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I ntroduction

Fluid substitution isan important part of the seismic
rock physicsanaysis(e.g.,AVO, 4D analysis), which provides
atool for fluid identification and quantification in reservoir.
This is commonly performed using Gassmann’s equation
(Gassmann, 1951). Many authors (Batzle and Wang, 1992;
Berryman, 1999; Wang, 2001; Smithet a., 2003; Russall et dl.,
2003; Han and Batzle, 2004) have discussed the formulations,
strength and limitations of the Gassmann fluid substitution.
However comprehensive discussions on this subject have
been rather scant. In this paper | present an explicit
formulation, algorithm and amatlab code (computer program)
for the Gassmann fluid substitution.

The objective of fluid substitution is to model the seismic
properties (seismic velocities) and density of areservoir at a
given reservoir condition (e.g., pressure, temperature,
porosity, mineral type, and water salinity) and pore fluid
saturation such as 100% water saturation or hydrocarbon
with only oil or only gas saturation. Seismic velocity of an
isotropic material can be estimated using known rock moduli
and density. P- and S-wave velocitiesin isotropic mediaare
estimated as,
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respectively, where V,, and Vg arethe P- and S-wave velocity,
K and 4 arethebulk and shear moduli, and  isthe mass
density. Density of asaturated rock can be simply computed
with the volume averaging equation (mass balance). Other
parameters required to estimate seismic velocity after fluid
substitution are the moduli and , which can be computed
using the Gassmann’s equations.

Gassmann’sequations

Gassmann’s equations relate the bulk modulus of a
rock toitspore, frame, and fluid properties. The bulk modulus
of asaturated rock is given by the low frequency Gassmann
theory (Gassmann, 1951) as
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saturated rock, porousrock frame (drained of any pore-filling
fluid), mineral matrix, and pore fluid, respectively, and @is
porosity (as fraction). In the Gassmann formulation shear
modulus is independent of the pore fluid and held constant
during the fluid substitutions. Bulk modulus (K_,) and shear
modulus (1) at in-situ (or initial) condition can be estimated
fromthewirelinelog data (seismic velocities and density) by
rewriting equations 1 and 2 as
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and

Many times density log is not reliable; in that case

R Sgensity can be calculated from the porosity log using the

mass balance equation.

To estimate the saturated bulk modulus (equation
3) at agiven reservoir condition and fluid type we need to
estimate bulk moduli of frame, matrix and pore fluid. In the
following section, | will discussformulationsto calculate bulk
modulus and density of mineral matrix, pore fluid and rock
frame. Then | will present an agorithm for the Gassmann
fluid substitution followed by an example and discussions.
For hands-on-practice amatlab code for thefluid substitution
isincluded in the appendix.

Formulations

1) Matrix properties:

To calculate the bulk modulus of mineral matrix, we
need to know the mineral composition of rock, which can be
found from the laboratory examination of core samples. In
the absence of the laboratory data, lithology can be assumed
to be a composition of quartz and clay minerals. The clay
percentage can be derived from the volume shale (V) curve,
whichistypicaly derived from thewirelinelog data(Gamma:
ray log). Typical shale contains about 70% of clay and 30%
of other minerals (mostly quartz). Once the mineral
abundances are determined, K., can be calculated viathe
application of Voigt-Reuss-Hill (VRH) averaging (Hill, 1952)
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of the mineral constituents. Input for K__ . calculation are

matrix

Vg, Kyay (BUlk modulus of clay), and K, (bulk modulus of
quartz). The K., can be calculated by the VRH averaging
as

1 cI ay un
K ix~ 5 K +V, z' gtz 52 t 6
matri 2 Evday clay qt: q1 day Kq1Z y ( )

where V__ and V. e

clay

Viay = 0%V,  (thisisan assumption) @
and
Vqlz =1- Vday, 6)

Density of themineral matrix PparixCan be estimated
by arithmetic averaging of densities of individual mineralsas

pmatrix :Vclaypclay ) Vqtzpqtz (9)

where p,,, and p,, arethe density of the clay and quartz

mineras. Bulk moduli of clay (20.9 GPa) and quartz (36.6 GPa),
and densities of clay (2.58 g/cm®) and quartz (2.65 g/cm?) can
be found in text books (e.g., Mavko, Mukerji and Dvorkin,
1998) or from the core analysisin thelaboratory. The values
of K, iy @nd P, remain constant during the Gassmann
fluid substitution.

