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Abstract

The saturation exponent is one of the most important parameters needed to calculate water saturation in Archie’s equation.
Generally, the saturation exponent is considered constant, but not all depth intervals have the same characteristics. This
study aims to investigate the relationship between rock quality and the saturation exponent, a critical parameter in Archie’s
equation for water saturation calculation. Given that rock texture and pore characteristics vary significantly with depth,
assuming a constant saturation exponent can lead to inaccurate results. The study integrates core analysis and petrographic
data to classify rock quality and its relationship with the saturation exponent. R, and R, data from core analysis are used to
determine saturation exponent. Furthermore, rock quality is identified using the hydraulic flow unit concept by construct-
ing log-log plots of reservoir quality index and pore volume to grain volume ratio. Several pore attribute parameters, such
as the combination of shape factor and tortuosity (Kozeny’s constant), specific surface area, reservoir quality index, and
clay volume, are examined for their influence on the saturation exponent. The saturation exponent shows strong correla-
tion with Kozeny’s constant and clay volume. An empirical equation was developed to estimate the saturation exponent
based on these parameters. Using this empirical equation, the saturation exponent can be estimated across depth intervals,
leading to more accurate water saturation calculations. This study offers a practical method to estimate saturation expo-
nent variation using readily available log-derived parameters. It contributes to more reliable determination of saturation
exponent variation and enhances the accuracy of water saturation calculations in heterogeneous formations.

Keywords Konzeny constant - Saturation exponent - Shape factor - Tortuosity - Reservoir quality index

Nomenclatures F, Shape factor
K Permeability, mD
Latin letters R, Rock resistivity filled 100% water, Ohm-m
a Tortuosity factor R, Measured rock resistivity, Ohm-m
c Kozeny constant R, Water resistivity, Ohm-m
m Cementation exponent S, Water saturation, fraction
n Saturation exponent Sygr Specific internal surface area per unit grain vol-
A Empirical constants ume, cm-1 or pm-1
B Empirical constants Sy, Specific internal surface area per unit bulk vol-
C Empirical constants ume, cm-1 or pm-1
F Formation factor T Tortuosity

Velay  Volume clay, fraction

Greek letter
>4 Suryo Prakoso

suryo_prakoso@trisakti.ac.id ¢ Porqsﬁy, fraction )
¢,  Ratio of pore volume to grain volume
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FU Flow unit

FZI Flow zone indicator
RI Resistivity index
RQOI Reservoir quality indexs

SCAL  Special core analysis
XRD  X-ray diffraction
Introduction

The saturation exponent (n) is one of the most fundamental
parameters for calculating water saturation using Archie’s
equation (Shi-jun 2009). If obtaining the saturation expo-
nent (n) from core measurements is not possible, it is typi-
cally assumed to be a constant value, usually 2. In most
cases, the water saturation calculation for the entire depth
interval is represented by a constant saturation exponent
(Al-Otaibi et al. 2012). However, under certain conditions,
assuming this constant value can lead to significant errors in
the calculated water saturation.

In sandstone, the sedimentation process and depositional
environment significantly influence the variability of the
reservoir’s physical properties and rock quality (Abu-Hash-
ish et al. 2022; Abu-Hashish and Afify 2022; Abu-Hashish
and Ali 2021). This variability indicates that the saturation
exponent cannot be represented by a single constant value
(Hamada et al. 2002; Yadav et al. 2017). In shaly sandstone,
the clay volume fraction, as well as clay minerals with vary-
ing conductivity, show a significant effect on the saturation
exponent (Fan et al. 2020; Kurniawan and Bassiouni 2007).
The uncertainty in the saturation exponent (n) may be
caused by the complexity of pore geometry and pore type,
structural heterogeneity, along with variations in wettability
(Kumar et al. 2010).

