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Abstract

Subsurface rocks and their fluid content along with their architecture affect reflected
seismic waves through variations in their travel time, reflection amplitude, and phase
within the field of exploration seismology. The combined effects of these factors make
subsurface interpretation by using reflection waves very difficult. Therefore, assistance
from other subsurface disciplines is needed if we intend to make a more accurate image of
the subsurface. In this regard, rock physics acts as an integrated tool to combine subsurface
information from different disciplines in a set of relationships between engineering
(petrophysical) properties and their relevant geophysical variations, or more specifically,
elastic variations. As a matter of fact, rock physics is required for a better understanding of
rock properties if we intend to have a full understanding of our reservoir properties and
their fluid content. This paper reviews some of the most important rock physics models
and their application within the field of seismic exploration. These models are generally
valid for the given conditions in which they are derived, and as a result, having a good
understanding of their physical and geological limitations can help a lot with accurate rock
physics modeling and interpretation. In this regard, this paper is an attempt to create a
better understanding of such models, using different references and my personal
experiences with these models. The application contexts of the models presented in this
paper are not limited to the discussed scenarios. These scenarios are the ones that are
commonly used and have shown a good prediction power in practice.
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1 Introduction

Rock physics science has been rapidly
evolving during the last few decades,
from a theoretical science into a more
practical approach (discipline) to address
some of the most important subsurface
problems. These developments in
studying physical properties of minerals
and fluids under different environmental
conditions (like pressure and
temperature) make it possible to find
more accurate relationships for the
purpose of interpreting and modelling
desired scenarios within the field of
geophysics, especially in  seismic
exploration and seismology. Between
different disciplines in geophysical
studies, seismic studies which work in the
elastic domain are the most popular, and
this 1s why most of rock physics studies
and developments are focused on
disciplines that work in elastic wave
domains. This is also the main reason
why rock physics models are sometimes
referred to as petroelastic models (PEM)
instead of rock physics models. The goal
of these petroelastic model 1is to
understand how lithology, porosity,
confining stress and pore pressure, pore
fluid type and saturation, anisotropy and
degree of fracturing, temperature, and
frequency influence the velocities and
attenuation of compressional P- and S-
waves in sedimentary rocks and vice
versa (King, 2005). These relationships
or models could have different sources,
from  laboratory  experiments  to
theoretical principles, and combine
concepts and principles from geology,
geophysics, petrophysics, applied
mathematics, and other disciplines
(Sayer, 2013). There are lots of different
rock physics relationships for various
scenarios given in different sources (e.g.
Voigt, 1890; Reuss, 1929; Gassmann,
1951; Hill, 1952; Biot, 1956; Hashin and
Shtrikman, 1963; Berryman, 1980a;

Berryman, 1980b; Hudson, 1980; Digby,
1981; Eberhart-Phillips, 1989; Krief et
al., 1990; Greenberg and Castagna, 1992;
Batzle and Wang, 1992; Brie et al., 1995;
Ciz and Shapiro, 2007; Xu and Payne,
2009) which could potentially make
modeling difficult without pre-knowledge
of their assumptions and applicability.
Avseth et al. (2005) divided rock
physics models into three general classes
named as theoretical, empirical and
heuristic models. This classification
makes a clear distinction between the
sources of different models and how they
are derived. However, a closer look into
general rock physics modeling workflows
and procedures makes it clear that this
classification needs to be modified for
practical purposes. For a more practical
application, rock physics models can be
divided into (1) pore fluid models, (2)
theoretical models, (3) empirical and
heuristics models, and (4) hybrid models.
This classification reflects the necessary
steps needed in an actual rock physics
modeling procedure. In this paper, I will
describe each of these groups and will
present some of the most important
models in each category and their usual
application for seismic exploration and
seismic reservoir characterization
purposes. Such models are used quite
commonly, and can assist with
interpretation of the observed subsurface
elastic properties. The common practice
in rock physics modeling is to model
fluid and solid separately and then
combine them together using relevant
models. The fluid models which will be
discussed first are commonly derived
empirically under certain conditions in
the laboratory. These relationships are
then extrapolated to fit reservoir
conditions. This is followed by modeling
minerals and dry rocks, and finally by
introducing modeled fluid inside the
rock. The following contents are
organized to reflect this procedure which
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could, furthermore, help with building a
rock from its constituents.