2) Fluid properties:

Bulk modulus and density of the pore fluid (brine,
oil, and gas) are estimated by averaging thevaluesof individual
fluid type. Let’sfirst calculate properties of each fluid type
(brine, gas, and ail).

i) Bulk modulus and density of brine

Bulk modulus of brine can be estimated from known
seismic vel ocity and density of brine as

Kbrlne = pbrme brlne 10_6 (10)

where Kbrine (Gpa)! pbrine (glcmg) and Vbrine (m/S) ae

the bulk modulus, density and P-wave velocity in brine. Units
aregiveninthebrackets (alsoin Table 1). Brine composition
can range from almost pure water to saturated saline solution
(characterized by the salinity ). Density and velocity in brine
can be calculated following Batze and Wang (1992). Density
of brineisgiven by

Loine = Py, +0.668S+0.44S” +107° S[300P — 2400PS +
T(80+3T -3300S-13P +47PS)] (11)
where P(MPa) and T(°C) are the in-situ pressure

and temperatures, S(as weight fraction) is the salinity of
brine, and p,, (g/cm?) isdensity of water given by

P, =1+10°(~80T ~3.37% +0.00175T° + 489P - 2TP +
0.016T*P-1.3x10°T°P~0.333P* ~0.002TP*)  (12)

P-wave velocity of brine, V_._(m/s)isgiven as

? " brine

e =V, + S{1170 - 9.6T +0.055T2 ~8.5x10°T2 +2.6P -

~ 0.0029TP - 0.0476P2 )+ S*%(780 - 10P + 0.16P2) 18205’
13

Vi

where V, (m/s) is P-wave velocity in pure water,
which can be estimated by

v, = Z iwﬁ“lp” (14

where constants W, are giveninTable 2.
ii) Bulk modulus and density of gas

Bulk modulus and density of gas in a reservoir
depend on the pressure, temperature and the type of gas.
Hydrocarbon gas can be a mixture of many gases, and they
are characterized by specific gravity G, the ratio of the gas
density to air density at 15.6°C and atmospheric pressure.
Following Batzle and Wang (1992) density of gas can be
estimated as

, 28.8GP
s~ ZR(T +273.15) (15

where G isthe specific gravity of gas(API), Risthe
gascongtant (8.314) and Zisthe compressibility factor given by,

= |0.03+0.00527(35-T, F|p, +(0.642T, ~0.007T* ~0.52)+ E

(19
and
i/
E =0.100(3.85- Tr)zexp[t—m)45+8B)56
P 88 %ml]@ g
17)

In the above equation, T, and P, arethe pseudo-
reduced temperature and pressure, respectively, and aregiven
by

. T- 27315 N
™ = 94.72- 170.75G (18)

and

P, = P 19
P = 4.892- 0.4048G (19)

Thebulk modulus of gas (GPa) isgiven by (Batzle

GEOHORIZONS January 2006 /5



Table 1. Symbols and units used in this paper

Symbols Definitions Units Equations

K, Bulk modulus of saturated rock GPa 34

K ame Bulk modulus of rock frame GPa 36

K i Bulk modulus of mineral matrix GPa 6

K, Bulk modulus of porefluid GPa 30

Korine Bulk modulus of brine GPa 10

K as Bulk modulus of gas GPa 20

K Bulk modulus of oil GPa 29

u Shear modulus of rock GPa 5

Jo} Density of in-situ rock glem® Input / log

Porine Density of brine glom® 1

P s Density of gas glem® 15

P Density of oil glom® 24

P, Reference density of oil glem® Input

G Specific gravity of gas API Input

p In-situ pressure MPa Input

T In-situ temperature °C Input

S Salinity Wt. fraction Input

WS Water saturation fraction Input

R, Gas-to-oil ratio (GOR) Litre/litre Input

Vv, P-wave velocity of initial rock Km/s Input / log

V, S-wave velocity of initial rock Km/s Input / log
2 P-wave velocity after fluid saturation Km/s Output (step 10)
b S-wave velocity after fluid saturation Km/s Output (step 10)

o= Density of saturated rock glem® Output (step 8)

