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Abstract— Hydrocarbon reservoirs are characterized by reservoir parameters such as porosity,
permeability, and water saturation. There is a close relationship among wave parameters, elastic
parameters, and rock properties, and ultimate reservoir parameters have been established in continuum
mechanics and rock physics. Therefore, one should be able to determine the reservoir parameters,
especially water saturation from seismic waveforms. We used Biot's equation of elastic wave propagation
in porous and fluid saturated medium. The approximations of Turgut-Yamamoto had simplified Biot's
formula to obtain the relationship between attenuation and water saturation and then make it in linear
form, thus it can be used as standard curves. The linearization Turgut-Yamamoto standard curve is more
obvious to the dependency of attenuation to water saturation. To test the method, we used a log data from
"BARRETTA™ Well in North Sumatera Basin. Total thick of the prospect zone on KTP Formation is
about 72 ft. The error of water saturation estimation by the cross-plot method in standard curves to log
analysis on the prospect zone of KTP Formation is about 3%.
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I. INTRODUCTION

The characteristics of a hydrocarbon i.e. compressibility, porosity, permeability and water saturation are very
important information. The seismic technology, the exploration geophysical methods, that has been developed
for the lithology and reservoir parameters determination. Generally, theory, field data, and experiments have
been able to be used to prove that there is a close relationship among waves, elastics and reservoir parameters.
Many studies have been conducted both in theoretical analysis [1] and in experimental analysis [2] to prove that
there are a strong relationship among the petrophysical reservoir parameter, inelastic and elastic seismic wave
parameter such as attenuation coefficient, quality factor, amplitude (coefficient reflection), frequency, and
velocity [3]. It shows that these petrophysical parameters essentially are the other form of the rock elasticity
value, and it provides a direct influence on the shape and behavior of seismic waveform recorded on the surface.
Consequently, it should be possible to determine the reservoir parameters, especially water saturation, from the
seismic waveform. The problem is how to extract it.

Petrophysical parameters of the reservoir have the significant effect on the characteristics and shape of
seismic waves. The conventional methods to obtain reservoir parameters are core and log data analysis. Log
data is used to identify productive zone, to determine depth and thickness of the zone, to distinguish water, oil,
or gas within a reservoir, and to estimate hydrocarbon reserves [4]. Log data interpretation is a process to
convert rock physical parameters of a formation (resistivity, density, interval transit time, etc.) to the
petrophysical parameter (porosity, permeability, hydrocarbon saturation, etc).

The attenuation of compressional and shear waves in rocks depends on the physical state and saturation
conditions. Generally, attenuation varies much more than the seismic velocities as a result of changes in the
physical state of the material. Seismic attenuation can also be expressed in terms of the quality factor (Q), which
is proportional to the inverse of the loss of energy per wavelength. The larger the quality factor, the better the
rock to transmit seismic energy [5]. In general, the attenuation increases with increasing liquid concentration.

The study of numerical models to visualize the behavior of the seismic wave propagation in fluid filled
porous media have been studied thoroughly to understand the influence of the petrophysical reservoir
parameters such as permeability with velocity, frequency, and wave amplitude by Turgut and Yamamoto (1988).
Based on this comprehension, it evokes a query regarding the calculation method to determine the petrophysical
reservoir parameter which in particular is permeability, from seismic waveform recorded on the surface [6].
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In oil and gas exploration, the quantity of water saturation is commonly obtained from conventional
petrophysical calculation analysis. This study attempts to find the different method to find water saturation,
besides coring. The significant aspect of this study is finding out the relationship between water saturation and
attenuation. The procedural work is connecting seismic wave information to reservoir parameters based on log
data analysis. The method used to make standard curves based on Biot's equation which then had been
simplified by Turgut-Yamamoto, and make the equation to be a linear form [7].