Several factors can contribute to the saturation exponent
uncertainty. Some studies suggest that the type of poros-
ity not only affects the cementation factor (m) but also the
saturation exponent (Olusola and Aguilera 2013; Tian et al.
2022, 2024; Watfa 1991). Variations in the rock’s micro-
structure, such as reservoir heterogeneity, wettability, and
rock texture (Acosta et al. 2021; Adisoemarta et al. 2001),
can influence the resistivity index and cause uncertainty in
determining the saturation exponent. The presence of rock
microstructure leads to pore complexity, characterized by
pore geometry and structure, which affect pore space con-
nectivity and wettability. Lower pore area and tortuosity
contribute to a decrease in the saturation exponent (Zhang
et al. 2021). Variations in the saturation exponent related
to pore geometry effects can result in errors exceeding 10
saturation units in water saturation evaluation (Stalheim and
Eidesmo 1995; Watfa 1991; Worthington and Pallatt 1990).

@ Springer

Changes in wettability conditions can affect fluid distri-
bution within the pores space of rock, influencing resistivity
response and complicating the estimation of the saturation
exponent (AL-Dujaili et al. 2023; Donaldson and Siddiqui
1989). The rock’s wettability preference has significant
impacts on water saturation and saturation exponent (Son-
dena et al. 1992). The presence of authigenic clay increases
oil-wet characteristics and affects the saturation exponent
(Corbett and Mousa 2010; Rabiece and hamada 2022; Shi-
jun 2009).

Various methods have been used by researchers to
determine the saturation exponent (#), such as regression
approaches involving water saturation and porosity (Hamada
et al. 2002), and resistivity (Al-Hilali et al. 2015; Corbett
and Mousa 2010). The saturation exponent describes how
the rock’s resistivity changes with varying water saturation
(Adisoemarta et al. 2001; Olusola and Aguilera 2013; Ven-
kataramanan et al. 2016). Differences in water saturation for
heterogeneous reservoirs indicate changes in wettability,
which are directly related to the saturation exponent (Adi-
soemarta et al. 2001). The change in wettability is linearly
correlated with the change in the saturation exponent (Don-
aldson and Siddiqui 1989).

This study aims to determine the value of the saturation
exponent by considering heterogeneity and differences in
rock quality. The variation in the saturation exponent with
respect to heterogeneity and differences in rock quality are
not yet fully understood, creating the need for a more com-
prehensive approach that takes into account the parameters
influencing rock quality. The integration of petrographic
analysis, routine core analysis, and special core analysis
data is used to develop a model that more comprehensively
considers for this variability. The variable saturation expo-
nent values obtained from this approach are expected to pro-
vide more accurate water saturation estimates in a simpler
manner.

Data and methods
Data

This study uses sandstone data from the Central Suma-
tra Basin. The general lithological description consists of
sandstone with grain sizes ranging from coarse to fine, with
good to poor sorting, expected to represent the overall rock
group. The research utilizes both routine core and SCAL
data, including porosity, permeability, and resistivity index.
The routine core data consists of porosity and permeability,
while special core analysis (SCAL) data includes the forma-
tion factor and resistivity index. Sedimentological data, such
as petrography (thin sections) and X-ray diffraction (XRD),
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are also incorporated. The routine core data show variations
in porosity and permeability (Table 1). The porosity data
ranges from 4.5 to 36.9%, permeability data ranges from
0.12 to 33,400 mD, and clay volume is below 20%.

Methods
Formation resistivity factor and resistivity index

Archie formulated an equation to describe the resistivity
behavior of reservoir rock based on core data measurements
conducted in the laboratory (Archie 1942). Equation 1
determines the resistivity of rock that is fully saturated with
formation water. The Formation Factor (F) is defined as the
ratio of the resistivity of rock that is 100% saturated with
saline water to the resistivity of saline water R,,.

R, a

Archie’s Eq. 2 describes the change in resistivity caused by
hydrocarbon saturation. Archie defines the resistivity index,
RI, as the ratio of the measured resistivity of the rock, R,,
to the resistivity of the rock when it is 100% saturated with
formation water R,,.

