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Abstract:

Rock physics modeling plays an important role in determining the character of carbonate reservoirs.

Review Paper

?T\?s::;gber 2023 Reservoir characterization in carbonate rocks is more complex because it has various types of
Revised: pores. Pore type analysis is very important for considering the analysis of seismic data and also
22 December 2023 for considering the proper drilling technique. Pore type is generally estimated using thin section
Accepted: data, but thin section data is not always available. Thus, in this paper we introduce a rock physics
26 January 2024 modeling workflow in carbonate reservoirs using well log data. The well log data used in this
Published online: study located in Kujung I Formation, East Java Basin. To get the right elastic property model
15 July 2024 of carbonate rock, the main thing that needs to be considered is the estimation of the mineral

matrix modulus and the aspect ratio with various approaches. By using a modified Kumar and Han
© The Author(s) 2024 (2005) method, the aspect ratio of soft pore, reference pore, and stiff pore are 0.09, 0.177, and

0.506, respectively. The velocity modeling is done by using Kuster-Toksoz equation. The results
of the elastic properties modeling are close to the actual data. The correlation between the V p
Kuster-Toksoz and the actual V p are 0.9269. While the correlation between the Vs Kuster-Toksoz
and the actual Vs are 0.9803.
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1. Introduction results of studies using well log analysis show that this
method is effective for characterizing reservoirs vertically

About 50% of oil and gas production are generated by  (Cui et al., 2017; Mahmoud et al., 2017; Dehghan and

carbonate reservoirs (Xu and Payne, 2009). Therefore
elastic property modeling of carbonate reservoir is crucial
for petroleum industry (Jouni et al., 2011). Rock physics
modeling of carbonate rock is more complicated because
it has a variety of pore geometries (Kuster and Toksoz,
1974; Berryman, 1980; Xu and White, 1995; Wang, 2001;
Eberli et al., 2003; Rash and Sadeq, 2018; Sharifi, 2022;
Durrani et al., 2023; Karimiazar et al., 2023). Rock
physics modeling to identify pore types is an important
step in the study of increasing well production because
pore shapes are related to permeability and fluid flow
(Prananda2020). General method for identifying pore
types is thin section analysis but thin section data is not
continuous for every depth and not always available. The

Yazdi, 2023). Therefore, by using log data for the physical
modeling of this rock, the pore type for each depth can be
generated (Dou et al., 2011; Hutami and Sudarsana, 2019).
Therefore, this journal aims to elucidate a workflow for
rock physics modeling in carbonate reservoir based on well
log mathematical process.

Pore shapes have an important role in carbonate (Lubis and
Harith, 2014). Heterogeneous pore shapes in carbonate
rocks can be represented by the aspect ratio parameter,
so that a study on this matter needs to be carried out. In
this study, a modified method of Kumar and Han (2005)
was used to predict the aspect ratio using the Wyllie time
average equation, the Hashin-Shtrikman upper bound, and
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the Hashin-Shtrikman lower bound as representations of
each pore type. In this study Kuster-Toksdz approach is
used to calculate the effective modulus of carbonate rock.
The result of exact elastic property value will be integrated
with other data to determine reservoir character information
in future studies.

2. Geological setting

The research area is located in the Kujung I Formation, East
Java Basin (Figure 1). The East Java Basin is a backward
arc basin at the southeast edge of stable Sundaland exposure.
Bemmelen (1949) divides the North East Java Basin based
on physiography into three zones, namely the Kendeng
Zone, the Randublatung Zone, and the Rembang Zone. The
research area is located in the Rembang zone. Based on
the stratigraphic structure at the age of Oligocene, in the
east there was a sea level increase which resulted in the
deposition of the limestone of the Prupuh Formation and
the Kujung Formation. The Kujung Formation consists of
sandstone, limestone, shale, and marl (Mudjiono and Pireno,
2001). The Kujung Reservoir is sealed by a claystone from
the Tuban Formation with a thickness of 500 to 1500 ft.
The Kujung Formation is divided into 3 parts, namely the
Kujung I Formation, Kujung II Formation, and Kujung III
Formation. The Kujung 1 Formation is dominated by coral
limestone. The thickness of Kujung I formation depends on
local reef development.

