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Abstract 

The principal premise of this thesis is that the ambiguities of reservoir simulation can 

be and should be reduced by using time-lapse seismic data. Such data can be considered as 

a sort of reservoir dynamic data, with distinctive features compared to the typical reservoir 

production data. While well production data are sparse in space and dense in time, 4D time-

lapse seismic can be utilized to fill the spatial data gaps between wells. This provides an 

opportunity to constrain reservoir dynamic behaviour not only at well locations but also 

between them by honoring time lapse response of the reservoir. This means that seismic 

assisted history matching should involve a simultaneous minimization of the mismatch 

between all types of measured and simulated data including seismic data.  

This thesis is an effort to discuss critical aspects of integrating 4D time-lapse data in 

reservoir simulation and history matching. I have illustrated a detailed scheme of seismic 

assisted history matching with implications on real data, to emphasize the extra value that 

seismic data can bring into the conventional reservoir history matching. This goal was 

followed by developing a software application to assess the feasibility of the theory at 

industrial scales. In addition to the conventional oils, a significant effort has been devoted 

to extend the scope of the work to viscoelastic heavy oils and their fluid substitution models 

in thermal cases. I also studied the production/injection induced stresses impacts on 

anisotropic velocity variations, using coupled geomechanical-flow simulations.  

The delineated scheme in seismic assisted history matching, proved to have a crucial 

contribution that cannot be ignored. The dynamic model for reservoir simulation should 

always be kept as simple as possible, but not simpler! This thesis is an argument that 

ignoring time lapse seismic data, builds a model which is simpler than a trustworthy model.  
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 Introduction 

1.1 Research purpose 

Most of the petroleum reservoirs are currently either at their mature ages or have passed 

their production peaks. From reservoir management’s point of view, it is vital to increase 

the recovery factor of these fields. This objective would be of significant interest if rather 

than collecting new data, one could add to the value of the already acquired data by mining 

the hidden features of them.  

In terms of seismology, most of the reservoirs are experiencing time-lapse acquisition 

to monitor the position of current fluid fronts in porous media. In spite of the huge amount 

of available seismic data, there have been few practices to build dynamic reservoir models 

constrained by seismic response. Nonetheless, promising attempts have proved the unique 

features in seismic data as a diverse source of production data, in confining the reservoir 

model and mitigating risks of reservoir simulation forecasts (Huang et al., 1997; Arenas et 

al., 2001; Gosselin et al., 2003; Zou et al., 2006; Kazemi and Stephen, 2011).  

With such an appealing motivation this thesis seeks to investigate the links between 

fluid flow in porous media and characteristics of propagating waves. Other than the general 

relationship, the goal is to decouple different production induced changes such as, change 

in the saturation, pressure, and temperature. This idea will be developed through rock 

physics research, coupled geomechanical-flow simulations and software programming, 

where necessary.  The final goal in this thesis is to take advantage of seismic data as an 

exceptional confining criterion in reservoir history matching.   
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1.2 From simulation to seismic 

Improvement of simulation results by integrating seismic data in reservoir history 

matching has received much attention in recent years. Reservoir simulation results are 

commonly validated with reservoir production data and bottom hole pressure history 

records to evaluate the behavior of the reservoir simulation model and the reliability of 

future forecasts. Seismic-assisted history matching (Gosselin et al., 2003) treats time-lapse 

seismic data similar to fluid production/pressure records. This approach constrains the 

dynamic reservoir model parameters to honor four-dimensional (4D) seismic surveys along 

with the well production history data. This ambitious goal is illustrated in figure 1.1. 

Conventional reservoir simulation as shown in this figure, starts with building a reservoir 

static model. This model is grounded on diverse data gathered from both the rock and fluid 

samples, and then populated within the structural grid based on seismic interpretations and 

depositional scenarios. In this figure, the blue path is the well-established practice which 

is currently common in industry and the green path is the seismic contribution. Seismic 

history matching can be implemented in three different levels as suggested by Gosselin et 

al., 2003. At the reservoir domain (pressure/saturation changes), elastic domain and seismic 

trace domain. In the current study I opt to perform history matching at elastic moduli level. 

In this context, I use Sim2Seis term to indicate conversion from simulation results to 

seismic impedances, even if strictly speaking Sim2Imp could be more appropriate term. 

The spatially sparse well production data which are frequently sampled in time, can be 

integrated with seismic surveys which are densely acquired in space and are limited in time. 

Limited seismic time-lapse data can take advantage of abundant well production history 

data for effective interpretation in the course of reservoir production. Well behaviour in 
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turn, can be extended to the farther offsets by utilizing the seismic data and proper time-

lapse interpretations. 

1.2.1 Conventional oils  

Many authors have worked on the integration of seismic time-lapse data in the 

simulation of conventional reservoirs (Huang et al., 1997; Arenas et al., 2001; Gosselin et 

al., 2003; Mezghani et al., 2004; Caers et al., 2006; Zou et al., 2006; Kazemi and Stephen, 

2011). This integration is ultimately intended to alleviate the non-uniqueness solutions in 

the history matching process of fluid-flow simulations. 

 

Figure 1.1, Work flow for conventional history matching (blue) and seismic assisted 

history matching (green). In the green path, the flow simulation results (pressure, 

temperature, saturations) is converted to acoustic/elastic moduli. The modelled moduli, 

then can be compared with acoustic/elastic moduli computed using seismic inversion. 
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A key step in the integration of seismic data and production records is the rock physics 

modelling that governs the domain change from the reservoir geodynamic model (e.g., 

pressure, temperature, saturation, porosity and gas-to-oil ratio) to the reservoir elastic 

properties. A well-known and commonly used method is Gassmann’s equation (Gassmann, 

1951; Smith et al., 2003). This method predicts that Gsat = Gdry, where Gsat is the shear 

modulus of a fluid-saturated rock and Gdry is the shear modulus of the dry rock.  

Gassmann’s equation expresses the bulk modulus of the rock saturated with fluid (Ksat), 

as a function of the bulk moduli of the fluid (Kf), the mineral materials or matrix (Km) and 

the dry frame (Kdry). The fluid bulk modulus (Kf) can be calculated from either simulation 

results using calculated fluid compressibility (the inverse of the compressibility gives the 

bulk modulus) or Batzle and Wang (1992) formulations. The bulk modulus of the isotropic 

matrix (Km) can be computed by estimating the effective bulk modulus of the mixture of 

the constituent minerals using the relations derived by Hashin and Shtrikman (1963). The 

Hashin-Shtrikman method in its original formulation gives the composite moduli for a two-

phase material. However it can be further extended to apply for mixtures of more than two 

constituent minerals (Berryman, 1995). 

The biggest uncertainty limiting the successful application of Gassmann’s equations is 

the lack of knowledge of Kdry and Gdry. This complexity stems from the complexity of pore 

geometry and their dependence to the stress field. One can apply an estimated correlation 

between dry elastic moduli and rock porosity using laboratory measurements. 

Alternatively, there are many rock physics models that can be employed. One of the models 

that is able to include reservoir pressure depletion is the Hertz-Mindlin model (Mindlin, 

http://en.wikipedia.org/wiki/Compressibility
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1949). This theory proposes expressions for Kdry and Gdry as functions of effective pressure 

for unconsolidated sandstones.  

Another method utilizes Vp and Vs data, which are estimated by the elastic inversion of 

available prestack data, in order to back calculate dry elastic moduli from Gassmann’s 

equation. One can then employ these calculated values to generate saturated moduli for the 

time steps in which no real data are available, ignoring the influence of pore pressure 

reduction on the values of Kdry and Gdry.  

1.2.2 Heavy oils 

Although the portrayed fluid substitution scheme appears to be applicable in the case of 

rocks saturated with light oils, there are several serious flaws when heavy oil fills the pores. 

Due to their viscoelastic nature, heavy oils support shear stress, even at seismic frequencies 

and as a result, both the bulk and shear moduli of the fluid contribute to the velocity of 

heavy oil saturated rock. In addition Gassmann’s equation is no longer valid at 

temperatures below approximately 60°C (Han et al., 2007a), because cold heavy oil 

reservoirs violate a number of assumptions used in developing Gassmann’s equation.  

Two of these assumptions are that the pore system must be connected and that fluids 

must be moveable (Smith et al., 2003). However, bitumen and extra heavy oil are sticky, 

tar-like, very viscous and sometimes even heavier than water, and must be heated or diluted 

with solvents in order to flow. Moreover, Gassmann’s equation assumes that the 

framework of the rock is unchanged during the flow and this is not the case for 

unconsolidated sands in which the rock structure is altered and even partially produced 

along with heavy oil. The questionable results of employing Gassmann’s equation in heavy 

oils have also been shown by Kato et al. (2008).  
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In addition to the inapplicability of Gassmann’s fluid substitution equation, further 

complications arise due to the dependence of the elastic moduli of heavy oil on temperature 

and frequency (Nur et al., 1984; Eastwood, 1993; Schmitt, 1999; Batzle et al., 2006; Behura 

et al., 2007; Han et al., 2007a). The dependence on frequency leads to velocity dispersion 

and results in a discrepancy between the elastic moduli recorded in a laboratory and seismic 

frequencies. This adds more uncertainty to the results of Gassmann’s equation for heavy 

oils; this is knowing the fact that Gassmann’s equation has no explicit frequency variable 

and cannot account for velocity dispersion since it is essentially invalid for high 

frequencies.  

Few researchers have suggested a practical fluid substitution modelling scheme in rocks 

saturated with viscoelastic fluids. Ciz and Shapiro (2007) proposed generalized 

Gassmann’s equations in predicting the saturated bulk and shear moduli of rock samples 

saturated with heavy oils. Other methodologies have grounded their work on the effective 

elastic medium theory, which relates the elastic moduli of a composite medium to that of 

its constituents. For example, an approach suggested by Das and Batzle (2008), employs 

the Hashin-Shtrikman method of computing effective elastic moduli to set confining 

bounds for the elastic moduli of heavy oil saturated rock.  

Gurevich et al. (2008) applied the self-consistent effective-medium method for 

composites, known as the coherent potential approximation (CPA), to estimate moduli of 

a composite system of oil and rock. Bown and Schmitt (2010) also employed the CPA 

method in carbonate rocks saturated with extra heavy oil using the De Ghetto viscosity 

model. Makarynska et al. (2010) enhanced the results of the CPA approach by using a 

double-porosity rock model and by introducing the compliant porosity term into CPA. 
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1.2.3 Geomechanical impacts on seismic waves 

Disturbing reservoir equilibrium by production or injection will cause substantial 

consequences on the stress state of the reservoir. This stress disturbance has been 

historically ignored, partially due to the complexity of the coupled geomechanical-flow 

simulations.  

Production from a reservoir decreases the pore pressure, which causes the rocks to 

undergo further overburden load since the supporting fluid has been expelled and has lost 

its opposing pressure. As the result the excess load of the overburden is transfer on the rock 

matrix. Such a stress state variations induced by pore pressure reduction, is usually highest 

around the wellbore and diffuses gradually away from the well. This heterogeneity in stress 

distribution will trigger a number of mechanisms in the reservoir, including decrease in 

porosity and permeability. Stress variations also can open or close fractures, activate faults, 

create subsidence and result in wellbore instabilities (Sayers, 2010). As the result of all 

these variations in the reservoir, time lapse seismic monitoring of the field should be 

capable of capturing the time shifts or amplitude changes not only within the reservoir, but 

also in the overburden.  

In the current research, the stress impacts on seismic velocities have been studied and 

modelled in different reservoir production scenarios. 

1.3 Software used 

The following software has been used in this research: 

Commercial software: 

- Hampson-Russell, CGG ( 4D seismic calibration, seismic-well tie, pre/post stack 

inversion, reservoir characterisation) 
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-  Petrel, Schlumberger ( reservoir static modelling, geostatistical property modelling, 

seismic attribute analysis) 

- Eclipse, Schlumberger ( reservoir dynamic simulation) 

- Visage, Schlumberger ( geomechanical simulation) 

- Petrel Reservoir Geomechanics, Schlumberger ( coupled geomechanical-flow 

simulation) 

- PVTi, Schlumberger ( phase behaviour and reservoir fluid property modelling) 

- WinProp, CMG ( phase behaviour and reservoir fluid property modelling) 

Programing: 

- Matlab ( fluid replacement modelling in viscoelastic fluid, velocity modelling as a 

function of variations in stress field) 

- Visual studio, C# ( developing the Sim2Seis codes) 

- Ocean SDK for Petrel, Schlumberger ( Integrating Sim2Seis into Petrel)  

1.4 Thesis contributions 

The following can be highlighted as the principal contributions of this thesis: 

- Contributing the phase behaviour and compositional fluid properties in the fluid 

replacement models in viscoelastic fluids. The idea is to compare the impact of two 

opposing parameters, namely, GOR and temperature on viscosity. 

- Characterizing thermal stress and resolving it from the pressure induced stress 

variations. 

- Developing an industrial scale plugin to facilitate conversion of simulation results 

to seismic impedances. 
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1.5 Thesis structure 

In this thesis, after the brief introduction in this chapter, chapter 2 is about the rock 

mechanical models that can be employed to bridge flow dynamic to the properties of 

saturated rock. In chapter 3, I extend the conventional fluid substitution model to the 

viscoelastic fluids. Furthermore, the frequency and temperature dependency of the fluids, 

and their imperative roles in fluid substitution analysis will be discussed. In chapter 4 we 

turn our attention to the alteration of stress states, which is another crucial mechanism in 

the seismic assisted history matching. I present different coupled geomechanical-flow 

simulations, to investigate wide variety of common scenarios including production, 

injection and thermal cases. In chapter 5, a case study is carried out to present the potential 

benefits of employing seismic assisted history matching approach. The case study is in 

heavy oil CHOPS reservoir. I implement the conventional fluid substitutional model, 

ignoring the geomechanical effects. The reason for this was lack of leak-off test data and 

viscoelastic lab measurements. Finally in chapter 6 I conclude this writing, followed by 

several recommendations for future research and developments. 
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 From reservoir simulation to elastic modelling 

A key step in the integration of seismic data and reservoir production records is the rock 

physics modelling that governs the domain change from the reservoir geodynamic model 

(e.g., pressure, temperature, saturation, porosity and gas-to-oil ratio) to the reservoir elastic 

properties.  This link has been schematically illustrated in figure (2.1). The ability of 

describing such a domain conversion enables us to address a very critical question, i.e., 

“How do log measurements, core properties, and seismic data respond to the variations in 

reservoir conditions?” 

Provided that a reasonable answer is found to this question, then seismic data can be 

accounted for further constraining the reservoir history matching process.  

Conventionally, the history matching ends up with establishing a consistent pressure, 

temperature and saturation condition. The measure for accuracy of such a condition is 

pressure data and fluid production rates, which have been recorded during the exploitation 

of the reservoir. Having an ability to convert the reservoir engineering data to seismic 

parameters, one can utilize 4-D seismic data to impose another measure for validating 

dynamic reservoir model. This seismic measure is quite unique in a sense that it is available 

not only at the wells but also between them.  

Another application for described modelling ability in figure 2.1, is to predict 4-D 

seismic results at any upcoming date, without conducting acquisition operation. This might 

be an ambitious goal, however, its potential to assess the sensitivity of time lapse seismic 

should not be underestimated. 
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Figure 2.1, Rock physics bridges the parameters in reservoir domain (left) to the acoustic 

domain (right).  

 

A legitimate concern in using rock physical models is the ability of decoupling different 

mechanisms that contribute in time-lapse seismic. During the reservoir production, 

saturation, pore pressure and temperature varies around the borehole and gradually diffuses 

through the reservoir to establish an equilibrium. Any of the varied parameters impacts the 

time-lapse seismic differently, depending on the rock and reservoir’s condition. Their 

individual contributions on the time-lapse seismic signal may be along or in the opposite 

direction. Hence, the combined effect can be misleading and might represent a weakened 

or amplified time-lapse responses. Decoupling of the time-lapse drivers, is therefore a 

crucial step in the interpretation of time lapse responses; the objective that can only be 

achieved by a forward modelling based on a robust and reliable rock mechanical model. 

Rock physics 
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Current chapter is an attempt to explain the rock physics’ workflow required to convert 

reservoir properties to the acoustic moduli. I will also review and discuss the critical aspects 

of integrating 4D time-lapse data in the reservoir simulation. 

2.1 Reservoir simulation and history matching fundamentals 

2.1.1 Reservoir simulation 

Two governing equations in reservoir simulation are Darcy’s equation and the mass 

balance law. In fact in a multiphase flow system substituting Darcy’s equation in the mass 

balance law, one will end up with the following form of diffusion equations for the three 

phases (oil, water, gas): 

 

𝜕
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(2.3) 

where, ∅ is porosity, 

𝛽𝑐 is transmissibility conversion factor equal to 1.127 (field )or 86.4e − 6 (metric) ,  

𝑉𝑏  is the bulk volume of each grid cell,  

αc  is volume conversion factor equal to 5.614583 (field )and 1 (metric), 

𝑘𝑥/𝑦/𝑧 is permeability in x/y/z direction,  

𝐴𝑥/𝑦/𝑧 is the cross-sectional area perpendicular to the flow in x/y/z direction, 

𝑘𝑟𝑙 is the relative permeability of phase l (oil, gas, water), 

𝑅𝑠 is solution gas ratio, 

𝜇𝑙 is the viscosity of l (oil, gas, water), 
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𝐵𝑙 is the formation volume factor of phase l (oil, gas, water), 

𝑃𝑙 is the phase pressure of phase l (oil, gas, water), 

𝛾𝑙 is the special gravity of phase l (oil, gas, water),  

Z is the elevation, 

𝑆𝑥/𝑦/𝑧 is the fluid saturation,  

𝑞𝑙𝑠𝑐 is the flow rate of the fluid (oil, water, gas) at standard condition. 

The right hand side of equations is either source (injection) or sink (production) term 

with the positive and negative sign conventions, respectively.  

In these three equations there are 6 unknowns, which are: 𝑃𝑜 , 𝑃𝑤, 𝑃𝑔, 𝑆𝑜 , 𝑆𝑤 𝑎𝑛𝑑 𝑆𝑔. We 

need three further equations in order to be able to solve this coupled system of equations. 

One of the equations can be: 

 𝑆𝑜 + 𝑆𝑤 + 𝑆𝑔 = 1 (2.4) 

Two additional equations are needed to eliminate two of the unknowns: 

 𝑃𝑐𝑜𝑤 = 𝑃𝑜 − 𝑃𝑤 = 𝑓(𝑆𝑤) (2.5) 

 𝑃𝑐𝑔𝑜 = 𝑃𝑔 − 𝑃𝑜 = 𝑓(𝑆𝑔) (2.6) 

where 𝑃𝑐 is the capillary pressure and is usually measured in standard core analysis as a 

function of saturation. 

For detailed derivation and discretization process, refer to “Basic Applied Reservoir 

Simulation” by Ertekin et al. (2001). This system of equations results in a model known as 

black oil model which contains three phases; oil, gas and water. The assumption is that 

there is no mass transfer from one phase to another. Note that this system of equations is 

very nonlinear. In other words, relative permeability, porosity, solution gas ratio, viscosity, 
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formation volume factor, and special gravity are all functions of unknowns and should be 

updated at every single time step. This fact is potentially the source of many difficulties in 

the stability and conversion of the solutions. To tackle this issue in the linearization step, 

another law becomes inevitable which is the equation of state and governs pressure, 

temperature and volume states, based on the fluid properties.  

The solution scheme adopted in reservoir simulation is the finite difference method. 

Solving this system of equations explicitly in time by using forward difference operator 

(using pressure at previous time steps), usually results in unstable predictions. Implicit 

solutions from the other hand, gives more stable solution at the cost of intensifying the 

computational operations. This is because at each step a system of equation must be solved 

by inversion of the model parameters’ matrix, constructed by linearizing equations (2.1) 

through (2.3). Figure 2.2, illustrates a typical model parameter matrix pattern that is 

constructed for solving the system of equation at every single time step. This 54×54 matrix 

is for a two phase fluid flow and a simple 3×3×3 grid block (3×3×3×2 (oil, water) = 54). 

Figure 2.3, shows the 81×81 model parameter matrix pattern for the same grid geometry, 

with additional phase added to the system (3×3×3×3 (gas, oil, water) = 81).  

Figure 2.4, depicts a water flood case with a pair of injector (source) and producer (sink) 

wells, which has been simulated by solving the equation (2.1) through equation (2.6), with 

no flow boundary condition ( ∇𝑃 = 0). It is apparent in this figure that pressure builds up 

around the source and decreases around the sink. The plot in the figure 2.5, shows the 

numerical values for pressure decline\build up due to production\injection between the 

wells. Due to the high injection rate at source point, average pressure of the reservoir 

gradually increases compared to the initial pressure, as time proceeds. 
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Figure 2.2, Model parameter matrix pattern for a 3×3×3 grid for a two phase flow, which 

is inverted to estimate pressure and fluid saturations at each grid cell at a single time step. 

 

Figure 2.3, Model parameter matrix pattern for a 3×3×3 grid for a three phase flow, which 

is inverted to estimate pressure and fluid saturations at each grid cell at a single time step. 
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Figure 2.4, Pressure distribution in a water flood case, with no flow boundary condition. 

 

Figure 2.5, Pressure distribution in the cells along the source (injector) and sink (producer). 

Each curve is for a constant time. 

Injector 

Produce

day=4 day=5 

day=2 day=3 
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2.1.2 History matching 

The history matching process starts with running a simulation on the reservoir grid with 

certain rock and fluid properties. As discussed in the previous section, simulation is the 

process that brings all the information in a set of linear system of equations to come up 

with a solution to unknown parameters like pressure and saturation (also temperature in 

thermal cases). Measures of the validity of the model are liquid production rates and the 

pressure records at wells during the production. If calculated (simulated) rates of oil, gas 

and water match recorded rates and bottom-hole pressure, then the simulation is considered 

to be valid and hence reliable for future forecasts. If calculated parameters mismatch with 

the measured data, then the model parameters including grid properties, fluid properties, 

rock properties, initial and boundary conditions can be adjusted to come up with a closer 

similarity between the measured and calculated data.  

This process of trying to make a reasonable agreement between the recorded reservoir 

production data and simulated data is known as history matching.  

It should be noted that even if the problem of matching the history is an inverse problem, 

the solution for that is a forward modelling solution, due to the complexity and non-

linearity of the diffusion equation.  

2.2 Petro-elastic modelling 

The disturbance in the initial state of the reservoir during its production, results in 

alteration of the initial state of elastic moduli of the rocks. In this section I will review the 

dominating rock mechanical relations that can be utilized to estimate the modified moduli 

of the rock, which undergoes production induced changes. 
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2.2.1 Gassmann’s equation  

A well-known and commonly used method to estimate the effects of saturation 

variations on elastic moduli is Gassmann’s equation (Gassmann, 1951; Smith et al., 2003). 