R

= 2

1
R R, Sw'"

Where F is the Formation Factor, R, is the resistivity of the
rock 100% saturated with water, R, is the water resistivity, ¢
is the porosity, Rt is the true resistivity of the rock, S, is the
water saturation, a is the tortuosity factor, m is the cementa-
tion exponent, and 7 is the saturation exponent.

The ratio R/R, is known as the resistivity index (RI),
which is primarily influenced by the salinity of the forma-
tion water (Tiab and Donaldson 2015). Although R/ is gen-
erally considered to be unity at 100% S,,, many researchers
have experimentally agreed that this value is not unity (Ara
et al. 2001; Chen et al. 2002; Tiab and Donaldson 2015).

Equation 1 can be rearranged as follows:

Log F = Log a — mLogd 3)

When the formation factor data is plotted against porosity
on a log-log graph, drawing a line through the point (1,1)

Table 1 Data used in the study
Number of samples

Rock properties

Routine SCAL  Petrography XRD  Porosity  Permeability
Core % mD
104 104 45 45 4.5-36.9 0.12-33,400

and not through the point (1,1) produces a slope that repre-
sents the cementation exponent (7).
Equation 2 can be rearranged as follows:

—nLog Sw = Log1/I 4)

On a log-log graph, plotting the resistivity index against
saturation, drawing a line from the point (1,1) will produce
a slope that represents the saturation exponent (n).

Rock quality grouping

Reservoir quality grouping is the process of characteriz-
ing reservoir rocks based on their dynamic behavior. The
dynamic behavior of a group of rocks are determined by
studying the complexity of the pore space through tex-
ture, rock fabric, diagenetic processes, and the interaction
between the rock itself and the fluid (Al-Dujaili 2023). El-
Khatib demonstrated that rock samples with similar capil-
lary pressure curves should have the same tortuosity () and
irreducible water saturation (S,,,) (El-Khatib 1995). Similar-
ities in pore architecture are reflected by similarities in pore
shape and tortuosity, where the combination of these two
pore attributes are known as the Kozeny constant (Kozeny
1927). Amaefule rearranged the Kozeny equation as follows
(Amaefule et al. 1993):

(5) s (75) ®
®  SvgrVFst \1-@

Where K is permeability, ¢ is porosity, F; is the shape factor,
T is tortuosity, and S,,, is the specific internal surface area.
(k/p)* describes the pore geometry, representing the mean
hydraulic radius, which is known as the Reservoir Quality

Index (RQI), and W represents the Flow Zone Indi-

cator (FZI). Equation 5 can be rearranged as follows:
RQI=FZI (2 ) (6)

¢, is the ratio of pore volume to grain volume as follows:

%)
@Z<1_®) @)

Equation 6 can be written in log-log form as follows:

LogRQI = LogFZI + Log (@ z) (8)

Equation 8 produces a straight line on a log-log plot of RQOI
vs. ¢,. The intercept of the straight line at ¢_= 1 represents
the Flow Zone Indicator (FZI). Samples with different FZ/
values will lie on parallel lines. FZI indicates similarity in

@ Springer



129 Page 4 of 15

Journal of Petroleum Exploration and Production Technology (2025) 15:129

pore throat characteristics, which corresponds to the flow

Study’s workflow

unit. Rocks composed of fine grains and poor sorting tend

to have a large surface area and high tortuosity, resulting
in a low FZI value. Conversely, coarse-grained, non-shaly,
and well-sorted rocks tend to have smaller surface areas and
lower tortuosity, resulting in a higher FZI values (Al-Dujaili

et al. 2021).

