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ABSTRACT 

Gassmann’s equation has been used in seismic 
analysis for a number of decades to quantify the 
effect of gas on the slowing of rock velocity. It is 
well known that low gas saturations have a large 
effect on velocity slowing, in a pronounced non-
linear fashion. In petrophysical analyses, Wyllie’s 
Time Series Equation cannot account for the 
Gassmann behavior by simply adjusting the fluid 
travel time of the gas/liquid mixture. 

Gassmann’s approach is here extended into the 
shaley formation realm, and the effect of velocity 
slowing is merged with the Wyllie Time Series 
Equation. This is accomplished by treating the 
liquid filled porosity separately from the gas filled 
porosity. Terms needed to solve Gassmann’s 
equation are the volumes of porosity, fluids, matrix 
and clay, along with their elastic moduli. All 
parameters are available from look up tables and/or 
calculations knowing fluid composition and 
reservoir pressure. 

The methodology consists of calculating a shaley 
formation model of porosity (best is from 
combined density/neutron log readings), fluid 
saturation and clay volume. Models for both wet 
rocks and the uninvaded gas-bearing zone are 
constructed, yielding pseudo acoustic 
compressional curves for each case. 

Knowing the mixture of gas and water in the 
uninvaded zone, it is then possible to determine a 
“pseudo travel time” for the fluid mixture to satisfy 
the traditional Wyllie Time Series Equation. For all 
reservoir systems examined, and for the entire 
range of porosity and for shale volumes up to about 
70%, there are excellent hyperbolic relations 
between the bulk volume of gas and the “pseudo 
travel time.” The shape and position of the 

hyperbola can be defined by three constants that 
vary from one reservoir to the next. By 
incorporating these constants appropriately into the 
Wyllie Time Series Equation, a gas term is 
established, which rigorously reproduces the 
Gassmann effect. At zero gas saturation the gas 
term becomes zero, and Wyllie’s Time Series 
Equation reverts to its original form. 

An important observation is that, in gas/liquid 
systems, the acoustic log cannot be used reliably to 
calculate porosity, unless there is independent 
knowledge of gas saturation.  

Examples are presented from five reservoirs, four 
clastic and one carbonate. 

INTRODUCTION 

Most of the research into the effects of gas on 
acoustic properties of rock systems has been 
oriented towards understanding seismic responses. 
Domenico (1974, 1976) investigated changes in 
acoustic velocity as a function of gas saturation, 
and Gassmann (1951) developed a model relating 
elastic and bulk moduli of rock and fluids to 
acoustic velocity. These analyses demonstrated that 
even very low saturations of gas affect acoustic 
velocities (slowing of velocity or increasing 
acoustic travel time) in a remarkably non-linear 
fashion. 

The original Wyllie Time Series Equation (Wyllie 
et al, 1956) assumes a binary rock model consisting 
of matrix and porosity: 

( )1 ma fDT DT DT

Matrix Fluid

φ φ= − × + ×
 

Where: 

DT Acoustic Travel Time 
φ  Porosity 
DTma Travel time of the rock matrix 

DTf
Travel time of the fluid within the pore 
space 

1 



SPWLA 45th Annual Logging Symposium, June 6–9, 2004 

If the rock is saturated with water or oil, acoustic 
travel time is relatively constant (189 microseconds 
per foot, or 620 microseconds per meter). 
However, if gas is present in the pore space within 
the zone measured by the acoustic device, then DTf 
will increase. Moreover, the increase is not a 
simple proportionality to the relative volumes of 
gas and liquid. 

These findings demonstrate that there is no 
rigorous way to incorporate gas saturation into 
standard petrophysical treatment of acoustic log 
analysis. Schlumberger (1989) suggests empirical 
adjustments to standard analyses – for example, 
multiply porosity by 0.7 to account for increases in 
acoustic travel time in the presence of gas. 