This method predicts that Gsat = Gdry, where Gsat is the shear modulus of a fluid-saturated 

rock and Gdry is the shear modulus of the dry rock. Gassmann’s equation expresses the bulk 

modulus of the rock saturated with fluid (Ksat), as a function of porosity (∅), bulk modulus 

of the fluid (Kf), mineral materials or matrix (Km) and the dry frame (Kdry): 

 𝐾𝑠𝑎𝑡 = 𝐾𝑑𝑟𝑦 +
(1 −

𝐾𝑑𝑟𝑦
𝐾𝑚

)2

∅
𝐾𝑓
+
1 − ∅
𝐾𝑚

−
𝐾𝑑𝑟𝑦
𝐾𝑚

2

             (2.7) 

Another useful rearrangement of the Gassmann’s equation is as follows (Mavko et al., 

2009): 

 
𝐾𝑠𝑎𝑡

𝐾𝑚 − 𝐾𝑠𝑎𝑡
=

𝐾𝑑𝑟𝑦

𝐾𝑚 − 𝐾𝑑𝑟𝑦
+

𝐾𝑓

∅(𝐾𝑚 − 𝐾𝑓)
             (2.8) 

Gassmann’s equation is grounded on several important assumptions that should be 

considered in its application in different cases. For example Gassmann’s equation cannot 

be applied to the non-uniform fluid saturations. It also assumes that the wave frequency is 

low and ignores attenuation and dispersion for high frequencies. Furthermore, it assumes 

that pores are connected and fluid in the pores comes to the equilibrium in the wave period 

time. This means that frequency is low enough that there is no pore-fluid movement across 

pore walls. In addition, Gassmann’s equation also assumes that there is no chemical 

interaction between pore fluids and rock. The calculated 𝐾𝑠𝑎𝑡 and 𝐺𝑠𝑎𝑡 can be employed to 

compute the corresponding compressional and shear wave velocities: 
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𝑉𝑝 =

√𝐾𝑠𝑎𝑡 +
4
3𝐺𝑠𝑎𝑡

𝜌
 

            (2.9) 

 

 

 

𝑉𝑠 = √
𝐺𝑠𝑎𝑡
𝜌

     (2.10) 

where density can be estimated using the volume average between fluid and rock:  

 𝜌𝑠𝑎𝑡 = 𝜌𝑚(1 − ∅) + 𝜌𝑤𝑆𝑤∅ + 𝜌ℎ𝑐(1 − 𝑆𝑤)∅     (2.11) 

where 𝜌𝑠𝑎𝑡 is the total density value, 𝜌𝑚 is the density of the rock matrix, 𝜌𝑤 is the density 

of brine water , 𝜌ℎ𝑐 is the density of hydrocarbons, ∅ is the porosity of the rock, and 𝑆𝑤 is 

the water saturation. 

2.2.2 Fluid modulus 

The fluid bulk modulus (Kf) can be calculated from either simulation results using 

calculated fluid compressibility (the inverse of the compressibility gives the bulk modulus) 

or Batzle and Wang (1992) correlations. Batzle and Wang (1992), used the available 

correlations for compressibility measurements in reservoir engineering, and tried to make 

a connection between the compressibility and the measured elastic moduli data for a range 

of different fluids.  

Once the individual fluid moduli are calculated, the Reuss harmonic averaging method 

can be employed for calculating the bulk modulus of the mixture of the fluids: 

 
1

𝐾𝑓
=
𝑆𝑤
𝐾𝑤

+
𝑆𝑜
𝐾𝑜
+
𝑆𝑔

𝐾𝑔
 (2.12) 

where, 𝐾𝑓  is the effective bulk modulus of the fluid mixture. This equation is derived 

assuming the iso-stress state in different phases, where the applied stress, induces the same 

pore pressure for every single phase. This iso-stress condition is valid, provided that we 

http://en.wikipedia.org/wiki/Compressibility
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assume zero capillary pressure between immiscible phases. The situation that occurs when 

the fluid distribution is even and homogenous in the pores. The iso-stress condition is a 

reasonable assumption in the low frequency measurements and therefore Reuss average 

gives a realistic bulk modulus for the mixture of fluids. 

An approximation for upper bound of fluid modulus can be estimated by the Voigt 

arithmetic averaging method:  

 𝐾𝑓 = 𝑆𝑤𝐾𝑤 + 𝑆𝑜𝐾𝑜 + 𝑆𝑔𝐾𝑔 (2.13) 

In this equation the assumption is that the medium goes through the iso-strain 

deformation. Reuss and Voigt method has been proved to be the upper and lower bounds 

of the elastic moduli, respectively (Hill, 1952). These bounds are also the limits for elastic 

moduli of the fluid mixtures. The difference between these two approaches has been 

discussed in more details in Mavko et al. (2009). 

Needless to say that considering the fluid mixtures, the iso-stress assumption, is more 

tangible than iso-strain assumption behind the Voigt’s method. This makes Reuss’ bound 

a better candidate for calculation of elastic moduli of the mixture of fluid phases. However, 

this method becomes a bit tricky in the existence of gas phase. Since compressibility of the 

gas is ~102 times larger than liquids, it can be seen from equation (2.12) that 𝐾𝑓, is biased 

toward the introduction of gas. A small amount of gas will decrease 𝐾𝑓 significantly and it 

is not possible to resolve the amount of gas saturation using Gassmann’s equation. Brie et 

al. (1995) suggested a new mixing law which is capable to resolve different gas saturations 

better: 

 𝐾𝑓 = (𝐾𝑙𝑖𝑞𝑢𝑖𝑑 − 𝐾𝑔)(1 − 𝑆𝑔)
𝑒 + 𝐾𝑔 (2.14) 
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where e, can be determined empirically and usually is between 2 and 5. 

Another limitation of equation (2.12) is that it cannot be employed in patchy saturation 

cases. In patchy saturations the iso-stress assumption will be violated in Reuss’ relation. In 

addition, Gassmann’s equation is not entirely valid since the pore pressure is not able to 

come to equilibrium in different patches within wave cycle. The patchy condition, is 

happening when the patch length is larger than a critical value, which is a function of wave 

frequency and fluid viscosity. 

Strictly speaking, this critical length is: 

 𝐿𝑐 = √
𝐾𝑓𝜅

𝑓𝜇𝑓
 (2.15) 

where 𝐾𝑓, is the bulk modulus of the most viscous fluid, 𝜅 is permeability, 𝑓 is seismic 

frequency and 𝜇𝑓 is the viscosity of the most viscous phase. for example for water (𝜇𝑓 = 1 

centipoise = 0.001 Pa.s, and 𝐾𝑓 = 2.2 𝐺𝑃𝑎) 𝐿𝑐=10.42 cm, for 𝜅= 200 mD =200 * 9.869* 

10-13m2 and 𝑓 = 40 𝐻𝑧. This means that induced pore pressure in seismic period (25 

millisecond) will equilibrate in spatial space, smaller than 10.42 cm. If the dimension of 

fluid patches are greater than 10.42 cm, then they are referred as patchy saturation.  Patchy 

saturation leads to higher compressional velocities and impedances and has no effect on 

shear velocities according to Mavko et al. (2009). In such a situation Johnson (2001) 

suggested to estimate 𝐾𝑓 of the composites of two patches: 

 
1

𝐾𝑓 +
4
3𝐺

=
𝑆1

𝐾1 +
4
3𝐺

+
𝑆2

𝐾2 +
4
3𝐺

 
(2.16) 



23 

 

where 𝐾1 and 𝐾2 are saturated bulk modulus computed from the Gassmann’s equation, 

using 𝐾𝑓1 (bulk modulus of first fluid) and 𝐾𝑓2 (bulk modulus of second fluid), 

respectively. This method assumes the shear modulus (G) are equal in the entire medium, 

which is a reasonable assumption, irrespective of the pore fluid type. 

Equation (2.16) is only valid for high enough frequencies: 

 𝜔𝑐 ∝ 𝐷/𝐿
2 (2.17) 

where D is slow wave diffusivity and L is size of patches. 

2.2.3 Matrix modulus  

The matrix modulus is essentially the effective modulus of the mixture of individual 

minerals. Values for elastic moduli of the minerals are already measured and are known. 

However, in addition to the minerals and their volume fractions, the geometric details of 

the constituent minerals are also required (Mavko et al., 2009). Since it is impractical to 

acquire such an information, we can define some bounding limits for the effective medium 

moduli of the mixture of minerals. Hill (1952) proved that upper and lower bounds for the 

effective elastic moduli are in fact Voigt and Reuss average, respectively. He suggested 

that the average of these two methods, can be used as the effective mixed elastic modulus. 

Different effective medium theories, can also be employed for estimating the effective 

modulus of a rock matrix using its constituent mineral moduli. For example the bulk 

modulus of the isotropic matrix (Km) can be computed by estimating the effective bulk 

modulus of the mixture of the constituent minerals using the relations derived by Hashin 

and Shtrikman (1963). The Hashin-Shtrikman method in its original formulation gives the 

composite moduli for a two-phase material. However it can be further extended to apply 

for mixtures of more than two constituent minerals (Berryman, 1995): 
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 𝐾𝐻𝑆− = Λ(𝐺𝑚𝑖𝑛) 

𝐾𝐻𝑆+ = Λ(𝐺𝑚𝑎𝑥) 

Λ(𝑧) = 〈
1

𝐾𝑖 +
4
3 𝑧
〉−1 −

4

3
𝑧 

𝐺𝐻𝑆+ = Γ(휁(𝐾𝑚𝑎𝑥, 𝐺𝑚𝑎𝑥)) 

𝐺𝐻𝑆− = Γ(휁(𝐾𝑚𝑖𝑛, 𝐺𝑚𝑖𝑛)) 

Γ(𝑧) = 〈
1

𝐺𝑖 + 𝑧
〉−1 − 𝑧 

휁(𝐾, 𝐺) =
𝐺

6
(
9𝐾 + 8𝐺

𝐾 + 2𝐺
) 

(2.18) 

where 𝐺𝑖 and 𝐾𝑖 are the shear moduli and bulk moduli of the constituents, respectively. 

The brackets 〈.〉 indicate a weighted average with respect to the volume fraction over the 

medium. 

Hashin-Shtrikman gives a minimum and maximum bound for the elastic moduli and 

provides the narrowest possible bounding limits (Mavko et al., 2009). Arguably, the 

average of these two bounds can be considered as the corrected moduli. 

This method can be employed to the mixtures of solid and liquid as well. In such a case 

the modified Hashin-Shtrikman (Mavko et al., 2009) scheme suggests the use of the 

concept of critical porosity,ϕc, to further narrow down the bounding limits, in the fluid-

solid mixtures.  The critical porosity (which is about 40% for sandstone) is the porosity 

above which solid falls apart and is not able to support loads anymore. In such a situation 

solid becomes suspension in the fluid phase and elastic moduli can be exactly calculated 

by the Reuss averaging since iso-stress conditions dominates. In the modified Hashin-
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Shtrikman method, effective moduli of mineral plus ϕc percent of fluid is calculated using 

Hashin-Shtrikman and then it will be used instead of the fluid phase to be mixed with solid 

mineral in the Hashin-Shtrikman method again.  

2.2.4 Dry frame modulus 

The biggest uncertainty limiting the successful application of Gassmann’s equations is 

the lack of knowledge of Kdry and Gdry. Dry frame moduli (Kdry and Gdry) refer to the moduli 

of the porous rock where the pores are empty. It worth mentioning that dry moduli is not 

necessarily measured on dry rock samples and drained sample can be used as well. The 

challenge is to ensure that the pore pressure remains unchanged during the test. This 

situation is similar to a rock filled with air at standard conditions (Mavko et al., 2009).  

Experimental Correlation with porosity 

One can apply an estimated correlation between dry elastic moduli and rock porosity 

using laboratory measurements. Murphy et al. (1993) suggested the following expressions 

between dry frame moduli of the rock and its porosity (φ), for the porosities smaller than 

0.35: 

 𝐾𝑑𝑟𝑦 = 38.18(1 − 3.39φ + 1.95φ2) (2.19) 

 𝐺𝑑𝑟𝑦 = 42.65(1 − 3.48φ + 2.19φ2) (2.20) 

and for the porosities greater than 0.35 they used: 

 𝐾𝑑𝑟𝑦 = exp(−62.60φ + 22.58) 
(2.21) 

 𝐺𝑑𝑟𝑦 = 42.65(−62.60φ + 22.73) (2.22) 

These correlations had been measured on the gas saturated and pure quartz sandstones, and 

should be calibrated for different rock types and saturating fluids. 
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Hertz-Mindlin 

Alternatively, there are many rock physics models that can be employed. One of the 

models that is able to include reservoir pressure depletion is Hertz-Mindlin model 

(Mindlin, 1949). This theory proposes expressions for Kdry and Gdry as functions of 

effective pressure for unconsolidated sandstones: 

 

KDry = [

ϕ
ϕc
⁄

KHM +
4
3GHM

+
1 −

ϕ
ϕc
⁄

K +
4
3GHM

]

−1

−
4

3
GHM, 

GDry = [

ϕ
ϕc
⁄

GHM + Z
+
1 −

ϕ
ϕc
⁄

G + Z
]

−1

− Z, 

Z =
GHM
6
[
9KHM + 8GHM
KHM + 2GHM

] ; 

(2.23) 

for ϕ ≤ ϕc, and the following equation for ϕ ≥ ϕc: 

 

KDry = [
(
(1 − ϕ)

(1 − ϕc)
⁄

KHM +
4
3GHM

+

(ϕ − ϕc)
(1 − ϕc)
⁄

4
3GHM

]

−1

−
4

3
GHM 

GDry = [

(1 − ϕ)
(1 − ϕc)
⁄

GHM + Z

+

(ϕ − ϕc)
(1 − ϕc)
⁄

Z
]

−1

− Z 

(2.24) 
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where ϕ is porosity; ϕcis the critical porosity; K and G are the bulk and shear moduli of 

the mineral phase, respectively. KHM and GHM are calculated from the Hertz-Mindlin theory 

as:  

 

KHM = [
Gm
2 n2(1 − ϕc)

2

18π2(1 − ν)2
𝑃]

1
3

 

GHM =
5 − 4ν

5(2 − ν)
[
3Gm

2 n2(1 − ϕc)
2

2π2(1 − ν)2
P]

1
3

 

(2.25) 

where P is the effective pressure, 𝜈 is the Poisson’s ratio of the mineral phase calculated 

from Km and Gm; n is the average number of contacts per grain, and can be approximated 

by its relation with porosity (Dvorkin and Nur, 1996): 

𝑛 = 20 − 34φ + 14𝜑2 (2.26) 

 Effective medium theories 

Effective medium theories, are developed for finding a replacement medium such that 

its moduli are equal to the mixture of individual modulus of constituent materials. These 

methods are applicable in a wide range of applications, including metallogy, composite 

materials, fracture mechanics and polymers. In rock physics, these methods are employed 

to calculate the elastic moduli of the rock matrix using their constituent minerals.   

One can also consider pore space and its porosity, as one of the constituents of the rock 

frame, and hence the dry modulus of the rock can be computed in this manner. Kuster and 

Toksöz (1974) derived an approximation to calculate effective moduli for randomly 

distributed inclusions embedded in a medium (Berryman, 1980b): 
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(𝐾𝐾𝑇
∗ − 𝐾𝑚)

𝐾𝑚 +
4
3𝐺𝑚

𝐾𝐾𝑇
∗ +

4
3𝐺𝑚

=∑𝑥𝑖(𝐾𝑖 − 𝐾𝑚)

𝑁

𝑖=1

𝑃𝑚𝑖 (2.27) 

(𝐺𝐾𝑇
∗ − 𝐺𝑚)

𝐺𝑚 + 휁𝑚
𝐺𝐾𝑇
∗ + 휁𝑚

=∑𝑥𝑖(𝐺𝑖 − 𝐺𝑚)

𝑁

𝑖=1

𝑄𝑚𝑖 (2.28) 

where  𝑃𝑚𝑖, and 𝑄𝑚𝑖 are parameters describing the effect of an inclusion of material i in 

the background medium (Table 2.1). In this table 휁 =
𝐺

6
(
9𝐾+8𝐺

𝐾+2𝐺
), 𝛾 = 𝐺(

3𝐾+𝐺

3𝐾+7𝐺
), m and i 

refer to the matrix and inclusions, respectively. 𝛼 is the crack aspect ratio, 𝑥𝑖 is the volume 

fraction of the inclusion component and 𝐾𝐾𝑇
∗  and 𝐺𝐾𝑇

∗ , are effective medium moduli that 

can be worked out explicitly using equations 2.27 and 2.28.  

 

Table 2.1, Coefficients Pmi and Qmi for four different inclusion shapes 

Inclusion 

shape 
𝑃𝑚𝑖 𝑄𝑚𝑖 

Spheres 
𝐾𝑚 +

4
3𝐺𝑚

𝐾𝑖 +
4
3𝐺𝑚

 

𝐺𝑚 + 휁𝑚
𝐺𝑖 + 휁𝑚

 

Needles 
𝐾𝑚 + 𝐺𝑚 +

1
3𝐺𝑖

𝐾𝑖 + 𝐺𝑚 +
1
3𝐺𝑖

 
1

5
(
4𝐺𝑚

𝐺𝑚 + 𝐺𝑖
+ 2

𝐺𝑚 + 𝛾𝑚
𝐺𝑖 + 𝛾𝑚

+
𝐾𝑖 +

4
3𝐺𝑚

𝐾𝑚 + 𝐺𝑚 +
1
3𝐺𝑖

) 

Discs 
𝐾𝑚 +

4
3𝐺𝑖

𝐾𝑖 +
4
3𝐺𝑖

 

𝐺𝑚 + 휁𝑖
𝐺𝑖 + 휁𝑖

 

Penny 

cracks 

𝐾𝑚 +
4
3𝐺𝑖

𝐾𝑖 +
1
3𝐺𝑖 + 𝜋𝛼𝛽𝑚

 
1

5
(

8𝐺𝑚
4𝐺𝑖 + 𝜋𝛼(𝐺𝑚 + 2𝛽𝑚)

+ 2
𝐾𝑖 +

2
3 (𝐺𝑖 + 𝐺𝑚)

𝐾𝑖 +
4
3𝐺𝑖 + 𝜋𝛼𝛽𝑚

) 

 



29 

 

Another practical method to come up with a reasonable estimation of dry frame moduli 

is to use the Hashin-Shtrikman method. In this method two components, namely the matrix 

component (1 − 𝜙) and pore component (𝜙) with 0 moduli can be combined to come up 

with an elastic moduli of the dry frame.  

The coherent potential approximation (CPA) method is an iterative for estimating 

effective-medium moduli of a composite system and can be employed as an alternative to 

Hashin-Shtrikman. This method has been discussed in details in Appendix (B). 

Calculation of dry moduli using Vp and Vs data 

Another method for calculating dry modulus, utilizes available Vp and Vs data (e.g., Vp 

and Vs calculated from seismic inversion) , in order to back calculate dry elastic moduli 

using inverse form of Gassmann’s equation:  

 𝐾𝑑𝑟𝑦 =

𝐾𝑠𝑎𝑡 (
∅𝐾𝑚
𝐾𝑓

+ 1 − ∅) − 𝐾𝑚

∅𝐾𝑚
𝐾𝑓

+
𝐾𝑠𝑎𝑡
𝐾𝑚

− 1 − ∅
 (2.29) 

One can then employ these calculated values to generate saturated moduli for the time 

steps in which no data are available, ignoring the influence of pore pressure reduction on 

the values of Kdry and Gdry. This equation should be used with care in small porosities, since 

it can result in erratic and unstable results. The sensitivity of this method to the small 

porosity can be readily seen from equation (2.29). 

Calculation using Vp or Vs only 

There is a method explained by Lee (2003) originated by Gregory (1976) for calculation 

of dry frame moduli when Vp is only available. One can rewrite Gassmann’s equation in 

the following form: 
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 𝑎𝛽2 + 𝑏𝛽 + 𝑐 = 0 (2.30) 

where 𝛽 = 1 −
𝑘𝑑𝑟𝑦

𝑘𝑚
=

∆𝑉𝑝𝑜𝑟𝑒

∆𝑉𝑏𝑢𝑙𝑘
 is defined as Biot’s coefficient, at constant pressure. Also 

 
𝑎 =

4

3
𝐺𝑚𝑘𝑓 

𝑏 = 𝜌𝑘𝑓𝑉𝑝
2 − (𝑘𝑚 +

4

3
𝐺𝑚)[𝑘𝑓(1 + ∅ − 𝑘𝑚∅)] 

𝑐 = ∅(𝑘𝑓 − 𝑘𝑚)(−𝜌𝑉𝑝
2 + 𝑘𝑚 +

4

3
𝐺𝑚) 

(2.31) 

By solving equation (2.30) for 𝛽 one can, then calculate  𝑘𝑑𝑟𝑦 using 𝛽 = 1 − 𝑘𝑑𝑟𝑦/𝑘𝑚. 

𝐺𝑑𝑟𝑦 can be derived by the following formula (Krief et al., 1990): 

 𝐺𝑑𝑟𝑦 = 𝐺𝑚(1 − 𝛽) (2.32) 

In cases where there is only 𝑉𝑠 data, one can use equation (2.10), and considering 

that 𝐺𝑑𝑟𝑦 = 𝐺𝑠𝑎𝑡, equation (2.32) can be employed to calculate 𝛽 and 𝑘𝑑𝑟𝑦, as the result. 

Another useful method for calculating Vp, in case that Vs is not measured was given by 

Mavko et al. (1995). They showed that Vp can be reasonably estimated by: 

 
𝑀𝑠𝑎𝑡

𝑀𝑚 −𝑀𝑠𝑎𝑡
≈

𝑀𝑑𝑟𝑦

𝑀𝑚 −𝑀𝑑𝑟𝑦
+

𝑀𝑓

∅(𝑀𝑚 −𝑀𝑓)
 (2.33) 

where M=ρVp
2 which is equal to K+4/3G. 

2.2.5 Clay content 

Assuming that clay minerals are part of the matrix, and knowing that they are more 

compressible, then we expect reduction of the velocities by increasing clay content. The 

effect of clays on seismic properties also depends on the position of clay particles in the 

rock and on the clay type (Wang, 2001). Usually introducing a small amount of clay will 

reduce the velocity significantly. The reason is that tiny clays will fill small spaces between 
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grain contacts and reduce the stiffness of the contact points. Han et al. (1986), reported an 

experimental correlation which relates the sand stone velocity to its porosity and clay 

content: 

 𝑉 = 𝑉0 − 𝑎∅ − 𝑏𝐶 (2.34) 

where a, b are experimentally measured factors, ∅ is porosity and C is the clay content. 

This expression can be used for both P and S wave velocities, and obviously shows a 

decreasing trend in velocity with increasing porosity or clay content.   

2.3 Seismic assisted history matching 

In section 2.1, I explained the results that are expected from the reservoir simulators, 

and in section 2.2 the rock mechanical formulations were summarized, those which can be 

employed to convert dynamic simulation results to the bulk and shear modulus of the 

saturated rock. In this section I discuss the practical aspects and considerations in seismic 

assisted history matching process. 