Table 2 Research Steps

Table 2 outlines the research steps undertaken to achieve
the objectives of this study. The first step involves obtaining
the necessary data for the research. This data is acquired
through laboratory measurements following standard rock
analysis procedures, including selecting rock samples,

Step 1

Obtaining research data

Rock Sample Selection |:> Number of Samples

|:> Laboratory Analysis

Determine and select the
representative sandstone
samples that represent
variations in depositional
environment, stratigraphy,
and mineralogy.

a. Determine the number of
samples to be tested based on
the research objectives and the
required data.

b. Ensure that the selected
samples represent variations
that describe heterogeneity.

Analyze the required parameters,
namely lithology, texture and
mineralogy through petrographic
analysis. Measure the physical
properties of rocks, namely
porosity and permeability,
Resitivity index and capillary
pressure through routine core
analysis and special core

analysis.
Tareet Output Obtaining representative research data to evaluate the saturation
arget Outpu
& P exponent parametes.
Step 2 Conduct analysis and integrate data to obtain sufficient information to
ep

establish a relationship between rock quality and saturation exponent.

Analysis

Lithology and Texture |::> Rock Quality Identification

Determination of Saturation

|:> Exponent Parameters

Determine lithology,
dominant texture and
mineralogy and identify rock
heterogeneity and quality.

Using porosity and permeability
data to identify rock quality
using the hydraulic flow unit
concept.

Processing resistivity index data
to obtain saturation exponent and
analyzing the influence of
petrophysical properties of rock

on saturation exponent.

Obtaining the most dominant factors influencing heterogeneity,

understanding of the
effect of heterogeneity
on rock quality, as well
as its implications for
the saturation exponent.

Target Output . . .
reservoir quality and saturation exponent
Step 3 Construct a model for estimating the saturation exponent from research findings.
. . The Effect of Rock Saturation Exponent
Data Integration and Factors Affecting Rock . . L
Analvsi |:> Qualit |::>Quahty on Saturation Estimation
nalysis uali
Y Y Exponent Approach
Determining the most
. dominant factors that
Obtain an . . .
influence rock quality Obtaining the

. . . . . Developing an
including porosity, relationship and .. ping .
o . . empirical equation
permeability, clay volume, influence of rock quality .
. . for the saturation
lithology, texture, pore on the saturation ;
. exponent.
geometry and internal pore exponent. P
characteristics such as pore

shape factor and tortuosity.

Target Output

Obtaining a saturation exponent estimation approach.

@ Springer
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determining the number of samples, and defining the anal-
ysis protocols. The second step focuses on data analysis
to establish the relationship between rock quality and the
saturation exponent. This stage encompasses lithology and
texture analysis, rock quality identification, and determining
the saturation exponent. The final step involves developing
an empirical equation to estimate the saturation exponent
based on the research findings. These steps are designed to
yield representative results for saturation exponent estima-
tion and ensure accurate water saturation calculations.

Results and discussion
Rock quality identification

Rock quality is identified by the similarity of specific surface
area, shape factor and tortuosity, known as the Flow Zone
Indicator (FZI) (Amaefule et al. 1993). A plot between the
reservoir quality index ((k/p)’”) and the ratio of pore vol-
ume to grain volume can separate into several rock groups
(Fig. 1). Rock samples can be classified into 10 rock groups
based on their pore quality. FU 1 represents a group of rocks
with the highest pore quality, while FU 10 represents group
of rocks with low quality and high pore complexity. Each
rock group shares similar specific surface area, pore shape
(F) and tortuosity. Figure 1 shows that although pore shape
(F) and tortuosity are similar, as the pore space increases,
the value of (k/p)*” also increases. (k/p)””, which is known
as pore geometry (Wibowo and Permadi 2015), corresponds
to the hydraulic pore radius (Kozeny 1927), so the differ-
ence within one rock group lies in varying pore sizes. This
pore geometry is a characteristic of the pore space directly

1000
© DATA
® FU-1
© FU-2
100
© FuU-3
o FU-4
v © FU-s
= 10 -
= @ FU-6
e
g
x ® FU-7
® Fu-8
1 3
o FU-9
o FU-10
0.1 -+ ' ]
0.001 0.01 0.1 1

é:

Fig. 1 Identification of rock quality based on the similarity of Flow
Zone Indicators

related to rock quality and influences fluid flow (Amaefule
et al. 1993; Wibowo and Permadi 2015).