3. Theory

3.1 Carbonate rocks

Carbonate rocks have complex pore systems such as vuggy,
interparticle, moldic, and intraparticle. This complexity
causes the relationship between porosity and velocity to
be very scattered. Eberli et al. (2003) indicated that the
pore type caused a 43% change in the velocity of the P-
wave. The velocity of S-waves is predominantly influenced
by the pore type (pore shape), especially oblate pores or
cracks (Wang et al., 2009). Small or thin pores such as

Kumalasari et al.

micro porosity and cracks cause a decrease in seismic wave
velocity due to softening of the rock. Meanwhile, porosity
with a large round shape, such as vuggy porosity, makes
the rock stronger and causes an increase in seismic wave
velocity compared to interparticle porosity (Xu and Payne,
2009). Classification of pore types in carbonate rocks in
rock physics is divided into three (Figure 2), namely soft
pore with a low aspect ratio value (microporosity or crack),
reference pore with a medium aspect ratio value (interpar-
ticle or intercrystalline pore), and stiff pore with an aspect
ratio higher (vuggy or moldic porosity). Carbonate rocks
that have both reference and stiff pore types will have higher
P-waves values than rocks with only reference pore types.
Meanwhile, carbonate rocks that have both reference and
soft pore types will have lower P-waves values compared to
rocks with only reference pore pore types.

3.2 Rock physics analysis

Each type of pore has a certain aspect ratio (o). Aspect
Ratio (Figure 3) is the ratio between the shortest ellipsoid
axis (2a) and the longest axis (2¢) (Xu and Payne, 2009;
Schon, 2011). The greater the aspect ratio value of a rock,
the rounder the shape of the rock’s pores and vice versa.
In practice, a three-pore type model is usually sufficient.
The pore shape of the rock can be predicted using modified
Kumar and Han (2005) method by determining the bounds
using the Wyllie time average equation (reference pore),
Hashin-Shtrikman upper bound (stiff pore), and Hashin-
Shtrikman lower bound (soft pore). Kuster-Toksoz is a
method for calculating the effective modulus of various
types of inclusion in carbonate rock. The bulk and shear
modulus (K" k7 and i " k7) equation of this method can be
written as (Kuster and Toksoz, 1974; Berryman, 1980).

Ko+ 2l
(KET—Km)(*i Y (Ko~ K P (1)
(Kgr + 3”m i=1
. (Hn+Cn) &
(Ugp — ) ———~ Xi om(2)
KT (Wgr + Gm) ,;

where the summation is over the different inclusion types
with volume concentration xi, P™ and Q™ are geometric
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Figure 1. Physiographic zones of Java (Bemmelen, 1949).
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Figure 2. Carbonate pore types (Xu and Payne, 2009).

factor (Berryman, 1995), K, is the bulk modulus of mineral,
Wy is the shear modulus of mineral, K; is the bulk modulus
of inclusion, u; is the shear modulus of inclusion.

4. Data and methodology

The data used in this study were well log data and petro-
physical data. The availability daya on IN-2 wells consist of
density, gamma ray, neutron porosity, volume of clay, total
porosity (PHIT), effective porosity (PHIE), water saturation
(Sw), P-wave (Vp), and S-wave (Vs).

The modeling of elastic properties in this study was carried
out using the Kuster-Toksoz equation. Availability of petro-
physical data has an important role to produce appropriate
rock physics modeling. The more complete the data avail-
ability, the better rock physics modeling will be. There are
several assumptions used in this study due to the unavailabil-
ity of some supporting data. In this study there were some
unspecified supporting data (XRD, temperature, pressure,
salinity, oil gravity, and GOR), so several assumptions were
needed in this rock physics modeling. The workflow of the
rock physics modeling is shown in Figure 4.

4.1 Data elimination

Before carrying out the processing of rock physics model,
we need to eliminate data on the target zone which has
a clay volume value more than 0.2 (Figure 5). Zhao et
al. (2013) stated that the clay content causes perturbation in

P-wave velocity. This is done so that the modeling focuses
on carbonate rocks, so we need to minimize the effect of
claystone.

4.2 Estimation of the elastic modulus of fluids

The estimation of the elastic modulus of the fluid is carried
out using Wood’s equation (Wood, 1995). The elastic pa-
rameters of the pore-filling fluid used are Kyine = 2.20 GPa,
Kgas = 0.2 GPa, pprine = 1 glcc, pgas = 0.001 g/ce, due to
the absence of data on pressure, temperature and salinity, it
is necessary to assume the values of these parameters.