Il. METODOLGY

Two basic equations describing the relationship between dilatational and shear waves in fluid-saturated
porous (unconsolidated) isotropic and elastic media such as marine sediments are according to Biot [8] and [9];

L= ou oV
N+ (H-p)NO-CVC, =P P (1)
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where i is the frame displacement vector, V is the seepage displacement vector; 6 = div i ¢ p = div V p, 18 the
grain density, p is the bulk density [p =(1-9)p, +<Dpf] pris the density of the fluid, @ is porosity, # is fluid

viscosity, and £, is the coefficient of permeability. H , C, and M are the Biot’s elastic modulus, y is the shear
modulus, 7 is the virtual mass expressed as m = ap; /@ , o= 1.25 [10]. Meanwhile, Biot’s elastic modulus can be

expressed by the following equation [11];
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where K, is the bulk modulus of the grain, K, is the bulk modulus of the fluid in the pores, and K, is the bulk
modulus of the skeletal frame. Based on Turgut and Yamamoto [10], the bulk modulus of skeletal frame K, and
the porosity ® are related to the shear modulus as

20
Kp = 2\, 7
) [1_20+3]u %

_ K, (K, -K) (8)
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Shear modulus x, Poisson’s ratio o, and bulk modulus K can be obtained from the relation of

p=pVe, )
23K + u)
K=plr}-2r?) (an

Biot’s Eq.(1) and Eq. (2) can be derived by Turgut and Yamamoto [10] in the slowness square of P and S waves
form, i.e.

1 _~(Hg+Mp~2Cp))* (Ha + Mp-2Cp,)* - 4C* - MH)(p? - pg)

A 2(C-MH)

,and (12)

I q9p - p? (13)
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q is a complex number, and for low-frequency correction factor, F equals 1. The real and the imaginary parts of
velocity indicate the velocity and the attenuation of wave propagation in the medium. Turgut and Yamamoto [12]
solve this equation for unconsolidated rocks such as marine sediments, sandstone, limestone, and porous rock in
general that have a high quality factor. From these equations, it was derived the attenuation-frequency
relationships. For most marine sediment with high-quality factor Q, the intrinsic attenuation O’ can be showed
as [10] equation,

V2
M
o=V (15)
g, ATV
A q; Vo2

where q;(=n7/kw) is the imaginary part of g, and A=(pm- pfz / p)Vy and V,, are the zero and high-frequency
velocities, such as [10], i.e.,

ye =1, (16)
P
and p? = Hm+ Mp _ZZC’Df (17)
pm=p;

In the experiments, Turgut - Yamamoto uses ultrasonic wave source, so that it is difficult enough to
implement in low-frequency, due to the seismic wave having less than 200 Hz. For practical purposes, Sismanto
[7] modify and develop the equation to be transformed into a linear form that it is more operational. According
to the approximation for marine sedimentary and unconsolidated rocks, Turgut and Yamamoto [12] obtained the
attenuation O’ relationship with frequency w as a quadratic function. In the low frequency, Eq.(15) has a linear
relationship. It can derive the linear relationship by means of Taylor series in frequency, and cut the power of

that is greater than one [13], it yields
2 2
0~ | PP Ve 1)y (18)
n P v,

o

Eq.(18) then is used to make further analysis of the relationships between water saturation, which is contained
within density and attenuation parameters. For porous rock which contains water and gas, the density may be
found as

p:(l_q))pma+q)lSwfp»v+(l_va)ng (19)
A. Petrophysical Analysis

In a petrophysical analysis, there are some equations used to calculate parameter values. The existence of
shale on a reservoir may cause an error for estimating porosity and water saturation values. Shale on a formation
may decrease resistivity contrast between oil or gas, and water; thus it is being difficult to define the
productivity of a zone [14]. Then, Larionov [15] gives an equation to calculate shale volume (V) for
unconsolidated rocks, such as sandstone, as

Vsh — 0’083 (2(347><IGR )_ 1) (20)
But, it may be first to consider gamma ray index (/5z) value as
GR - GR
ot =GR —GR
max min (21)

GR, GRyj, and GR,, are gamma ray log data in reading, minimum, and maximum respectively.