2 Rock physics models

In order for a better understanding of
rock physics models, we need to classify
them based on their derived origin which
could be done into 4 different categories
as (1) pore fluid models, (2) theoretical
models, (3) empirical and heuristics
models, and (4) hybrid models. In the
following section, these groups will be
discussed in more details.

2.1 Pore fluid models

Finding hydrocarbon (oil and/or gas)
within a subsurface reservoir is one of the
main goals for exploration seismology
and seismic reservoir characterization. It
is expected that seismic can be used to
map pore fluid changes, along with their
type and distribution, within a given
reservoir. This elastic discrimination is
based on different compressibility
contrasts for pore fluids in the reservoir.
It indicates that advanced knowledge
about the compressibility of different
pore fluids can help to delineate various
pore fluid distributions. There are
different empirical relationships such as
Batzle and Wang (1992) in which elastic
properties of the commonly encountered
pore fluids in petroleum reservoirs are
empirically estimated. These correlations
which are widely used in the oil industry,
calculate fluid elastic properties for an
individual phase when environmental
conditions  (like  temperature  and
pressure) or even fluid composition (like
Gas-Oil-Ratio) are changed. In normal
practice, you need to model each phase of
the pore fluid within your reservoir (or
along the well path in case of
petrophysical interpretation) by changing
pressure and temperature using one of the
fluid models like Batzle and Wang
(1992) equation. However, reservoir
pores are normally filled with two or

three fluids. This condition, which is also
referred to as partial saturation, can
happen either as homogenous or non-
homogeneous (patchy) saturation which
in turn depends on how the elastic waves
are measured (ultrasonic, sonic or seismic
measurements). The next step of your
fluid modeling would be to mix different
fluids together in order to make one
effective fluid. Brie et al. (1995)
suggested an empirical equation for
mixing different fluids together. This
equation is given by:

K,.=(K

mix brine Kgas ) : S»ev + Kgas ’ (1)
where K refers to the bulk modulus and
indices brine and gas relate bulk modulus
to either of these fluids, and S,, is water
saturation. The exponent e is an empirical
constant ranging between 1 and 40. It
should be calibrated to fit experimental
data. When e = 1, Brie's formula is the
same as the Voigt (1928) model, and the
mixture shows the highest stiffness
(patchy saturation). As e increases, the
patchy saturation nears the characteristics
of uniform saturation and nears a nearly
uniform saturation at e = 40 which is
equal to the Reuss (1929) model (which
is also called Wood's equation). Gurevich
and Lopatnikov (1995) and Pride et al.
(2004) showed that patchy-saturation is
probably the dominant fluid mixing
scenario in reservoirs at low frequencies,
and a normal fluid mixture is located
between these two boundaries. Therefore,
using Brie ef al. (1995) with e =3 to 6 is
normally suggested for fluid mixing in
conventional reservoirs.