4.3 Determination of initial bulk modulus and shear
modulus of solid rock

Due to the limited XRD data, the initial solid rock elastic
modulus estimation was carried out by making a crossplot
between the Kj,, data against total porosity in the wet zone
data (Kujung I). The initial Ky, value is estimated by look-
ing at Ky, curve trend at zero porosity and the same way
was done to estimate initial ppi, value. This is because
the value of K and p in rock conditions with zero porosity
are considered the same as solid rock. Figure 6 is a cross-
plot between bulk modulus and shear modulus against total
porosity. The trendline show the best fitting equation and
the curve trend at zero porosity. Kmin and min are obtained
by inputting a porosity value of zero (x = 0) to the equation.
Y (Kar) = 536.47(X?) — 321.65(X) + 63.908

Y
2c ;
v

Figure 3. Aspect Ratio Ilustration @ = c¢/a (Schon, 2011).
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Figure 4. Rock physics modeling flowchart.

Y (K, at total porosity porosity 0) = 536.47(0%) —
321.65(0) 4 63.908

Y (K, at total porosity porosity 0) = 0 — 0 + 63.908

Y (K at total porosity porosity 0) = 63.908

Y (K at total porosity porosity 0) = 64 (rounding values
up)

By using the same methode we obtained the tl i, = 26 GPa.

RHOB (g/cc) PHIT (dec)
1517 1921232527 0 02 04 06

E| Volume of Clay (dec)
0 02 04 06 08 1

Depth (ft)

» Volume of day (VCLGR)
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® density (RHOB) » Total Porosity (PHIT)

RHOB (g/cc) PHIT (dec)
15171921232527 o 02 04 06

Volume of day (VCLGR) s density (RHOB) Total Porosity (PHIT)

The initial Kyyi, and and U, value is assumed as a Ky
and g, value at zero porosity. Therefore, Ky, value is 64
GPa and Ui, value is 26 GPa.

To predict Ky, and W, for each depth can be done using
the Dvorkin (2007) and Krief et al. (1990) equations. K,
prediction is done using the Krief equation below (Equa-

Sw (dec) Vp (km/s) Vs (km/s)
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Figure 5. (a) Well log data before elimination (b) Well log data after elimination (Vcl >0.2).
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Figure 6. Initial estimation of Ky, and Upip.

tions (3) and (4)),

Kary = Kna (1 — )™(9) 3)

Hdry = Mmin (1 — q))m((p) “)
3

= 5

m(¢) =) (5)

Wmin prediction is done using U, data because [, is the
same as Ug-. Before calculating Ky, we need to first
calculate Ky, with the inverse Biot Gassmann equation.

kdry 2
Kuat = Koy o) ©)
sat — Bdry 0 - Kary
kfl Kmin krznin
Hsar = ,udry (7)

Below are the flow steps of predicting K, and U,,;;, for
each depth using Krief equation:

1. Before calculating the the (i, we need to calculate 14,y
value. Because (1, is the same as 14y, use the following

equation:
Hsar
Vi=y/— (®)
p

Then calculate the U, using the following equation:

Wary = pimin(1 — )" ©)

3
m(p) = o
where Vs is log data of S-wave, p is the log data of RHOB,
and @ is total porosity data
2. Calculate K, using the following equation:

10)

v, = ksar + %.umt an
p
where Vp is log data of P-wave, p is the log data of density,
and [, is saturated modulus from previous calculation.
The calculation of K4, was done by using inverse Biot
Gassman equation (Gassmann, 1951) bellow:

(1 _ kary )2

Kimnin

Ksar = Kdry + (12)

¢ 1-¢ _ kan

ke U okin k2

min

The next step is calculating the K,,;, using Krief equation
bellow:

Kary = Knin(1— @)™ (13)

Predict K,,,;;, and Ui, using the Dvorkin equation below:

Vp=Vpuy+@Vps (14)
VPary = (1-9)*Vp; (15)
Vsary = (1—9)*Vs, (16)
Vs =Vsay, | P2 (17)
Po
py=(1—)ps+@py (18)
Pdry = (1 - (P)Ps (19)

Before estimating K, and U, for all depth, pyasix and
Pwater Were carried out in the wet zone (Sy, = 1). From the
wet zone data, a fitting is made to the density data to get
the best Pyarrix and Pyarer- The best fitting equation of the
density and total porosity crossplot is used to determine the
rho matrix. The rho matrix is assumed to have the same
value as the density when the porosity value is zero. The
density porosity equation on Figure 7 show that prix =
2.7193 g/cc.