Porosity value may be found by an equation, which combines porosity values from density log (®y.) and
neutron log calculation (®@p,), i.e.

O, =N D (22)
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The passing of a reservoir formation volume (permeability) can be determined from empirical formula of Wyllie
and Rose [4], i.e.

q) 3
K=c2 (23)
(S wirr )
¢ is constant, besides porosity and permeability, water saturation is also an important parameter in log analysis.
By knowing the saturation values of a formation then hydrocarbon volume of a reservoir can also be known. For
shaly formation, water saturation S,, can be calculated through Simandoux’s formula [4], i.e.

2 2
5, = SR [ L] (32 Va 000, @4)
D RS}, szRw Rsh

where R, is resistivity of water, Ry, is resistivity of shale and R, is total resistivity. The density of a rock is
defined as the ratio between mass and volume of a rock.

B.  Elastic Wave Velocity on Sediment

The sedimentary porous rocks generally show lower velocities than igneous and metamorphic rocks. The
relationship between compressional (P) and shear (S) waves, Vp-Vs, now seems to be useful parameters for rock
characterization. Castagna [16] and Mavko [17] include the formulation of Vp-V relationship as polynomial
form along with coefficient of each lithology (Table 1) i.e.

v, = anpz +aV , + a, (kmfs) (25)
Table 1. Polynomial coefficient of Vp-Vs relationship [17].
Lithology a a a, V, (km/s)
sandstone 0 0.80416 -0.85588 2-6
limestone -0.05508 1.01677 -1.03049 1.5-6
dolomite 0 0.58321 -0.07775 45-64
claystone 0 0.76969 -0.86735 1.5-5

Castagna, [16] encloses also the relationship between Vp and bulk density (p,) as polynomial along with
coefficient of each lithology (Table 2), i.e.

py=aV ] +bV +c (26)
p, =dv 7)
Table 2. Polynomial coefficient of Vp-p, relationship [16]
Lithology a b c d f V, (km/s)
claystone -0.0261 0.373 1.458 1.75 0.265 1.5-5
sandstone -0.0115 0.261 1.515 1.66 0.261 1.5-6
limestone -0.0296 0.461 0.963 1.50 0.225 3.5-6.4
dolomite -0.0235 0.390 1.242 1.74 0.252 4.5-7.1
anhydrite -0.0203 0.321 1.732 2.19 0.160 4.6-7.4

The study of relationship between velocity, frequency and permeability (k,) of saturated rocks has been carried
out by Geerstma and Smit [18] as,

PR X/ 1 (28)
" 2mp f vi-viv}?
VPZVOZ _ V04

where 7 is fluid viscosity (=1.0x10 m?%/s), p is fluid density (=1.0x10° kg/m’), and f is wave frequency.
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C. Attenuation

The earth layers as the medium of the propagation of elastic waves are getting attenuation effect resulted in
the absorption of the energy by the layers. Seismic wave attenuation may be defined as a process of energy
absorption by medium, which causes wave amplitude decreasing [19]. Attenuation depends on pressure,
frequency, amplitude, temperature, porosity, fluid saturation, grain size, permeability, and volume of shale.
Attenuation can also be expressed in terms of the quality factor (Q), thus O becomes a standard to express how
good of a rock may pass or impede the wave energy.

In many cases, attenuation (Q™') is defined [20] as,
1 o aVv
- == (29)
o =
where 0 is logarithmic decrement and a is attenuation coefficient. The combination of shale volume and varied
porosity has been made by Klimentos and McCann [21] and it gives an equation that shows the correlation
between attenuation coefficient (o), porosity (@), and shale volume (C)), as

a =0.0315 ¢ +0.241 C, - 0.132 (30)