GASSMANN ANALYSIS 

Gassmann’s Equation can be expressed in a way 
suitable for petrophysical analysis (Crain 1986): 

5.0

2
1

1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

+
−

+

⎥
⎦

⎤
⎢
⎣

⎡
−

+=

B
P

Solid

erf

Solid

T

f

T

Solid

erf

erf

MV

B
B

BB

B
B

MM

ρ

φφ
 

Where: 

M Elastic Modulus of the porous fluid 
filled rock 

Merf
Elastic Modulus of the empty rock 
frame 

B

2 

Berf Bulk Modulus of the empty rock frame 

BBSolid
Bulk Modulus of the rock matrix and 
shale 

BBf
Bulk Modulus of the fluid in pores and 
in clay porosity 

Tφ  Total Porosity 

Bρ  Bulk Density of the rock, fluid, shale 
combination 

VP Compressional wave velocity 
Solids elastic moduli and bulk moduli can be 
determined knowing rock matrix and shale 
properties. Fluid bulk modulus is determined for 
any assumed saturating fluid combination – oil, 
gas, water – and using reservoir pressure as input. 

Initial processing consists of standard calculations 
of: 

• Porosity – derived from density/neutron 
combination to minimize changing matrix 
properties and fluid content 

• Matrix Volume 
• Shale Volume 
• Fluid saturation – oil, gas, water 

Theoretical acoustic compressional travel time can 
then be determined for any desired fluid 
combination by solving Gassmann’s equation. This 
permits analysis of sensitivity of fluid combination 
on acoustic responses. Theoretical wet formation 
response — hereafter called DTGW — can be 
compared with responses in rock with varying gas 
saturations. 

QUANTIFYING EFFECTS OF GAS 

For gas-bearing formations calculations can be 
made of Gassmann compressional travel times in 
the uninvaded zones – hereafter called DTGU. 
Combining this with DTma and φ , the effective 
fluid travel time, DTf eff, can be determined from 
the Wyllie Time Series Equation: 

( )1GU ma f effDT DT DTφ φ= − × + ×  

Knowing gas saturation, Sg, and DTf eff, solve for 
effective travel time of gas, here termed DTGG: 

( )1GG f eff GU WDT DT Sg DT Sg DT= − × + − ×
Where: 

DTW Travel time of water 
Plots of Gas Saturation (Sg ) vs. DTGG (Figures 
1, 3, 5, 7, 9) and Bulk Volume Gas ( Sgφ × ) vs. 
DTGG show strong hyperbolic relationships. Also, 
plots of the gas saturation versus the ratio of DTGU 
to DTGW demonstrate clearly the non-linear 
velocity slowing as a consequence of gas saturation 
(Figures 2, 4, 6, 8, 10). 

ADDING A GAS TERM TO THE WYLLIE 
TIME SERIES EQUATION 

The relation between bulk volume of gas 
( )Sg×φ  and effective travel time of gas, DTGG 
can be expressed by the general equation: 
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3( ) ( )1 2GGSg C DT C Cφ × − × − =  

Where C1, C2 and C3 are constants, and vary from 
one reservoir to the next. C1 and C2 do not 
generally show much change, but C3 is strongly 
porosity dependent (Figure 11). 

This correlation allows for the addition of a gas 
term to the Wyllie Time Series Equation (clean 
formation): 

( )

[ ]

3 2
1

1 ma

W W

Sg CDT C Sg
Sg C

Gas Term

DT

Matrix Term
S DT

Water Term

φ φ
φ

φ

φ

⎡ × ×
= + ×⎢ × −⎣

⎡ ⎤+ − ×⎣ ⎦

+ × ×

⎤
× ⎥

⎦

 

For many reservoirs, C1 is very small, and can be 
ignored, in which case the equation reduces to: 
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Shale effects can be incorporated: 

( ) ( )
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Where: 

φ  Porosity, undifferentiated 

eφ  Effective Porosity, here termed as total 
porosity less clay porosity 

SW Water Saturation 
VSH Volume of Shale 
DTma Travel Time of Matrix 
DTSH Travel Time of Shale 
Sg Gas Saturation 

When no gas is present, the gas term is zero, and 
the equation reverts to the original Wyllie Time 
Series Equation. 

Application of this equation will converge on the 
DTGU or DTGW curves. 

RESULTS: SOLVING FOR THE GAS TERM 

Results from 5 different reservoirs are presented: 

Shell OCSG7954 #1 
Offshore Gulf Coast USA, high porosity sands 

CSM Strat Test #61 
Wyoming, high porosity sands 

Cameron Parish Louisiana 
Louisiana, medium porosity sands 

LA-Lime 
Louisiana, medium porosity limestone 

Wamsutter 
Wyoming, low porosity sands 

T

⎤
⎥
⎦

⎤⎦
 

Figures 1, 3, 5, 7 & 9 show the best-fit shifted 
hyperbolic functions of Bulk Volume Gas 
( Sgφ × ) vs. DT Gassmann - Gas (DTGG). A 
summary of the parameters for the shifted 
hyperbolae is presented in Table 1. 

