prospecting published by John Wiley & Sons Ltd on behalf of European Association of
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of pore pressure and testing conditions in open and closed
systems. The dynamic elastic moduli derived from wave prop-
agation usually denote an undrained or closed system and are
influenced by the elastic properties of the pore fluid. This is in
contrast to static moduli, where in the experiment, the pore
pressure is kept constant, thereby representing a drained or
open system. Bhuiyan et al. (2013) shows that by removing
the effect of pore fluids through a Biot–Gassmann approach,
static and dynamic moduli become comparable for sandstone.

The static–dynamic elastic moduli relation of overconsol-
idated (OC) sand condition in the present study is closer to
a 1:1 relationship compared to the normal compacted sand
condition (Figs 4–6). This shows that the sands that previ-
ously underwent OC or unloading deformed under smaller
linear elastic strains while normal compacted sands deformed
under significant larger nonlinear plastic strains. Therefore,
the small elastic strain amplitude of static moduli of unload-
ing is closer to the strain amplitude of dynamic moduli. As a
result, the dynamic–static elastic moduli during unloading are
nearly comparable, especially for Young’s and shear modu-
lus. This phenomenon supports strain amplitude as plausible
cause of the significant differences observed between static and
dynamic properties in unconsolidated sands. This behaviour
was also observed by Fjær (2009) on sandstones and Sone
and Zoback (2013) on gas shales. Static and dynamic elastic
moduli of unloading (or OC) can be appropriately compared
with almost equal strain amplitudes and at identical physical
properties of the solid rock skeleton. This implies that dur-
ing the depletion and injection of a shallow unconsolidated
reservoir experienced uplift (unloading) from overburden re-
moval, approximating static modulus from dynamic modulus
will be less difference in the magnitude as the relation is closer
to one-to-one correspondence than the normally compacted
reservoir.

7 C ONCLUSION

Experimental mechanical compaction of sands integrating
loading, unloading and reloading cycles confirms that stress
release affects the rock physical properties and influences the
seismic and mechanical properties. It is shown here that ge-
omechanical parameters such as strain and stress are dif-
ference between normal compaction and overconsolidation
(OC). Stress path (K0) data differ between normal consoli-
dated (NC) and OC sediments. The K0 value of approximately
0.5 is found for most of the NC sands, but varies during un-
loading depending on mineral compositions and textural dif-
ferences. The K0 equation can be further simplified and can

be influenced by the material compositions. Acoustic velocity
and geomechanical relation is also found to be the differences
between two stress conditions. The static moduli of the OC
sands are much higher than normal consolidated sands as
the deformation is small (small strain). Dynamic–static elastic
moduli relations more closely correlate for the OC stage com-
pared to the normally consolidated stage. The experimental re-
sults presented herein are only valid for unconsolidated sands
that have been compacted and unloaded/reloaded within the
mechanical compaction domain. The results of the study have
seismic-geomechanics applications for shallow reservoir sands
where mechanical compaction is the dominant process.
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SUMMARY
Production induced reservoir depletion in unconsolidated reservoirs may result in reservoir compaction
and surface subsidence. The potential for such impacts can be assessed by integrating geomechanical
models with reservoir properties obtained from laboratory measurements. The response of reservoir
compaction to pressure depletion depends on the burial history. This study investigates reservoir
compressibility and compaction due to depletion from reservoirs of shallow overconsolidated sands caused
by uplift compared to normally compacted sands from experimental mechanical compaction. Static moduli
obtained from the experimental mechanical compaction show that uniaxial compressibility of the
overconsolidated sands is less compared to the normally consolidated sands. The reservoir compaction due
to depletion in such a reservoir is therefore less compared to the normally compacted reservoir. The
mineral compositions and textural variations do not influence the compressibility in the overconsolidated
case. The preconsolidation stress associated to the maximum burial depth before uplift is an important
estimation to predict when the pore pressure drawdown will change the compaction behaviour from poro-
elastic to plastic. The results can be applied to reservoir compaction during hydrocarbon production in
uplifted basins like the Barents Sea.
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Introduction 

Hydrocarbon production induced reservoir depletion may result in reservoir compaction, surface 
subsidence, horizontal stress changes, and potentially, fault reactivation. This can pose serious 
consequences for production such as wellbore damage. The potential for such impacts can be assessed 
by integrating geomechanical models with reservoir properties obtained from laboratory 
measurements to predict/estimate the magnitude of reservoir compaction of depleting reservoirs.  