Table 2. Coefficientsfor water velocity computation (from Batzle

and Wang, 1992)

W, = 1402.85

W, = 4.871

w,, =-0.04783

w,, = 1.487x10*
= -2.197x107

Wi, =1.524

W,, =-0.0111

Wa, =2.747x 10

w,, =-6.503x 107

W, =7.987x10%

W, =3.437x10%
s = 1.739x10%
W, =-2.135x 10°
W,; =-1.455x 10

W, =5.23x10™M
e =-1.197x10°
W,, =-1.628x10°
b, = 1.237x10°®
w,, =1.327x10"°
w,, =-4.614x 10"

and Wang, 1992)

(20)

K0 P Yo
P, 0z 1000
e
where
y, =085+ 5.6 + 27.1

Ppr +2 (Ppr +35)2

~8.7exp[-0.65(P, +1]

(21)

P

pr

E;Z E = 0.03+0.00527(3.5-T, J +0.109(3.85-T, ' F

&)

F=-12_ P @45+8B)56

o %prgéexpm—@45+

88356 %—prglj 17D (23

iii) Bulk modulus and density of il

Qil contains some dissolved gas characterized by
the GOR (gas-to-ail ratio) value. Similar to gas, oil density
and bulk modulus depend on the temperature, pressure, GOR
and thetype of oil. Density and velocity in oil can bewritten
following Batzle and Wang (1992) and Wang (2001) as,

p, +(0.00277P ~1.71x10”7 P*{ p, ~1.15) +3.49x10°*P

Par = 0.972+3.81x107*(T +17.78)"
(24)
and
0 0
V,, =2006 |- ~3.7T +4,64P+0.01150 > 1697 ~1TP
2.6- pps pps E
(25)
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where p, (9/cm?®) and V,;, (m/s) are the density and
P-wave velocity in oil (containing some dissolved gas). In
the above equations, p, and p,, are the saturation density

and pseudo density given as

_ p,- 0.0012R,G
s BO (26)
and
_ P
Pe = 0+ 0.001R. B 27

where R isthe GOR (litre/litre), p, (g/cm?®) isthe reference
density of oil measured at 15.6°C and atmospheric pressure
and iscalled the formation volume factor given as

I_—J[ 175

B, =0.972+0. 00038% 495R, / +T +17. 8
(28)

Oncevelocity and density are known, bulk modulus
of ail, K_ (GPa) can be calculated as

oil

:00|I 0|I 106 (29)

Fluid in the pore spaces consists of brine and
hydrocarbon (oil and/or gas). Bulk modulus and density of
the mixed pore fluid phase can be estimated by inverse bulk
modulus averaging (also known as Wood's equation) and
arithmetic averaging of densities (i.e., mass balance) of the
separate fluid phases, respectively. Bulk modulus (K;) and
density (p,) of the fluid phase are given as

1 _Ws  Hs
K fl K brine K hyc (30)
and

pfl :Vvspbrine- HSOhyc (31)

where WS is the water saturation (as fraction) and
HS (= 1-WS) isthe hydrocarbon saturation, Khycand P, are
the bulk modulus and density of hydrocarbon, respectively.
In the case of ail as hydrocarbon,

Khy(: = Koil (32)
and
phyc: poil (33)

and in the case of gas as hydrocarbon,

Khyc = Kgas (34)
and
Pre™ P (39

3) Frameproperties.