Figure 2.6, illustrates the typical approach for seismic assisted history matching 

workflow. Note that steps 1 through 4 (Carlson, 2006) is the conventional history matching 

scheme, which already is well-established in the industry.  

At every step, there are different parameters that can be treated as matching parameters, 

where one can play around to end up with a good match between measured and simulated 

data. We should emphasize that these parameters can be treated as matching parameters, 

only if their true values are unknown or have been measured with a certain degree of 

uncertainty.  
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Figure 2.6, the workflow for seismic assisted history matching (modified from Carlson, 

2006). 

 

The followings are some considerations required at every steps: 

1. The reservoir model should be capable of producing enough liquids. That’s what we 

need to verify before step 1. A quick material balance check should be run to see if it has 

enough fluid in place. Also initial and boundary conditions should be checked to confirm 

that the reservoir has enough driving energy to produce. 

2. To match the reservoir pressure at the field level, the initial condition as well as 

boundary condition, can be considered as the matching parameters. Also rock 

compressibility dictates the ability of rock to expand or shrink due to pore pressure 

changes, and directly influence the pore pressure. We should be careful in the sense that 

the rock compressibility that we are referring here (pore volume changes with pore pressure 

changes) is different from rock compressibility that is typical in seismology (bulk volume 

changes with confining pressure changes). 

1. run reservoir 

simulator 

2. match average 

reservoir pressure 

3. match cumulative 

oil, water, gas rates 

at the field level 

4. match pressure 

and rates at the 

individual wells  

5. convert the 

results to acoustic 

impedance using 

petro-elastic model 

6. match acoustic 

impedance at the 

field level 
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3. Two dominating parameters in this step are hydrocarbons fluid properties, and 

relative permeability curves. 

4. Skin factor, bottom-hole pressure and local rock permeability can be treated as 

matching parameters.  

5. This steps was discussed in the previous sections in details. 

6. In this step the seismic impedance calculated from seismic inversion is compared 

with seismic impedance computed using described rock physic models. This step requires 

two distinct level of matching to be considered. First is the case that the simulation results 

are reasonably correct (which we never know!). In such a case we need to play around with 

the post simulation parameters. The main unknown parameter is Kdry to be tuned. The 

second case is when after running step 5 we end up with surprises! In other word we see a 

drastic local, or global differences between the modelled acoustic impedance and the 

acoustic impedance from seismic data. Even if it is disappointing to observe discrepancies, 

it should be recalled that identifying and resolving these mismatches is the main goal 

during the process of seismic assisted history matching, in order to improve our 

understanding from the reservoir model.  

Depending on the fluid substitution modelling used, the matching parameters are 

different in this step. Generally the amount of gas produced in the reservoir has major 

influence on the petro-elastic modelling. Hence, PVT properties of the hydrocarbon can be 

treated as the matching parameter.  

Adding a constant value (negative in injection or positive in production) to the Kdry 

might shift the data to the true values, if the stress induced corrections has not been 
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considered in the modelling. From the other hand, adding clay content will reduce the 

velocities, depending on porosity. 

Local discrepancies are quite interesting to be observed, since they might be an indicator 

of reservoir compartmentalization or faults or subtle lithological variation like increasing 

shale content which reduces the seismic velocity. 

2.4 Summary 

The goal in this chapter was to portray the workflow required for conversion of reservoir 

engineering domain to acoustic impedance domain. I started off by defining reservoir 

simulation and governing equations in this domain. Next, the history matching process was 

briefly discussed. The history matching process starts with running a simulation on the 

reservoir grid with certain rock and fluid properties. Conventionally, the history matching 

ends up with establishing a consistent pressure, temperature and saturation condition. The 

measure for validity of such a condition is pressure data and fluid production rates, which 

have been recorded during the exploitation of the reservoir.  

Having an ability to convert the reservoir engineering data to seismic parameters, one 

can utilize 4-D seismic data to impose another measure of dynamic reservoir model 

validation. The discussions in this chapter were followed to explain the rock physics’ 

workflow needed to convert reservoir properties to the acoustic moduli. The main focus 

was on conventional flow, where Gassmann’s equation can be employed for calculating 

saturated bulk moduli from different rock and fluid properties. In this regard, different 

techniques in estimation of bulk moduli of matrix, dry framework and fluid were discussed. 

In addition I pointed out the impact of clay contents and also rock properties in case of 
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patchy saturated.  Finally in the last section I explained practical considerations and 

techniques required in seismic assisted history matching workflow.  
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 Fluid substitution models in heavy oil reservoirs 

Fluid substitution models were discussed for conventional reservoirs in the previous 

chapter in detail. Although the portrayed fluid substitution scheme appears to be applicable 

in the case of rocks saturated with light oils, there are several serious flaws when heavy oil 

fills the pores. Due to their viscoelastic nature, heavy oils support shear stress, even at 

seismic frequencies and as a result, both the bulk and shear moduli of the fluid contribute 

to the velocity of heavy oil saturated rock. Furthermore, Gassmann’s equation is no longer 

valid at temperatures below approximately 60°C (Han et al., 2007a), because cold heavy 

oil reservoirs violate a number of assumptions used in developing Gassmann’s equation. 

One of the assumptions is that the pore system must be connected and the other is that 

fluids must be moveable (Smith et al., 2003). However, bitumen and extra heavy oil are 

sticky, tar-like, very viscous and sometimes even heavier than water, and must be heated 

or diluted with solvents in order to flow. Moreover, Gassmann’s equation assumes that the 

framework of the rock is unchanged during the flow and this is not quite the case for 

unconsolidated sands in which the rock structure is altered and even partially produced 

along with heavy oil. The questionable results of employing Gassmann’s equation in heavy 

oils have also been shown by Kato et al. (2008).  

In addition to the inapplicability of Gassmann’s fluid substitution equation, further 

complications arise from the dependence of the elastic moduli of heavy oil on temperature 

and frequency (Nur et al., 1984; Eastwood, 1993; Schmitt, 1999; Batzle et al., 2006; Behura 

et al., 2007; Han et al., 2007a). The dependence on frequency leads to velocity dispersion 

and results in a discrepancy between the elastic moduli recorded in a laboratory and seismic 

frequencies. This adds more uncertainty to the results of Gassmann’s equation for heavy 
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oils; this is knowing the fact that Gassmann’s equation has no explicit frequency variable 

and cannot account for velocity dispersion since it is essentially invalid for high 

frequencies.  

Few researchers have suggested a practical fluid substitution modelling scheme in rocks 

saturated with viscoelastic fluids. Ciz and Shapiro (2007) proposed generalized 

Gassmann’s equations in predicting the saturated bulk and shear moduli of rock samples 

saturated with heavy oils. Other methodologies have based their work on the effective 

elastic medium theory, which relates the elastic moduli of a composite medium to that of 

its constituents. For example, an approach suggested by Das and Batzle (2008), employs 

the Hashin-Shtrikman method of computing effective elastic moduli to set confining 

bounds for the elastic moduli of heavy oil saturated rock.  

Gurevich et al., (2008) applied the self-consistent effective-medium method for 

composites, known as the coherent potential approximation (CPA), to estimate moduli of 

a composite system of oil and rock. Bown and Schmitt (2010) also employed the CPA 

method in carbonate rocks saturated with extra heavy oil using the De Ghetto viscosity 

model. Makarynska et al. (2010) enhanced the results of the CPA approach by using a 

double-porosity rock model and by introducing the compliant porosity term into CPA 

approach. 

One of the goals of the current study is the examination of different aspects of proposed 

viscoelastic fluid substitution models. The objective is the establishment of a practical 

method for converting dynamic reservoir properties to elastic moduli in heavy oil 

reservoirs, where insufficient laboratory data cast doubt on the modelling results. We use 
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a more realistic fluid model by taking into account the fluid’s composition in the viscosity 

calculations.  

I modelled two different oil compositions introduced into the pores as the saturating 

fluid: a single-component dead oil (oil with no light component and dissolved gas) sample 

with a heavy molecular weight to represent bitumen and a compositional live oil sample 

with lighter components as representative of heavy oil. The selection of the lighter fluid 

sample worked towards illustrating the influence of compositional variations of the 

saturating fluid with temperature variations on the elastic moduli of the saturated rock. Our 

modelling strategy makes use of fluid phase behavior as an output of reservoir simulation 

in the forward elastic modelling of thermal reservoirs. One should make provisions that 

this scheme is unfit for solvent-assisted recovery, which is a common scenario in heavy oil 

recovery. In such a case, asphaltene precipitation normally occurs and solid phase deposits 

left in the pores are required to be considered in the calculations of the elastic moduli.  

The current study put the heavier bitumen sample to use for the comparison between 

elastic moduli of the rocks when they are saturated with heavy oils of varying viscosities. 

The capabilities for temperature prediction and consequently, viscosity estimation are 

of significant practical consequence in increasing the total recovery factor in thermal 

reservoirs. It is always challenging to determine if injected steam has reached the entire 

reservoir or if there are some unreachable and untouched regions. In addition, controlling 

the growth pattern of the steam chamber has a direct impact on total recovery. I demonstrate 

how the unique relationship among the frequency, the temperature and the elastic moduli 

for a rock saturated with a particular fluid can provide a workflow for determining the 

temperature at different locations of the reservoir.  
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For validation purposes during this study, Uvalde heavy oil data measured by Batzle et 

al. (2006) were used as obtained from the literature (Behura et al., 2007; Das and Batzle, 

2008; Gurevich et al., 2008; Makarynska et al., 2010). 

3.1  Theoretical background 

3.1.1 Shear modulus in heavy oil 

Heavy oils exhibit properties of both viscous fluids and elastic materials. As an elastic 

material, the linear elasticity is described by Hooke’s law, which presents the stress as a 

linear function of strain:  

 𝜎 = 𝑀휀 (3.1) 

where 𝜎, M and 휀 are the stress, elastic modulus and strain, respectively.  

As a viscous fluid, heavy oils obey the stress-strain relationship in which stress is 

proportional to the strain rate: 

 𝜎 = 𝜇휀̇ (3.2) 

with 𝜇 being the viscosity, and 휀̇ = 𝑑휀/𝑑𝑡.  

According to (3.1) and (3.2), stress and strain are in phase and 90° out of phase for the 

elastic and viscous materials, respectively. We suppose that 𝜎 is a sinusoidal function of 

time: 

 𝜎(𝑡) = 𝜎𝑚𝑎𝑥sin (𝜔𝑡) (3.3) 

the strain response of a linearly viscoelastic material then lags the stress by phase angle 𝛿: 

 휀(𝑡) = 휀𝑚𝑎𝑥sin (𝜔𝑡 − 𝛿) (3.4) 

For heavy oils, strain is out of phase with stress varying from 0 to 90°, depending on the 

temperature and measuring frequency. Lakes (2009) gives a more detailed discussion. 

Figure 3.1 reveals the stress and strain response with different time lags. In elastic 
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materials, the resultant strain is in phase with the applied stress (no phase lag) and removal 

of the load, yields the simultaneous removal of strain (i.e. the elastic body has no memory).  

In viscous fluids, the resultant strain depends on the history of the applied stress (90° 

phase lag) and there is no recovery from the deformation upon the removal of the load (i.e. 

the viscous body has an extreme memory). In other words, the strain at the present time, 

휀(𝑡), depends on the stress history up to the present time, t, and not just to the stress at time 

t, which occurs for ideal elastic materials.  

In heavy oils, we expect to observe a combination of both elastic and viscous materials. 

That is to say, these materials have a certain memory and depending on their viscoelastic 

nature, can be partially affected by their past, as time (or frequency) comes into play. 

The complex shear modulus (G) of heavy oils is given by the in-phase elastic component 

(or storage modulus, G’) and the out-of-phase viscous component (or loss modulus, G”): 

 𝐺 = 𝐺′(𝜔) + 𝐺"(𝜔)𝑖 (3.5) 

where G’ and G” are the abilities of a medium to store energy elastically and to dissipate 

energy as a fluid, respectively. Attenuation is then defined as the reciprocal of the quality 

factor, Q (Q is the measure of energy loss per cycle according to Sheriff and Geldart 

(1995)): 

 𝑄−1 =
𝐺"

𝐺′
= 𝑡𝑎𝑛 𝛿 (3.6) 

where 𝛿 is the phase lag between the stress and the resultant strain.  

For a purely elastic medium in which there is no imaginary elastic moduli component, 

there is no energy loss; therefore, 𝑄−1 = 0. In such a case, there is no phase lag between 

the stress and the resultant strain and all the energy is stored. For viscous fluids, 𝑄−1 = ∞, 
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which denotes that all the energy is dissipated and no energy is stored (𝛿 = 90). For a 

detailed explanation of these relationships, please refer to Ferry (1980). 

 

Figure 3.1, Time lag between strain and stress in elastic, viscous and viscoelastic media. 

Note that both stress and strain are functions of time. 

 

3.1.2 Shear modulus modelling of heavy oil 

The simplest model used to describe complex shear moduli as a function of angular 

frequency (𝜔), is the Maxwell model: 

 𝐺(𝜔) =
𝐺∞

1 − (𝑖𝜔𝜏)−1
 (3.7) 

where 𝑖 = √−1, 𝜏 = 휂/𝐺∞ is the relaxation time, 휂 is the viscosity of the oil, and 𝐺∞ is 

the real shear modulus at infinite frequency. Batzle et al. (2006) and Behura et al. (2007) 
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noted that the frequency dependency described by the Maxwell model is stronger than can 

be observed in experimental data (Gurevich et al., 2008).  

Batzle et al. (2006) used the Cole-Cole empirical relationship to approximate the 

frequency-dependent shear modulus of the heavy oil: 

 𝐺(𝜔) = 𝐺∞ −
𝐺∞ − 𝐺0
1 + (𝑖𝜔𝜏)𝛼

 (3.8) 

where 𝜏 = 휂/(𝐺∞ − 𝐺0), 𝐺0 is the real shear modulus at zero frequency, and 𝛼 is an 

experimentally determined factor between 0 and 1.  

Figure 3.2 shows the modelled storage modulus generated from the Maxwell model, the 

Cole-Cole correlation and measured data at 20°C. 

 

Figure 3.2, Modelled shear modulus along with Uvalde reservoir heavy oil data at 20°C, 

(after Batzle et al., 2006). 

l 
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3.1.3 Flash calculation 

It is apparent in equation (3.8) that the shear modulus of the heavy oil depends on its 

viscosity. In order to have a reasonable estimate of the oil viscosity, we need to characterize 

the phase behavior of the fluids as a function of the pressure, the temperature and the oil 

composition. The flash calculation is a common tool in reservoir engineering to calculate 

the number of phases and their compositions, given the pressure, temperature and 

composition of the fluid. For example, if we carry out a flash calculation on a fluid with a 

known composition and a fixed pressure and temperature (P1, T1), we can figure out the 

number of moles in the liquid and gas phases, once equilibrium is reached. In addition, the 

composition of each phase can be determined. When the compositions of all the phases are 

known, we can work out the properties (e.g., viscosity) of each phase. The required four 

steps for flash calculation are as follows: 

1. An estimate of the equilibrium ratio, Ki , which is the number of moles of a component 

in vapor (Yi) to that in liquid (Xi), is made using a reasonable equation, such as Wilson’s 

equation (1968) that is based on the pressure (P), temperature (T), molecular fraction and 

properties of each component: 

 𝐾𝑖 = (
𝑃𝑐𝑖
𝑃
) exp [5.37(1 + 𝜔𝑖) (1 −

𝑇𝑐𝑖
𝑇
)] (3.9) 

where 𝜔 is the acentric factor. Tc and Pc are the absolute critical temperature and pressure, 

respectively, which can be found in chemical tables showing the properties of pure 

compounds. The subscript i refers to the ith component in the fluid system. 
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2. An ordinary flash calculation is done in order to calculate the compositional fractions 

in the liquid and vapor phases, using the total material balance and the material balance for 

each component:  

 𝑛𝐿 + 𝑛𝑉 = 1 (3.10) 

 𝑋𝑖𝑛
𝐿 + 𝑌𝑖𝑛

𝑉 = 𝑍𝑖 (3.11) 

 

where nL and nV are the moles of the liquid and vapor, respectively. Xi, Yi and Zi are the 

mole fractions of the ith component in the liquid, vapor and mixture, respectively.  

The idea in an ordinary flash calculation is that we guess nL (or nV) and verify if equation 

(3.11) is satisfied for all the components based on the guessed nL and nV and the values of 

ki estimated in step 1. 

3. Using the calculated Xi and Yi from step 2, the cubic equation of state for liquid and 

vapor is set up as a function of the compressibility factor (Appendix A). All three roots are 

calculated with the maximum and minimum roots corresponding to the vapor and liquid 

compressibility factors, respectively. 

4. In the equilibrium state, the fugacity (the measure of the tendency of a fluid to 

transform from one phase to another) of each component should be equal throughout all 

the phases in a heterogeneous system. We calculate the fugacity (Appendix A) of each 

component to compare the values in the liquid and vapor phases. If they are equal, the 

correct composition fractions are Xi and Yi; otherwise, the Ki values are updated, and we 

start over from step 2.  

For a detailed explanation of flash calculation using an equation of state, please refer to 

Danesh (1998). 
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3.1.4 Viscoelastic fluid substitution schemes  

Effective-medium theories estimate an equivalent model of a medium based on the 

properties and relative fractions of its constituents. These theories can be applied to the 

composites of heavy oil and rock knowing their fractions. By calculating the shear modulus 

of heavy oil from equation (3.8) and knowing the shear properties of the rock, we can 

combine the moduli to come up with the effective oil-rock composite properties. The 

Hashin-Shtrikman (HS) method, for example, gives the narrowest bounds for the elastic 

modulus of such a composite. Ideally, given the exact geometrical details for the isotropic 

constituents, this would give the precise value of the moduli of the composite medium. The 

averages of the upper and lower HS bounds are reasonable for the composite of the 

different minerals, since their geometrical details are more or less similar. However, for 

the fluid and rock system, not only does the separation between constraining bounds 

broaden, but the average may not be a good choice to represent the effective elastic 

properties of the fluid and rock system. As a matter of fact the bounds become quite 

separated, and we lose some of the predictive value (Mavko et al., 2009). 

CPA is an alternative method to find the equivalent properties of the composite between 

the HS bounds (Berryman, 1980b, 1995). This technique is known to provide reliable 

estimates of the frame moduli of heterogeneous materials (Ogushwitz, 1985). The poor 

results of the CPA method for a single-porosity system can be improved with the use of a 

double-porosity system, considering cracks in the rocks (Makarynska et al., 2010). 

Appendix B provides the details for the CPA method. 
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3.2 Problem statement 

The goal of this study is the establishment of a viscoelastic fluid substitution model 

where the rock is saturated with different fluids. We seek to establish a framework for 

viscoelastic fluid substitution first and then to investigate the corresponding practical 

aspects of this framework.  

Two heavy oil samples were numerically modelled to represent heavy oil (live oil) and 

bitumen (dead oil; oil with no light component and dissolved gas), where the viscosity of 

bitumen was intended to be much higher than that of heavy oil. We selected a heavy oil 

sample to study the compositional variation effects on elastic moduli with temperature, 

whereas modelling of bitumen was done to compare elastic moduli of the rock saturated 

by two distinct viscoelastic fluids with different ranges of viscosities. In other words, we 

are looking for answers to the following two questions: 

1. How would the elastic moduli of the oil-rock system change, given gas liberation 

with increasing temperature? 

2. How would the elastic moduli of the oil-rock system change if the saturating heavy 

oil fluid was replaced by a more viscous fluid? 

The heavy oil sample was modelled to address the first question; and the bitumen 

sample, in comparison to the heavy oil sample, was utilized to answer the second question. 

This comparison related the elastic moduli of a particular oil-rock system with a certain 

temperature and frequency. Hence, temperature can be predicted when frequency and 

elastic moduli are known. 
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3.3 Methodologies 

3.3.1 Modelling bitumen and heavy oil 

In order to determine the phase behavior of a hydrocarbon mixture, we need to have its 

chemical composition and the prevailing temperature and pressure. Although a reservoir 

fluid can be composed of thousands of compounds, a full description of fluid by identifying 

all its constituents may not be possible, and reservoir oil is commonly described by discrete 

hydrocarbon components (Danesh, 1998).  

The bitumen model in this study has a single component with a molecular weight of 600 

Kg/Kgmol. The other fluid model, i.e., the heavy oil fluid, is composed of three 

hydrocarbon constituents: C1, intermediate and heavy components. The behavior of the 

heavy oil fluid depends on the properties of these three components and their molar 

fractions. We assume that the molecular weight for the C1, intermediate and heavy 

components are 16 Kg/Kgmol (equivalent to methane), 96 Kg/Kgmol (typical for heavy 

components) and 359 Kg/Kgmol (typical for ultra-heavy components), with molar 

fractions of 0.15, 0.10 and 0.75, respectively. The largest fraction is that of heavy 

components, so that the behavior of the mixture is similar to that of heavy oils.  

Figure 3.3 shows the phase behavior of the heavy oil fluid sample at different 

temperatures and pressures. At pressures above the bubble point line (lover solid line), the 

oil is a single liquid phase. As the pressure decreases at a constant temperature, the liquid 

expands until the pressure reaches the bubble point, at which a gas phase appears. The gas 

phase keeps growing until the pressure reaches the dew point (lower solid line), at which 

point the last liquid molecules evaporate. In figure 3.3, the dashed lines within the phase 

envelope denote the lines of a constant molar percentage of vapor. This phase diagram 
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displays all the characteristics of a heavy oil fluid composition: a wide interval of 

temperatures with a high critical temperature (≈ 565°C), a relatively narrow range of 

pressures with a low critical pressure of 2308 kPa and a low cricondenbar (the maximum 

pressure at which two phases can coexist) of 6000 kPa. The large variations in the 

temperature and pressure of the oil above the bubble point releases very little gas, which is 

evident from the dashed lines. 

 

Figure 3.3, P-T phase diagram for heavy oil composition with C1 (0.15 moles), 

intermediate (0.1 moles) and heavy (0.75 moles) compounds. . At pressures above the 

bubble point line (lower solid line curve), the oil is a single liquid phase. As the pressure 

decreases at a constant temperature, the liquid expands until the pressure reaches the bubble 

point, at which a gas phase appears. The gas phase keeps growing until the pressure reaches 

the dew point (lower solid line curve), at which point the last liquid molecules evaporate. 

Dashed lines within the phase envelope denote the lines of a constant molar percentage of 

vapor. 

  

3.3.2 Forward modelling of elastic moduli 

In order to forward model the elastic moduli of heavy oil saturated rock using an 

effective-medium method, we needed to have good estimates of several unknown 
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parameters that are involved in the computation of either the fluid moduli or the effective-

medium moduli of the fluid and rock system.  