Petrographic data is used to describe the microscopic
geological features of each rock group. Table 3 provides
an overview of the dominant factors influencing each rock
group. Texture is the main factor that differentiates each
rock group.

Figure 2 represents the results of petrographic analysis
for the best quality of rock group. The petrographic analysis
shows that the pore geometry exhibits a loose structure with
coarse grains. The observed diagenesis includes pore-filling
calcite, kaolinite, pore-lining illite, quartz overgrowth, and
a small amount of pyrite. The dissolution of feldspar and
matrix has developed into secondary porosity. Based on the
SEM data, intensive quartz growth protects the rock from
excessive compaction (low-degree compaction), thus pre-
serving primary porosity. Authigenic pyrite partially cov-
ers the primary porosity, and kaolinite cement is present in
pore spaces and pore channels, but this is minimal. With the
development of matrix into secondary porosity and the pres-
ervation of primary porosity, this rock has relatively good
porosity of 28.8% and permeability in the Darcy range.

Figure 3 represents the results of petrographic analysis
for the poorest quality rock group. The petrographic analysis
shows that the diagenetic process consists of cementation by
quartz overgrowth, illite, kaolinite, and pyrite, followed by
the alteration of most unstable grains and matrix into illite,
kaolinite, and pyrite. The dissolution of unstable grains has
formed secondary porosity. The compaction process, with
moderate to high compaction levels, is evident from grain-
to-grain contact, indicated by the presence of linear and
concavo-convex contacts, as well as pseudo-matrix. The
observed porosity in this rock group ranges from poor to
moderate, consisting of intergranular porosity, secondary
porosity from dissolution, and microporosity that devel-
ops between clay minerals. Generally, pore connectivity is
poor due to the high content of clay matrix, cementation,
and compaction. Pore sizes vary relatively from 2.5 to 60
microns, while microporosity has pore sizes ranging from
0.2 to 1 micron. Kaolinite fills the space between grains as
cement. Compaction and cementation are the main factors
controlling the decrease in the quality of rock group.

Formation resistivity factor and resistivity index

The rock typing method is widely used to classify reservoir
rocks into distinct groups based on their specific character-
istics. Rocks within each group are deposited under similar
geological conditions and undergo similar diagenetic pro-
cesses. These groups share similarities in pore architecture,
which can be identified through microscopic geological
features (Wibowo and Permadi 2015). Therefore, each

@ Springer
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Table 3 Microscopic geological feature for each rock group

FU

Microscopic Description

Petrography

FU1

Coarse-grained Sd, mod. sorting, sub-angular to sub-
rounded. The dominant mineral is quartz (88%), followed
by feldspar (5%), metamorphic rock fragments (4.5%), a
small amount of calcite cement and clay minerals

FU2

Fine-medium-grained sandstone, sub-angular-rounded,
poorly sorted. point contact with elongated types.
Fragments consist of monocrystalline quartz, a small
amount of polycrystalline quartz, microcline, and K-
feldspar. Frag. clay (1%) and chert (0.5%). Accessory
minerals mica, carbon matrix, and heavy minerals. A
small amount of detrital clay matrix and pseudomatrix.
Diag. Mod. compaction, point & long contacts.
Intergranular & dissolution

FU3

Loose Sd & Sd, Fine to med., poor to mod.srt, sub-ang.
to sub-rnd, point contact, floating & planar. Main
component is monocrystalline quartz, fragments
polycrystalline quartz, metamorphic fragments, feldspar,
and plagioclase. Opaque minerals, small amounts of
mica, skeletal planktonic foraminifera, miliolids, small
benthics, and detrital clay are also present. Diagenesis
compaction, minor precipitation of pyrite within
foraminifera chambers, and the replacement calcite, clay
minerals & pyrite. Predominantly intergranular

FU4

Fine to medium-textured Sd, sub-angular to sub-rounded,
and moderate Srt. Long & concave-convex contacts.
Primary grains are monocrystalline quartz, add.
metamorphic and sedimentary frag. Microcline,
orthoclase, mica & heavy minerals. Minor pseudomatrix
& high-degree compaction. Silica overgrowth, along with
kaolinite and siderite replacement. Dissolution secondary
porosity.