Frame bulk modulus can be derived from the
|aboratory measurement, empirical relationship, or wireline
log data. When working with wireline data, K, can be
determined by rewriting the Gassmann equation (equation 3)
for K. . (Zhuand McMechan, 1990) as

frame
% +1- (DE matrix
frame - ¢Kmatr|x 4 ‘st (36)
KfI Kmatrlx

All the parameters in the above equation (36) are
known fromthe previousformulations: K, (equation4), K
(equation 6), and K, (equation 30). The K
unchanged during fluid substitution.

matrix
value remains

frame

Algorithm

Now | present an algorithm using the above
formulations for adepth point in reservoir (see appendix for
actual matlab code). The same process can be repeated for
multi-points.

1)  Evaluatebulk modulusK .
of matrix p,,, (equation9)

(equation 6) and density

2)  Estimatebulk modulus K, (equation 10) and density
of brine p,,;..(equation 11)

3  Estimate bulk modulus K, . (equation 32 or 34) and
density, p,,. (equation 33 or 35) of the initial
hydrocarbon (oil or gas)

4)  Evaluate bulk modulus K;, (equation 30) and density
P, (equation 31) of initial fluid (using bulk moduli and
densities of brine and hydrocarbon from steps 2 and
3). Initia fluid isdefined by initial water saturation (WS)
and the type of hydrocarbon. If it is oil, it contains
some dissolved gas defined by the GOR value R ..

5  Evaluateinitial saturated bulk modulusK_, (equation
4) and shear modulus u (equation 5)

6  Estimateframebulk modulus K, (equation 36)

7)  Estimate bulk modulus K, (equation 32 or 34) and
density p, . (equation 33 or 35) of the desired
hydrocarbon (il or gas).

8  Evaluate bulk modulus, K, (equation 30) and density,
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9

10)

Py (equation 31) of desired fluid (use bulk moduli and
densities of brine and hydrocarbon from steps 2 and
7). Desired fluid isdefined by thetarget water saturation
(WS) and thetype of hydrocarbon. Estimate density of
saturated rock p_, (g/cm?) after fluid substitution using

pSit = ¢10fl + (1_ ¢)prmtrix (37)

Estimate bulk modulus of the saturated rock after fluid
substitution (using fluid bulk modulus from step 8)
using equation 3.

Estimate seismic velocities (km/s) (equations 1 and 2)
after fluid substitution using density from step 8, bulk
modulus from step 9, and shear modulus from step 5.

) gassmann_gui

izassmann Fluid Substitution

(Author: Dhananjay Kumar)

Example

For an example of Gassmann fluid substitution, |
wrote aMatlab (a programming language) program with the
graphical user interface (GUI) following the algorithm given
in the previous section. Main matlab code is given in the
appendix, however GUI part of the program can not be
included in text sinceit isamatlab figure typefile (abinary
low level encrypted file). The action performed by the GUI
part of code can be done by entering input parametersin the
matlab code (appendix) and running it from the matlab prompt.
Figure 1 shows the GUI page, which contain all the input
parametersincluding rock properties, initial hydrocarbon (il
or gas) and wanted (or desired) fluid type (brine, oil or gas).

=10 x|

—INPUT
oil Gravity (AP PHI (fraction) Wh i) GOR 14
[ ez [0z [ 11000 I
Gas gravity (AP IS [fraction) Vs (ftis) — Initial Hyc ———;
I 09 I 0.0 I BS00 £ (il
" Gas
F (psi) TS (fraction) Diepit i
— — enstty (0m2S) ~ Fluid Wanted—
| - L2 & i
T (deg ) Salinity (perm) YSH [fraction) ol
| 150 | 3800 | ozo i Gaz
RUN

Fig. 1. Matlab GUI page showing inputs used in Gassmann fluid substitution as described in the text. It uses bulk moduli and
densities of clay and quartz minerals as given in text. If the hydrocarbon is oil it contains some dissolved gas
(characterized by the GOR value). Some new notations used here are: PHI for porosity, IWS for initial water
saturation, TWS for target water saturation and VSH for volume shale.