The unknown parameters can be estimated by fitting the modelled moduli to the real 

data. However, since the limited measured data never represent the entire reservoir, they 

cannot be employed for the modelling of the all reservoir grids with certainty. To assess 

the confidence in the modelling results, a sensitivity analysis of the model parameter is a 

crucial step in establishing the uncertain parameters for uncertainty analysis. Figure 3.4 

illustrates the sensitivity of the forward modelling of the shear wave velocity using the 

double-porosity CPA method (Appendix B). In this figure, the base values for the unknown 

parameters are the numbers in the legends having an asterisk, and all of them are equally 

weighted. Each panel illustrates the sensitivity of the shear wave velocity with respect to 

the parameter denoted in the title, where the rest of the unknowns are left with the base 

values. As is illustrated in this figure, introducing the compliant porosity has significantly 

improved the shear velocity model; however it is still strongly controlled by the aspect ratio 

of the compliant porosity. The rest of the fluid and rock parameters are less sensitive in the 

modelling. The panels showing the sensitivity of the results to the water and gas saturations 

are shown in order to represent how these fluids influence the shear velocity, and they are 

usually considered as known parameters in a reservoir model. 

In practice, the numerous unknown parameters should be set to have the best match with 

real data (Figure 3.5). The parameters used to generate this figure are presented in Table 

3.1. Some of these parameters may be measured directly in laboratories; however, most of 

them can be set practically by fitting the more commonly available data, such as velocity.  
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Figure 3.4, Sensitivity of the shear wave velocity of the rock saturated with viscoelastic 

fluid, calculated using the double-porosity CPA method to different parameters. In the 

second row of this figure, α, G0 and G∞ are the arguments in the Cole-Cole empirical 

relation and are experimentally determined factor between 0 and 1, the real shear modulus 

measured at zero and infinite frequency, respectively. ∅c, Sw, Sg in the last row are the 

compliant porosity, water saturation and gas saturation, respectively. Data shown by black 

circles are from Uvalde field heavy oil at 20°C (Batzle and Hofmann, 2006). 

 

Once all the parameters are set, we can apply them to calculate the elastic moduli at 

every grid point of the reservoir model; even though,  it might be optimistic to rely on a 

laboratory sample to represent the rock of an entire reservoir. This procedure is similar to 

a common practice in reservoir engineering history matching, where one tries to tune the 

equation of state or the relative permeability curves based on limited fluid or core samples 

to subsequently apply the tuned equations to the whole reservoir.  

The unknown elastic parameters can be seen as adaptable scaling factors in assessing 

the match between the measured lab data and the modelled elastic moduli or, on a bigger 
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scale, between the synthetic seismic model and the time-lapse seismic records over the 

course of reservoir production. These uncertain parameters in elastic matching are in 

addition to the huge number of unknown parameters in reservoir history matching; 

however, their diverse nature makes them unique constraining parameters. 

 

Figure 3.5, Modelled elastic moduli along with Uvalde heavy oil data at 20°C (data from 

Batzle and Hofmann, 2006) for heavy oil and oil-saturated rock. The HS weighted average 

is 1/3 of upper HS bound plus 2/3 of the lower HS bound. 
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Table 3.1, Parameters used 

Matrix Bulk Modulus 45 GPa 

Matrix Shear Modulus 30 GPa 

Matrix Density 2.7 g/cc 

Oil Bulk Modulus 2.03 GPa 

Water Bulk Modulus 2.15 GPa 

G0 0 

G∞ 1 

α 0.261 

Porosity, φ 0.25 

Compliant Porosity, φc 0.05 

Aspect Ratio[Matrix, φ, φc] [1, 1,0.01] 

Water Saturation, Sw 10 % 

Gas Saturation, Sg 0 % 

 

3.3.3 Compositional variation with temperature 

To study the elastic properties of the two fluid models, we needed to evaluate their 

viscosities at various temperatures. In order to make a reasonable estimate of viscosity, it 

is necessary to find the molar fractions of each phase at certain temperatures and pressures. 

The next step is the determination of the composition of the liquid phase, since the available 

components and their fractions dictate the viscosity of the liquid.  

I performed flash calculations at standard pressure (1 atm) on the heavy oil sample to 

determine the fractional composition of the fluid phase at different temperatures. The 3-

parameter Peng-Robinson equation of state (Jhaveri and Youngren, 1988) was employed 

in the flash calculations (Appendix A).  

In order to have phase equilibrium at a certain pressure and temperature, the volume 

should be variable according to the equation of state (pV = znRT). Increasing temperature 

leads to the release of dissolved gas and expansion of the free gas. Assuming an 
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approximately constant pore volume, the extra gas will be produced and as a result, the 

composition of the remaining fluid will then be different.  

3.3.4 Viscosity of the compositional fluid models 

Unlike the well-developed theoretical models for gas viscosities, there is no definitive 

model for the viscosity of liquids, which is mainly due to the complex momentum transfer 

mechanisms in liquids (Viswanath et al., 2007). Nonetheless, for practical purposes, 

empirical correlations can usually be calibrated to predict the viscosity as a function of 

pressure and temperature for different fluid compositions.  

I employed Pedersen’s correlation for calculating viscosities at each temperature 

(Appendix C). Pedersen et al. (1984) described the complete details of the method to 

predict the viscosity of hydrocarbons. The average absolute deviations of viscosities 

derived by this correlation are generally less than the other generalized methods available 

in the literature and are about 12%, 8% and 5%, respectively for pure fluids, binary 

mixtures and crude oils (Viswanath et al., 2007). 

3.3.5 Elastic moduli of the oil and oil-rock system 

In order to model the elastic moduli of a rock saturated with viscoelastic fluid, the first 

step was to obtain a reasonable estimate of the fluid elastic moduli. I calculated the oil 

shear moduli according to the prediction of the Cole-Cole correlation, using the α, G0 and 

G∞ values shown in Table 1. In order to come up with a reasonable estimate of the bulk 

moduli of the fluid, I used CPA method to combine the elastic moduli of oil, gas and water. 

Here, the implicit assumption is that saturation distribution is homogenous in porous 

media. However, in heterogeneous fluid saturations in which fluid distribution is patchy 
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and patches are larger than wavelength, the effective properties of the rock vary depending 

on the saturation pattern, and CPA method will not provide the reliable results. 

Once the shear elastic modulus of the oil is estimated, the moduli of rock-oil system 

could be computed by the effective-medium theory of composite materials. The elastic 

moduli of the oil and rock composite is derived using the CPA method in a double-porosity 

system and the corresponding attenuation (1/Q) was then estimated by equation (3.6). 

For the calculation of the velocities, we needed to have an estimate of the densities of 

the fluids, in addition to the shear and bulk moduli. The mass and volume is calculated 

using the outputs of the flash calculation: Xi (molar fraction of each component in the liquid 

phase) and nL (number of moles in liquid phase) and the compressibility factor. The mass 

is equal to the sum of XiMi for all components, where Xi and Mi are the molar fraction and 

the molecular weight of the ith component, respectively. The volume is computed by the 

equation of state at a given temperature and pressure by using nL and the calculated 

compressibility factor for the liquid phase.  

3.4 Results and discussions 

In order to focus on the viscoelastic properties of the liquid phase, we assumed that the 

light components turn to vapor and leave the liquid phase with increasing temperature. As 

a result, the remaining liquid composition provided the compositional input for the flash 

calculations in the next step (i.e. next temperature). Figure 3.6 shows the gradual change 

in the liquid phase composition with increasing temperature. As is apparent in this figure, 

most of the C1 component is in the vapor phase at the initial state of pressure and 

temperature. The liquid phase loses light components continuously with increasing 

temperature, until it effectively becomes one component at around 130°C. 
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Figure 3.6, Gradual variations in the molar fraction of the components in the liquid phase 

of the heavy oil model at pressure of 1 atm, with 0.75 moles of heavy, 0.10 moles of 

intermediate and 0.15 moles of C1. Note that initially there is no light C1 component in the 

liquid phase, and by increasing temperature at constant pressure liquid loses more 

components.  

 

Figure 3.7 illustrates the estimated viscosities at 1 atm and different temperatures, using 

Pedersen’s correlation. Two mechanisms contribute to controlling the fluid viscosity. The 

first is the melting process, which is inclined to decrease the viscosity; and the second is 

gas liberation, which made the remaining liquid phase more viscous. Both of these 

mechanisms were taken into account in generating Figure 3.7, which demonstrates that the 

melting mechanism had the dominant influence on the viscosity. 

Figure 3.8 shows the storage moduli (the real part of the complex shear modulus) of the 

two fluids as a function of frequency at 10°C and 50°C. The increased temperature shifted 
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the curve to the right, i.e., by increasing the temperature, the same storage value occurred 

at higher frequency (i.e. at an earlier time). The wide ranges of frequencies were chosen to 

delineate the differences and similarities between the four presented cases.  

 

Figure 3.7, Viscosity variations of the oil samples as a function of temperature at 1 atm. 

 

Figure 3.8, Cole-Cole fit for the heavy oil and bitumen models at 10 and 50°C. 
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Other attenuation mechanisms could also have occurred over this wide range of 

frequencies, making the Cole-Cole prediction less reliable. At a certain frequency and 

temperature, the bitumen stores more shear energy than heavy oil, due to the stronger 

elastic behavior of bitumen. The storage modulus decreases with increasing temperature, 

indicating the transition of viscoelastic medium towards a viscous fluid.  

Figure 3.9, shows the calculated elastic moduli from the double-porosity CPA method. 

Table 3.1, provides the parameters that were used in this modelling. Although all four cases 

show similar behavior with a shift along the frequency axis, their moduli are not the same 

in a certain range of frequencies. As evident in this figure, the bitumen saturated rock has 

higher moduli than the heavy oil saturated sample at any temperature and at a constant 

frequency. However, heating noticeably reduced the moduli of both fluid samples.  

The behavior of attenuation in the saturated rock is complicated by the fluid’s viscosity 

in the practical range of frequencies (~ 10-2 - 105 Hz). In the case of heavy oil samples 

(grey lines), attenuation decreases with increasing temperature (inverse proportionality). 

In this case, heating moves the heavy oil from a viscoelastic state to a less viscous fluid at 

all the frequencies in the aforementioned range, and the oil-rock system acts more like an 

elastic medium, resulting in lower attenuation. In contrast, bitumen attenuation strongly 

depends on frequency, since the oil-rock system still acts like a viscoelastic medium after 

heating. In such a case, in the low and high frequency ranges, we observe inverse and direct 

proportionalities between the temperature and the attenuation. At low frequencies, the 

mechanism is similar to that of the heavy oil. However, at high frequencies, the viscoelastic 

medium shows solid-like behavior: the higher the viscosity, the more solid like are the 

properties. Consequently, less attenuation is expected for the rock that is saturated with the 
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higher viscosity fluid; that is to say more solid like behavior is anticipated for bitumen at 

10°C. 

 

Figure 3.9, Double-porosity CPA modelling of elastic moduli of rock saturated with two 

oil samples at 10 and 50°C. 

 

Figure 3.10 shows the shear wave attenuation as a function of frequency at varying 

temperatures for the bitumen model. The bell-shaped attenuation curve shifts to the right 

as the temperature increased; that is to say by increasing the temperature, the same amount 

of attenuation could be observed at higher frequencies. This follows the frequency-
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temperature superposition; i.e. changes measured in the sample at low temperatures are 

similar to those at high frequencies and vice versa (Menard, 1999). In other words, at either 

a low temperature or a high frequency, the viscoelastic medium has the solid like 

behaviour. 

 

Figure 3.10, Attenuation curves for rock saturated with bitumen varying with temperature. 

At low frequencies (~ 1 Hz), there is an inverse proportionality between attenuation and 

temperature, where increasing temperature, decreases the attenuation. At very high 

frequencies (~ 1010 Hz), increasing temperature increases attenuation (direct 

proportionality). At medium frequencies (~ 104 Hz), I observe that the maximum 

attenuation occurs at the intermediate temperature (130°C). 

 

The bell-shaped curve of the attenuation plotted against frequency indicates that the 

attenuation increase to its maximum, which is followed by decreasing values. At both very 

high and low frequencies, there is elastic medium behavior. Considering that viscoelastic 

material acts like solid and liquid at high and low frequencies, respectively, the rock would 
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have contained both solid and liquid phases at high and low frequencies, respectively; this 

creates an elastic frame in both cases with very low attenuation.  

To study the effect of temperature on attenuation, I focus on three curves in Figure 3.10: 

those at 10, 130 and 250°C. At low frequencies (~ 1 Hz), there is an inverse proportionality, 

where increasing temperature, decreases the attenuation. At very high frequencies (~ 1010 

Hz), increasing temperature increases attenuation (direct proportionality). At medium 

frequencies (~ 104 Hz), I observe that the maximum attenuation occurs at the intermediate 

temperature (130°C); the minimum attenuation is shifted from the highest temperature 

attenuation curve (250°C) to the lowest temperature attenuation curve (10°C) with 

increasing frequency.  

One can conclude, therefore, that an increase followed by decrease in the attenuation 

trend may occur with increasing temperature (oil-rock Qs, in Figure 3.11). However, to 

notice this behavior in the practical range of frequency (~ 10-2 - 105 Hz), heavy oil should 

have a very large viscosity, or else it falls in the zone in which inverse proportionality exists 

between attenuation and temperature. This situation is evident in Figure 3.12 (oil-rock Qs).  

This characteristic increasing-decreasing behavior is in good agreement with the 

experiments done by Behura et al. (2007) for the Q of an oil-rock sample with Uvalde field 

data. It should, however, be noted that our modelling systematically contradicts the similar 

behavior for shear storage moduli of oil (G’) recorded in the same article. In our simulation, 

G’ decreases monotonically with increasing temperature (oil G’, in Figures 3.11 and 3.12); 

and, the results rule out the possibility of observing the decreasing-increasing trend for G’ 

of oil, due to the loss of light components. Nonetheless, this monotonically decreasing 

trend is in line with the expectation of observing a zero shear modulus at high temperatures, 



61 

 

where the medium is literally a viscous fluid. The aforementioned discrepancy between the 

recorded and expected behavior of Newtonian fluids, were also mentioned in the same 

article by Behura et al. (2007).  

 

Figure 3.11, Oil (first row) and rock oil (second row) storage modulus (first column) and 

Q (second column) of the bitumen sample. 

 

During a solvent-based heavy oil recovery process that is based on the dilution of heavy 

oil using solvents, such as C3 to C6, the precipitation of asphaltene is almost always the 
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case; and the non-monotonic trend for G’ of oil would definitely be observed with 

increasing temperature. In fact, one of the advantages of injecting solvent, is the in situ 

upgrading of oil by leaving the precipitated asphaltene behind in the reservoir. The applied 

solvent (toluene) for extracting heavy oil in Behura et al. (2007), probably has altered the 

oil stability condition and reduced the solubility of the asphaltene in a similar mechanism 

with increasing temperature, eventually resulting in a solid phase and an increasing G’.  

 

Figure 3.12, Oil (first row) and rock oil (second row) shear storage modulus (first column) 

and Q (second column) of the heavy oil sample. 
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As evident in Figures 3.11 and 3.12, each of the modelled fluids has their own individual 

pattern of elastic moduli as functions of frequency and temperature. This unique signature 

is based on the rock properties and the composition of the saturating fluid. Such a relation 

can be employed to find out the temperature distribution through the reservoir using the 

following workflow: 

1. Divide the prestack seismic cube into the sub-cubes with certain frequency ranges, 

where the higher the divisions, the higher the temperature resolution, e.g., [0-15] Hz; [15-

30] Hz; [30-45] Hz; [45-60] Hz; [60-75] Hz; [75-90] Hz; [90-105] Hz, and [105-120] Hz 

2. Derive the shear moduli for all the sub-cubes using elastic inversion. 

3. Create a signature map of the shear moduli of the oil-rock system, based on inversion 

results in step 2, using regions where we have good knowledge of the temperature 

distribution (e.g., around the hot steam injector wells or next to the cold reservoir 

boundaries). This signature map for the reservoir would be similar to Figures 3.11 and 12 

(oil-rock, G’). One can also derive this map by laboratory measurements, if available. 

4. Predict the temperature (and, as a result, viscosity) in the regions far from the wells, 

once we populate the signature map. We can estimate the unknown temperature based on 

the elastic moduli at the known frequency from step 2 and relation among the temperature, 

the frequency and the elastic moduli, characterized in step 3. 

I have made the assumption that the oil composition and rock were similar for the entire 

reservoir; however, the rock obviously varies along the reservoir. Care must be taken in 

this regard, and the values for the shear modulus should be read from the similar facies in 
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the reservoir grid model. In other words, the number of signature maps should be equal to 

the number of facies in the reservoir model. 

3.5 Summary 

Viscoelastic fluid substitution modelling has been studied using compositional fluid 

models. This has led to the development of a practical fluid substitution framework that 

can be integrated with heavy oil phase behavior and simulation results. In cases with 

limited laboratory elastic measurements, the numerous uncertain parameters should be 

tuned with the available data before applying this modelling scheme to an entire reservoir. 

It would be interesting to evaluate the feasibility of the suggested fluid substitution scheme 

in a real reservoir simulation. 

The fluid compositional analysis suggests that viscosity is such a strong function of 

temperature and that the solution’s gas cannot have a tangible influence on the elastic 

moduli of heavy oil reservoirs. Considering the small amounts of gas in a solution and the 

low-pressure characteristics of heavy oil reservoirs, we can conclude that the viscosity 

increase due to gas liberation can simply be ignored in heavy oils. Hence, the fluid shear 

modulus should decrease monotonically with increasing temperature. 

Attenuation always has a bell-shaped behavior with increasing frequency at a constant 

temperature. At a constant frequency, however, different behaviors may be observed for 

attenuation with increasing temperature, depending on the measured frequency and oil 

viscosity. In an applicable range of frequencies (~ 10-2 - 105 Hz), attenuation decreases 

after an increasing trend for ultra-heavy oil, whereas a monotonically decreasing trend is 

expected for heavy oils with lower viscosities.  
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Based upon the temperature-frequency-shear modulus relationship, a new approach has 

been proposed for estimating temperature in the reservoir. Further research in this regard, 

with application in real cases, is recommended to validate the proposed method. 
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 Stress substitution models 

Stress variations during the course of production of a reservoir can have significant time-

lapse effects on seismic responses as a result of consequential variations in seismic 

velocities. These stress-induced velocity changes can be even higher than the changes in 

velocity due to the fluid substitution, depending on the rock’s property.  

There are two fundamental differences between the flow induced and geomechanical 

induced time lapse signatures. Firstly, the tensorial nature of production/injection induced 

stress will translate to velocity anisotropy as a function of time. The second difference is 

that the reservoir production/injection not only changes the velocity of seismic waves 

within and beneath the reservoir, but also impacts overburden and sideburden velocities 

(Herwanger and Koutsabeloulis, 2011).   

During the course of reservoir production, any disturbance in the reservoir equilibrium 

by either production or injection will result in significant consequences on the stress state 

of the reservoir and neighboring host rocks. The decrease in the pore pressure due to 

production causes the rocks to undergo an additional overburden load. This is because a 

portion of supporting pore fluid has been expelled and the remaining fluid has partially lost 

its opposing pressure. This will transfer the resultant excess load of the overburden to the 

rock framework. This compressional stress is the origin of velocity variations. A similar 

argument is also true for the case of injection, which will result in tensional stress. 

Obviously, the alteration in the stress state is higher around the wellbore and gradually 

diffuses away farther from wells, the fact that will trigger a series of momentums. For 

example, it induces a non-uniform stress variation that can potentially activate faults, or 

disturb cap rock integrity. The change in effective stress also tends to decrease (or increase) 

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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the porosity and permeability. This is because the stress variations can open (injection) or 

close (production) fractures and pores. Subsidence is another side effect of the induced 

stress, which also can dramatically impact the well bore stability (Sayers, 2010).   

Stress variations not only modify the wave velocity within the reservoir, but also 

impacts the surrounding rocks including overburden, underburden and sideburdens. This 

means that the time lapse seismic signatures can potentially be seen on the host rocks too. 

This fact is quite compelling since overburden is not affected by the fluid variations, and 

by modelling overburden stress changes, we can differentiate between the stress and fluid 

effects in the reservoir. With all these significant changes due to deviation from the base 

stress state of the reservoir, it is reasonable to expect that such changes can be captured in 

4D time lapse seismic monitoring either as time shifts or as amplitude changes (Segall, 

1989; Grasso, 1992; Hatchell et al., 2003, Hatchel and Bourne, 2005; Staples et al., 2007a; 

Herwanger and Horne, 2009;  Sayers, 2010;  Herwanger and Koutsabeloulis, 2011). 

In conventional reservoir simulations the interaction between stress variations and fluid 

flow is generally ignored, where they do interact and can be modelled by coupling 

geomechanical and flow simulators. This ignorance is partially due to the complexity of 

the geological model, unknown rock mechanical parameters, and intensive numerical 

computations of the coupled system of equation. 

During the conventional flow simulation, permeability is treated as invariable and 

porosity variation is estimated as a function of pressure using pore compressibility. On the 

other hand in the coupled geomechanical-flow system, the altered stress state will impact 

porosity and permeability as the result of production/injection. Employing a 

geomechanical simulator to model such variations results in updated permeability and 

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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porosity at every simulation time step which will be fed into the flow simulator. The flow 

simulator in turn, provides the pressure and temperature values at every time steps to the 

geomechanical simulator.   

In practice the coupling between fluid flow and rock mechanics can be established using 

a wide range of techniques, from empirical correlations to implicit methods which tend to 

solve coupled differential equations.  However, there are two schemes for solving the 

coupled geomechanical-flow simulation, in general. In One-way coupling, fluid simulation 

results (pressure and temperature) are fed into the geomechanical simulator in different 

time steps. However, fluid simulation remains independent of the geomechanical 

parameters (porosity and permeability do not change). This deficiency is the price for 

obtaining fast geomechanical results. In Two-way coupling, both simulators are 

communicating back and forth during at every time steps. In such a case, results of flow or 

geomechanical simulation will impact the other simulator. As Tran et al. (2009) pointed 

out, in this case the flow variables (pressure, temperature) and geomechanical variables 

(stress, displacements) can be solved simultaneously using a single matrix, or can be solved 

separately and in sequence. Samier et al. (2003) compared and summarized different 

coupling schemes. Hernandez (2011) provided a detailed research on the application of 

different coupling methods, with their implications in various production scenarios.  

In this chapter geomechanical effects on seismic velocities are investigated. Since the 

effects of pore fluid changes on seismic velocity variations have already been discussed in 

chapter three and chapter four, the focus here is only on the matrix and the framework. 

Several different scenarios has also been modelled using coupled geomechanical-flow 
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simulator to demonstrate the stress changes due to reservoir behaviour and the resultant 

impacts on the seismic velocity. 

4.1 Theoretical background 

Three orthogonal principal stresses i.e., Sv, SH, Sh as well as the direction of one of the 

horizontal stresses are essential to describe the stress state in the earth. Sv is normal to the 

earth and two horizontal stresses are usually perpendicular to Sv and to each other in a 

horizontal plane. In general, to describe the state of stress, one must define six stress 

magnitudes or three stress magnitude and the three angles that defines the orientation of 

the stress coordinate system with respect to a reference coordinate system (Zoback, 2012).  