Rock mechanical laboratory testing allows measurements of both dynamic and static moduli.  
Dynamic moduli obtained by ultrasonic measurements are a well-known application for time-lapse 
seismic monitoring studies. Static moduli are of the same importance as this information is often used 
in wellbore stability, and in-situ stress applications. Uniaxial compressibility, in particular, is a key 
parameter used to estimate reservoir compressibility associated to depletion during hydrocarbon 
production. How a reservoir responds to pressure depletion depends on the burial history. Mechanical 
compaction differs between normally compacted sediments and undercompacted or overconsolidated 
sediments. This study investigates reservoir compressibility and compaction due to depletion from 
reservoirs of shallow overconsolidated (uplift/erosion) sands compared to normally compacted sands 
from experimental mechanical compaction.          

 Reservoir Compaction 

When the horizontal extent of a depleted reservoir is greater than its vertical thickness, reservoir 
compaction and overburden subsidence can be assumed to occur in the vertical direction. The 
magnitude of vertical displacement (Δh) can be expressed by the following equation: 
 
                                                                     �ℎ/ℎ = ����                                                                  (1) 
 
where h is the initial reservoir thickness, Cm is the uniaxial compaction coefficient or compressibility 
of the reservoir or the overburden rocks, and ∆p is the change in reservoir pressure.  
 
If the reservoir is disk shaped, the maximum deformation, max Δh, associated with the pressure drop 
can be described by Geertsma’s concept (Geertsma 1973). Bruno (1992) simplified Geertsma’ 
expressions as the following equation: 
 

max �ℎ = 2��(1 − �)�� �ℎ − ��� + (� + ℎ)� +√�� + ���    (2) 

 
where Cm is the uniaxial compaction coefficient of the reservoir or the overburden rocks, ∆p is the 
change in reservoir pressure, � is the Poisson’s ratio of the reservoir rock, r  is the average radius, h is 
the vertical thickness, and D is the burial depth at the top of the formation. 
 
The uniaxial compaction coefficient, Cm, appears in both equations 1 and 2. This reservoir attribute 
depends on rock physical properties such as mineral compositions and textural differences i.e. sorting. 
This rock property also depends on the reservoir stress history which governs the compaction 
behaviours of the depleted reservoir.  
 
Goulty (2003) showed that pressure drawdown during reservoir depletion causes the effective stress to 
increase. In poorly consolidated reservoirs, depending on the burial history, normally buried 
reservoirs prior to production will be further compacted exhibiting plastic (irreversible) behaviour 
(Figure 1).  If the burial history differs in the way that the sediments are precompacted and later 
unloaded, poro-elastic behaviour during depletion may be expected (Figure 1). Such compaction or 
overburden subsidence mechanism may be found in either overpressured or uplifted sediments. The 
latter is the focus of this study.         



 

International Workshop on Geomechanics and Energy – The Ground as Energy Source and Storage 
Lausanne, Switzerland, 26-28 November 2013 

 
Figure 1 Schematic representation of compaction mechanism. Normal compaction curve exhibiting 
plastic behaviour reveals steeper trend compared to poro-elastic unloading-reloading curves.   

Experimental Data 

Experimental data of six natural sand aggregates studied by Narongsirikul et al. (2013) were utilised 
in this study. The sand samples contained 36-98% quartz and in addition various amounts of feldspar 
and clays. The sands were compacted, unloaded and reloaded under uniaxial strain condition (K0). 
Three loading cycles simulating episodes of uplift/erosion with increasing peak axial effective stresses 
to the maximum stress at 30 MPa were applied to all samples (Narongsirikul et al. 2013). 
 
Figure 2 shows uniaxial strain (a) and porosity (b) plotted versus axial effective stress for one 
representative sample.  Porosity has a reverse relation to the uniaxial strain as the stress is applied. 
Both plots show different deformation behaviours of the normally compacted sands (solid line with 
filled symbol) compared to unloaded sands (dashed line with open symbols) as expected. 