W zat i) = 114232438
Wa zat [ft/z) = B362 9583
Rho_=zat [gmdeoc] = 2.2988

(8].4

Wp_zat [ft/z] = 10973 B485
Wa zat [ftiz] = 63841317
Rho_zat [gmdoc] = 2. 2836

=10l

Wp_zat [ft/z] = 10786323
“Wa_zat [ft/z] = 6404 9616
Fho_zat [gmdce) = 2. 2687

=10l x|

CK L0].4

(a)

(b) (c)

Fig. 2. Matlab GUI page showing outputs if you press “RUN" button on Figurel for oil as initial hydrocarbon and for three
different desired fluids: @) brine with target water saturation (TWS) of 100%, b) oil with TWS of 80%, and c) gas
with TWS of 80%. As output we get V, V,, and density after fluid substitutions. Input selection in Figure 1 exactly

corresponds to output in Figure 2(a).
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It uses bulk moduli and densities of clay and quartz mineral
as given in matrix formulation section. You notice the
differences in the units of velocity, pressure, salinity and
reference il gravity between GUI page and actual calculation.
Units for velocity, pressure, salinity and oil gravity shown
onthe GUI pageareft/s, PSI, PPM and API, respectively, and
units used in calculation are km/s, M Pa, weight fraction and
g/cmd, respectively due to availability of data in the units
shown on the GUI page (Figure 1). These unitsconversionis
trivial (see appendix). Thiscompletesthefluid substitutions
for adepth sample point.

To do fluid substitutions for al depth points of log
data (say for each 0.5 ft depth sample interval point) repeat
the same process in a loop over depth points. Each depth
point can have different reservoir properties and fluid type
that means there is no dependence on the previous or future
calculations. Thisisasimplea gorithm, which can be changed
according to the needs. Also some assumptions like mineral
types (here assuming as clay and quartz only), percentage of
clay in volume shale (here considering that 70% of shaleis
clay), and bulk moduli and densities of clay and quartz can
be changed according to the availability of the data from
yOour reservoir.

Discussionsand Conclusions

| have discussed explicit formulations, an algorithm,
and amatlab code for the Gassmann fluid substitution. This
algorithm can be coded in any programming language
including Excel sheet. There are three elements of the fluid
substitution formulation: fluid, rock frame and mineral matrix.
Evaluating the fluid properties is most difficult, especially
estimating initial fluid properties. Thereare many assumptions
inherent in the Gassmann formulation which should be
studied first in any reservoir before using this formulation;
however it workswell in most of the casesand ismost widely
used for fluid substitution. Accuracy in the Gassmann fluid
substitution depends on the quality of the well logs,

derivation of porosity and volume shale from logs, mineral
properties, initial fluid properties estimation and validity of
different assumptions.
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Appendix

M atlab codefor Gassmann fluid substitution

Below is a matlab code for Gassmann fluid
substitution. One can simply copy the same codein afileand
save as gassmann.m (for example) and on the matlab prompt
enter gassmann, it will give you the P- and S-wave velocity
and density after fluid substitution according to the input
parameters. Thefollowing codeisfor asingle depth point in
log, performed the same in a loop for multi-points.
Unfortunately the GUI part of the matlab for input (as in
Figure 1) can not beincluded in text, but one can do the same
by entering the input parameters below and running from the
matlab prompt. For any question write to Dhananjay Kumar
(email: dhku@chevron.com).

%  Matlab program for “Gassmann fluid substitution”

%  Author: Dhananjay Kumar (September 8, 2005)

%  Chevron Energy Technology Company, California, USA
%  References: Wang (2001), Batzle and Wang (1992),

Geophysics

%  AIM: Model fluid properties for brine sand, oil sand
and gas sand

% Desired properties: P- and S-wave velocities, and
density

%  Assumptions: mineral isamixture of quartz and Clay

% And as in the Gassmann theory (e.g., homogeneous
fluid, isotropy)

% input: rho_o =reference density of oil (42 deg API)

%  GOR=gas-to-oil ratio (1601/)