2.2 Theoretical models

Theoretical models are  primarily
continuum mechanics approximations of
the elastic or poroelastic properties of
rocks. Elastic theories do not consider
rocks as porous media but just as one
elastic medium, however a real rock is a
porous media consisting of a solid and
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fluid. Therefore, poroelasticity, which is
a continuum theory for the analysis of
porous media (an elastic matrix
containing interconnected fluid-saturated
pores) is a better representative for
describing subsurface rocks. The most
frequently used model to describe
poroelasticity processes in fluid-saturated
porous materials is the Biot (1956)
model. The Biot model is a high-
frequency model which is equal to the
Gassmann (1951) model for low
frequencies. It predicts a frequency-
dependent velocity in terms of dry rock
properties, and accounts for the fluid
flows caused by seismic wave
propagation. When a seismic wave passes
through a porous rock, two fluid flows
are induced in the rock microstructure
named as global (i.e. relative motion of
the fluid and solid) and squirt flows (i.e.
fluid movement from compliant cracks to
stiff pores). The squirt flow which is
more important in rocks with different
pore stiffness is not included in the Biot
model, and as a result, Biot model
normally overpredicts velocities to some
degree  depending on the rock
microstructure (Mavko, 1998). Therefore,
different attempts have been made to
include squirt flow into the Biot model
like Biot—squirt (BISQ) model developed
by Dvorkin and Nur (1993). This model
accounts for both seismic wave induced
fluid flows and attempted to modify Biot
velocity for the squirt flow.

In general, theoretical models can be
divided into (a) bound models, (b)
inclusion based theories, (c) contact
models, (d) transformations, and (e)
computational models (Avseth et al.,
2005). Below, each of these groups will
be discussed briefly.

2.2.1 Boundary models

Boundary models define the range in
which maximum and minimum elastic
properties of a given rock can physically
exist. Possible upper and lower elastic

bounds can be predicted by knowing only
the elastic moduli and their volume
fractions for each constituent of the rock.
The most common boundary models are
Reuss (1929) and Voigt (1928) which
model the lowest and highest possible
bounds for mixing different minerals and
fluids together. Reuss (1929) and Voigt
(1928) models can be defined as:

M = [Ziv,.MiN]%V , ()

where M; and v; are the elastic modulus
and volume fraction for the i constituent
of the rock. N =1 and -1 will give the
Voigt (1928) and Reuss (1929) models,
respectively. Normally the average of
these two models, which is named as Hill
(1952), is suggested for mixing different
minerals together. Then, the Hill (1952)
model can be defined as:

M= (v ] +[ 3 vm ] |

2

3)

Another commonly used boundary
model is Hashin—Shtrikman (1963). This
model assumes a different geometry
compared with the Voigt and Reuss
model and predicts a narrower bound
between minimum and maximum elastic
properties. Figure 1 compares these two
bound models with each other and with
their Hill (1952) average.

The range between the maximum and
minimum velocity boundaries can also be
reduced by applying the concept of
critical porosity developed by Nur et al.
(1995). Critical porosity is the porosity at
which sediments are formed and all
grains are in contact with each other.
From the rock physics point of view, this
porosity is the border between the solid
load bearing (lower than critical porosity)
and the fluid load bearing (higher than
critical porosity) of a rock. In critical
porosity models, critical porosity is
assumed instead of the fluid point (¢=1),
and this assumption makes the solution
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area narrower (refer to Mavko et al.,
1998). If we want to predict the effective
elastic properties more specifically,
where effects of various geometric details
of the constituents are considered (grains
and pores), we need more advanced
models like inclusion-based theories.
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Figure 1. Comparison between boundary models
and their Hill average. It shows that Hashin—
Shtrikman (1963) boundaries are narrower than
Voigt (1928) and Reuss (1929) bounds (Mavko et
al., 1998).

2.2.2 Inclusion-based theories

Inclusion-based theories model wave
velocity and attenuation based on
scattering theory and approximates the
rock as an elastic block of mineral
perturbed by holes (porosity). They
generally require the volume fraction of
the constituents and physical and
geometrical properties of the constituents,
alone and relative to each other, for their
solution. Various attempts have been
made to account for the scattering effect
of each inclusion. These solutions do not
commonly depend on pressure and
normal/tangential contact stiffness. They
may consider the first order scattering
term or the second and higher order
scattering terms. The first order scattering
solutions, such as Kuster and Toksoz
(1974), does not account for pore to pore
interactions. These interactions between
pores are considered in the solutions with
the second or higher order scattering

terms such as differential equation
medium (DEM) (Nishizawa, 1982), self-
consistent approximation (SCA)
(Berryman, 1980a,b) and T-matrix
(Jakobsen et al., 2003a,b). Therefore, first
order scattering models, which are
represented by the Kuster and Toksoz
(1974) solution ((K k7 and 4 k7)) and are
restricted to handling a dilute volume
fraction of pores (lower porosity rocks),
can be written as (Saberi, 2010):