An important concept in geomechanical studies is the Effective stress, which is defined as,  

 𝜎𝑖𝑗 = 𝑆𝑖𝑗 − 𝛿𝑖𝑗𝛽𝑃𝑝 (4.1) 

where 𝑆𝑖𝑗 is the principal stress (e. g., Sv, SH, Sh), Pp is pore pressure (or fluid pressure), 𝛿𝑖𝑗 

is Kronecker delta function, and 𝛽 is an effective stress coefficient, known as Biot’s 

constant, which is defined as 1-Kdry/Km, so 0 ≤  𝛽 ≤1. The importance of the effective stress 

concept is that, it is the parameter that control the seismic properties of the rock. Seismic 

velocities and both compressional (Ip) and shear (Is) impedances, have direct relationships 

with effective stress (Wang, 2001). According to equation (4.1), pore pressure opposes the 

confining overburden pressure. Hence, the effective pressure is an inevitable parameter 

defined to characterize the opposite impacts of the pore pressure and confining pressure on 

the elastic parameters. Apparent in equation (4.1) is that pore pressure can’t exceed 𝑆𝑖𝑗, 

otherwise the formation will be hydraulically fractured. 

In addition to the vertical stress, an earth medium undergoes horizontal stresses as well. 

This horizontal stress is the result of vertical stress on the rock and inability of the bounded 
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rocks to expand. The relationship between horizontal and vertical stress can be shown to 

be as the following: 

 𝑆𝐻 = 𝑆ℎ =
𝜐

1 − 𝜐
𝑆𝑣 (4.2) 

where Sv, SH, and Sh are the principal vertical, maximum and minimum horizontal stress, 

respectively and 𝜐 is the Poisson’s ratio. According to equation (4.2), the higher the 

Poisson’s ratio (more deformable rock) results in higher horizontal stress. This is because 

a hard rock can partially support the vertical stress, however, rocks like shale with higher 

Poisson’s ratio will deform more compared to sands, and since they are bounded by the 

surrounding rocks and hence unable to expand, most of the vertical stress will be 

transferred to surrounding rocks, which in turn increases the horizontal stress. This explains 

the fact in hydraulic fracturing, in which a certain amount of pressure that can exceed the 

Sh and break a sand formation, cannot break the shale formation and the fracture stops 

growing (supposing that shale has higher Poisson’s ratio). 

In case of porous medium with pore pressure Pp, similar equation to equation (4.1) holds 

for effective stress: 

 𝜎𝐻 = 𝜎ℎ =
𝜐

1 − 𝜐
𝜎𝑣 (4.3) 

Substituting the effective stress expression in equation (4.1) into equation (4.3), will 

result in: 

 𝑆𝐻 = 𝑆ℎ =
𝜐

1 − 𝜐
𝑆𝑣 +

1 − 2𝜐

1 − 𝜐
𝛽𝑃𝑝 (4.4) 

where Sv, SH, and Sh are the principal vertical, maximum and minimum horizontal stress, 

respectively, 𝛽 is the Biot’s constant,  𝑃𝑝  is the pore pressure and 𝜐  is the Poisson’s ratio. 

The second term in right hand side of the equation (4.4) corresponds to the contribution of 
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pore pressure to the horizontal stress. According to this equation, the lower the pore 

pressures the lower the horizontal stress, which means easier failure of formations in low 

pressure zones. This explains why drillers tend to decrease the mud weight while drilling 

within a depleted zone. 

Note that depletion will reduce Sh, where has negligible effect on Sv. This means that in 

case of reservoir depletion, the rate of increase of 𝜎𝑣=Sv-𝛽Pp is faster than 𝜎ℎ=Sh-𝛽Pp 

which will result in increase of the shear stress. This in turn can reactivate the faults, 

compromise the cap rock integrity, result in shear failure, and cause wellbore instabilities.  

For more detailed derivations and discussions regarding to the background theory, the 

interested reader can refer to Sayers (2010) and Zoback (2012). 

4.1.1 Production/Injection impacts on effective pressure 

The effective stress principal states that all measurable effects of a change in stress – 

such as compaction and variation in elastic wave velocities – are only functions of the 

effective stress (Sayers, 2010). Since effective stress is a function of pressure depletion or 

pressure build up, then a reservoir can potentially undergo a complex stress state variations 

during its life. Here in this section, I will investigate how reservoir production/injection 

will influence the stress state of the reservoir and the rock displacement. 

In the following analysis, the effective stress and rock displacements have been 

modelled using a coupled geomechanical-flow simulator around injection and production 

wells. The applied simulator implements one-way coupling. In this scheme the stress 

variation occurs due to pressure and temperature changes in the flow simulator, where the 

induced stress will not impact the flow simulator (permeability and porosity are not 

affected). This is sufficient for the purpose of this study since the porosity and permeability 
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variations and their impacts on fluid simulation is not the concern in this research. The 

deployed flow simulator, ECLIPSE, feeds its results into PETREL RG (reservoir 

geomechanics) plug-in for PETREL. This plug-in employs the geomechanical simulator 

engine called Visage at each time step to simulate induced stress and resultant 

displacements using finite element method. Both software are Schlumberger commercial 

packages. 

Hereafter, the following conventions are selected for the analysis:  

- Compressional stress (push) is negative and tensile stress (pull) is positive,  

- Negative change in principal stress (red color)  increase in compression force 

(pushing force),  

- Positive change in principal stress (blue color) increase in extensional force 

(pulling force). 

It is apparent that at the well location, which is either source or sink of pressure, the 

largest pressure disturbance is observed and as a result we expect maximum alteration of 

effective stress. Figure 4.1, illustrates reservoir effective stress distributions around two 

production wells after 5 years. Note that the compressional effective stress has increased 

as a result of pore pressure decrease. This behaviour is typical in the producer wells in 

which reduction in pore pressure tends to increase the effective stress according to the 

equation (4.1). This is because the reservoir has been depleted and the fluid which used to 

partially support the overburden load has left the pore space.  

Compressional stress increase in vertical direction, also will happen in sideburdens, 

where underburden and overburden will unbound and subside respectively The overburden 

velocity variation is unique in a sense that it is rooted only from stretching (or squeezing) 
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of the rocks due to the compaction (or expansion) of the reservoir. Unlike the reservoir in 

which velocity variations are also controlled by fluid replacement, overburden is only 

influenced by geomechanical momentums.  

Figure 4.2, shows another scenario in which one of the wells is an injector. As the 

injector well increases the pore pressure, effective stress will be reduced. This in turn, will 

put underburden and overburden into further compressional stress.  

Figure 4.3 and figure 4.4, shows the horizontal effective stress changes, for these two 

scenarios. It can be seen that similar behaviour to vertical direction is happening for the 

horizontal stress. One can see that by rotating the vertical stress variations by 90º, it will 

be converted to the horizontal stress (compare figure 4.2 and figure 4.4 for example). 

Displacement is another unknown parameter in geomechanical simulation. Figure 4.5 

and figure 4.6 delineate the rock displacement in vertical direction in production and 

production/injection scenarios, respectively. Figure 4.7 and figure 4.8 show the horizontal 

displacement in the two scenarios.  

In figures that displacements are displayed, the downward and leftward movements are 

colored in red, where upward and rightward displacements are represented in blue color. 

During the production of a well, reservoir shrinks due to depletion and loses part of 

supportive force of fluids. As the result, the surrounding rocks around the reservoir are 

going to unbound due to increase in tensile stress and are going to move towards the 

reservoir. Strictly speaking the predominant stress state is still compressional, and only 

tensile stress is added to the background which leads to the overall decrease of 

compressional stress state. This phenomenon is reversed in injector wells, where reservoir 

expands and the surrounding rocks are going to move away from the reservoir, accordingly.  
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Figure 4.1, Vertical effective stress changes (bar) after five years of production in two wells 

 

Figure 4.2, Vertical effective stress changes (bar) after five years of production and 

injection. 
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Figure 4.3, Horizontal effective stress changes (bar) after five years of production in wells. 

 

Figure 4.4, Horizontal effective stress changes (bar) after five years of production and 

injection. 
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Figure 4.5, Vertical displacement (meter) after five years of production in wells. 

 

 

Figure 4.6, Vertical displacement (meter) after five years of production and injection. 
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Figure 4.7, Horizontal displacement (meter) after five years of production and injection. 

 

Figure 4.8, Horizontal displacement (meter) after five years of production and injection. 
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4.1.2 Velocity dependency to the stress state  

Elastic wave velocities in rocks vary with changes in effective stress due to the presence 

of stress-sensitive discontinuities within the rock such as grain boundaries, pores and 

fractures. In fact, elastic wave velocities in sedimentary rocks are strong non-linear 

functions of stress (Sayers, 2005). At high confining stress, any discontinuities within the 

rock are assumed to be closed. At intermediate stress it is assumed that discontinuities are 

partially open. Applying stress on a rock tends to compress the grain contacts between 

opposing faces of the discontinuity, and causes an increase in the velocity of the 

propagating wave. This implicitly means that changing the stress state of an elastic medium 

will change the stiffness tensor; the fact that is usually ignored in most applications of 

elasticity. The assumption of elastic properties that are independent of stress state is called 

second-order elasticity. In contrast, the third-order elasticity is a theory which describes 

the dependency of elastic constants to the stress state (Herwanger and Koutsabeloulis, 

2011). 

In this section, workflow to calculate velocity as a function of stress variations (after 

Herwanger and Koutsabeloulis, 2011) are explained, assuming the third-order elasticity 

holds. The objective is to relate the velocity variations to the changes in stress state of a 

rock.  

The earth is assumed to be isotropic medium, most of the time. Nonetheless, earth is 

comprised of minerals which are typically anisotropic. In addition layered earth and 

fractures can introduce anisotropic medium.  Applying different stress loads on such a 

medium, will impact velocity propagation in different orientations differently, which is 

opposed to the case of isotropic earth assumption.  

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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In a vertical transverse isotropic medium, the stiffness tensor has five independent 

elastic elements: 

 𝐶𝑉𝑇𝐼 =

[
 
 
 
 
 
𝐶11 𝐶12 𝐶13 0 0 0

𝐶12 𝐶11 𝐶13 0 0 0

𝐶13
0
0
0

𝐶13
0
0
0

𝐶33 0 0 0
0 𝐶44 0 0
0 0 𝐶44 0

0 0 0 𝐶66]
 
 
 
 
 

 

(4.5) 

where 𝐶12 = 𝐶11 − 2𝐶66 . 

Figure 4.9, shows these five elements of stiffness tensor as a function of effective stress for 

the Jurassic shale sample reported in Hornby (1998). The analytical curve fit to the 

measured data is based on the correlation suggested by MacBeth (2004): 

 
𝐶𝑖𝑗 =

𝐶𝑖𝑗
∞

1 + 𝐸𝐶𝑖𝑗𝑒
−
𝑃𝑒𝑓𝑓
𝑃𝐶𝑖𝑗

 
(4.6) 

where  Cij
∞, ECij  and PCij can be estimated by finding the best fit curve through the measured 

data. MacBeth (2004), used this equation to describe pressure dependency of shear 

modulus and bulk modulus of different rock samples. Herwanger and Koutsabeloulis 

(2011) employed this equation to model all the elements of stiffness tensor. 

Third order elasticity theory 

For the next set of analysis the third order elasticity theory is used to predict stiffness 

tensor as a function of effective stress. Third-order elasticity theory as described in Prioul 

et al. (2004) can be employed to predict the stiffness tensor at a certain stress distribution 

in stressed VTI solid. This model needs the knowledge of strain variations in three principal 

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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axis as well as three third-order elastic tensors plus the reference values of the stiffness 

tensors: 

 

Figure 4.9, Elements of stiffness tensor as functions of effective stress, modelled using 

MacBeth (2004) correlation (after Herwanger and Koutsabeloulis, 2011).  

 

 

𝐶11 ≅ 𝐶11
0 + 𝑐111휀11 + 𝐶112(휀22 + 휀33) 

𝐶22 ≅ 𝐶11
0 + 𝑐111휀22 + 𝐶112(휀11 + 휀33) 

𝐶33 ≅ 𝐶33
0 + 𝑐111휀33 + 𝐶112(휀11 + 휀22) 

𝐶12 ≅ 𝐶12
0 + 𝑐112(휀11 + 휀22) + 𝐶123휀33 

𝐶13 ≅ 𝐶13
0 + 𝑐112(휀11 + 휀33) + 𝐶123휀22 

𝐶23 ≅ 𝐶13
0 + 𝑐112(휀22 + 휀33) + 𝐶123휀11 

(4.7) 

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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𝐶66 ≅ 𝐶66
0 + 𝑐144휀33 + 𝐶155(휀11 + 휀22) 

𝐶55 ≅ 𝐶44
0 + 𝑐144휀22 + 𝐶155(휀11 + 휀33) 

𝐶44 ≅ 𝐶44
0 + 𝑐144휀11 + 𝐶155(휀22 + 휀33) 

where c144 = (c112 − c123)/2 and c155 = (c111 − c112)/2. In these expressions C111, C112 

and C123 are three independent parameters that can be estimated from lab measurements.  

Third-order elasticity is often not general enough to describe the shapes of real stress–

strain curves over large ranges of stress and strain. Third-order elasticity is most useful 

when describing stress–strain within a small range around a reference state of stress and 

strain (Mavko et al., 2009). 

As Herwanger and Koutsabeloulis (2011), pointed out the most complicated situation 

in which we can apply equation (4.7), is orthorhombic anisotropy provided that the 

symmetry axis of the anisotropy tensor and the stress tensor is in line with the coordinate 

axis. In the general anisotropy case, the number of the third order tensor can be as much as 

53 (Hearmon, 1953; Sarkar et al., 2003) 

Hooke’s law 

Note that Equation (4.7) is in fact a function of strain, so one step is needed ahead to 

calculate strain from the applied stress changes. To calculate values of strain one needs to 

compute the strain values resulting from stress variations using the inverse of Hooke’s law. 

The following equation expresses Hooke’s law:   

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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𝜎11 = (𝜆 + 2𝜇)휀11 + 𝜆휀22 + 𝜆휀33 

𝜎22 = 𝜆휀11 + (𝜆 + 2𝜇)휀22 + 𝜆휀33 

𝜎33 = 𝜆휀11 + 𝜆휀22 + (𝜆 + 2𝜇)휀33 

𝜎12 = 2𝜇휀12 

𝜎13 = 2𝜇휀13 

𝜎23 = 2𝜇휀23 

(4.8) 

which its inverse is: 

 

휀11 =
1

𝐸
𝜎11 −

𝜐

𝐸
𝜎22−

𝜐

𝐸
𝜎33 

휀22 = −
𝜐

𝐸
𝜎11 +

1

𝐸
𝜎22−

𝜐

𝐸
𝜎33 

휀33 = −
𝜐

𝐸
𝜎11 −

𝜐

𝐸
𝜎22 +

1

𝐸
𝜎33 

휀12 =
1

2𝜇
𝜎12; 휀13 =

1

2𝜇
𝜎13; 휀23 =

1

2𝜇
𝜎23 

(4.9) 

4.1.3 Velocity calculation using the stiffness matrix 

Herwanger and Koutsabeloulis (2011) summarized a two-step workflow for calculation 

of Vp and Vs in any arbitrary direction described by unit vector (n1, n2, n3) using Cij, 

stiffness tensor’s elements and density, ρ.  

In the first step, it is required to build the Kelvin-Christoffel matrix, Гij as described by 

the following set of equations: 

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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Γ11 = 𝑛1
2𝐶11 + 𝑛2

2𝐶66 + 𝑛3
2𝐶55 + 2𝑛1𝑛2𝐶16

+ 2𝑛1𝑛3𝐶15 + 2𝑛2𝑛3𝐶56 

Γ12 = 𝑛1𝑛2(𝐶12 + 𝐶66) + 𝑛1
2𝐶16 + 𝑛2

2𝐶26 + 𝑛3
2𝐶45

+ 𝑛1𝑛3(𝐶14 + 𝐶56) + 𝑛2𝑛3(𝐶46 + 𝐶25) 

Γ13 = 𝑛1𝑛3(𝐶13 + 𝐶55) + 𝑛1
2𝐶15 + 𝑛2

2𝐶46 + 𝑛3
2𝐶35

+ 𝑛1𝑛2(𝐶14 + 𝐶56) + 𝑛2𝑛3(𝐶36 + 𝐶45) 

Γ21 = Γ12 

Γ22 = 𝑛1
2𝐶66 + 𝑛2

2𝐶22 + 𝑛3
2𝐶44 + 2𝑛1𝑛2𝐶26

+ 2𝑛1𝑛3𝐶46 + 2𝑛2𝑛3𝐶24 

Γ23 = 𝑛2𝑛3(𝐶23 + 𝐶44) + 𝑛1
2𝐶56 + 𝑛2

2𝐶24 + 𝑛3
2𝐶34

+ 𝑛1𝑛3(𝐶46 + 𝐶25) + 𝑛2𝑛3(𝐶36 + 𝐶45) 

Γ31 = Γ13 

Γ32 = Γ23 

Γ33 = 𝑛1
2𝐶55 + 𝑛2

2𝐶44 + 𝑛3
2𝐶33 + 2𝑛1𝑛2𝐶45

+ 2𝑛1𝑛3𝐶35 + 2𝑛2𝑛3𝐶34 

(4.10) 

In the second step the eigenvalues λi of the Г matrix should be calculated, where the λ1, 

λ2 and λ3 correspond to Vp, fast Vs and slow Vs, respectively, assuming that λ1 > λ2 > λ3. 

Eigenvectors represent the polarization directions. Velocities then can be calculated using: 
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 𝑉𝑖 = √
𝜆𝑖
𝜌

 (4.11) 

Equation (4.10) and (4.11) has been employed to plot figure 4.10, using the stiffness 

tensor values which already were calculated in figure 4.9. Note that in figure 4.10, the rate 

of changes of velocity depends on the effective pressure. For example velocity change rate 

is larger for the same amount of effective pressure increase when initial effective pressure 

is 20 MPa, compared to 80 MPa.  

Following Herwanger and Koutsabeloulis (2011), I am going to take a closer look at the 

velocity variations as a function of stress for two anisotropic rock models available in the 

literatures. The first example is a Jurassic shale sample as described by Hornby (1995, 

1998). This rock is transversely anisotropic with a vertical symmetry axis (VTI) and 

density of sample is 2.54 g/cm3. According to Prioul et al. (2004) the third-order elastic 

constants are measured as c111 = -3100 GPa, c112 = -800 GPa and c123 = 40 GPa.  The 

stiffness tensor of this rock, measured at 40 MPa has been reported as:  

 

𝐶𝑠ℎ−𝑉𝑇𝐼 =

[
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The second sample as described in Dillen et al. (1999) is the Colton sandstone which 

has an orthorhombic stiffness tensor with the density of 2.38 g/cm3 and third-order elastic 

constants of c111 = -7400 GPa, c112 = -1400 GPa and c123 = 500 GPa (Dillen, 2000): 

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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𝐶𝑠−𝑂𝑅𝑇 =

[
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This sand stone can also exhibit VTI behaviour. The stiffness matrix as reported by 

Prioul et al. (2004) at -0.7 MPa is: 

 

𝐶𝑠−𝑉𝑇𝐼 =

[
 
 
 
 
 
20.1 2.08 2.13
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 0  0000 00

2.13 2.13 18.3
0
0
0

0
0
0

0
0
0

 0 0 0
8.5
0
0

0
8.5
0

0
0
9.01]

 
 
 
 
 

 

 

 

Figure 4.10, Velocity as a function of effective pressure, in the vertical direction stress 

(after Herwanger and Koutsabeloulis, 2011). 

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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The colors in figure 4.11 shows the Vp in any arbitrary direction in the Jurassic shale. In 

this rock the velocity is a function of the propagation direction through the rock. It can be 

seen that it varies between 3600 m/s to 4100 m/s from vertical to horizontal direction. 

Figure 4.12, illustrates Vp and Vs variations as functions of vertical strain for major vertical 

and horizontal directions. This relationship has been investigated for three different stress 

system i.e., Hydrostatic stress test (Left), Uniaxial strain test (middle) and Triaxial stress 

test (right). Note that velocity behaviour highly depends on the stress system imposed on 

the medium. Figure 4.13 illustrate similar plots for orthorhombic sandstone sample. Note 

that Vp in the horizontal x and y directions are not equal any more.  

 

Figure 4.11, Vp in VTI anisotropy sample in different directions. z points towards the 

velocity in vertical direction, where x and y are horizontal direction of the VTI medium 

(after Herwanger and Koutsabeloulis, 2011). 

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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Figure 4.12, Vp and Vs in VTI anisotropy sample. Hydrostatistic stress test (Left), Uniaxial 

strain test (middle) and Triaxial stress test (right) stress (after Herwanger and 

Koutsabeloulis, 2011). 

 

In time lapse analysis we are interested in the changes in travel time and velocities. 

Ignoring effects of fluid on velocity changes (which was studied in chapter two and chapter 

three), we can calculate the velocity variations, merely due to the stress changes. Figure 

4.14, for example illustrates the differences in Vp after the increase in effective stress for 

the VTI shale. Obviously in this figure, 10 MPa increase in effective stress is almost 

equivalent to 50-60 m/s velocity variation depending on the propagation direction. It worth 

ε11= ε22 = ε33 ε11= ε22 = 0 ε11+ ε22 + ε33 =0 

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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mentioning that, according to equation (4.7), velocity is in fact controlled by strain and not 

stress. This means that 10 bar increase in effective pressure might ends up with 

significantly different results in terms of velocity changes, depending on the Young’s 

modulus of the rock.  

 

 

Figure 4.13, Vp in orthorhombic sample in different directions (after Herwanger and 

Koutsabeloulis, 2011). 

 

Figure 4.11 to 4.13, signifies the applications of monitoring anisotropic velocity 

variations during the life of a reservoir. As a matter of fact, these observation already has 

been reported in the literatures.  Hall and MacBeth (2001), analysed the potential of P-

wave and converted wave AVOA to detect time-lapse signatures using 4D-4C data.  Van 

Dok et al., (2004) observed the presence of significant S-wave birefringence in the near 

http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22J.+Herwanger%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
http://www.google.ca/search?tbo=p&tbm=bks&q=inauthor:%22N.+Koutsabeloulis%22
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surface which was attributed to the local sea floor subsidence, induced by the compaction 

within the reservoir. Herwanger et al. (2007), investigated the anisotropy of the velocity 

changes and attributed them to field observations of offset-dependent time-lapse time 

shifts.  Davis and Benson (2009), employed a time-lapse, multicomponent seismic survey 

to monitor tight-gas depletion for optimizing well planning and completion design.  

 

Figure 4.14, Velocity variation in different direction after increase of 10 bar in effective 

pressure for VTI shale sample. 