 
Figure 2 Deformation behaviours of one sand sample expressed in uniaxial strain (a) and porosity (b) 
plotted versus axial effective stress. The deformation of normally compacted (solid lines with filled 
symbols) sands is high compared to overconsolidated sands (dashed lines with open symbols).   

Result and Discussions 

Uniaxial Compaction Coefficient 

Figure 3a shows deformation behaviours plotted for all samples. The compaction of normally 
compacted sands (solid lines with filled symbols) differs significantly from the overconsolidated 
sands (dashed lines with open symbols). The overconsolidated sand curves plotted from the final 
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unloading stage show a small reversal of the uniaxial strain as the stress was released (uplift). 
Reservoir compaction during hydrocarbon production in an uplifted reservoir caused by an increase in 
effective stress due to depletion will follow the overconsolidated trends depicted in Figure 3a. Figure 
3b shows uniaxial compressibility, Cm, calculated from the slopes of Figure 3a for all samples. The 
compressibility of the normally compacted sands (filled symbols) is generally higher (greater pore 
collapse) compared to the overconsolidated sands (open symbols) and varies with quartz contents. 
However, the overconsolidated sands are not influenced by mineralogical and textural variations. This 
is seen as the overconsolidated sand uniaxial compressibility is similar for all samples. 

Figure 3 Deformation behaviors (a) and uniaxial compressibilities (b) between normally consolidated 
(filled symbols) and overconsolidated sands (open symbols).  

Geomechanical Modelling Example 

For simplicity, we assumed the same reservoir parameters for both normally consolidated and 
overconsolidated reservoirs except for the uniaxial compressibility. This is in order to assess the 
deformation magnitude between the two reservoir types. The reservoirs have an initial vertical 
thickness of 200 meters prior to production. Assuming no injection to support reservoir pressure, the  
pressure continues to decline. The change in reservoir pressure is 15 MPa due to the production. We 
applied these parameters and the uniaxial compressibilities selected from one of the sand samples 
with high quartz content (92% quartz) into the equation 1. This results in the reservoir displacement 
model shown in Figure 4. The uniaxial compressibilities of the sample are 3.18×10-3 and 0.39×10-3 

(MPa-1) for normal consolidation and overconsolidation, respectively. The geomechanical model in 
Figure 4 shows that the same amount of pressure change results in different reservoir displacement 
magnitudes where the reservoir compaction of the overconsolidated reservoir is significantly less 
compared to the normally compacted reservoir. 

 
Figure 4 Geomechanical modelling of two reservoirs shows that the reservoir displacement in the 
overconsolidated (right) is less compared to the normally compacted reservoir (left) due to depletion.  

Maximum Burial Depth and Amount of Uplift 

In sediments undergoing uplift the preconsolidation stress and the stress reduction are related to the 
maximum burial depth prior to uplift and the degree of uplift/erosion. Knowing this information 
allows for a better prediction of the transition from poro-elastic to plastic yielding as pore pressure 
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continues to drop. The difference between preconsolidation pressure and in-situ pressure may also 
help predicting how much pore pressure changes will start to trigger plastic deformation resulting in 
greater porosity loss and lower permeability.  Figure 5 explains how porosity loss may occur during 
production in uplifted basins. Figure 5a shows two reservoirs presently at the same depth but 
previously buried to different depths. The transition from poro-elastic to plastic yielding may occur 
faster in Reservoir A compared to Reservoir B as Reservoir A previously was buried at a shallower 
depth before uplift. Figure 5b shows a similar situation but in this case the reservoirs were previously 
buried to the same depth but uplifted to different present-day depths. Accelerating pore collapse due 
to plastic yielding will occur faster in Reservoir A than Reservoir B as Reservoir A experienced lower 
degree of uplift. 

 
Figure 5 Porosity loss behaviours in uplifted reservoirs varying max.burial depths and uplift degrees.  