I1l. EXPERIMENTAL PROCEDURE

This study has two different parts for calculating reservoir parameters and seismic parameters i.e. log data
analysis and theoretically analysis. Log data analysis includes determining zone through qualitative analysis.
This is needed to choose good reservoir rocks from a formation to be the prospect zone. The chosen reservoir
rock from this KTP formation is sandstone. Shale volume should be determined first as a correction to the
prospect zone through Eq. (20). Porosity can be determined by using Eq. (22) and then permeability may be
obtained from Eq. (23). Attenuation data log analysis can be found by a combination of Eq. (29) and Eq. (30).
To get P-wave velocity values, we should convert the value of sonic log unit (us/ft) to the international unit
(m/s). Theoretical analysis is the other way to determine reservoir parameters other than the conventional log
data calculation. Table 3 shows the required calculation for each parameter theoretically.

The table also illustrates the possibility of determining other parameter values even if we have just P-wave
velocity and porosity values, which are obtained from conventional log analysis. The calculation using Eq. (15)
has been done by Sismanto and Susanna [22]. Some standard curves for difference porosity from Eq. (15) and
Eq. (18) are shown in Fig. 1.

Table 3. The required parameters and its equation for theoretical analysis

Parameter units equation
P-wave velocity (Vp) m/s Log evaluated
S-wave velocity (V) m/s (25)
Density (p) gr/m’ (26)
Bulk modulus (K) N/m’ (11)
Shear modulus (u) N/m? 9
Poisson’s ratio (o) - (10)
Skeletal frame mod.(K}) N/m? (7
Porosity (P) % Log evaluated
Biot’s modulus H N/m? 3)
Biot’s modulus M N/m? &)
Biot’s modulus C N/m? 4
Velocity in low fi

( ;0 )001 y in low frequency /s (16)
Velocity in high

frequency (V.,) ) an
Permeability (k) mD (28)
Attenuation (O°) - (15) and (18)
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IV. RESULTS AND DISCUSSIONS

Some standard curves from Eq. (15) and Eq. (18) have been constructed with the same parameter, but
difference porosity value as shown in Fig. 1 (left and right) [22]. Fig. 1 to Fig. 5 indicate that the bigger the
porosity, the lower the sensitivity of water saturation to attenuation, and the larger the water saturation, the
higher the attenuation value would be had by a rock. From the figures, we can see that the standard curve form
Eq. (18) is more sensitive than the standard curve from Eq. (15) .The lower sensitivity especially occurs for
porosity more than 30 % and at the water saturation of more than 60 %. We see that the sensitivity difference
looks like not so significant, but numerically it is very important in practice. However, in observing, it is rare
for a number of rocks to have the porosity more than 60 %. In parallel, we are difficult to find the attenuation of
rock so small like in the standard curves. Nevertheless, we can adjust the numerical value by calibration to the
well, in particular for porosity or attenuation of seismic wave.

For construction and application these standard curves, the required parameters such as P wave velocity,
porosity, permeability, and attenuation should have been calibrated. The calibration formulas for each parameter
are obtained from the curves of each parameter obtained theoretically and log-analytically in Well Baretta. It is
provided in Table 4.

Reservoir parameter values, obtained from those above formulas, then are used as inputs to Eq. (15) and Eq.
(18) to construct a solution through standard curves. These standard curves make estimated water saturation
values. The attenuation-water saturation relationship, Fig. 6 and Fig. 7 show an exponential curve which is
constructed based on Turgut-Yamamoto formula Eq. (18) and Eq. (15). These curves for 4100 ft to 4172 ft with
interval 4 ft in Well Baretta show the larger the water saturation rate, the higher the attenuation value. The
estimated water saturation values, identified through this standard curve, then named as crossplot - water
saturation. The sensitivity of water saturation to the attenuation in standard curve Fig. 6 is better than Fig. 7. It
means that the approximation by linearization of Eq. (15) make the relationship between attenuation to water
saturation is significant.