FUS

Med.-very coarse Sd, poorly sorted, sub-ang. to sub-rnd.
Long &  concave-convex Contact. Dominant
monocrystalline quartz, add. feldspar (plagioclase and
microcline). Minor benthic foraminifera & pseudo-
matrix. Detrital clay & carbonate mud. Compaction is
strong, with feldspar grain dissolution, minor pyrite
precipitation, and clay minerals. Replacement siderite,
pyrite, illite, dolomite, calcite, & kaolinite is observed.
Intergranular, micro-pores, &dissolution porosity

FU6

Med-very coarse grain Sd, sub-ang. to sub-rnd., poorly
sorted, elongated grain contacts & point contacts. Main
components monocrystalline quartz, K-feldspar, shale,
silty shale, chert & plagioclase. Skeletal grains from
benthic & planktonic foraminifera. Accessory minerals
include mica and heavy minerals. Pseudo-matrix is also
present, with dispersed distribution and thin laminations.
Diagenetic compaction, siderite precipitation, slight
replacement of the matrix by siderite, & dissolution.
Intergranular & dissolution porosity.
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Table 3 (continued)

FU7 Very fine-grained Sd, sub-ang-sub-rnd, moderate to good
sorting. Planar & point contacts. Monocrystalline quartz,
fresh & weathered K-feldspar, plagioclase, rock
fragments (clay and chert), & low-grade metamorphic
rock fragments. glauconite,
material, mica, and heavy minerals. Detrital clay and
pseudomatric. Diagenetic ~ processes
compaction, elongated & point contacts, minor silica
cementation, clay minerals, & siderite. Grain replacement
by kaolinite, calcite, & pseudomatrix by siderite,

Minor carbonaceous

moderate

Dissolution,
porosity

intergranular &  microintercrystalline

FUS8 Very fine-grained sandstone, sub-angular to sub-rounded,
moderate sorting. Point contacts, planar & concave-
convex contacts. Monocrystalline quartz, associated with
feldspar, potassium feldspar, plagioclase, and microcline.
Rock fragments polycrystalline quartz, chert, opaque
minerals, gypsum, mica, and heavy minerals. Planktonic
& benthic foraminifera, as well as miliolids. Compaction
& partial replacement by siderite, pyrite, calcite, & clay
minerals. Mainly intergranular porosity

FU9 Fine-grained Sd, well-sorted, sub-angular to sub-
rounded. Linear & concave-convex, quartz grains, rock
fragments, primarily sedimentary and metamorphic, few
volcanic fragments. Feldspar, mainly plagioclase, carbon
fibers, mica, heavy minerals, & opaque minerals, matrix
consists of detrital clay & pseudomatrix, cementation by
silica, kaolinite, illite, & unidentified clays, generally
grow within pore spaces. Replaced by kaolinite,
authigenic clay, and pyrite. Feldspar, rock fragments,
mica, and carbonaceous material, mechanical and
chemical compaction plays a very dominant role,
intergranular porosity, dissolution secondary porosity.