 

4.2 Numerical simulations and case studies 

In this section, a numerical model is built to investigate the influence of the pressure 

and temperature variations on the seismic wave velocity. I demonstrated how stress state 

evolves in different scenarios and how this controls the wave velocity. Saturation effects 
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which has been already studied is not the major concern in the current simulations. The 

following steps are conducted for this numerical study: 

- Setting up a reservoir model, including reservoir geometry, petrophysical 

properties, relative permeability curves,  fluid type and initial conditions, 

- Running reservoir simulation with different development strategies; depletion, 

water flood and steam injection, 

- Setting up geomechanical model with defined geomechanical properties, including 

Young’s modulus, Poisson’s ratio and yielding criteria, defined for the reservoir, 

overburden, underburden and sideburdens, 

- Embedding the flow simulation grid model into the geomechanical grid and running 

geomechanical simulation to predict triaxial stress variations and displacements 

through the course of reservoir flow, 

- Converting the flow and geomechanical simulation results to the velocity 

variations. 

4.2.1 Model description 

Dimensions of the studied reservoir model is 1200 (width) ˟ 1200 (length) ˟ 100 

(thickness), which is buried at the depth of 1900 to 2000 meter. The reservoir has been 

divided to evenly spaced bins of 25 ˟ 25 ˟ 10 m. Two vertical wells have been modelled 

with 800 meter spacing, each of which has equal offset of 200 meters from the grid edges. 

For the isothermal model, a light oil and gas fluid model have been selected. The oil gravity 

is assumed to be 28 API with bubble point pressure of 160 bar. For the thermal case a 

bitumen (96%) and methane (4%) compound has been assumed. 
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For the geomechanical model, the described reservoir model is embedded into a larger 

grid to account for overburden, underburden and sideburdens. Figure 4.15 illustrates the 

side view of the geomechanical model. Geomechanical properties were defined for the 

reservoir and surrounding media, separately. For the reservoir, Young’s modulus is 10 Gpa, 

and Poisson’s ration is 0.3 with the thermal expansion coefficients of 1.3E-05 (1/K) and 

density of 2.38 g/cm3. For the surrounding rocks, the Young’s modulus is 30 GPa, 

Poisson’s ratio is 0.2 with the thermal expansion coefficient of 1.3E-05 (1/K), and density 

of 2.54 g/ cm3. I assumed an elasto-plastic model with Mohr-Columb threshold for both 

rocks. Friction angle of 34.9º and 14.4º and dilation angle of 17.5º and 7.2º, are assigned 

for the reservoir rock and surrounding rocks, respectively.  

 

Figure 4.15, Side view of the reservoir geometry, embedded in the geomechanical earth 

model. 
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Two production strategies were studied. In the first scenario the production well was set 

to produce for 5 years. After 5 years an injector well starts to inject the water for the next 

five years along with production from the producing well. In the second scenario, the 

production and injection timing is similar to the first scenario, however the injector injects 

hot steam of 234º C for 10 years starting at 2015.  

Figure 4.16, illustrates the pressure changes after five years of production. The initial 

pressure at the reservoir depths was 158 bar. The corresponding changes in pressure and 

saturation have been converted to the Vp at 2015, using Gassmann’s equation, and the 

results are presented in figure 4.17. At this figure only fluid variations have been taken into 

account and stress effect is ignored. Note that Vp has been reduced due to the gas evolution. 

Beginning of 2015, the injector well starts injecting water, which in turn builds up pressure. 

Pressure and Vp variations at the end of simulation time (2020) are delineated in figure 

4.18 and 4.19, respectievely. Note that velocity has increased around the injector, due to 

high pressure, replacement of oil by water which has larger elastic moduli and most 

importantly the absence of gas.  

The flow simulation result is passed to geomechanical simulator in the next step. Figure 

4.20, illustrates, variation in effective stress in the vertical direction. The grid plot, 

represents the stress changes in the reservoir at 2020 after 5 years of water injection (2010-

2015) and 10 years of production (2010-2020). In this figure, top plot shows the variation 

of effective stress along the wells within the reservoir, where the bottom one displays 

similar plot in the overburden. Note the opposite behaviour of the overburden and the 

reservoir in these two plots. 
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Figure 4.16, Pressure variations from 2010 to 2015, when only producer is open. 

 

Figure 4.17, P wave velocity variations from 2010 to 2015, when only producer is open. 
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Figure 4.18, Pressure variations from 2010 to 2020, producer and injector are open.  

 

Figure 4.19, P wave velocity variations from 2010 to 2020, producer and injector are open. 
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Figure 4.20, Grid plot shows the variation in effective stress in the vertical direction. Red 

color corresponds to increase in compressional stress (negative) while blue color shows 

reduction in compressional stress (positive). Top plot shows the variation of effective stress 

along the wells in the reservoir, where the bottom plot shows the variation of effective 

stress along the wells in the overburden. 

 

In the next step, results of the geomechanical simulator are converted to the velocity 

variations, using the explained algorithm in the previous section. I assumed the reservoir 

rock to be similar to VTI behaviour of Colton sandstone, surrounded by the Jurassic shale. 

Figure 4.21,  shows the velocity variations in principal directions from 2010 to 2015 in the 

reservoir and overburden where figure 4.22 shows simmilar plots from 2010 to 2020. Note 

that changes in reservoir and overburden have opposite signs with respect to velocity 

variations. 

Inj 

P 
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Figure 4.21, P-wave Velocity variations in principal directions from 2010 to 2015. 

 

Figure 4.22, P-wave Velocity variations in principal directions from 2010 to 2020. 
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4.3 Geomechanics in thermal cases 

This section is an attempt to bring up another mechanism involved in the thermal 

production, which impacts seismic monitoring and has been less appreciated. 

Geomechanical drivers induced by thermal recoveries, turn out to have quite complex 

influences on all aspects of seismic wave propagations. I try to single out different 

mechanisms in order to study them separately to perceive the subtle outcome.  

Here in the second scenario, the injection is conducted using hot steam rather than water 

for 10 years (2015-2025). This triggers a thermal stress mechanisms, in addition to the 

discussed induced stresses, so far. 

There are many articles describing case studies, laboratory measurements and numerical 

studies about the thermal effects on seismic velocities from fluid variation perspectives, 

which have been pointed out in the previous chapters. However there are very little 

literature available about the impacts of thermal induced stress on seismic wave velocities 

in the reservoir. Dusseault and Collins (2009) pointed out the existence of the thermal 

induced stresses in the reservoir that causes thermal induced shearing or failure mode and 

can occur when the anisotropic stresses in the rock exceeds its frictional and cohesion 

strengths. This shear failure can result in increasing the porosity and enhancement of 

permeability. Guy et al., 2013, studied a numerical SAGD model, with geomechanical-

flow coupling method to show the effects of the thermal production on seismic velocities 

around the wells. 

If we heat a bar with length L, the change in length ∆𝐿, can be calculated using  ∆𝐿 =

𝛼𝐿𝐿∆𝑇, where 𝛼𝐿 is the linear thermal expansion coefficient, L is the initial length and ∆𝑇 

is temperature change. If the bar is bounded at both ends it will be unable to expand and 
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builds up an internal stress according to 𝜎 = 𝐸휀, where 𝜎 is stress, E is Young’s modulus 

and 휀 = ∆𝐿/𝐿 is the strain. Equating the two equations, 𝜎 = 𝐸 𝛼𝐿∆𝑇/𝐿 results in the 

following thermal induced equation for stress: 

 𝜎 = 𝐸 𝛼𝐿 ∆𝑇 (4.12) 

where E is Young’s modulus, 𝛼𝐿 is the linear thermal expansion coefficient, ∆𝑇 is the 

change in temperature and 𝜎 is the resultant thermal induced stress.  

Increasing temperature of the reservoir is similar to adding extra load of overburden and 

sideburdens. Heating causes the effective stress to become more compressive due to 

thermal expansion of the rock matrix according to equation (4.12). This causes the rock 

matrix to expand, which is opposed by the surrounding rock that impose a compressive 

stress. The induced stress usually is remarkable in horizontal, since the opposing 

boundaries are quite firm where in the vertical direction the induce stress can relax by 

overburden displacement, provided that the reservoir is shallow.  

This impact can be seen by comparing induced stresses in two different scenarios. 

Figure 4.23, shows the production/ injection impacts on vertical effective stress. Recall that 

in the selected convention, blue shows reduction and red represents increase in effective 

stress. In figure 4.23, before 2015, where the only disturbing well is the producer, the 

effective stress has been increased (smaller negative number, which means increase in 

compressional stress). Starting from 2015, when injection starts, increase in pore pressure 

results in generation of a new low effective stress front that gradually moves away from 

the injector well, outwards in all directions. 

In figure 4.24, we expect to observe a similar stress system to the figure 4.23, before 

2015, since the injector is shut in this period. This is correct where the pore pressure and 
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viscosities are the same, which is not the case due to different fluid models used in the two 

scenarios. At 2016, a year after steam injection, a significant compressional stress has been 

produced around the hot injector. This is superposition of the opposing thermal induced 

stress which tends to increase effective stress and pore pressure induced stress which tends 

to decrease effective stress. In the next years, the system of low effective stress which is 

raised because of pore pressure increase, has been clearly distinct. This pressure front is in 

principal similar to the front in figure 4.23, which travels faster than the red thermal front. 

Note that these two fronts are opposing each other and as a result we see a zero change 

stress boundary (white color between red and blue fronts) separating these two regions.  

Pressure diffuses based on the Darcy’s law and its flux is controlled by rock 

permeability and fluid viscosity as well as pressure gradient. From the other hand Fourier’s 

law governs the heat diffusion which triggers thermal stress. Heat flux is a function of 

temperature gradient and thermal conductivity of rock and fluid.  This explains why, 

pressure and thermal induced stresses travel with different velocities. This fact causes 

pressure stress front (blue) to drift away gradually from the red thermal front. 

Considering velocity variations which are measurable parameters, note that velocity is 

a function of stiffness tensor according to equation (4.10). These tensors themselves are 

functions of strain, according to equation (4.7). This means that stress analysis should be 

converted to strains eventually, to measure the velocity variations. In other words this is 

Young’s modulus and thermal expansion coefficient that will dictate the velocity 

variations, NOT stress variation only.   
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Figure 4.23,  Effective stress variations during the water injection scenario. production 

starts at 2010, where injection starts at 2015. Both wells are open till 2020. 

 

Figure 4.24, Effective stress variations during the steam injection scenario. Production 

starts at 2010, where injection starts at 2015. Both wells are open till 2025. 
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4.4 Results and discussions  

Coupled geomechanical-flow simulation is proved to be powerful, and essential to 

model and hence, predict the time-lapse time shifts. This time shift is simpler to be analysed 

above the reservoir, since it has not been impacted by the fluid developments. For example 

in production wells, seismic wave slows down in the overburden (twt new > twt old) and 

speeds up within the reservoir (twt new <twt old), ignoring the fluid impacts on velocity. It 

means that, time shift seen at the base of the reservoir is in fact the superposition of two 

opposing mechanisms within and above the reservoir. Considering that there is thicker 

overburden compared to reservoir interval, one expect to see an overall time lag at the base 

of the reservoir, in general. Taking fluid contribution into account, makes the evolved gas 

or injected steam an influential parameter in time lag increase in the reservoir. This fact 

will further mask the negative time shift mechanism of the seismic wave at the base of the 

reservoir. 

It was demonstrated that reservoir equilibrium disturbance by production or injection, 

will generate stress momentums that impact seismic wave velocity accordingly. 

The detailed inspection of the velocity variations during reservoir life is difficult due to 

the coupling of the dominating events. In other word, change in pressure and temperature, 

changes the elastic constants, and thermal expansion coefficients of the rocks and fluid. 

These two parameters control the stress and strain of the system and govern the velocity of 

the seismic wave. The amount of changes is dictated based on the rock properties.  For 

example the stiffer the rock, the less velocity variations due to induced stress. 

Seismic velocities and impedances decrease only slightly in rocks saturated with gas or 

wet water as temperature increases (Timur, 1977; Wang and Nur, 1990 b). I showed in 
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previous chapter that, the wave velocities in heavy oil saturated rocks are quite sensitive to 

the temperature variations. Wang and Nur, (1990 b) showed that both compressional and 

shear velocities might reduce by as much as 40% for different heavy oil saturated sands, 

with increasing temperature. This kind of temperature influence on velocity has also been 

reported by Kato et al. (2008). Temperature, also will introduce gaseous phase in the form 

of evolved gas or steam, which tends to significantly reduce the seismic velocity. As a 

matter of fact this gives a powerful measure for steam chamber monitoring using 4D time 

lapse data. However, Sung et al. (2009) suggested that if free gas is available before steam 

injection, the velocity change after steam injection is as low as less than 3%. 

Second aspect of temperature influence is the induced thermal stress. Thermal stress is 

the result of expansion of the medium which is opposed by bounding rocks. This stress is 

controlled by elastic moduli and coefficient of thermal expansion of the rock. Increasing 

temperature results in adding thermal stress to the system that is equivalent to have bigger 

load, which translates to increase in confining total stress and consequently increase the 

effective stress and velocity. Despite this, it is common observation to see a velocity 

decrease in SAGD operations during steam injection (for example Nakayama et al., 2008). 

This is the result of significant velocity reduction due to transforming solid like heavy oil 

to the liquid like fluid. Injected steam and released gas also will definitely slows down the 

propagating wave further. The current forward modelling was an effort toward resolving 

these distinct drivers. 

4.5 Summary 

In this chapter I emphasized the importance of stress variations during the course of 

production and was shown that it can significantly influence the time-lapse seismic 
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responses. These stress-induced velocity changes can be even higher than the changes in 

velocity due to the fluid substitution, depending on the rock’s property.  

In terms of pressure impacts, reservoir depletion causes pressure decline, which in turn 

leads to increase in effective pressure within the reservoir and velocity increase. On the 

other hand, injection increases the pore pressure and reduces effective pressure. This will 

result in a decrease in effective stress and hence, decrease in velocity. 

Introducing heat to the system will complicate the elasticity of the rocks furthermore. 

On one hand it changes the pore pressure and saturations depending on the PVT properties 

of the pore fluid. In addition, injected steam will significantly reduce the velocity itself due 

to the low velocity nature of steam. On the other hand thermal injection will add total stress 

which will act like an additional thermal load due to the expansion of the rocks and 

resistance of overburden. This will result in increases in effective stress in the reservoir and 

wave speeds up accordingly. Nonetheless, the velocity speed up usually is masked due to 

the injected steam and evolved gas which tend to impede the propagating wave.  

The stress effects are also observed in the host rock in addition to the reservoir. 

Overburden for example, resists to the changes in the reservoir. It means that shrinking the 

reservoir due to pore pressure reduction, will result in stretching the overburden, and 

velocity decrease accordingly. This behaviour is reversed in injection, where expansion of 

the reservoir is opposed by overburden, which will tend to speed up the velocity as a result. 

In addition to the reservoir fluid parameters (saturation, pressure, temperature), and rock 

properties (elastic moduli, thermal expansion coefficient), the reservoir thickness also is a 

key factor. Needless to say that the resultant time shifts at the base of the reservoir, is the 

superposition of all the impacts that a wave experiences while propagates through the 
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reservoir and overburden. The longer the path in the reservoir, the larger is the impact on 

wave travel time.  
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 Case study 

Thus far, the general scheme to convert simulation outputs to seismic impedance 

(Sim2Seis) for enhancing reservoir history matching, has been discussed. Furthermore, 

considerations with respect to viscoelastic fluids as well as stress substitutional models 

were studied. In this chapter, Sim2Seis approach is implemented on a reservoir. The 

available data are well logs, and seismic survey for a reservoir undergoing CHOPS 

production. There are no static or dynamic model available. This made a big challenge 

since, I had to address subtle tasks of a geophysicist, a geo-modeller, a reservoir engineer, 

and a software developer to reach to the point to be able to assess the idea of Sim2Seis. In 

this chapter, major implemented steps during the case study are explained with some 

details. The outline are as follows, and the terms is parentheses are software packages used: 

- Data loading and QC (HRS, CGG; PETREL, Schlumberger) 

- Well seismic tie and horizon interpretations (HRS) 

- Survey calibration of the base and monitor seismic surveys (HRS-Pro4D) 

- Post-stack and pre-stack inversion (HRS-Strata) 

- Reservoir characterization and porosity estimation (HRS-Emerge) 

- Velocity modelling (PETREL) 

- Structural modelling of the reservoir (PETREL) 

- Geostatistical variogram analysis (PETREL) 

- Reservoir static geo-modelling (PETREL) 

- Reservoir dynamic simulation (ECLIPSE, Schlumberger) 

-  Sim2Seis development (Ocean SDK, Schlumberger; C#, Microsoft Visual studio)  

- Analysis and results (PETREL) 
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5.1 Field and data description 

Primate is a heavy oil reservoir operated by Enterra and Equal Energy. This field is located 

within the heavy oil belt reservoirs in Western Canada field in Saskatchewan, Canada 

(Figure 5.1). Main production zones in this field are McLaren and Waseca formations 

which are parts of Mannville group in the area. This stratigraphic reservoir produces from 

a pay zone with a variable thickness between 5 m to 12 m, with no record of active water 

drive or available gas cap during the drilling.   

The available data for this case study were as follows: 

- Seismic data: a base 3D survey (2004) and a monitor 3D survey (2009)  

- Well head information, well logs, well tops 

- Reservoir production data ( water, oil, and gas rates) 

CHOPS (Cold Heavy Oil Production with Sand) technology is employed on this 

reservoir. In this process, the recovery is enhanced by producing sand and fluid altogether, 

using special pumps. Developments of the high porosity channels (wormholes) as the result 

of extreme sand production, make the dynamic simulation quite challenging, because the 

flow simulator simulates the fluid phase only and not the solid phase. Although, there are 

some simulators that are capable in dealing the sand production, the wormholes are still 

quite complicated to model.  

Unfortunately, two important data type are missing which limits us to use conventional 

Gassmann’s substitutional model in this study. Firstly, there is no viscoelastic fluid 

measurements (required for viscoelastic fluid substitutional models) and the other one is 

leak-off test which is needed to characterize stress regime in the reservoir (required for 

stress substitutional models). 
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Figure 5.1, Location map of the primate field. 

 

5.2 Horizon interpretation and survey calibration 

Once the data, were loaded to the software project, I needed to come up with a 

reasonable time depth relationship to identify the seismic horizons using the well tops. 

There were no check shot available for this field so I tried to generate a reasonable tie using 

the available sonic data. Figure 5.2, illustrates the extracted statistical wavelet in a 350 

msec window above the reservoir. With the obtained time depth relationship it was not 

only possible to interpret the horizons but also to present the well traces, well tops and well 

logs in the time domain. 

The next step was to calibrate two seismic surveys in terms of amplitude, frequency 

contents, time shifts and phase differences with the aim of removing energy and phase 

differences and preserving the discrepancies as the production fingerprint.  
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Figure 5.2, Statistical wavelet, correlation coefficients between synthetic seismogram and 

seismic trace at every well, and a sample seismic-well-tie. 

 

Figure 5.3, shows the maximum cross correlation between the base and the monitor 

survey at 10 msec bellow the reservoir top after survey calibrations. Obviously the 

minimum similarity between base and monitor surveys are seen in the reservoir interval 

which is due to production. This map can be an indicator of reservoir boundary as well. 

The reservoir boundary defined here is also consistent with Sweetness attribute shown in 

figure 5.4, which is used for identification of features where the overall energy signatures 

change in the seismic data. Another way to identify the production induced reservoir 

changes is to plot amplitudes of monitor seismic data versus base seismic data. The idea is 

that two data set should line up along the y=x line, except the differences between two 

surveys which will be isolated as clustered outliers and are attributed to reservoir 

production. This plot is shown in figure 5.5. Showing only the clustered data, represent the 

reservoir volume clearly. Similarity of the figure 5.3, 5.4 and 5.5 indicates that most likely 

the highlighted region in these figures is the reservoir boundary. 
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Figure 5.3, Maximum cross-correlation between base and monitor survey. 

 

Figure 5.4, Sweetness attribute of monitor survey. 

 

Figure 5.5, Monitor vs. base survey (left), clustered data selected on the plot window 

(middle), is displayed in 3D view.  
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5.3 Post stack and pre-stack seismic inversion 

5.3.1 Post-stack inversion 

Since the objective is to compare the modelled and real seismic data at acoustic 

impedance level, it is required to invert both base and monitor seismic data. Two different 

post stack inversion techniques were implemented, namely band-limited and model-based 

inversion. 

The band-limited method is a simple recursive approach, in which the wavelet is 

assumed to be zero phase. This method works best where there is a good signal to noise 

ratio. Band-limited inversion can be considered as an integration of seismic traces and then 

exponentiating that. Hence, in presence of noise the accumulation of noise amplitudes will 

be significant, especially in longer travel times. Another deficiency is that band-limited 

inversion considers the side lobes of the wavelet as lithological variations which do not 

really exist.  

In the model-based inversion we employ geological information from logs parallel to 

the seismic data, as a guide. This reduces the inherent non-unique nature of seismic 

inversion. The highest concern here, is the sensitivity of inversion algorithm to the initial 

model, which is uncertain itself. This dependence in well locations is not a big deal since 

we have reliable control points. However between wells, one must have a reasonable 

starting model that roughly represents existing complexities of the reservoir. 

 Figure 5.6 through figure 5.9 show the results of both inversion schemes on the base 

case (2004) and the monitor case (2009). Differences in the reservoir interval between the 

base and monitor survey can be attributed to the reservoir production. The square of 

difference between two surveys is illustrated in figure 5.10 and figure 5.11. 
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Figure 5.6, Model-based inversion (left) and band limited inversion (right) results on the 

base case seismic survey (2004). 

 

Figure 5.7, Model based inversion (left) and band limited inversion (right) results on the 

monitor seismic survey (2009).
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Figure 5.8, Map of the band limited inversion results in base (upper row, 2004) and monitor (lower row, 2009) cases. Maps are 

representing the arithmetic mean of P-impedance in 10 millisecond window centered at the reservoir top (left column), 10 millisecond 

window bellow the reservoir top (middle column) and 20 millisecond window bellow the reservoir top (right column).  
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Figure 5.9, Map of the model based inversion results in base (upper row, 2004) and monitor (lower row, 2009) cases. Maps are 

representing the arithmetic mean of P-impedance in 10 millisecond window centered at the reservoir top (left column), 10 millisecond 

window bellow the reservoir top (middle column) and 20 millisecond window bellow the reservoir top (right column).  
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Figure 5.10, Square of the difference of band limited inversion results in monitor and base 

case, (Ip2009-Ip2004)
2 

 

Figure 5.11, Square of the difference of model based inversion results in monitor and base 

case, (Ip2009-Ip2004)
2 
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5.3.2 Pre-stack inversion 

The next step in this case study is to perform pre-stack inversion. The goal is to extract, 

density as well as shear velocity information for the reservoir. The extracted Vp and Vs also 

will be employed in the calibration of the petro-elastic models. This inversion has been 

only applied on the base case to obtain the initial elastic moduli, required for calibration. 

 In the Pre-stack inversion the idea is to incorporate more data (all shot gathers rather 

than their stacked section) in the inversion of a reflection point, which in turn will reduce 

the ambiguity of the non-unique solution of the model parameters. In addition, 

simultaneous modelling of Vp and Vs allows us to predict fluid properties of the reservoir. 