The pyarer value is predicted using the bulk density equation
and the ppqrix value from previous estimation. From the
bulk density equation, find the best P4z Value by compar-
ing the calculated bulk density to the actual bulk density
(RHOB). Figure 8 show that the bulk density calculation
match to the actual data. The Py rix and pyarer values are
used to predict K, and U, for all depths using Dvorkin

Crossplot density against total porosity

y =-1,6455x +2,7193
R*=0,9989

Density (RHOB)
N
n

0 0,05 01 0,15 0,2 025 03 035 04
PHIT (total porosity)

Figure 7. Crossplot density against total porosity.
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Figure 8. Comparison of calculated bulk density and mea-
sured bulk density.

equation. Figure 9 show the result of K,,;;, and U,,;, calcula-
tion using Dvorkin and Krief equation for each depth.

Vs
Hmin = - (20)
Pmatrix
5 4
Knin = VPS X Pmatrix — g.umin (21)

4.4 Aspect ratio determination

The aspect ratio value in this study was estimated using a
modified method of Kumar and Han (2005). Before deter-
mining the aspect ratio, it is necessary to separate the wet
zone and saturated gas data. Because the aspect ratio predic-
tion is based on P-wave data (Vp), if the data is treated the
same it lead to mispredictions. The steps for determining
the aspect ratio are:

1. Calculate the Vp value using Wyllie time-average (Wyllie
et al., 1958) equation from available porosity data dari data
(for reference pore).

2. Calculate the Vp value using Hashin-Shtrikman upper
bound equation (Hashin and Shtrikman, 1963) from avail-
able porosity data (for stiff pore).

3. Calculate the Vp value using Hashin-Shtrikman lower
bound equation (Hashin and Shtrikman, 1963) from avail-
able porosity data (for soft pore).

4. Calculate the Vp value using Kuster- Toksoz (KT) equa-
tion from available porosity data with an initial aspect ratio
of 0.01 for soft pore, 0.1 for reference pore, dan 1 for stiff
pore. Find the best aspect ratio which has the lowest error
of calculated Vp data for each Vp Hashin-Shtrikman lower
bound (soft pore), Vp Wyllie time-average for reference
pore, Vp Hashin-Shtrikman upper bound for stiff pore.
5.1f (VP,KT () —Vp(a))? > € then & = ot & S . Deter-
mine the best aspect ratio by comparing Vp calculated by
Kuster-Toksoz againts Vp Hashin-Shtrikman lower bound

Kumalasari et al.
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Figure 9. K,,,;;, and ,,;, calculation.

(soft pore), Vp Wyllie time-average for reference pore, and
Vp Hashin-Shtrikman upper bound for stiff pore. If the error
results obtained are not yet minimum, the aspect ratio (&)
needs to be increased and decreased (by the smallest alpha
part (0)) until the smallest error is obtained (€).

6. Use the aspect ratio of each pore type if (VP, KT(¢) —
Vp(a))? < €. The aspect ratio of each pore type is the as-
pect ratio that produces Vp Kuster-Toksoz with the smallest
error (€) compared to the actual Vp.

7. Obtain the aspect ratio of each pore type (Figure 10).
After we get each aspect ratio of pore type, it is a necessary
to find the fraction of each pore type (Figure 10). The cal-
culation of the soft pore fraction and reference pore for data
located between Vp Wyllie and Vp Hashin-Shtrikman lower
bound is as follows:

(Vp Wyllie — Vp data)

(V p Wyllie — V p HS lower boun)
(22)

Soft pore fraction =

Reference pore fraction =
(Vp data—V p HS lower bound)
(V p Wyllie — V p HS lower bound)
1 — soft pore fraction
(23)
The calculation of the stiff pore fraction and reference

pore for data located between Vp wyllie and Vp Hashin-
Shtrikman upper bound is as follows:

(Vp data—V p Wyllie)

(V p HS upper bound — V p Wyllie)
(24)

Soft pore fraction =

Reference pore fraction =
(V p HS upper bound — V p data)
(V p HS upper bound — V p Wyllie)
1 — stiff pore fraction
(25)
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Figure 10. Determination of aspect ratio by using modified Kumar and Han (2005).

4.5 Velocity modeling (kuster-toksoz equation)

After the required elastic parameters have been obtained,
the next step is inclusion modeling using Kuster-Toksoz to
get the K, and Uy, values. In this modeling, P,,; and Q,,;
used are penny crack pores (Table 1). Inverse Wood (1995)
equation used to calculate the modulus bulk of inclusion
(K3).