FU10 | Very fine-grained Sd, sub-angular to sub-rounded,
sorting, elongated & point
Monocrystalline quartz, K-feldspar, plagioclase, &
microcline. Accessory minerals mica, carbon grains, &
heavy minerals. Detrital clay & thin clay laminations.
Compaction, minor cementation by clay minerals, pyrite,
silica, and siderite. Intergranular pore spaces are filled &
matrix and grains are replaced by clay minerals, pyrite,
and siderite, as well as dissolution. Interparticle &

dissolution porosity.

moderate contacts.

rock group is expected to have its own distinct quality. In
sandstone, rock texture is the main factor determining rock
quality (Amaefule et al. 1993). Also, Texture is a dominant
factor influencing the saturation exponent and cementa-
tion exponent (Acosta et al. 2021). The saturation exponent
is higher in samples with unconnected pores and greater
hydraulic unit complexity. In contrast, it tends to decrease in
rock samples with connected pores, which are characterized
by lower hydraulic unit complexity (Saadat et al. 2024). A
plot of the resistivity index against water saturation shows
a shift in slope moving to the right for lower rock quality or

higher FU (Fig. 4). The same pattern is shown in the plot of
formation factor against porosity (Fig. 5). The slope on the
resistivity index plot against water saturation indicates that
the saturation exponent increases as rock quality decreases.
This proves a strong relationship between the global
hydraulic element and the saturation exponent (Corbett and
Mousa 2010). The plot of formation factor against poros-
ity also shows a similar pattern, where the slope increases
as rock quality decreases. The cementation factor varies
depending on the lithology, particularly in relation to the
clay content and its types(Wan Bakar et al. 2022) as well as
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Fig. 2 Petrographic analysis of
rock samples for FU 1 (best quality
rock group)

X50  500pm 0021

Fig. 3 Petrographic analysis of
rock samples for FU 10 (The worst
quality rock group)

porosity types in carbonate rocks (Rostami et al. 2024). Shi-
Jun demonstrated the impact of sandstone pore texture on
the saturation exponent and cementation exponent (Shi-jun
2009). Several studies also indicate that the estimation of
the saturation exponent (7) and cementation exponent (m)
are influenced by rock quality (Jumaah 2021). By classify-
ing rocks based on rock class determined by porosity, the
saturation and cementation exponents can be well estimated
(Venkataramanan et al. 2016).

@ Springer
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The influence of physical properties of rocks on rock
quality and saturation exponent

The quality of rock is highly influenced by pore complexity.
This pore complexity greatly determines the key physical
properties of reservoir rock, such as porosity and permeabil-
ity. As previously discussed, a group of rocks with the same
quality exhibits similarities in shape factor and tortuosity
(Amaefule et al. 1993). What differentiates them is the size
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Fig.5 Relationship between rock quality and cementation exponent

of the pore space, which is expressed as the mean hydraulic
radius (RQI). Thus, a group of rocks with the same quality
should have the similar ability to transmit fluids. The ability
a rock to transmit fluids is known as permeability. If perme-
ability is influenced by pore complexity, then permeability
should have an effect on the saturation exponent. Figure 6.
shows the relationship between the saturation exponent and
permeability, overlaid with Flow Unit (FU). Although not
clearly visible, there is a certain trend of decreasing perme-
ability with increasing saturation exponent.

Clay volume is one of the physical properties of rock
that affects pore complexity. The presence of clay minerals
in pore spaces varies between different types of clay. Illite
and Smectite are types of clay that significantly influence
pore complexity. These two minerals have a large specific
surface area and a high cation exchange capacity (CEC).
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Fig. 6 Effect of permeability and rock quality on saturation exponent
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Fig. 7 Effect of clay volume on rock quality

Figure 7. shows that clay volume has a significant impact on
rock quality. An increase in clay volume leads to a decrease
in rock quality.