%  rho_g = specific gravity of gas (0.9 API)

% T =Temperature (150 deg C)

%  P=Pressure (3200 psi)

%  S=salinity (3800 ppm)

%  phi =porosity (0.20)

% VSH=volumeshalelog (0.20)

%  isw=SWT:initial water saturation fromlog (0.40)

%  tsw =target water saturation (1.00)

%  ifluid=typeof initial hydrocarbon (Gas, Oil)

%  fluid =typeof output fluid (Brine, Gas, Oil)

%  vp=P-wavevelocity fromlog (ft/s) - insitu/ original

%  vs=S-wavevelocity from log (ft/s) - insitu/ origina

%  rho=Bulk density fromlog (gm/cc) -insitu/ original

%  Output: vp_sat = P-wave velocity after fluid subs (ft/s)

% vs sat = S-wave velocity after fluid subs (ft/s)

%  rho_sat = Density after fluid substitution (gm/cc)

%  How to run: check all input and enter file name on the
matlab prompt

% NOTE: if hydroc. isoil, it contains some dissolved gas
(defined by GOR)

%  if desiredfluidisoil or gas, it contains water (defined
by tws)

%%%%%% %% %% %% %% %% %% %% %% %% %% %

%09%0%%0%%0% %%%%

% Input parameters (use defined)

%

rho_o=42; % QOil gravity (deg API)

GOR=160.0; %GOR (L/L)

rho_g=0.9; % Gasgravity (API)

T=150.00; % Temperature (0 C)

P=3200.00; % Pressure (psi)

S=3800; % water salinity (ppm)

phi =0.20; % porosity (in fraction)

vsh=0.20 % V sh (volume shalein fraction)

isw = 0.40; % initial water saturation (SW)

tsw = 1.00; % target water saturation (in fraction)
ifluid=1; % initial hydrocarbonis 1(oil), 2(gas)
fluid=1; % Desired fluid is 1(brine), 2(oil) 3(gas)
vp =11000.0; % ft/s - fromlog (initial value)
vs=6500.0; %ft/s - fromlog (initial value)
rho=2.2; % gm/c- fromlog (initial value)

%
% Fixed parameters (e.g., Mavko et al., 1998)
%

k_clay=20.9; % Bulk mod (GPa)
k_qtz=36.6;

rho_clay =2.58; 9% gm/cc

rho_qtz =2.65;

%
% some applied properties
%

div_mill = 1/2000000;
fs2kms= 0.000305;
kms2fs=3280.84;
v_clay =vsh*0.70;

% factor used to divide by million
% factor for ft/sto km/s conversion
% factor for km/sto ft/s conversion
% Assumption: V_clay = 70% of
VH

v_qtz=1-v_clay; % quartz fractioninmineral
ish=1-isw; % initial hydrocarbon saturation
tsh = 1-tsw; % final hydrocarbon saturation

rho_0=1415/(rho_o+13L15); % oil gravity ingm/cc (from API)
P=P*6.894757%0.001; % Pressin MPa(from Psi)

S=S+div_mill; % salinity asweight fraction
vp = vp*fs2kms; % ft/sto km/s
Vs = vs*fs2kms, % ft/sto km/s

%

% Step 1: Matrix properties (using VRH averaging, equation 6)
%

k voigt=v_clay*k_clay +v_qtz*k_qtz;
k_reuss=1/(v_clay/k_clay +v_qtz/k_qtz);

k_matrix = 0.5* (k_voigt + k_reuss); % GPa
rho_matrix =v_clay*rho_clay+v_qtz*rho_qtz; % gm/cc
%

% Step 2: water/brine properties (Equations 10 and 11)