Conclusions 

Static moduli obtained from experimental mechanical compaction of unconsolidated sands show that 
uniaxial compressibility of the overconsolidated sands is less compared to the normally consolidated 
sands. The reservoir compaction due to depletion in such a reservoir is therefore less compared to a 
normally compacted reservoir. The mineral compositions and textural variations do not influence the 
compressibility in the overconsolidated case. It is important to estimate the preconsolidation stress to 
delineate when the pore pressure drawdown will change the compaction behaviour from poro-elastic 
to plastic. The results described herein apply to reservoir compaction during hydrocarbon production 
in uplifted basins like the Barents Sea.  
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SUMMARY
Velocity anisotropy is an important parameter in seismic imaging, AVO analysis, and sonic log
interpretation. Isotropic sands or sandstones can behave anisotropically if subjected to anisotropic stress.
The variations in velocity anisotropy in sands can also be due to discontinuity of the boundary between
sand grains influenced by mineral and textural differences. Since the velocity anisotropy can be induced
by stress, the velocity anisotropy in rocks can indicate stress anisotropy. This study investigates velocity
anisotropy and its relation to induced stress response (stress anisotropy) affected by mineralogy and
textures of seven unconsolidated natural sands by experimental mechanical compaction under uniaxial
strain condition. The results show that velocity anisotropy and its relation to induced stress response are
significantly affected by mineral compositions and textural differences. Our findings have potential
applications in velocity anisotropy and induced stress anisotropy in shallow sands where compaction is
mainly mechanical. The close correlation between these two anisotropic parameters (velocity and induced
stress response) can also be used for detecting stress anomalies using velocity anisotropy. By inverting the
stress anisotropy, induced horizontal stress changes can be obtained and can be useful for many in-situ
stress applications i.e. fault seal analysis, wellbore stability, and compaction and subsidence studies.
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 Introduction 

Velocity anisotropy is an important parameter in seismic imaging, AVO analysis, and sonic log 
interpretation. Sands or sandstones are generally inherently isotropic. Such isotropic rocks subjected 
to anisotropic stress (i.e. uniaxial) will become transversely isotropic (TI). Since the velocity 
anisotropy can be induced by stress, the velocity anisotropy in rocks can indicate stress anisotropy 
(Vega et al. 2006). Understanding velocity anisotropy and stress anisotropy relations can help 
detecting stress anomalies or predicting induced horizontal stress changes which are important for 
many in-situ stress applications i.e. fault seal analysis, wellbore stability, compaction and subsidence, 
etc. Although the sands are much less intrinsically anisotropic compared to shales (Wang 2002), 
intrinsic anisotropy in sands may also vary greatly due to the presence of discontinuities within the 
sand, such as the boundary between sand grains (Sayers 2002). Discontinuities may be induced by 
variations in mineral compositions and textural differences i.e. sorting and grain size. This study 
investigates velocity anisotropy and its relation to induced stress response (stress anisotropy) as 
influenced by mineral and textural variations of seven unconsolidated natural sands by experimental 
mechanical compaction under uniaxial strain condition (K0). 

Samples and methods 

Seven brine-saturated natural sand samples with varying mineral compositions and textural variations 
i.e. sorting (Figure 1) were mechanically compacted in a triaxial cell setup at the Norwegian 
Geotechnical Institute (NGI). The mineral compositions were previously analysed by XRD (Fawad et 
al. 2011) and can be classified (Figure 1a) using Dott (1964) sandstone classification. The sand 
samples contained 36-98% quartz and in addition various amounts of feldspar and clays, except the 
Volcanic Arenite sample where the quartz content is only 4% (Figure 1b).  
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Figure 1 (a) Sandstone classification (Dott 1964) with the samples marked in red. (b) Mineral 
compositions from Fawad et al. (2011). 
 

The sand samples were isotropically compacted to 0.52 MPa and 
further loaded under uniaxial strain condition (K0) from 0.52 to 30 MPa 
vertical effective stress (Figure 2). P- and S- wave velocities were 
measured both parallel (Vpv, Vsv) and perpendicular (Vph, Vsh) to the 
applied stress direction, σ’v, using the pulse transmission technique 
(Figure 2). As the stress in the vertical direction was applied, the 
horizontal stress change (σ’h) was recorded to observe horizontal stress 
development during the K0 application. This allows stress anisotropy to 
be investigated. We observed that S-waves are highly attenuated at low 
effective stress levels between 5-10 MPa leading to uncertainties in S-

wave velocity picking. It is also worth noting that 
since the sands were loose with well-connected 
pores, very little squirt flow affecting velocity 
dispersion was expected. 