Figure 5.12 represents a typical shot gather loaded for the prestack seismic inversion. 

 

Figure 5.12, Raw shot gather loaded for the prestack inversion. 

 

In order to prepare the shot gathers for the pre-stack inversion, a few processing steps 

are recommended to be implemented. The workflow is presented in figure 5.13. This 

processing workflow aims to enhance the overall signal to noise ratio. In this regard a high 

cut band-pass filter ensures the removal of the noise frequencies, followed by a super gather  
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Figure 5.13, Processing workflow before pre-stack inversion. 
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which is a process similar to the stacking, but only stacks few (3 in this case) shot gathers 

together in order to improve S/N. Residual static correction in the next step, ensures the 

maximum continuity of reflectors. Finally, shot gathers will be reordered in the angle 

gather format, which was the software requirement for proceeding to inversion.  

I conducted the pre-stack inversion only on the base survey to be able to use the 

computed Vp and Vs for further calibration. The results of the inversion are delineated on 

the map views in figure 5.14.  

  
Figure 5.14, Pre-stack inversion results on the base seismic survey (2004). The map shows 

arithmetic mean in window of 20 millisecond bellow the reservoir top. 

 

5.4 Reservoir modelling 

The objective in reservoir modelling is to create a cellular model grid that firstly represents 

the reservoir structure and secondly contains the reservoir properties (permeability, 

porosity, reservoir net to gross ratio). The reservoir grid then can serve different purposes 

including volumetric calculations and reservoir simulation. In the current case study, the 

Vp/Vs Density 
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grid model is built to run the reservoir simulation. Figure 5.15, summarizes the workflow 

for building the static geo-model, including its grid and the containing properties. 

5.4.1 Structural modelling 

In the workflow shown in figure 5.15, steps 3 to 6 are known as structural modelling 

which is the process where the faults, geometry, pillars and layers of the model are built. 

We discretize the model into grid blocks, where faults and reservoir boundaries serve as 

walls and pillars of the model. The main data, in which structural model is grounded on are 

well tops, surfaces and faults. I followed some considerations in gridding as follows: 

- The boundary of the grid should cover the areal extension of the reservoir. 

- Major grid directions are parallel/perpendicular to the flow direction. The flow 

direction usually is along/perpendicular to the structure and faults (dip/Azimuth). 

- Square grid shape is preferred. 

- Areal grid size should not be less than dimensions of seismic bin.  

- Vertical resolution of grids should be more than logging resolution which typically 

is one to two feet.  

- We should avoid introducing unnecessary details and complications in grid model, 

which can bring instabilities in reservoir simulation. 

5.4.2 Property modelling 

The next step in geo-modelling is to fill the grid cells with the most probable rock type 

or property, based on the statistics of well log data. In this practice geostatistical methods 

become key, where the unknown values can be estimated from the real data using the 

existing spatial relationship in the data. Spatial relationship can be characterized using the 

variogram; a plot representing the spatial variability of the data. 
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Figure 5.15, Stacking velocity cube, time horizons and well tops were used to create velocity model (1). Well tops and depth converted 

time horizon in depth domain (2). Defining reservoir boundary using sweetness attribute (3). Building grid skeleton (4). Defining model 

horizons (5). Adding vertical layers to the model (6). Rock type definition based on gamma ray and porosity values (7). Scaling up the 

logs into the grid cells (8). Variogram analysis (9). Cokriging rock types, porosity, permeability and saturation into the grid cells (10).
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The variogram is useful when a spatial relationship exists between two close points. It 

assumes a stationarity in data, which means the local and global means are the same. Once 

the spatial relationship between available data is found and represented by a variogram, the 

next step is to utilize the variogram to estimate the values at unsampled locations. The 

estimation technique that deterministically estimates the unknown values using spatial 

relation between known values is called kriging. One can also take advantage of secondary 

data to estimate principal data. This technique is called Cokriging. The examples are 

estimating porosity using seismic acoustic impedances, based on the correlation between 

acoustic impedance and porosity at sampled locations. The other example is estimating 

permeability property using porosity, where permeability measurements can have 

correlation with porosity in the cored samples.  

In order to establish a cokriging scheme, primary and secondary variables should have 

strong linear correlations. However, in practice cokriging is very tedious and could be 

difficult to achieve. It is necessary to characterize three variograms; principal (e.g. 

porosity), secondary (e.g. acoustic impedance) and their cross-variogram which makes this 

technique literally impractical. Collocated cokriging on the other hand, is a popular 

technique for integrating secondary data in the estimation of the principal variable. Unlike 

cokriging, it doesn’t use the cross-variogram, which makes it more appealing. Instead, the 

secondary data is required to be available in every unsampled location, where one needs to 

estimate the values of principal unknown property. Seismic data, typically has such a 

characteristic to be employed as the secondary data.  

Statistical simulation techniques are methods that apply kriging to simulate (not 

estimate) properties at unsampled locations. These methods reproduce the histograms of 
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the input data, and are appropriate for uncertainty assessments, since they introduce 

randomness in the modelling. In such techniques, the unsampled grid cells are visited 

sequentially in random order and their values are estimated based on kriging. The estimated 

grid cells, then are treated as sampled data and will be employed in the simulation of the 

next unsampled grid cells. Since the visiting path is randomly selected, it is possible to 

come up with many different realizations, which are equally probable and hence 

acceptable. In general, all the sequential simulation methods have the following steps in 

common: 

1. Transforming data to normal score distribution 

2. Variogram analysis 

3. Random path (the order of visiting cells with unknown values) selection of the grid 

cells  

4. Kriging 

5. Back transform. 

Disregarding 3rd and 5th steps, will turn the simulation to kriging estimation. Readers 

can refer to Kelkar and Perez (2002) for details about reservoir geostatistics. 

5.4.3 Geo-modelling in the case study 

In the current case study, once the inversion part of the reservoir was completed I 

managed to build the reservoir model. This stage of the project includes several major 

steps, with the ultimate goal of building the structural grid and populating it with the most 

likely properties. The steps are summarized in the order that were carried out. Figure 5.15, 

also displays the accomplished workflow: 

1. Creating the velocity model. 
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2. Converting the seismic-based data to depth. Different QC steps are involved here, 

including residual depth errors and validating obtained interval velocity surfaces.  

3. Defining reservoir boundary, based on different seismic and time lapse attributes. 

4. Defining horizontal grid cells, which is 10m*10m.  

5. Building the horizons of the geo-model using the depth converted surfaces. 

6. Adding layers (vertical grids of size of 1m) to the model. 

7. Defining facies properties using the porosity vs. gamma plots. Five classes of facies 

were defined in this study, based on the cut-off values of porosity log and gamma log. The 

importance of facies is to distinguish different rock types and represent their spatial 

relations with a distinctive variogram. It also allows to model reservoir heterogeneity and 

geological connectivity of different rock types. 

8. Upscaling all required logs (Facies, permeability, porosity). The goal is to assign an 

appropriate property value to the grid cells penetrated by the wells using the well log 

values. This step is required to move from log scale (~1-2 feet) to the grid scale (1 m). 

9. Data analysis and variogram modelling for discrete and continuous data. This step is 

the most tedious part of the modelling. Different parameters of the variogram should be 

defined for each rock type. In addition, one needs vertical, major horizontal and minor 

horizontal variograms to be able to reasonably estimate the data in a spatial geometry. This 

step is the key in all the geo-statistical modelling. Determination of variogram parameters 

is critical to observe a spatial relation. If there is no spatial relation, no matter what 

parameters are selected, no spatial relation will be seen. However poor selection of these 

parameters can mask the existing relation. As long as the selection of the parameters gives 
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a clear variogram structure, those parameters are good enough. I followed the following 

considerations in defining variogram structure: 

- Starting with isotropic variogram. This variogram picks the data points in all the 

directions, hence is more stable than any anisotropic variogram. Most of the time some sort 

of spatial relation should be reflected in the isotropic variogram. If not, it is difficult to 

imagine that anisotropic variogram shows spatial structure, with fewer data points. 

- Using the isotropic variogram to establish the lag interval and lag tolerance. The 

smallest possible tolerance at which an interpretable structure can be observed should be 

used to estimate the variogram. This is because some irrelevant data point might obscure 

the isotropic feature. 

- Finding the maximum and minimum direction of continuity of the data. This can be 

investigated by finding the range of variograms at different directions. The maximum and 

minimum continuity will be in line with highest and lowest range, respectively. Variogram 

map of the range values would be also beneficial to examine this. For modelling purposes, 

minimum and maximum continuities are always assumed to be perpendicular. 

- The variogram is very sensitive to the outliers. If pairs have an abnormally large 

difference, it impacts the variogram calculation and results in instabilities. One can either 

ignore these problematic pairs (identifying them by cross plot of the pairs), or mitigate their 

influence by incorporating larger number of pairs into variogram calculations. This can be 

achieved by increasing lag and/or angle tolerance.   

10. Populating properties in the grid, using collocated co-kriging. The accuracy of this 

step depends on all the previous steps, and especially the quality of the variograms. 
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There is an inherit uncertainty associated in all steps. The main ones are velocity model, 

and property modelling. It worth mentioning that the model that I ended up with is just a 

realization among many realizations that are equally likely and consequently correct.  

5.5 Reservoir simulation 

The purpose of the geo-modelling in previous section is to feed the grid model to a 

reservoir simulator and to predict its behaviour (section 2.1).  

Reservoir simulation is grounded on the basis of three fundamental laws, namely 

conservation of mass, Darcy’s equation and the equation of state. The first two principals 

will lead to diffusion equation. Enforcing a certain initial and boundary condition to the 

grid model, will result in a certain solution (behavior), which is called reservoir simulation. 

The goal is to simulate the reservoir behaviour as similar as possible to the production 

history and pressure data. This process is known as history matching.  

The history matching process is a difficult and tedious task because of many uncertain 

parameters. It might be argued that since the diffusion equation is a parabolic equation and 

its solution is smooth, it should be less complicated than hyperbolic equations like the wave 

equation. As the matter of fact, diffusion equation solved in reservoir simulators appeared 

to be much complex and has a fundamental distinction comparing to the wave equation. 

The difference is that the state of the medium of study is changing at every time step. The 

key variations are pressure and temperature which will result in a series of changes 

including but not limited to the compressibility of rock/fluid, absolute permeability, 

viscosity, formation volume factor, density, and saturation. Saturation changes will result 

in capillary pressure and relative permeability changes. In addition we are dealing with 

three set of equations for the gas, oil and water phases. Considering the nonlinear nature of 
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many of these coupled changes can explain many of the instabilities and failures in the 

simulation results.   

History matching is a forward modelling solution for an inverse problem. In other words 

the approach is to modify key uncertain variables in the rock and fluid model and try to get 

a reasonable match between the predicted results and recorded data. The mismatch is very 

dependent on the input data, so a missing or invalid data, results in inaccurate and uncertain 

results. 

The data which was available for the reservoir simulation in current study was static 

data including well tops, well logs and seismic surveys, which has been employed to build 

the grid model. 

The available dynamic data for this field was oil, water and gas rates. The major missing 

part of the data was the flow and rock properties which are typically obtained from PVT 

and core analysis, respectively. In addition the pressure data had not been recorded during 

the production. I applied some typical heavy oil properties for the fluid. Also some 

characteristic relative permeability curves were selected for the reservoir rocks. Figure 

5.16, illustrates the reservoir simulation results based on the selected rock and fluid 

properties. Note that even if we predicted the cumulative production accurately, this 

simulation has great uncertainty due to the missing data. It worth mentioning that one can 

change the unknown parameters by trial and error to find another good match, but it is 

arguably equally uncertain and biased. For the sake of this study I will go ahead with the 

current simulation results, since I don’t care about the prediction reliability, and I just need 

to convert the results to acoustic impedance with a reasonable degree of uncertainty. 
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Here the value of seismic assisted history matching can be appreciated, since it will put 

the current simulation results to the test, by comparing seismic data with the synthetic 

seismic created from the static properties and dynamic simulation results.  

 

Figure 5.16, Simulation results in field level. Principle matching target is liquid production 

rate and the minimum bottom hole pressure at the wells is 2 bar. The wells are perforated 

in the entire reservoir interval. Note that the good match, other than reasonable static grid, 

fluid and rock properties is due to the fact that simulator is free to change the well head 

pressure. In case that pressure data is available this parameter is constrained and history 

matching process is more tedious. 

 

5.6 Sim2Seis software development 

Here I came to the point that it was required to develop the Sim2Seis idea through the 

programing. The objective behind developing this program was to generate synthetic 

seismic attributes, at any production stage using reservoir properties and simulation results. 

Simulation results provide us with wide range of dynamic information, such as flow rate, 
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pressure, temperature and saturation changes in the reservoir. Having the ability to convert 

simulation result to acoustic impedance can be translated to being capable of creating 

synthetic acoustic properties in the course of reservoir production. Figure 5.17, illustrates 

such a functionality. Since this process is not available in the deployed commercial 

software, I developed it as a plug-in to be attached to PETREL. This plan was accomplished 

using Ocean developer’s kit which is Schlumberger’s development platform. The Sim2Seis 

software was developed in C# language in Visual studio and as a plug-in for PETREL. The 

main purpose of this plug-in was to convert simulation results to acoustic impedance. This 

software was called Sim2Seis to describe such functionality. The goals that I aimed to 

achieve were: 

- Reducing the uncertainty of the reservoir simulation results by constraining them 

with seismic acoustic impedance, 

- Validation of the flow simulation results using seismic acoustic impedance, 

- Feasibility studies to plan future 4D surveys, 

- Evaluate the optimum time-lapse intervals between successive surveys, 

- Generating time lapse logs. 

5.6.1 Sim2Seis architecture for conventional fluids 

The conventional fluid part of this plug-in, is based on the Gassmann’s equation. Since 

C# is an object oriented programming language, the plug-in treats every reservoir grid cell 

as an object, comprised from three other objects (Figure 5.18). The grid object is the 

saturated bulk moduli object which is a function of matrix elastic moduli, fluid elastic 

moduli and dry framework elastic moduli, and can be computed using Gassmann’s 
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equation. Fluid elastic object itself, has three properties, bulk modulus, shear modulus and 

density that can be estimated based on Batzel-Wang’s correlations (Batzle and Wang, 

1992). This object can be calculated from different properties of gas, water and oil, shown 

in Figure 5.19.   

 

Figure 5.17, Sim2Seis developed to convert simulation results to acoustic impedance. 

 

Calculations for the fluid elastic object are addressed in the input tab of this plug-in. 

The designed interface is shown in figure 5.20. Once the fluids’ properties are entered, the 

lower table will be updated accordingly with the computed elastic moduli right away. Most 

of the time we have variable geological properties rather than a single number. For example 

we usually have saturation, porosity, temperature etc., as grids. I developed such a 

functionality in Sim2Seis to enable the calculations when the inputs are grids (Figure 

 Sim2Seis 
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15.21). Note that if any of the information is in grid format then the fluid elastic modulus 

will not be calculated, in the lower table.  

 

Figure 5.18, Saturated elastic object in every grid cell is a function of matrix, dry frame 

and fluid elastic object.  

 

Figure 5.19, Fluid elastic moduli object. 
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Figure 5.20, Sim2Seis inputs tab’s interface; fluid elastic object. 

 

 
Figure 5.21, It is possible to input grid as the input data. 
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The second required object for saturated elastic modulus computations, is the matrix 

elastic modulus. For this object, one needs to have the constituent minerals of the matrix 

and their fractions. Hence we can come up with the effective elastic moduli using different 

mixing schemes (Figure 5.22). 

 

Figure 5.22, Matrix elastic moduli object. 

 

Matrix property tab is designated to handle the entry of the required input minerals for 

the calculation of matrix elastic modulus (Figure 5.23). A library is provided internally as 

a drop down menu in the second column that allows the user to select any of the several 

minerals in the matrix. Also an option for user defined mineral is available to enter the 

required properties manually, in cases that the default library properties of a mineral is not 
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representative. Once the fractions are set for the constituent minerals (they should add up 

to 1), the warning sign on the tab will turn into the green check sign, showing valid entries.  

 
 

Figure 5.23, Calculations of the elastic moduli of the matrix; matrix elastic object. 
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At this point the calculated mixture of elastic moduli will be shown at the lower pane, 

based on the selected combination method.  

Usually the matrix is assumed to be single type in the whole reservoir. However, since 

we would deploy the plug-in in the real case projects, multi-facies types should be 

considered. This option is available, only if the user enters the facies type as a discrete grid 

in the input tab (Figure 5.24). In such a case, by clicking on the Zones button in the Matrix 

Properties tab, we will have the option of setting a mineral mixture for every facies unit, 

separately (Figure 5.25). Also note that by importing the correct data, warning sign has 

turned into a check mark. 

This option of multi-facies definition, proved to be very helpful in the current case study. 

It will be used to add the clay content for certain rock types, which in turn will reduce the 

acoustic impedance only for the regions in the reservoir comprising that that facies type. 

Next object which is needed for the calculation of saturated modulus is the dry elastic 

modulus of the rock. This object is the most challenging one, and can be calculated from 

empirical correlations or can be calibrated based on the available data. Figure 5.26, shows 

the data types that are needed for calculations of this object.  

The calibration tab of the Sim2Seis plug-in is intended to compute the dry framework 

elastic modulus. This tab has been shown in the Figure 5.27. The user has the options of 

using either empirical or calibration approaches for the estimation of elastic modulus.  

If we choose to use the available inverted impedance data, the plug-in will back calculate 

dry elastic moduli from the provided saturated moduli. These computed dry framework 

moduli can be utilized to calculate the saturated modulus in the times, where neither dry 

nor saturated moduli, are available.  
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Figure 5.24, Discrete facie input, for using in matrix elastic calculations. 

 

Figure 5.25, Calculations of the elastic moduli of the matrix for several facies units. 
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Figure 5.26, Dry frame work elastic moduli. 

 

Figure 5.27, Calibration tab; dry frame elastic object. 
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Next tab, is the Argument manager tab. The purpose for this tab is to incorporate any 

data, from miscellaneous sources into the Sim2Seis computations. One can even make the 

software to read the dynamic saturation, pressure and temperature inputs, directly from 

simulation results at a certain time step. This feature will facilitate, the efficiency of 

calculations from simulation results towards seismic impedances. Another feature is to 

exempt plug-in from the calculations of intermediate arguments, and directly provide them 

to the plug-in. These intermediate overrides might be available from lab measurements or 

seismic data invasions. Also note that these parameters can be entered either as a grid 

property or as a constant number (Figure 2.28). 

 

Figure 5.28, Overriding input parameters (simulation, or intermediate properties). 
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Requested output results also is going to be determined in the Outputs sub tab in the 

Argument Manager tab. The user has an option to create all the intermediate grids along 

with the main velocity and impedance grids. Figure 2.29, shows the range of outputs and 

sample property grids that can be created, in models pane. 

 

Figure 5.29, Different outputs that a user can select to be created in the models pane. 

 

The most challenging part of the development of this plug-in, was to make it robust, 

solid and reliable. To achieve this purpose, I decided to add a debugging feature to 

Sim2Seis in order to generate a log file which would reflect the computation’s flow. This 

feature not only is a debugging tool, but also will help the user to track down the 
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miscalculation sources and ensures that all imported data will be called correctly during 

the process. This approach is opposed to the case in which the software acts as a black box, 

with not much control on the reliability of the results. Figure 2.30, shows a sample section 

of this log file. 

 

Figure 5.30, the log file generated by Sim2Seis for QC purposes. 
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5.6.2 Sim2Seis heavy oil version 

In the second version of Sim2Seis, I added the viscoelastic fluid modelling feature to 

the plug-in. This version gives the user an option to switch between conventional and heavy 

oil cases. If the latter is selected, then additional tab will be appeared for the purpose of 

viscoelastic fluid modelling.  

The difficulty in such a development is that we deal with complex numbers as moduli 

of viscoelastic fluid. These numbers need complex algebra, accordingly.  In terms of 

programming, C# is not capable of doing complex calculations directly, and it is needed to 

develop a structure, in which common math operations for complex numbers are defined. 

Figure 5.31 illustrates the created structure diagram of complex numbers and the associated 

methods for handling their mathematical operations. 

Figure 5.32 shows the extra Viscoelastic Calibration tab, which will be appeared once 

the heavy oil option in the Sim2Seis is selected. Since this tab is for calibration, it is 

required to load the calibration data. For example let’s say we need to load Vp measured 

data. For this purpose we need to select Vp from the drop down list. Now we have the 

options of either typing the data in the table or loading the data. By clicking on the load 

data button, and browsing the appropriate file, data will be displayed on the table and will 

be shown simultaneously on the corresponding graph. Figure 5.33 illustrates the sample 

imported data and its display. 

For starting the calibration we need to import as much data as available, in a similar 

manner, i.e., the required data type should be selected from the drop down menu, followed 

by importing and verifying their quality on the corresponding plot section. Figure 5.34, 

illustrates an example of loading all the data for calibration tab. 



140 

 

 

Figure 5.31, an structure designed for handling complex number algebra in C#. 

 

Once the measured data is loaded, one can review and edit each data values. By selecting 

the appropriate option from the drop down menu and editing the data point, the plot display 

will be updated accordingly. Next step is to start matching the CPA and/or Hashin-

Shtrikman models with available data. User has the option of either typing some value in 

each cell or import the already calculated values in Sim2Seis. The second option is only 

available for the parameters with a blue array right beside them. For example shear 

modulus of matrix or bulk modulus and densities of matrix and conventional fluid are 

already computed by Sim2Seis. So if one needs to employ them, it can be easily retrieved 

by clicking the blue arrow and the corresponding cells will be filled.  
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Figure 5.32, Viscoelastic Calibration tab. 

 

Viscosity also can be estimated by Beggs-Robinson correlation (1995) by clicking the 

blue arrow, if it is not available for a certain temperature. And finally for calculating the 

total density clicking on “+” pushbutton will compute the value. 

 



142 

 

 

Figure 5.33, Loaded table will be automatically displayed on the correponding plot section. 

 

Once the parameters are set, one can click on the calculate button and all the 

corresponding plots will be updated on the graphs. 

Figure 5.35 shows the final results.  First graph which has a single curve, is the shear 

modulus estimation for the heavy oil, based on Cole-Cole correlation. Other graphs are the 

modelled elastic moduli with different methods (chapter three). The upper and lower 

Hashin-Shtrikman bounds are depicted by two purple curves. CPA method is shown in red 

and weighted average of Hashin-Shtrikman bounds are displayed in blue. User will be able 

to estimate the best matching parameters by tuning the input model variables. Once set, 
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these model parameters will be employed for the viscoelastic computations in the entire 

reservoir heavy oil saturated rock. 

 

Figure 5.34, Loaded calibration data. 

 

Unfortunately this kind of recorded lab data, is not commonly measured. In the current 

case study it was not possible to deploy this feature due to the lack of associated data 

measurements.   
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Figure 5.35, Modelled behaviour of the heavy oil. 