(K +;lﬂmj N
2L =>x(K,-K,)P"
1

4 =
K. +— =
K1 Ty II’IMJ

(4, +<,) “Sx( wo L (4)

(/uKT + g/n) i=1 ﬂm

(KKT

(/uKT Hy, )

_ ,u(9K+8,u)
6(K+2u)

where K and u are bulk and shear
modulus, and m and i refer to the
background and inclusion materials. x; is
the volume fraction of inclusions
summed over N different types of
inclusion shapes. The coefficients P and
O™ describe the effect of an inclusion of
material i in a background medium m and
are given in Kuster and Toksoz (1974)
and Mavko et al. (1998).

However, the second and higher
orders scattering models allow for higher
porosity rocks. The Differential Equation
Medium (DEM) approach utilizes the
principle of porosity growth to extend the
results of the first order scattering
solution (Kuster and Tokso6z, 1974) to be
valid at high porosities, while Self-
Consistent Approximation (SCA)
considers a uniform host material
embedded with ellipsoidal inclusions
(Berryman, 1980a,b). Both of these
approaches  simulate  high-frequency
saturated rock behavior and, therefore,
are appropriate to apply to ultrasonic
laboratory conditions. Furthermore, the
visco-elastic effective medium theory of
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Jakobsen et al. (2003a,b) (referred to as
the T-matrix model) also takes into
account global and local fluid flow,
attenuation due to wave-induced fluid
flow, anisotropy and various degrees of
connectivity between pores. Therefore, it
can handle modelling with complex
situations (e.g. global and local fluid flow
effects, different degrees of pore space
connectivity, etc.) more accurately, but it
has more unknown parameters to set and
is more difficult to understand and
calibrate. Lastly, Draege (2006) combined
the SCA and DEM in order to preserve
connectivity between two mixing phases,
and defined a new model named as
CEMT (Combined Effective Medium
Theory). CEMT first applies SCA for the
volume concentrations between 40-60%
and then DEM to preserve existing
connectivity for each phase by changing
their volume fractions.

The definition of pore shapes is
perhaps one of the most challenging
parameters in the inclusion-based models.
Pore shapes are approximated by a
parameter called as ‘aspect ratio’, which
is defined as the ratio of short to long axis
in an ellipsoid (assuming all pore shapes
can be approximated ideally by an
ellipsoid). There are various methods for
determining aspect ratio which provide a
better representation of the actual pore
structure in reservoirs such as methods
based on thin sections, or crossplotting
techniques, or even some algorithms to
match aspect ratio to the measured
velocities. However, none of these
methods can be considered as the best
approach to determine pore aspect ratio,
and each of them has its own cons and
pros. The most important consideration in
any of these methods is that of overfitting
the calculated aspect ratio. Sometimes the
calculated aspect ratio is treated like a
fitting parameter, and is updated to get
the least minimum error with the
measured velocities, regardless of other
parameters that may cause the actual

observed errors (this is quite common in
calculating aspect ratios using velocities).

2.2.3 Contact theories

These models typically consider rock to
consist of packed spheres, and
approximate it as a collection of separate
grains. Their elastic properties are
determined by deformability and stiffness
of their grain-to-grain contact. The final
solution is derived based on fundamental
results for the deformation of two spheres
in contact. Contact models, such as Hertz
and Mindlin (Mindlin, 1949), Digby
(1981) and Walton (1987), are more
suitable for high porosity unconsolidated
(shallow) sands where mechanical
compaction is the predominant process
during diagenesis. Within contact theory
models, the Hertz and Mindlin model
(Mindlin, 1949) is commonly used for
modeling unconsolidated sandstones and
is also sensitive to pressure changes

(Pep):
o et T
eff ]872'2 (1 _ U)Z eff

soav [3C (=0 g ]
2 Pe/f
5(2-0)| 27 (1-v)

)

ﬂeﬁ//’ =

where C, v, ug, v, to, ¢ and P,y are
coordination numbers (number of grain to
grain contact point), Poisson's ratio, shear
modulus of the grains, porosity and
effective pressure, respectively.