%
w(1,1)=1402.85; w(1,3)=3.437*10"(-3); % Table2
w(2,1) =4.871; w(2,3) =1.739* 10\(-4);

w(3,1) =-0.04783;  w(3,3) =-2.135*10"(-6);

w(4,1) =1.487*10\(-4); w(4,3)=-1.455*10"\(-8);

w(5,1) =-2.197*10'(-7); w(5,3) =5.230* 10"(-11);

w(1,2) =1.524; w(1,4) =-1.197* 10(-5);
w(2,2)=-0.0111;  w(2,4)=-1.628*10"\(-6);
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W(3,2) =2.747* 10\(-4); w(3,4) =1.237*10(-8);
W(4,2) =-6.503* 10°(-7); w(4,4) =1.327*10"(-10);
w(5,2) = 7.987* 10°(-10); w(5,4) =-4.614* 10(-13);
sum=0;
fori=1:5
forj=1:4
sum = sum-+w(i,j)* TA(i-1)* PA(j-1);
end
end
V_water = sum;
vl = 1170-9.6* T+0.055* T* T-8.5* 10" (-5)* T* T* T+2.6* P-
0.0029* T* P-0.0476* P* P,
v_brine = v_water+S*v1+S"1.5* (780-10* P+0.16* P* P)-
1820*S*S; % m/s
rl = 489*P-2* T*P+0.016* T* T* P-1.3* 10°\(-5)* T* T* T* P-
0.333*P*P-0.002* T*P*P;
rho_water=1+10"(-6)* (-80* T-3.3* T* T+0.00175* T* T* T+r1);
r2 = 300* P-2400* P* S+ T* (80+3* T-3300* S-13* P+47* P S);
rho_brine=rho_water+0.668* S+0.44* S* S+10(-6)* S*r2; %
gm/cc (held const)
k_brine=rho_brine*v_brine*v_brine*div_mill; %
GPa(held const)
%
% Step 3: Initial Hydrocarbon properties (Equations 32 to 35)
%
ififluid==1 9% Qil’ Oil by default contains gas also
BO = 0.972+0.00038*(2.495* GOR*sqrt(rho_g/
rho_0)+T+17.8)"1.175;
rho_ps=rho_o/((1+0.001* GOR)* BO);
rho_s=(rho_0+0.0012* GOR*rho_g)/BO0;
rl = rho_s+(0.00277* P-1.71*0.0000001* P* P* P)* (rho_s-
1.15)"2+3.49*0.0001* P,
rho_hyc=r1/(0.972+3.81*0.0001* (T+17.78)"1.175); %o gm/
cc (will change)
% = 2096* sgrt(rho_ps/(2.6-rho_ps))-
3.7*T+4.64* P+0.0115* (sqrt(18.33/rho_ps-16.97)-1)*T*P,
k_hyc =rho_hyc*v*v*div_mill; % GPa (will
change)
else %’ gas : meansno OIL only gasis present
R=8.314; % gasconstant (eqn, sameasin step7 for fluid
== 3)
Ta=T+273.15;
Ppr = P/(4.892-0.4048*rho_g);
Tpr=Tal(94.72+170.75*rho_g);
E1=exp(-Ppr*1.2/Tpr* (0.45+8* (0.56-1/Tpr)"2));
E=0.109*(3.85-Tpr)"2*EL;
Z1=0.03+0.00527*(3.5-Tpn"3;
Z =Z1*Ppr+0.642* Tpr-0.007* Tpr~4-0.52+E;
rho_hyc=28.8*rho_g*P/(Z*R*Ta);
dz_dp = Z1+0.109* (3.85-Tpr)"2*E1* (-1.2* Ppr~0.2/
Tpr*(0.45+8*(0.56-1/Tpr)"2));
yo = 0.85+5.6/(Ppr+2)+27.1/(Ppr+3.5)"2-8.7* exp(-
0.65* (Ppr+1));
k_hyc = P*yo/1000* 1.0/(1-Ppr/Z*dz_dp); % GPa
end
%
% Step 4: Fluid properties(initial insitu model, equations 30