σ'v , Vpv, Vsv

K0 condition
σ'v >σ’h 
εh = 0

σ'h , Vph, Vsh

Figure 2 Schematic of applied stress (σ’v) and 
induced stress change (σ’h) under uniaxial strain 
(K0) condition and measurement directions of the 
vertical and horizontal P- and S-wave velocities.  
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 Result and discussion 

Stress-velocity relationship 

Compressional and shear wave velocities and stress relationship can be expressed as a function of 
quartz content in Figure 3. The horizontal P-and S-wave velocities (Vph, Vsh) are generally lower than 
the vertical velocities (Vpv, Vsv).  Varying mineral compositions resulted in wide velocity range (Both 
Vp and Vs). The samples with low quartz content (Volcanic Arenite, Akosic Arenite,) show higher 
velocities compared to the samples with higher quartz content (Quartz Arenite and Subarkosic 
samples). This can be attributed to more ductile minerals and clays presented in low quartz samples 
resulting in better packing and alignment of the grains. Higher velocities in such samples also 
correspond with greater porosity reduction. This can be explained similarly by the presence of ductile 
minerals i.e. clays and feldspar in such samples permitting more compressibility. 
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Figure 3 Crossplots of vertical and horizontal P- and S- wave velocities as functions of vertical 
effective stress and quartz content.  
 
Velocity Anisotropy 

P- and S-wave velocity anisotropy parameters (Vph/Vpv and Vsh/Vsv) are plotted as functions of 
effective stress and quartz content demonstrating the influence of stress and mineral constituent 
differences on velocity anisotropy (Figure 4). The results clearly show that both P- and S- wave 
anisotropy increase with increasing effective stress. As noted previously S-waves are highly 
attenuated at low stress levels. Hence, the uncertainty of S-wave anisotropy at low stresses is high.  
The strongest anisotropy is seen in the Volcanic Arenite sample and the anisotropy becomes weaker 
systematically with increasing amount of quartz. An exception is observed for the Subarkose 2 sample 
which contains a high amount of quartz but shows relatively high anisotropy. This may be explained 
by the fact that the Subarkose 2 sample is poorly sorted. Hence, the degree of discontinuity at the 
boundaries between the sand grains is enhanced. This shows that the velocity anisotropy can be 
attributed to not only induced stresses and mineral compositions but also textural differences i.e. 
sorting. 
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Figure 4 P- and S- anisotropy parameters plotted as functions of effectives stress and quartz content.  
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 Figure 5 shows the Thomsen’ parameters (Thomsen 
1986) calculated for Epsilon (ε) and Gamma (γ). The 
ε varies from -0.15 to -0.03 but the γ is slightly lower 
with the range between -0.12 to -0.02. The best fit 
regression for our data is γ = -0.0052+0.883ε (black 
line) shown comparison with two published 
relations. Wang (2002) proposed a functional 
relationship between   ε and γ for the sedimentary 
rocks compiled from sandstones, shales, coals and 
carbonates to be γ = -0.01049+0.9560ε (Red line). 
Tsuneyama and Mavko (2005) found a similar 
relation γ = -0.0282+1.2006ε for sandstone and shale 
datasets (Blue line). We find that our best fit is very 
close to that of Wang (2002). The ε and γ in our 
tested sand samples are valid for sands buried at 
shallow depth where compaction is mostly 
mechanical. The overall ranges of ε and γ are 
significantly lower compared to clays at similar 

depth as expected from data reported by Mondol (2012), ε and γ of silt-clay mixtures range from 0-
0.15 to 0-0.62, respectively. However, it is clear that the differences in mineral compositions and 
textural variations have an effect on the anisotropy in so-called isotropic sandstones.   
 