This model assumes that there is no
slip at the interface of two spheres under
shear, therefore, it over-predicts for shear
velocity. This means that shear velocity
computed using the Hertz and Mindlin
model needs to be adjusted by a
coefficient named as the slip factor (Deng
et al., 2006) ranging between 0 and 1.
Furthermore, Dvorkin and Nur (1996)
added mineral cement at contact grains
(in order to include cement into
sediments like modeling in the chemical
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compaction zone) into the models using
two schemes named contact cement (all
cement deposited at grain contacts) and
coating cement (cement deposited in a
uniform layer around grains) models.
These models depend on the amount of
contact cement and on the properties of
the cement as well as the grains. These
theories help with identifying which type
of cement prevails in sediment. For
instance, quartz and clay cements can be
distinguished if other parameters are
known.

2.2.4 Transformation models

These models aim to transform the
known elastic response of a given rock in
one state to another state. The most
common scenario for such models is the
fluid substitution problem in which the
velocities of rock for in situ saturation are
known and you are interested in
calculating the same rock velocity filled
with another fluid. Gassmann’s equation
is the most important and widely used
theory to solve the fluid substitution
problem. This model is wvalid for
homogenous rocks with connected pores
at low frequencies. It is also assumed that
there is no interaction between the fluid
and solid and that hygroscopic fluid is
part of the frame and is negligible.
Gassmann predicts that shear modulus of
the rock is not affected by fluid
saturation, and bulk modulus of the
saturated rock can be expressed as:

sat ry

K _ Kd + K/I
K{) - Ksat K{) - Kdry ¢7(K{) - Kﬂ) s (6)

/usat = /'ldr'y

where K., Kay, Kp and Ky are the bulk
modulus for saturated rock, dry rock,
fluid and mineral, respectively, and u
refers to the shear modulus of rock. Here,
Kj can be calculated using the Brie et al.
(1995) equation if there are two or three
fluids in the pores.

Although Gassmann has many
assumptions, in practice it works well in
many cases and is a very popular model
for fluid substitution studies. Gassmann
is relatively free of pore geometry
assumptions and this is the main reason
that its application in carbonate is
questionable! It can  overpredict,
underpredict or even correctly predict
velocities in carbonates. This means that
using Gassmann in carbonates should be
undertaken with care, and all other
conditions should be taken into account.
The most applicable scenario for
Gassmann is in siliciclastics where it can
be used with more confident. Another
important point to mention is the fact that
in the presence of anisotropy in rocks,
anisotropic Gassmann is a more suitable
choice for modeling the effect of fluid
and can be beneficial for carbonates.
Moreover, Brown and Korringa (1975)
generalized Gassman’s (1951) model for
heterogeneous rocks, and furthermore,
Ciz and Shapiro (2007) extended it for a
solid that fills the pore space. Ciz and
Shapiro (2007) model reads as:

K=Ky ——— (K””‘I‘;_K”I )ZI -
¢(K'7’ _K‘P )+(K K )

dry

. (7

- (4 =)
L
/usut /ud’y g’(ﬂt;[ — lLl(;I ) + (/’ld_;11 - :LI(I_I )

where K4 and Ky are the bulk modulus of
pore space and pore filling solid, and ¢ is
the porosity. The same indices on u refer
to the relevant shear modulus. This model
predicts shear modulus changes with
changing pore fluid material (unlike
Gassmann), and is recommended for
fluids that show shear modulus to some
extent, such as bitumen in heavy oil
reservoirs (tar sands).