(3Kmin + .umzn)
— i it T Ponin ) 26
[)) K (3Kmin + 4“min) ( )
(3Kmin + ,umin>
= Upin—————— 27
r=# (3Kmin + 7,umin) ( )
Hmin (9kmin + Sumin)
= - 7 28
C 6 (kmin + 2.umin) ( )
Kmin 3 i
By = \nin ¥ 544) (29)
(Kmin + §.ui + Eaﬁm)
Oui = 3%
mi — 5
1+ 8.umin (Ki + %(ul + umm)
(4‘Ll,' + Tca(.umin + 2ﬁmin) (Ki + %ﬂz + ﬂaﬁmin)

(30)

=0 31)

-1
Sy 1-S,
Ki N <Kwuter - th ) (32)

The K, and Uy, values are calculated using Equation (1)
and (2). To test the accuracy of the predicted elastic property
values used in the modeling are correct, we need to compare
the measured Vp dan Vs against the estimated results using
the equation bellows:

Ksar + %.usat

VPsat = P (33)
sat

Ve = | 3t (34)
Psat

4.6 Mineral modulus of solid rock final estimation

The velocity model result are not yet fit. Therefore, it is
necessary to estimate the values of Kj,,;, and W, for every
depth using the pore fractions from the previous stages. The
prediction of Kj,;, and U, are done using looping process
which produce the lowest error value between calculated
Vp dan Vs against the actual data (Hilman and Winardhi,
2019).

5. Result discussions

By using a modified Kumar and Han (2005) method, the
aspect ratio of soft pore, reference pore, and stiff pore are
0.09, 0.177, and 0.506, respectively (Figure 11).

To check the rock physics modeling results, we need to com-
pare the actual log data with the modeled log data (Azeem

Table 1. P and Q™ of penny cracks (Berryman, 1995).

Inclusion shape pri

Qmi

(Km+%ﬂi)

Penny cracks P
Y (Km+ 3 1)+70Bn

) (ki3 (Wi ttm)
(ki+3u+maBn)

1 8

5 (1 + Szl 2B
H
6

L 3K+u) o 3K+ —
Note: B =u ((3K+4LL),V* u ((3K+7Ii1)) &=

j» 0 = aspect ratio.
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reference pore fraction (b) = (Vp HS upper bound-Vp data)/(Vp Hs upper bound-Vp Wyllie)
stiff pore fraction = 1- reference pore fraction = 1-b
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0

o 005 01 015 02

0.25 0.3

0.35 0.4

PHIT (Total Porosity)

Figure 11. Illustration of pore fraction determination.

et al., 2017; Handoyo et al., 2019). This is important to
ensure a high level of consistency to enable a single rock
physics model.

A large aspect ratio value represents a stiff pore shape while
a small aspect ratio value represents a softer pore shape.
Data that is under the Wyllie time average equation calcu-
lation curve is considered to have a soft pore type, while
data that is above the Wyllie time average curve is classified
as having a stiff pore type. The Kujung 1 Formation is
dominated by pore shape between the reference and stiff
curves (87%). Meanwhile, the soft pore percentage (under
the Wyllie time average curve) is 17%.

Figure 12 shows the result of elastic property modeling
and the comparison between Vp and Vs modeling results
against original data. Modeling results show a good match.
The correlation and RMSE values between the Vp Kuster-
Toksoz and the actual Vp are 0.9269 and 0.0719, respec-
tively. While the correlation and RMSE values between the
Vs Kuster-Toksoz and the actual Vs are 0.9803 and 0.0343,
respectively. Based on the results of the elastic property

modeling, the dominant aspect ratio value is around 0.17 to
0.19. These results indicate that the most likely pore type
that develops in the Kujung I Formation is a reference pore.
This research still has shortcomings because there is no
validation of the results. To further increase the confidence
in the prediction results of elastic properties that have been
modeled, research on validating modeling results with thin
section data needs to be carried out in future studies.

6. Conclusions

The main thing that needs to be considered to get the right
elastic property model of carbonate rocks is the estimation
of the mineral matrix modulus and aspect ratio with various
approaches. The results of the elastic properties modeling
are close to the actual data. The modeled Vp value has a
high correlation with the original data Vp (0.9269) and the
modeled Vs value has a high correlation with the original
data Vp (0.9803). The RMSE value from the modeling
results with the original data is less than 0.1.

The Result of Vp and Vs modelling
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Figure 12. The result of P-wave and S-wave velocity modeling using Kuster-Toksoz.
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