Induced stress response (stress anisotropy) 
 
Figure 6 shows that as the applied stress increases in the vertical direction (σ’v), it induced changes of 
stress in the horizontal direction (σ’h). We plotted the horizontal stress versus vertical stress in Figure 
6a. The resulting changes in horizontal stress can be shown in Figure 6b as the ratio between 
horizontal and vertical stress (σ’h/ σ’v, stress anisotropy). The plot shows that stress anisotropy in all 
samples are more or less unchanges with the change in applied vertical stress. However, the variations 
in the induced stress anisotropy deviate clearly with differences in mineral compositions, range from 
0.41 to 0.56 (Figure 6b). The samples with high quartz contents (i.e. Quartz Arenite and Subarkosic) 
exhibit weaker induced stress anisotropy compared to the lower quartz samples. This mineral effect 
on stress anisotropy also corresponds with the effect on the velocity anisotropy (Figure 4) where high 
quartz content shows weakly anisotropy in both P- and S-velocities and induced stress. 
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Figure 6 (a) Horizontal and vertical stress relation colour coded with quartz content (b) Ratio 
between horizontal and vertical stress (induced stress anisotropy). Strong stress anisotropy is found 
in low quartz content sample.    

To investigate velocity and induced stress anisotropy relations, we plotted the relative changes in 
velocity anisotropy for both P- and S-waves (ΔVp, ΔVs) versus relative induced stress anisotropy (Δσ) 
shown in Figure 7. Such changes can be defined the same way Vega et al. (2006) applied during their 
studies in detecting the stress-induced velocity anisotropy of sands where the ΔVp, ΔVs, and Δσ are 
the differences between the anisotropic parameters in vertical and horizontal directions (σ’v-σ’h, Vpv-
Vph, and Vsv-Vsh) relative to the parameters in the direction of the applied stress (σ’v,Vpv,Vsv). For 

Figure 5 Comparisons of Thomsen’ 
parameters, Epsilon (ε) and Gamma (γ), with 
previous studies (Wang 2002; Tsuneyama and 
Mavko 2005).  
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 example, ΔVp = (Vpv-Vph / Vpv)×100. The resulting plots of the anisotropic parameters color-coded 
with quartz content (Figure 7) show that the Vp and Vs anisotropy closely correlate with the induced 
stress anisotropy when considering the effect of mineral differences. This is seen in both plots where 
low relative Vp and Vs anisotropy of the high quartz samples also show low relative induced stress 
anisotropy and increasing proportionally with decreasing quartz content, with the exception of one 
sample marked poorly sorted. This relationship shows that velocity anisotropy can be indicative of 
stress anisotropy. The plots also show that increasing effective stress (Increasing data point size) in 
each sample will increase the velocity anisotropy greatly but only change the stress anisotropy 
slightly. This can be summarised that variations in mineral compositions affect both velocity 
anisotropy and induced stress anisotropy.  But the changes in applied stress, for this particular loading 
path, will only change velocity anisotropy but not the induced stress anisotropy. The effect of applied 
stress on induced stress anisotropy will be more significant if different loading paths are applied i.e. 
unloading as documented in Vega et al. (2006).   
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Figure 7 ΔVp, ΔVs plotted versus Δσ as functions of quartz content and applied vertical stress. 

Conclusions 

Velocity anisotropy and its relation to the induced stress anisotropy are significantly affected by 
mineral compositions and textural differences. As the samples are moving towards mudrock (Dott 
1964), indicated by decreasing quartz content, the velocity and stress anisotropy increase. Our 
findings have potential applications in velocity anisotropy and induced stress anisotropy in shallow 
sands. The close correlation between these two anisotropic parameters can also be used for detecting 
changes in stress anisotropy using velocity anisotropy. By inverting the stress anisotropy, induced 
horizontal stress changes can be obtained and can be useful for many in-situ stress applications i.e. 
fault seal analysis, wellbore stability, and compaction and subsidence studies.  
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Experimental insight into uplift effects on seismic velocities and petrophysical properties of 
sandstones: Implication for the Barents Sea area 

Sirikarn Narongsirikul1, Nazmul Haque Mondol1,2, and Jens Jahren1 
1Department of Geosciences, University of Oslo, Norway 