2.2.5 Computational models

With recent development in computer
science, it is now possible to reconstruct
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a three-dimensional rock image with
complex pore structure using digital
imaging and even mathematically (like
numerical methods) calculate some of its
properties such as permeability. Here,
more realistic three-dimensional image of
the core can be constructed by using (a)
Granular scale modeling, (b) 3D
geostatistical reconstruction of 2D thin-
section or SEM images, and (c¢) CT-scan
of a small rock fragment (Richa 2010).
The first method simulates grains in the
reservoirs at deposition and then
mathematically applies different
diagenetic regimes to them and
reconstructs the final rock, although it is
not an exact replica of the real reservoir
rock. The second approach uses grain-
pore microgeometry from 2D thin-
sections and  uses  geostatistical
simulation to build a 3D digital binary
rock. The last method represents the pore
microstructure more accurately, as it
employs a CT scan of a small fragment of
the rock to build a 3D rock image. These
techniques are becoming more and more
popular in the rock physics world and
with improving computer techniques,
their application is also increasing.

2.3 Empirical and heuristic models

Empirical equations describe
relationships between reservoir properties
and their elastic responses through
laboratory experiments. They generally
assume some functional form and then
determine coefficients by calibrating a
regression to the data (Avseth et al.,
2005). On the other hand, a heuristic
model like the time average of Wyllie et
al. (1956) defines P velocities only from
the volume fractions of the wvarious
constituents and their velocities. Such a
model emphasizes the relationship
between various parameters in a certain
way, through intuitive and non-rigorous
means (Avseth et al., 2005). The time
average model is a very simple model

describing velocity for a mixture of solids
and fluids as:

I _e (U-9) (8)
Vp Vﬂ Vp()

where V), Vg, Vo and ¢ refer to saturated
P-wave velocity, P-wave velocity for
fluid, P-wave velocity for matrix and
porosity, respectively.

The simplicity of this model makes it
easy to understand and has some general
applications such as quick velocity
evaluation of a mixture of grains and
fluids or even pore type discrimination.
The inverse form of this model is
sometimes used for porosity calculation
which could inherently introduce some
errors as it does not take into account
many other effects on velocity such as
pore type and clay effects. Anselmetti
and Eberli (1999) used this equation
(time average) in carbonates to
discriminate between different pore
types. They showed that the velocity
relating to the inter-particle porosity lies
around the time average, while the
velocity for rocks with stiff and soft pores
will lie above or below the time average,
respectively. Raymer et al. (1980)
improved the time average equation for
consolidated rocks with low-to-medium
porosity as below:

V,=(1-9)'V,,+9V,, ©<37%
I __¢ (I-9¢)

P sz P V/? P szo ’

,
0>47% ©)

where p, pg and py refer to the saturated
rock density, fluid density and matrix
density. In general, density can be
calculated using the average of the rock
constituents as:

P=ep,+(1-9)p, . (10)

For intermediate porosities (between
37% and 47%) a simple interpolation
between these two boundaries 1is
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recommended. However, none of these
equations determine the effects of clay
minerals on velocity, and this is the main
factor why these equations are normally
accompanied by considerable errors
when used for shaly sandstone. Eberhart-
Phillips  (1989) wused a multivariate
analysis to investigate the combined
influences of effective pressure, porosity,
and clay content for calculating velocities
in water-saturated shaly sandstones. This
relationship is given as:

V,=577-6949—1.73JV _clay

+0.446(P. —1.0"" )
. (D
V.=3.70-4.940—1.57\[V _clay

+0.361(P.—1.0¢"7% )

where V clay refers to the clay content
and P, to the effective pressure. Effective
pressure is the difference between
overburden pressure and pore pressure,
and should be wused in Kbar units.
Velocities (Vp and Vs) calculated using
this model are pressure dependent and are
given in km/s. This model gives an
estimate of clay effects in sandstones
along with effective pressure changes.
Marion (1990) and Sams and Andera
(2001) showed that clay can locate within
sediments as structural, laminated,
interstitial or dispersed. This defines
whether the clay is load bearing or not
and based on either of these scenarios,
shaly sand velocity may change and
therefore, determining clay structural
distribution is very important for accurate
velocity modeling in shaly sediments.
Figure 2 shows the concept of these four
different clay types.