A plot of Average Porosity vs. C3 is shown in 
Figure 11; in general, there is a pronounced 
increase in C3 as average porosity increases. 

RESULTS: GASSMANN THEORETICAL 
CURVES 

Bulk Volume Gas ( Sgφ × ) vs. DT Gassmann - 
Gas (DTGG) 
Figures 1, 3, 5, 7, & 9 used to calculate the 
hyperbolic functions show this data. All wells 
show excellent correlation. Two of the wells (CSM 
Strat Test #6, and Wamsutter) show some data 
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dispersion that is at least partly controlled by the 
absolute value of porosity. However the ordering is 
different for each well – CSM Strat Test #61 has 
lowest value for C3 for the high porosities, whereas 
Wamsutter shows the reverse. 

Gas Saturation (Sg) vs. Ratio DTGU to DTGW
All wells show a similar pattern (Figures 2, 4, 6, 8 
& 10) – a rapid increase in the ratio at low gas 
saturation, with a relatively constant ratio 
throughout the remaining levels of gas saturation. 
At very high gas saturations, it decreases slightly. 
However, details of the correlation change, and one 
well – CSM Strat Test #61 – shows a great deal of 
data dispersion (for no obvious reason). A 
summary is in Table 2. 

In general, it appears that the ratios increase with 
increasing average porosity. 

RESULTS: COMPARISONS OF GASSMANN, 
WYLLIE THEORETICAL CURVES WITH 
MEASURED DT COMPRESSIONAL DATA 

Figures 13-17 are depth plots for all wells showing 
the following data: 

• Shale, matrix, oil, gas, water 
• Raw resistivity logs 
• Raw porosity logs 
• Comparison among measured DT, DTGW 

and DTGU. Difference between the two 
Gassmann curves highlighted 

• Comparison between DTGW and DTWW, 
with differences highlighted. 

Shell OCSG7954 #1 (Figure 13) 
The thick sand, from 15440 feet to 15615 feet has 
porosities ranging from 25% to 35%, and gas 
saturation from 25% to 75%. Density/neutron 
response indicates gas effects. Difference between 
DTGU and DTGW is about 40 microseconds per foot. 
Measured acoustic compressional DT is mostly 
between these two theoretical curves, suggesting 
that the acoustic log is variably affected by gas, i.e. 
residual gas saturation as “seen” by the acoustic 
log is quite variable. 

There is good correspondence between DTGU and 
DTWU for this and all other wells. 

CSM Strat Test #61 (Figure 14) 
Sands between 100 feet and 230 feet have 
porosities ranging from 10% to 33%, and gas 

saturation from 40% to 90%. These shallow sands 
are actually filled with air (above the water table). 
Difference between DTGW and DTGU is about 50 
microseconds per foot, and the measured acoustic 
compressional curve is mostly quite close to DTGU. 
This suggests little to no invasion by mud filtrate 
(acoustic logs “sees” the uninvaded zone). 

Cameron Parish Louisiana (Figure 15) 
Sands between 13885 feet and 13990 feet have 
porosities ranging from 5% to 20% - significantly 
lower than the previous two examples. Gas 
saturation is from 25% to 80%. There is only 
relatively minor separation (10 microseconds per 
foot) between DTGU and DTGW. Measured acoustic 
compressional DT meanders between the two 
theoretical curves, suggesting a quite variable mud 
filtrate invasion profile as it affects the measured 
acoustic log. 

LA-Lime (Figure 16) 
A limestone reef occurs between 7990 feet and 
8155 feet. The hydrocarbon accumulation consists 
of a gas cap (to 8065 feet) overlying an oil leg (to 
8095 feet) with water and small amounts of 
residual oil below. Porosity in the limestone which 
is hydrocarbon bearing is from 15% to 22%. 
Within the gas cap, gas saturation is from 20% to 
40%. 

Difference between DTGU and DTGW is about 10 
microseconds per foot. Measured acoustic 
compressional DT meanders between the two 
theoretical curves. In the oil leg and below the 
oil/water contact, it coincides with DTGW (as it 
should). 