1/Q 1/Q
0.07640 j
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0.07630f

Porosity 5 % 0.1154 Porosity 5 %

0.07620] 0.1150

0.1146
10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80

Sw(%) Sw(%)

Fig. 1. Standard curves calculated of attenuation and water saturation from Eq. (15) (left) for 5% porosity and Eq. (18) (right) in
same others parameters.
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Fig. 2. Standard curves calculated attenuation and water saturation from Eq. (15) (left) for 10% porosity and Eq. (18) (right) in
same others parameters.
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Fig. 3. Standard curves calculated attenuation and water saturation from Eq. (15) (left) for 20% porosity and Eq. (18) (right)
in same others parameters.
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Fig. 4. Standard curves calculated attenuation and water saturation from Eq. (15) (left) for 30% porosity and Eq. (18) (right) in
same others parameters.
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Fig. 5. Standard curves calculated attenuation and water saturation from Eq. (15) (left) for 40% porosity and Eq. (18) (right)
in same others parameters.

Table 4. Calibration Eq. (18) and Eq. (15) for Reservoir Parameters of Baretta Well.

Reservoir Parameters Calibration Eq. (18) Calibration Eq. (15)

Porosity @theory = glog @,heo,y = @log

P-wave Velocity  Vpyeory = 0.8971 Vo, — 438.74 VDiteory = 0.8971 Vg — 438.74
Permeability kptheory = 3'4963kplog +90.671 kpthm = 3.4963 k%g +90.671
Attenuation O theory = -0.3328 0 ,s + 0.046 O theory = -0.148 O, + 0.03
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1/Q
0.0195
0.0190 | _—
(22.4885; 0.018886)
0.0185
0.0180 | Porosity 30 %
0.0175 ¢
0.0170
0.0165

0 10 20 30 40 50 60 70 80
Sw (%)

Fig. 6. Sample curve as the relationship of attenuation (1/Q) and water saturation (Sw) based on Turgut-Yamamoto formula Eq.(18) and the
estimation.

The calibration formula for water saturation is found from the relationship curve of log-analytically water
saturation and cross-plot water saturation, as is showed in Fig. 8. The calibration Eq.(18) for this formation is
Swlog =0.961 chrossplot + 2.364 (3 1)
and for Eq. (15) is
Swlug =1.017 chrossplut -0.767 (32)
The products of water saturation calibration using Eq. (31) then are used to find calibrated water saturation. Fig.
8 shows various values of water saturation, which are obtained from different calculation i.e. by using
conventional log evaluation, estimation formula (cross-plot), through Eq. (15) and Eq. (18), and it has the same
trend.
It is also important to make other well testing. This is needed to know the error rate of other well test using
the calibration formula of BARRETTA well. The well test, which is used in this study named as SG552 well.

This well test is also located in the same field as BARRETTA well. The error, obtained from the calculation of
conventional analysed and calibrated water saturation, is 3%. This error may be different to other well.

1/Q
0.0190

0.0185} (22.3041; 0.018627)

Porosity 30 %
0.0180¢

0.0175 |

0.0170

0.0165

0 10 20 30 40 50 60 70 80
Sw (%)

Fig. 7. Sample curve as the relationship of attenuation (1/Q) and water saturation (Sw) based on Biot-Turgut Yamamoto formula Eq. (15)
and the estimation.
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30
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Fig. 8. The relationship curve of log-analytically water saturation and estimated water saturation to obtain calibration formula for water
saturation for Eq.(18) and Eq.(15), and the interval data is in 4 ft.

V. CONCLUSION

This study revised Turgut-Yamamoto formula to take advantage of the relationship of attenuation and water
saturation of BARRETTA sandstone sample well from a North Sumatera Basin. The attenuation increases
proportionally to the increasing water saturation after linearization of Turgut-Yamamoto curve. The linear
relationship between attenuation and water saturation is more obvious than the original of Turgut-Yamamoto
curve so that it is easier to determine water saturation parameter via cross-plot. Based on the linearization of
Turgut-Yamamoto formula, the method could be considered to determine water saturation of a well, with its
error of 3%.
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