Another important aspect for the
success of any characterization project is
the availability of both Vp and Vs at well
locations. Most of the time either Vs data
is not available or its quality is
questionable. In these regard, having a

relationship between Vp and Vs can help
significantly for the cases where Vs data
1s missing. Castagna et al. (1985)
presented an empirical relation named as
the mudrock line that relates Vp to Vs
velocities (both in Km/s) for brine-
saturated clastic silicate rocks as:

V,=136+1.16V,. (12)

(a) Framework (b) Interstitial

'

(c) Laminar

. | i
|

(d) Dispersed

Figure 2 A schematic comparison between four
different clay types that affect elastic properties
differently (Sams and Andera, 2001).

This equation has wide applicability,
especially in siliclastics and even in fluid
discrimination in sandstones, using a
parameter named as the fluid-factor
introduced by Smith and Gildow (1987),
based on P- and S-wave reflectivities. It
assumes that any deviation from the
mudrock line can be attributed to fluid
changes using scaled differences between
P- and S-wave reflectivities. This
assumption makes use of the fluid factor
equation mainly suitable for siliciclastics,
as in those lithologies which do not
follow the mudrock line deviations from
it could potentially be interpreted as fluid
changes. Furthermore, for Vp and Vs
relationships, Krief et al. (1990) used the
Raymer et al. (1980) dataset to find a
relationship between Biot’s coefficient
and porosity, and then applied the
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Gassmann (1951) equation to suggest a
Vp-Vs prediction technique that very
much resembles the critical porosity
model (Mavko et al, 1998). This
relationship is written as:

2 2 2 2
VP _VPﬂ — VPO _VP/I (13)
v Ve

N

where Vp and Vs are the saturated P-wave
and S-wave velocities. Indices 0 and f7
refer to minerals and fluids.

Greenberg and Castagna (1992)
combined the Gassmann equation and the
Voigt-Reuss-Hill average to calculate Vs
from Vp in multi-mineralic, brine-
saturated rocks based on empirical,
polynomial Vp-Vs relationships in pure
mono-mineralic lithologies. The required
input parameters to this model are Vp,
lithology, saturation and porosity.

These three equations are quite
commonly used to predict Vs from Vp,
and depending on the situation either of
them can be used to estimation S-wave
velocity for different purposes.

2.4 Hybrid models

Hybrid models consist of a combination
of two or more rock physics models in
order to provide a better description of
the reservoir. These models are widely
used in the industry and are derived by
connecting theoretical and/or empirical
models together. There are various
versions of the hybrid models which are
adopted for different fields and scenarios,
but the most important ones that are
common in industry are: the Xu and
White (1995) model, the Xu and Payne
(2009) model, stiff and soft sand models
(some of the empirical models like Krief
et al. (1990) model can also be
considered as hybrid model).

The Xu and White (1995) model
connects three models together in order

to calculate velocities of the saturated
rock. It uses the time average model
(Wyllie et al., 1956) to mix minerals
together, and then the DEM equation is
used to introduce dry pores into the
effective minerals. Finally, the Gassmann
equation is applied to introduce fluid into
the dry pores. This model assumes two
minerals (quartz and clay) with defined
aspect ratios (clay aspect ratio much
lower than quartz), and is more suitable
for sandstone reservoirs. The Xu and
Payne (2009) model, on the other hand, is
designed for carbonate reservoirs. This
model follows almost the same steps as
the Xu and White (1995) model but
assumes that total porosity consists of
four pore types: (1) clay-related pores, (2)
interparticle pores, (3) microcracks, and
(4) stiff pores. This assumption makes it
more suitable for sediments with varying
pore structure such as carbonates (Figure
3).