Wamsutter (Figure 17) 
A series of sands below 9835 feet have porosities 
ranging from 3% to 10%, and gas saturation from 
0% to 40%. Separation between DTGU and DTGW is 
less than 10 microseconds per foot. Measured 
acoustic compressional DT meanders between the 
two theoretical curves, suggesting a varied mud 
filtrate invasion as “seen” by the acoustic log. 

MATRIX PROPERTIES 

Matrix Properties used for the Gassmann 
theoretical DT Compressional curves (DTGG) are 
presented in Table 3. 
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DTma values were chosen such that the theoretical 
Gassmann curves show logical correlation with 
measured DT compressional curves. 

The values of DTma for the two high porosity sand 
examples are outside the range of values normally 
used. Figure 12 shows the DTma transforms used 
for the two high porosity sands, compared with 
Bcp – compaction curves for unconsolidated sands 
– suggesting both examples to have Bcp values 
ranging from about 1.3 to 1.6. However, the 
approach used here does not require independent 
calculations of Bcp. Additionally, for these two 
examples, DTma values are “pseudo”, and are a 
result of under-compaction. 

CONCLUSIONS 

1. A petrophysical solution to the Gassmann 
acoustic fluid substitution model is presented, 
which allows deterministic modeling of 
theoretical compressional acoustic curves for 
any desired fluid combination of gas and water. 

2. Knowing the mixture of gas and water, it is 
possible to determine effective travel times of 
the gas/water fluid system. This, in turn, allows 
for modification of the Wyllie Time Series 
Equation to include a gas term. 

3. Analysis of five reservoirs (four sand reservoirs 
with different porosity ranges, and one 
limestone) shows that the increase of 
compressional travel time due to the presence 
of gas is strongly porosity dependent. For high 
porosity reservoirs (25% to 35% porosity), DT 
compressional increases by some 40 to 50 
microseconds per foot. The increase is a non-
linear function of gas saturation. For low 
porosity reservoirs (20% and less) increase of 
DT compressional is 10 microseconds per foot 
or less. 

4. Comparison of measured DT compressional 
with the theoretical Gassmann curves suggest 
that invasion by mud filtrate is quite variable, 
and the amount of gas as “seen” by the acoustic 
log has a wide range. The important corollary is 
that it cannot be assumed that acoustic logs 
always respond to residual gas. This has 
significant implication in using acoustic logs 
for the generation of synthetic seismograms in 
gas-bearing sequences. 

5. Recreated theoretical acoustic curves using the 
newly-developed Wyllie Time Series Equation 

(to include a gas term) are very close to the 
theoretical Gassmann modeled curves. 

6. The approach presented incorporates a 
“pseudo” DTma to account for under-compacted 
sands. 
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Well C1 C2 C3 Average 
Porosity % 

Correlation 
Coefficient, R2 

Shell OCSG7954 #1 -0.0303 172.4 41.04 31 0.977 
CSM Strat Test #61 -0.0015 157.9 59.57 28 0.946 
Cameron Parish Louisiana 0.0133 209.7 7.73 17 0.854 
LA-Lime -0.0144 149.3 17.19 21 0.920 
Wamsutter -0.0019 191.2 11.47 7 0.889 
Average -0.0070 176.1 27.40   

Table 1 - Summary of the Hyperbolic Equations of Bulk Volume of Gas ( Sgφ × ) vs. DT 
Gassmann - Gas (DTGG). 

Ratio at Sg Well Average 
Porosity % 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Shell OCSG7954 #1 31 1.16 1.24 1.27 1.28 1.29 1.29 1.28 - 
CSM Strat Test #61 28 1.15 1.20 1.24 1.26 1.29 1.30 - - 
Cameron Parish 
Louisiana 

17 1.09 1.11 1.12 1.13 1.13 1.13 1.13 1.125 

LA-Lime 21 1.11 1.12 1.13 1.14 1.15 1.15 1.13 1.12 
Wamsutter 7 1.13 1.16 1.17 1.17 1.17 1.16 1.16 1.15 

Table 2 - Summary of the Ratio of DTGU / DTGW values at different values of Sg. 