2Norwegian Geotechnical Institute, Oslo, Norway 
 

We present P- and S-wave velocities and corresponding petrophysical properties (total porosity 
and bulk density) of eight laboratory tested unconsolidated natural sands with different 
mineralogical compositions and textural variations. The samples were tested at effective stresses 
from 0.2 up to 30 MPa corresponding to approximately 3000 m subsidence in a sedimentary 
basin at hydrostatic pore pressure. Three loading cycles were applied to study the influence of 
pressure reduction on seismic velocities and rock physical properties simulating episodes of uplift 
in a complex burial history. The results show significant differences in rock physical properties 
between uplifted (unloaded) and reburied (reloaded) sediments compared to normally compacted 
sediments. Total porosity, bulk density, P- and S-wave velocities deviate from normal 
compaction trends during stress release. This can be explained by considering that compaction 
process is primarily inelastic and that release of stress will release the elastic part of the 
deformation. The degree of deviation is dependent on the maximum stress that the sediments 
previously experienced. Moreover, the magnitude of total porosity and bulk density rebound 
compared to P- and S-wave velocities is less during unloading/uplift. This can be explained by 
the fact that porosity and density are bulk properties, while velocities are wave propagation 
phenomena and more sensitive to the changes in microfabric during the release of stress. The 
results also show that the degree of velocity reduction and porosity increase is a function of uplift 
for sediments previously buried to the same burial depth.  On the other hand, if the sediments 
experienced the same degree of uplift, porosity loss and velocity increase as a function of past 
maximum burial depth. This means that empirical P- and S-wave velocity relations for different 
uplift settings can be established. Such relationships can be used for Vs prediction for sandstones 
that have experienced uplift/reburial if the burial history is known. The experimental results 
obtained in this study significantly improve the understanding of velocity anomalies found in 
sandstones in uplifted basins like those in the Barents Sea area. 
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Exploration and field development challenges in uplifted Barents Sea – 
Insights from experimental mechanical compaction study 

 
Sirikarn Narongsirikul1,3, Nazmul Haque Mondol2, and Jens Jahren1 
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2University of Oslo and Norwegian Geotechnical Institute 

3Corresponding author: sirikarn@geo.uio.no 
 

 

Successful exploration leading to field development in uplifted basins like the Barents Sea requires a 
good understanding of rock properties. The effect of uplift makes interpretation more difficult since 
the seismic and petrophysical properties of uplifted rocks differ from the properties commonly 
observed in normally compacted basins. This study reports experimental mechanical compaction 
performed on seven brine-saturated natural sand aggregates with varying mineralogical and textural 
variations. Complex loading, unloading and reloading cycles under uniaxial strain condition (K0) with 
an effective vertical stress range from 0.5 – 30 MPa were applied to all samples to simulate several 
episodes of uplift/erosion. P- and S- wave velocities, porosity and density were measured and 
monitored throughout the experiments. The study outcomes reveal three significant findings that 
suggest challenges related to interpretation that petroleum companies may encounter during 
exploration and field development study in the Barents Sea. 1) Rock physics model approach, friable 
sand model in particular, gives an ambiguous description of rock microtexture (i.e. sorting) when the 
model is used for uplifted sand data. We found that the uplifted sand data plotted along the model line 
may not only originate from sorting changes but also by variations in the preconsolidation stress 
associated with maximum burial depth before uplift. 2) Fluid sensitivity analysis employed using 
Gassmann fluid substitution on our experimental data shows that for reservoir sands observed at the 
same current effective stress the fluid sensitivity in uplifted reservoirs is low compared to the 
normally subsided reservoirs. The sensitivity in uplifted reservoirs decreases with increasing 
preconsolidation stress related to the maximum burial depth or degree of uplift. This raises awareness 
during time-lapse seismic monitoring study in the area. 3) Uniaxial compressibility data combined 
with geomechanical modeling to study effects of pressure depletion on reservoir compaction of 
producing fields in uplifted reservoirs shows that the reservoir displacement magnitudes of the 
overconsolidated reservoirs is significantly less compared to the normally compacted reservoirs when 
considered an equal amount of pore pressure drawdown. The small displacement found in the uplifted 
reservoir as a result of depletion reveals no cause for alarm. However, petroleum production from 
uplifted reservoirs may introduce additional complexity in understanding and predicting compaction 
and subsidence. This is because the initial state of stress prior to production (preconsolidation stress) 
may be difficult to predict due to a complex burial history (uplift/erosion, reburial) in the Barents Sea. 
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