 

5.7 Results and discussion 

The final step and the main goal in the current case study is to feed the simulation results 

into the Sim2Seis plug-in in order to create synthetic elastic moduli and comparing it with 

the acoustic moduli computed from seismic inversion. Figure 5.36 shows the comparison 

between the modelled P-impedance, based on the simulation results (using Sim2Seis) and 

seismic inverted P-impedance for the monitor case (2009).  
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Figure 5.36, Comparison between the modelled (sim2seis) and real P-impedance (seismic 

inversion). The plot shows 0.55% correlation coefficient between data (x-axis) and model 

(y-axis). Colors show effective porosity. 

P-impedance data, 2009 

(Seismic inversion) 

P-impedance model, 2009 

(Sim2Seis Plug-in) 
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This figure shows a reasonable agreement between the modelled and real P-impedance. 

According to the plot the correlation coefficient between these two is about 55%. The 

difference between the modelled and the inverted impedance data not only should not be 

surprising, but actually is appealing. This discrepancy is in fact a warning for the reservoir 

engineer and geo-modeller that even if the simulation scheme has ended up with perfect 

match (figure 5.16), there is a criterion (P-impedance) that is off by ~45%. So we must 

employ seismic assisted history matching strategy to obtain a reasonable match between 

modelled impedance and inverted seismic impedance, by tweaking modelling parameters.  

Two major parameters that can influence the modelled results are grid properties (like 

porosity and permeability) and fluid properties. I opted to adjust the porosity, permeability 

and relative permeability curves, since there is no information available for fluid properties 

which means that it literally has infinite degree of freedom. 

Figure 5.37, illustrates three major improvements that have been achieved in our seismic 

history matching case study. The property corrections include increasing permeability 

around the wells (5.37 a), cokriging porosity with monitor acoustic impedance (5.37 b) and 

dry frame modelling based on the different facies in every grid cells (5.37 c). Steps (a) and 

(b) were implemented on the basis that production in this reservoir is based on CHOPS 

technique in which the formation is going to be altered significantly. Also recall that 

property modelling is a stochastic approach, which means that the employed property is 

one among thousands of equally good (probable) realizations. In step c, I added clay 

content of the shale facies, in order to reduce P-impedance of certain rock type (grid cells).  

Figure 5.38, shows the enhanced correlation coefficient between modelled and inverted P-

impedance, up to about 81%. 
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Figure 5.37, Property corrections include increasing permeability around the wells (a), co-

kriging porosity with monitor acoustic impedance as secondary data (b) and dry frame 

modelling based on the different facies in every grid cells (c). 

Increasing Permeability 

Changing porosity using new trend 

Adding clay for shale facies 

modeling  

a 

b 

c 
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Figure 5.38, Modelled P-impedance vs. inverted P-impedance in 2009 (monitor case). 

Colors show effective porosity. 

 

This case study was carried out to show the feasibility of the Sim2Seis approach for 

enhancing simulation forecasts. Thus far, we ended up with a reasonable agreement 

between modelled P-impedance and the inverted P-impedance for the monitor seismic 

survey. I did run the simulation again on the new grid cells with the updated properties. 

The history matching results is as good as figure 5.16, that’s why it is not shown. However, 

the point is that this time we are more confident about the forecasts based on the new 

dynamic model since P-impedance is also reasonably matched. 

Here are some limitations that I was aware of them and they are specific to this case study 

and should be considered further if one intends to enhance the results: 
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- Seismic and simulation resolutions are different, which means that for their 

comparisons it is impossible to get a perfect match, unless we impose appropriate 

upscaling/downscaling actions,  

- This reservoir was heavy oil, so Gassmann’s equation potentially can results in 

erratic results, 

- Patchy saturation was very likely in this reservoir; fluid mixing laws and 

Gassmann’s equation are prone to give misleading results,  

- CHOPS production, impacts the porosity and permeability of the reservoir severely, 

which violates the Gassmann’s equation, in the sense that solid frame not only 

changes but also flows. It worth to incorporate the geomechanical effects in the 

study as well. 

My point is that the achieved results should be cautiously interpreted on the grounds of the 

known limitations. It is strongly, recommended to avoid doing the overcorrections, where 

we already know the compromises in this approach. 

5.8 Summary 

In this chapter, I implemented the seismic assisted history matching on a real case. For 

this purpose I developed a program (Sim2Seis) to convert simulation results to acoustic 

moduli. It was observed that comparison of the modelled acoustic moduli with those 

computed from seismic inversion, can increase the certainty of static and dynamic 

simulation models.  
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 Conclusions  

6.1 Conclusions 

The dynamic model for reservoir simulation should always be kept as simple as 

possible, but not simpler! In this thesis I have argued that ignoring time lapse seismic data, 

builds a model which is simpler than a trustworthy model. 

I developed a plug-in program, called Sim2Seis that facilitated the contribution of 

seismic time-lapse data in reservoir history matching. During the seismic assisted history 

matching it was observed that many different geo-models resulted in equally reasonable 

history matched results. However, their resultant acoustic impedance models generated by 

Sim2Seis plug-in were different. This discrepancy is quite valuable, since it can enhance 

our perception of the geo-model and also can reduce the uncertainty in the simulation 

results. 

In my research, viscoelastic fluid substitution modelling has also been studied using 

compositional fluid models. This has led to development of a practical fluid substitution 

framework that can be integrated with heavy oil phase behavior and simulation results. In 

cases with limited laboratory elastic measurements, the numerous uncertain parameters 

should be tuned with the available data before applying this modelling scheme to an entire 

reservoir.  

The fluid compositional analysis suggests that viscosity is such a strong function of 

temperature and that the solution’s gas cannot have a tangible influence on the elastic 

moduli of heavy oil reservoirs. Considering the small amounts of gas in solution and the 

low-pressure characteristics of heavy oil reservoirs, we can conclude that the viscosity 
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increase due to gas liberation can simply be ignored in heavy oils. Hence, the fluid shear 

modulus should decrease monotonically with increasing temperature. 

In this research, different mechanisms, impacting wave propagation were discussed. 

These parameters are all coupled, and I scrutinized them individually for perceiving the 

mutual interactions of reservoir behaviour and elastic responses. To summarize, three 

factors compete or reinforce each other to characterize reservoir elastic properties. These 

are change in saturation, pore pressure and temperature, which might reinforce or cancel 

out each other, depending on different scenarios.   

For instance, considering saturation variations, it is obvious that if water displaces oil, 

the velocity increase, where gas evolution tends to decrease the velocity. 

In terms of pressure impacts, reservoir depletion causes pressure decline, which in turn 

leads to increase in effective pressure within the reservoir and velocity increase. On the 

other hand, injection increases the pore pressure and reduces effective pressure. This will 

result in a decrease in effective stress and velocity. 

Introducing heat to the system will complicate the anelasticity of the rocks. On one hand 

it changes the pore pressure and saturations depending on the PVT properties of the pore 

fluid. In addition, injected steam will significantly reduce the velocity itself due to low 

velocity nature of steam. On the other hand thermal injection will add total stress which 

will act like an additional thermal load due to the expansion of the rocks and resistance of 

overburden and sideburdens. This will increase the effective stress in the reservoir and 

wave speed will also increase accordingly.  The velocity speed up usually is masked due 

to the injected steam and evolved gas which tend to impede the propagating wave.  
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The degree of saturation, pressure and temperature impacts, depends on the fluid 

properties, stiffness tensor and thermal expansion coefficients, respectively while these 

parameters are coupled and do interact. It means that in the extreme cases, pore fluid 

properties (saturation, pressure, temperature), will influence a rock only if the rock is 

susceptible to change. Recalling that Peff  = PConfining - (1-Kdry/Kmatrix) ˟ Ppore, one can see 

that Ppore, will effect Peff only if Kdry is much smaller than Kmatrix; the situation that will 

happen for high porosity, weakly cemented rocks. High temperature also cannot 

significantly impact rocks as long as thermal expansion coefficient of the rock is small.  

The stress effects are also observed in the host rock in addition to the reservoir. 

Overburden for example, resists to the changes in the reservoir. It means that shrinking the 

reservoir due to pore pressure reduction, will result in stretching the overburden, and 

velocity decrease accordingly. This behaviour is reversed in injection, where expansion of 

the reservoir is opposed by overburden, which will tend to speed up the velocity as a result. 

In addition to the reservoir fluid parameters (saturation, pressure, temperature), and rock 

properties (elastic moduli, thermal expansion coefficient), the reservoir and overburden 

thickness also is a key factor. Needless to say that the resultant time shifts at the base of 

the reservoir, is the superposition of all the impacts that a wave experiences while 

propagates through the reservoir and overburden. The longer the path in the reservoir, the 

larger is the impact on wave travel time. 

6.2 Suggestions for future works 

This study can be extended in the following aspects: 

1. The case study can be applied on thermal cases, to validate the fluid substitution 

models in viscoelastic fluids,  
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2. It worth including geomechanical simulations into the case study, 

3.  In the case study, patchy saturation calculations for the fluid moduli can be 

considered, 

4. There are many rock physical models that I have pointed out in this research. A 

sensitivity analysis of different options is recommended, 

5. Based upon the temperature-frequency-shear modulus relationship, a new approach 

has been proposed for estimating temperature in the reservoir. Further research in this 

regard, with application in real cases, is recommended to validate the proposed method. 

6.3 Last words 

The principal premise of this thesis was that the ambiguities of reservoir simulation can 

be reduced using time-lapse seismic data. A case study that was conducted in this research 

suggests that it is in fact quite rewarding to incorporate time-lapse seismic as assisting data 

in the reservoir simulation and history matching. 

It is very important to note that the entire effort was to mitigate the risk of simulation 

forecasts and reduce the uncertainty of the reservoir model. In other words, we are more 

confident about the dynamic model, when it honours the seismic data in addition to the 

flow rate and reservoir pressures.  

Despite all the endeavours to enhance the geo-model, we should bear in mind that the 

seismic assisted history matched model is still uncertain. In addition, similar to any other 

inversion problem, the demonstrated approach has its own uncertainties and challenges. 

Nonetheless the power of this method in mitigating the risks and increasing the confidence 

in the reservoir modelling is something that should be appreciated.  
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Appendix A: Peng-Robinson equation of state 

The equation of state (EOS) is a thermodynamic equation relating pressure (p), 

temperature (T), volume (V) and composition to describe the state of the fluid. For real 

gasses, the equation of state is: 

 𝑝𝑉 = 𝑧𝑛𝑅𝑇 (A.1) 

where n refers to the mole number, R is gas constant, and z is the gas compressibility factor, 

which is used to account for the non-ideality of real gasses. In 1976, Peng and Robinson 

introduced a new two-parameter EOS developed to improve the prediction of liquid 

density. This equation, in terms of the compressibility factor, takes a cubic form: 

  𝑧3 − (1 − 𝐵)𝑧2 + (𝐴 − 2𝐵 − 3𝐵2)𝑧 − (𝐴𝐵 − 𝐵2 − 𝐵3) (A.2) 

 
𝐴 =

0.4572𝛼𝑝𝑟

𝑇𝑟 
2  

(A.3) 

 
𝐵 =

0.077𝑝𝑟
𝑇𝑟 

 
(A.4) 

 𝛼 = [1 + 𝑚(1 − √𝑇𝑟)]
2 (A.5) 

 𝑚 = (0.3796 + 1.485𝜔 − 0.1644𝜔2 + 0.01667𝜔3) (A.6) 

where 𝑝𝑟 =
𝑃

𝑃𝑐
 , 𝑇𝑟 =

𝑇

𝑇𝑐
, and 𝑇𝑐, 𝑃𝑐 and 𝜔 are the critical temperature, critical pressure and 

acentric factor, respectively, the values of which are read from tables including properties 

of pure compounds. 

A comparison of the predicted liquid molar volume using the PR (Peng-Robinson) EOS 

with experimental data of pure compounds always shows a systematic deviation. The 

deviation is almost constant over a wide range of pressures away from the critical point. 
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Hence, subtracting the predicted molar volume by a constant correction term can improve 

the predicted liquid density: 

 𝑉𝑐𝑜𝑟 = 𝑉 − 𝑐 (A.7) 

where 𝑉𝑐𝑜𝑟 is the corrected molar volume, and c is the correction term determined by 

matching the measured and predicted saturated liquid volumes at 𝑇𝑟 = 0.7. 

Jhaveri and Youngren (1988) related c to the parameter b, by defining a dimensionless 

shift parameter, 𝑆𝐸: 

 𝑆𝐸 =
𝑐

𝑏
 

(A.8) 

where  𝑆𝐸 was determined by matching the predicted and measured molar volumes for 

various hydrocarbons.  

The roots (compressibility factors) of the EOS (A.2) can be used to determine whether 

the liquid and vapor phases are in equilibrium. In equilibrium conditions, the fugacities of 

all the components are equal in both phases, i.e. 𝛷𝑖
𝑙𝑥𝑖𝑃 = 𝑓𝑖

𝑉 = 𝑓𝑖
𝑙 = 𝛷𝑖

𝑙𝑦𝑖𝑃, where 𝑓 is 

fugacity, i refers to ith component, v, l, x,and y refer to vapor and liquid phases, number of 

moles in the liquid and vapor phases, respectively. The fugacity coefficient, 𝛷, is calculated 

for both phases using the z values derived from (A.2), using the following expressions: 

 
ln( 𝛷𝑖) =

𝑏𝑖
𝑏
(𝑍 − 1) − ln(𝑍 − 𝐵)

−
𝐴

𝐵(−2√2)
(
2∑ 𝑋𝑗𝑎𝑖𝑗

𝑁
𝑗=1

𝑎

−
𝑏𝑖
𝑏
) ln (

𝑍 + (1 − √2)𝐵

𝑍 + (1 + √2)𝐵
) 

(A.9) 

 𝑏𝑖 = 0.077796𝑅𝑇𝑐/𝑃𝑐 (A.10) 
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𝑏 =∑𝑥𝑖𝑏𝑖

𝑖

 
(A.11) 

 𝑎𝑖 = 0.457235𝛼𝑅
2𝑇𝑐

2/𝑃𝑐
2 (A.12) 

 
𝑎 =∑∑𝑥𝑖𝑥𝑗𝑎𝑖𝑗

𝑗𝑖

 
(A.13) 

where 𝑎𝑖𝑗 = √𝑎𝑖𝑎𝑗(1 − 𝐾𝑖𝑗); R is a gas constant; A and B are calculated using (A.3) and 

(A.4), respectively; and, 𝐾𝑖𝑗 is referred to as the binary interaction parameter and can be 

read from chemical tables. For further detailed discussion, please refer to Danesh, 1998. 
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Appendix B: Coherent potential approximation method 

The coherent potential approximation (CPA) method is an iterative method for 

estimating effective-medium moduli of a composite system. This self-consistent 

approximation starts with a guess for 𝐺𝑠𝑐
∗  and 𝐾𝑠𝑐

∗ , which are the effective shear and bulk 

moduli of the composite medium, respectively. The method also needs initial estimates for 

the aspect ratio of the grain and pore, 𝛼. The next step is the calculation of the values of 

functions 휃 and 𝑓 for the constituents: 

 

휃

=

{
  
 

  
 

𝛼

(𝛼2 − 1)
3
2⁄
[𝛼(𝛼2 − 1)

1
2⁄ − cosh−1 𝛼]  𝑓𝑜𝑟 𝑝𝑟𝑜𝑙𝑎𝑡𝑒 𝑠𝑝ℎ𝑒𝑟𝑜𝑖𝑑𝑠, 𝛼 > 1 

𝛼

(𝛼2 − 1)
3
2⁄
[cosh−1 𝛼 − 𝛼(𝛼2 − 1)

1
2⁄ ]  𝑓𝑜𝑟 𝑜𝑏𝑙𝑎𝑡𝑒 𝑠𝑝ℎ𝑒𝑟𝑜𝑖𝑑𝑠, 𝛼 < 1 

 

(B.1) 

 𝑓 =
𝛼2

1 − 𝛼2
(3휃 − 2) (B.2) 

The iteration then initiates and continues until the difference between the old and new 

elastic moduli becomes less than a tolerance value or the iterations exceed a maximum 

number. The following formulations summarize the approach for calculating geometric 

factors P and Q (Berryman, 1980b): 

 
𝜗𝑠𝑐 =

3𝐾𝑠𝑐 − 2𝐺𝑠𝑐
6𝐾𝑠𝑐 + 2𝐺𝑠𝑐

 

 

(B.3) 

 
𝐴𝑖 =

𝐺𝑖
𝐺𝑠𝑐

− 1 

 

(B.4) 

 
𝑅 =

1 − 2𝜗𝑠𝑐
2(1 − 𝜗𝑚)

 

 

(B.5) 
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𝐵𝑖 = 1/3(

𝐾𝑖
𝐾𝑠𝑐

−
𝐺𝑖
𝐺 𝑠𝑐

) 

 

(B.6) 

 
𝐹1𝑖 = 1 + 𝐴𝑖[

3

2
(𝑓 + 휃) − 𝑅 (

3

2
𝑓 +

5

2
휃 −

4

3
)] 

 

(B.7) 

 
𝐹2𝑖 = 1 + 𝐴𝑖 [

3

2
(𝑓 + 휃) − 𝑅 (

3

2
𝑓 +

5

2
휃)] + 𝐵𝑖(3 − 4𝑅)

+
1

2
𝐴𝑖(𝐴𝑖 + 3𝐵𝑖)(3 − 4𝑅)[𝑓 + 휃

− 𝑅(𝑓 − 휃 + 2휃2)] 
 

(B.8) 

 
𝐹3𝑖 = 1 + 𝐴𝑖[1 − (𝑓 +

3

2
휃) + 𝑅(𝑓 + 휃)] 

 

(B.9) 

 
𝐹4𝑖 = 1 +

1

4
𝐴𝑖[𝑓 + 3휃 − 𝑅(𝑓 − 휃)] 

 

(B.10) 

 
𝐹5𝑖 = 𝐴𝑖 [−𝑓 + 𝑅 (𝑓 + 휃 −

4

3
)] + 𝐵𝑖휃(3 − 4𝑅) 

 

(B.11) 

 𝐹6𝑖 = 1 + [1 + 𝑓 − 𝑅(𝑓 + 휃)] + 𝐵𝑖(1 − 휃)(3 − 4𝑅) 

 

(B.12) 

 
𝐹7𝑖 = 2 +

1

4
𝐴𝑖[3𝑓 + 9휃 − 𝑅(3𝑓 + 5휃)] + 𝐵𝑖휃(3 − 4𝑅) 

 

(B.13) 

 
𝐹8𝑖 = 𝐴𝑖 [1 − 2𝑅 +

1

2
𝑓(𝑅 − 1) +

1

2
휃(5𝑅 − 3)]

+ 𝐵𝑖(1 − 휃)(3 − 4𝑅) 
 

(B.14) 

 𝐹9𝑖 = 𝐴𝑖[(𝑅 − 1)𝑓 − 𝑅휃] + 𝐵𝑖휃(3 − 4𝑅) 

 

(B.15) 

 
𝑠 = 𝑇𝑖𝑖𝑗𝑗 =

3𝐹1
𝐹2

 

 

(B.16) 

 
𝑇𝑖𝑗𝑖𝑗 −

1

3
𝑇𝑖𝑖𝑗𝑗 =

2

𝐹3
+
1

𝐹4
+
𝐹4𝐹5 + 𝐹6𝐹7 − 𝐹8𝐹9

𝐹2𝐹4
 

 

(B.17) 

 
𝑃𝑖 =

1

3
𝑇𝑖𝑖𝑗𝑗 

 

(B.18) 

 
𝑄𝑖 =

1

5
(𝑇𝑖𝑗𝑖𝑗

1

3
𝑇𝑖𝑖𝑗𝑗) 

 

(B.19) 



159 

 

The last step is the guessing of a new Ksc and 𝐺𝑠𝑐 from the following relations: 

 

∑𝑥𝑖(𝐾𝑖 − 𝐾𝑠𝑐
∗

𝑁

𝑖=1

)𝑃∗𝑖 = 0 

 

(B.20) 

 

∑𝑥𝑖(𝐺𝑖 − 𝐺𝑠𝑐
∗

𝑁

𝑖=1

)𝑄∗𝑖 = 0 

 

(B.21) 

where i refers to the ith component; xi is its volume fraction; 𝑃∗𝑖 and 𝑄∗𝑖 are geometric 

factors, and the superscript *i on P and Q indicates that the factors are for the inclusion of 

material i in a background medium with self-consistent effective moduli 𝐾𝑠𝑐
∗  and 𝐺𝑠𝑐

∗ . 

Please refer to the Mavko et al. (2009) for a more detailed explanation. 
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Appendix C: Pedersen correlation for estimating viscosity 

The Pedersen viscosity (Pedersen et al., 1984) correlation is based on the principal of 

corresponding states in which the mixture viscosity, 𝜇, is related to a reference viscosity, 

𝜇o, by terms involving the mixture’s properties: critical temperature, TC, critical pressure, 

PC, and molecular weight, MW. 

The deviation from simple corresponding states is accounted for by a rotational 

coupling coefficient, α. The viscosity of the mixture is calculated according to the 

following formula: 

 𝜇(𝑃, 𝑇)

= (
𝑇𝑐,𝑚𝑖𝑥
𝑇𝑐,𝑜

)−1/6(
𝑃𝑐,𝑚𝑖𝑥
𝑃𝑐,𝑜

)4/6(
𝑀𝑊𝑚𝑖𝑥

𝑀𝑊𝑜
)3/6(

α𝑚𝑖𝑥
α𝑜

) 𝜇𝑜(𝑃𝑜 , 𝑇𝑜) 

(C.1) 

where subscript mix refers to the mixture property and subscript o refers to the reference 

material, which was taken to be methane in the Pedersen model.  

The critical pressure and temperatures for the mixture can be found using mixing rules, 

e.g. 휃𝑐,𝑚𝑖𝑥 = ∑𝑧𝑖휃𝑖  , where 휃𝑐 is the critical property (pressure or temperature), z is the 

mole fraction and subscript i refers to the ith component in the mixture. 

The molecular weight of the mixture is determined from: 

 𝑀𝑊𝑚𝑖𝑥 = 1.3404 × 10
−4𝑏1(𝑀𝑊𝑤

2.303×𝑏2 −𝑀𝑊𝑛
2.303×𝑏2)

+ 𝑀𝑊𝑛  

(C.2) 

where 𝑀𝑊𝑤 is the weight fraction averaged molecular weight, and 𝑀𝑊𝑛 is the mole 

fraction averaged molecular weight. The rotational coupling coefficient is calculated as: 
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 α𝑚 = 1 + 𝑏5𝜑𝑟𝑚
𝑏3 𝑀𝑊𝑚

𝑏4 (C.3) 

 α𝑜 = 1 + 𝑏6𝜑𝑟𝑚
𝑏3  (C.4) 

where 𝜑𝑟𝑚 is the reduced density (density calculated at reduced pressure and reduced 

temperature, where reduced property is defined as 휃𝑟 = 휃/휃𝑐 ), and b1 to b6 are the tuning 

parameters. 
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