Well DTma DTClay Solids
Shell OCSG7954 #1 80 55 
CSM Strat Test #61 75 110 
Cameron Parish Louisiana 50 40 
LA-Lime 45 55 
Wamsutter 50 50 

Table 3 -Matrix Properties used for the Gassmann theoretical DT Compressional curves (DTGG). 
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Fit Results

Fit 1: =Shifted Hyperbola
Equation Y = C3/(X-C2)+C1
C1 = -0.03038446433
C2 = 172.4311229
C3 = 41.04294325

Number of data points used = 355
Average X = 466.502
Average Y = 0.139113

Residual sum of squares = 0.0252065
Coef of determination, R-squared = 0.977181

 
Figure 1 - Shell OCSG7954 #1. Shows 

excellent correlation. 
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Figure 2 - ShellOCSG 7954 #1. The 
dispersed data has high VSH (> 30%).
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CSM Strat Test #61

Fit Results

Fit 1: =Shifted Hyperbola
Equation Y = C3/(X-C2)+C1
C1 = -0.001469713246
C2 = 157.9538714
C3 = 59.5676891

Number of data points used = 2026
Average X = 1530.6
Average Y = 0.0618129

Residual sum of squares = 0.17277
Coef of determination, R-squared = 0.946093

 
Figure 3 - CSM Strat Test #61. The 

points above the main data trend are lower 
porosity. 
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Figure 4 - CSM Strat Test #61. The data 
dispersion is from lower porosity points. 
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Fit Results

Fit 1: Shifted Hyperbola
Equation Y = C3/(X-C2)+C1
C1 = 0.01329631301
C2 = 209.7041772
C3 = 7.732475445

Number of data points used = 236
Average X = 374.071
Average Y = 0.0850422

Residual sum of squares = 0.057643
Coef of determination, R-squared = 0.853641

 
Figure 5 - Cameron Parish Louisiana. 

Shows excellent correlation. 

1 1.1 1.2 1.3 1.4 1.5
Ratio DTGU / DTGW

0

0.2

0.4

0.6

0.8

1

G
as

 S
at

ur
at

io
n 

(S
g)

Cameron Parish Louisiana

 
Figure 6 - Cameron Parish Louisiana. 

Shows excellent correlation.
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Fit Results

Fit 1: =Shifted Hyperbola
Equation Y = C3/(X-C2)+C1
C1 = -0.01444627301
C2 = 149.3944867
C3 = 17.18728885

Number of data points used = 163
Average X = 476.078
Average Y = 0.0944925

Residual sum of squares = 0.039799
Coef of determination, R-squared = 0.919905

 
Figure 7 - LA-Lime. Shows excellent 

correlation. 
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Figure 8 - LA-Lime. Shows good 

correlation, except in gas saturations from 
30% - 60%. 
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Fit Results

Fit 1: =Shifted Hyperbola
Equation Y = C3/(X-C2)+C1
C1 = -0.001891995812
C2 = 191.2341997
C3 = 11.46812461

Number of data points used = 382
Average X = 715.81
Average Y = 0.0301436

Residual sum of squares = 0.0125771
Coef of determination, R-squared = 0.889383

 
Figure 9 - Wamsutter. Shows excellent 

correlation. 

1 1.1 1.2 1.3 1.4 1.5
Ratio DTGU / DTGW

0

0.2

0.4

0.6

0.8

1

G
as

 S
at

ur
at

io
n 

(S
g)

Wamsutter

 
Figure 10 - Wamsutter. The data 

dispersion is not related to porosity or 
VSH. 
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Figure 11 - Average porosities of the 5 examples compared to the C3 parameter. 
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Figure 12 - Comparison of porosity with Gassmann Wet DT (DTGW), and the interpretation of 

under-compacted sands.
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Figure 13 - Shell OCSG7954 #1. The difference between DTGU and DTGW is approximately 40 

microseconds per foot. The actual DT meanders between DTGU and DTGW.
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Figure 14 - CSM Strat Test #61. The difference between DTGU and DTGW is approximately 50 
microseconds per foot. The actual DT is close to DTGU in all gas (actually air) bearing sands. 
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Figure 15 - Cameron Parish Louisiana. The difference between DTGU and DTGW is approximately 

10 microseconds per foot. The actual DT meanders between DTGU and DTGW.  
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Figure 16 - LA-Lime. The difference between DTGU and DTGW is approximately 10 microseconds 

per foot. The actual DT meanders between DTGU and DTGW in the gas zone, and is the same as 
DTGW in the water zones. 
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Figure 17 - Wamsutter. The difference between DTGU and DTGW is approximately 10 

microseconds per foot. The actual DT meanders between DTGU and DTGW. 
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