The stiff and soft sand models are
more concerned with granular media
through combination of the Hertz and
Mindlin model (Mindlin, 1949) with the
modified version of Hashin—Shtrikman
(1963) boundary model. They calculate
elastic properties at critical porosity using
the Hertz and Mindlin model and then
extrapolate them for lower porosities
using either modified upper or lower
bounds of Hashin—Shtrikman model. The
soft sand model is defined when the
modified lower bound of Hashin—
Shtrikman is used, and is suitable for
uncemented sands where cements are
deposited far away from grain contacts.
Increasing the coordination number to 15
in this model gives an intermediate sand
model. The stiff sand model uses the
modified upper bound of Hashin—
Shtrikman, and is suitable for cemented
sands. It assumes that the initial porosity
is reduced by deposition of cement at
grain contacts.
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Figure 3. Carbonate rock physics modeling using Xu and Payne model (Xu and Payne, 2009).

A conceptual picture of these two
models is shown in Figure 4. The
modified version of the Hashin—
Shtrikman (1963) boundary model
includes the critical porosity concept in
the Hashin—Shtrikman (1963) bounds in
order to reduce the range between upper
and lower boundaries.

0 008 018 021 036 045
Porosity

Figure 4. A conceptual picture showing stiff

(modified Hashin—Shtrikman upper bound) and

soft (modified Hashin—Shtrikman lower bound)

sand models (Hossain et al., 2011).

3 Discussion

Although substantial effort has been
made to develop new models for more
common scenarios in subsurface but
geology still is so complex that it cannot
be explained by such simple models.
These models are normally aimed at
predicting a correct trend for your
geology, and if you intend to make a
more detailed calculation, more data
needs to be input into your rock physics
model. Moreover, anisotropy, dispersion,
attenuation and difference in
measurement scales can influence your
measured data, and this is a big challenge
during rock physics modeling. These
effects should be accounted for at
different steps of your modeling
procedure in order to have a better
prediction of elastics. In this regard the
Backus (1962) and Hudson (1980)
models are respectively the common
models used for upscaling and crack
induced anisotropy modeling. Backus
(1962) showed that at the long
wavelength limit, a stratified medium
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composed of isotropic layers will behave
like a transverse isotropic (TI) medium,
and derived the effective elastic constants
for such a medium. Saberi (2016) used
forward and inverse method on Backus
models in order to model anisotropy in a
vertical isotropic medium (VTI) using a
conventional log suit. Hudson (1980)
derived the effective elastic constants of a
cracked medium by modeling an
isotropic background superimposed with
oriented cracks. This model is quite
commonly used in carbonates for
modelling fracture effects on velocities
and also modeling azimuthal inversion
studies for fracture characterization.

The inputs to rock physics models are
normally reservoir properties (e.g.
porosity, saturation, etc.) and the elastic
properties (e.g. bulk and shear modulus,
P-wave velocity, etc.) are -calculated
accordingly. This approach, which is also
referred to as rock physics forward
modeling, is quite common for modeling
velocities for petrophysical logs or even
scenario modeling. The reverse procedure
which is referred to as inverse rock
physics modeling is becoming more
important in the seismic reservoir
characterization. In this approach,
reservoir properties are determined from
elastic properties, which are normally
derived from seismic velocities or
inversion methods. Using geostatistical
techniques during rock physics modeling,
or even interpreting rock physics results,
will provide an estimate of error and
uncertainty analysis. Statistical rock
physics modeling is a very useful
approach when you are not confident of
the inputs into your model, or even the
model itself.

4 Conclusions

Rock physics analysis and modeling have
now become an important step in any
reservoir characterization project. This
means that knowledge about the rock
properties of the reservoir is needed if we

want to have a better understanding of
our reservoir. This paper reviews some of
the most important rock physics models
and their applications on different
lithologies. These models are currently
the most commonly used, although there
are many other models that may have
better results than the ones introduced in
this paper. This paper is just aimed at
summarizing the most common models
and collecting them in one place for a
better comparison, and also to highligh
their advantages and disadvantages.
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