and 31)
%
k_fl =1/(isw/k_brine+ish/k_hyc);
rho_fl =isw*rho_brine+ish*rho_hyc;
%
% Step 5: Insitu original moduli (for saturated —insitu rock,
equations 4 and 5)
%
dens poros = 0; % 1 (use porosity to est initial density), 0
(use input log)
if dens_poros==
rho = phi*rho_fl + (1-phi)*rho_matrix;
end
k_sat =rho* (vp*vp-vstvst4/3); % GPa(will changeinstep9)
g =rho*vs*vs; % GPa (held constant)
%
% Step 6: Porous frame properties (rewrite Gassmann egn,
equation 36)
%
k1=k_sat*(phi*k_matrix/k_fl+1-phi)-k_matrix;
k2 =phi*k_matrix/k_fl+k_sat/k_matrix-1-phi;
k frame=k1/k2; % GPa (held constant)
%
% Step 7: select the type of output fluid, cal hyc/fluid prop
(equations 32to 35)
%
if fluid== % Brine’
% disp(‘ Changing fluid to brine’)
elseif fluid==2 % Oil’
% disp(‘ Changing fluid to Oil [with dissolved gas] with
TWShbrine')
BO = 0.972+0.00038*(2.495* GOR*sqrt(rho_g/
rho_0)+T+17.8)"1.175;
rho_ps=rho_o/((1+0.001* GOR)* BO);
rho_s=(rho_0+0.0012* GOR*rho_g)/B0;
rl = rho_s+(0.00277* P-1.71*0.0000001* P* P* P)* (rho_s-
1.15)"2+3.49*0.0001*P,
rho_hyc=r1/(0.972+3.81*0.0001* (T+17.78)"1.175); %gm/
cc (will change)
Y% = 2096* sqrt(rho_ps/(2.6-rho_ps))-
3.7*T+4.64* P+0.0115* (sgrt(18.33/rho_ps-16.97)-1)* T*P;
k_hyc=rho_hyc*v*v*div_mill; % GPa(will
change)
elsef flud==3 % Gas
% disp(‘ Changing fluid to Gaswith TWSbrine’)
R =8.314; % gas constant
Ta=T+273.15;
Ppr = P/(4.892-0.4048*rho_g);
Tpr=Tal(94.72+170.75*rho_q);
E1l=exp(-Ppr*1.2/Tpr* (0.45+8* (0.56-1/Tpr)"2));
E=0.109*(3.85-Tpr)"2*E1;
Z1=0.03+0.00527*(3.5-TpN"3;
Z =Z1*Ppr+0.642* Tpr-0.007* Tpr4-0.52+E;
rho_hyc=28.8*rho_g*P/(Z*R*Ta);
dz_dp=Z1+0.109*(3.85-Tpr)"2*EL1*(-1.2* Ppr~0.2/
Tpr*(0.45+8* (0.56-1/Tpr)"2));
yo = 0.85+5.6/(Ppr+2)+27.1/(Ppr+3.5)"2-8.7* exp(-
0.65* (Ppr+1));
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k_hyc = P*yo/1000* 1.0/(1-Ppr/Z*dz_dp); % GPa

end

%

% Step 8: Fluid properties (target saturation) and saturated
rock density (equations 30 and 31)

%

k_fl = 2/(tsw/k_brine + tsh/k_hyc);

rho_fl = tsw*rho_brine + tsh*rho_hyc;
rho_sat = phi*rho_fl+(1-phi)*rho_matrix
(OUTPUT)

%

% Step 9: Gassmann Saturated bulk modulus (equation 3)
%

% gm/cc

k1 =phi/k_fl+(1-phi)/k_matrix-k_frame/(k_matrix*k_matrix);
k sat_new=Kk frame+ ((1-k_frame/k_matrix)"2)/kZ1;

%

% Step 10: Seismic velocity after fluid substitution (equations
land?2)

%

vp_sat =sgrt((k_sat_new+g*4/3)/rho_sat)*kms2fs % ft/
s(OUTPUT)

vs sat = sgrt(g/rho_sat)* kms2fs % ft/s
(OUTPUT)

%%%%%%%%%%%%% end of
%690%6%6%6%6%6%6%6%6%0%6%6%6%6%6%6%

matlab code
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