The influence of clay volume on the saturation exponent
is shown in Fig. 8. An increase in clay volume leads to a
decrease in rock quality and an increase in the saturation
exponent. Yufei Fan demonstrated that clay volume has
a significant effect on the saturation exponent (Fan et al.
2020). Figure 7. shows that clay minerals are dominated by
illite and kaolinite. Lower quality rock group (larger num-
bers of FU), the presence of illite, glauconite, and smectite
is observed to decrease rock quality. This indicates that the
presence of these three minerals increases pore complexity,
resulting in a higher saturation exponent. The high cation
exchange capacity (CEC) of illite and smectite also contrib-
utes to the increase in the saturation exponent (Kurniawan
and Bassiouni 2007).
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Relationship of reservoir quality index and
saturation exponent

Amaefule defined the reservoir quality index (RQI) using
the petrophysical properties of rock porosity and permeabil-
ity, expressed as (k/p)”’ (Amaefule et al. 1993). Wibowo
referred to (k/p)’ as pore geometry, which is comparable
to the mean hydraulic radius (Wibowo and Permadi 2015).
This pore geometry involves the shape and size of the pores,
thereby affecting pore volume. Good quality rocks group
tend to have simple pore geometry or a larger mean hydrau-
lic radius (Prakoso et al. 2021). Pore geometry is one of
the factors that causes variations in the saturation exponent
(Stalheim and Eidesmo 1995; Watfa 1991). Simple geom-
etry with larger pore size tends to indicate better quality

@ Springer

and generally corresponds to a lower saturation exponent
(Fig. 9). On the other hand, increasingly complexity of pore
geometry indicates an increase in the saturation exponent.

Relationship of specific surface area, Kozeny
constant and saturation exponent

Specific surface area is the area of the pore space wetted by
fluid relative to the pore volume. Specific surface area can
be approximated using the Kozeny equation (Kozeny 1927).
The Kozeny equation can be rearranged as follows:
3
K = 0.9869 C“’Q 9)
Sp

Equation 9 can be rearranged to estimate the specific surface
area per unit bulk volume as follows:

3 0.5
g = (G
K/0.9869

c is known as the Kozeny constant. The Kozeny constant is
a function of the shape factor (F}) and tortuosity () (Amae-
fule et al. 1993). Several studies have shown that shape
factor (F) and tortuosity (z) are two factors that influence
pore complexity. The shape factor affects the shape of pores,
with a value of 1 for perfectly round pores, and increases as
the pore shape becomes more complex. Tortuosity (7) is a
parameter that also reflects pore space complexity. The more
complex of the pore space, the longer of the fluid flow paths.
Thus, as pore space complexity increases, tortuosity (z) also
increases. The Kozeny constant (c) can be approximated
using the Mortensen equation (Mortensen et al. 2007). The
Mortensen equation can be expressed as follows:

1 82 4 -
c = <4cos <§arccos (qﬁ; - 1) + §7T> + 4) (1)

The influence of specific surface area on rock quality and
the saturation exponent is shown in Fig. 10. Rocks with
good quality tend to have a low specific surface area. This
is due to the simple pore shape, which is nearly perfectly
round, causing the shape factor to approach 1. Simple and
interconnected pore spaces result in shorter fluid flow paths
and a lower tortuosity factor.

Figure 11 provides information about the influence of
the Kozeny constant on saturation exponent. A low Kozeny
constant characterizes by a group of rocks with simple pore
shapes, resulting in a low shape factor and low tortuos-
ity, which indicates good quality. Zhang showed that low
tortuosity contributes to a decrease in the saturation expo-
nent (Zhang et al. 2021). Figure 11 proves that the Kozeny

(10)
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constant can provide an overview of rock quality and affects
the saturation exponent. Good rock quality is character-
ized by a low Kozeny constant value and a low saturation
exponent.

Saturation exponent and water saturation
estimation

Based on the previous discussion, it was found that the satu-
ration exponent is significantly influenced by the combina-
tion of pore attributes that are shape factor and tortuosity,
known as the Kozeny constant, and the physical properties
of rock, specifically clay volume. A multivariate regression
between the saturation exponent, Kozeny constant, and clay
volume was established to obtain an empirical relationship

Fig. 12 Relationship between saturation exponent, Kozeny constant
and clay volume

among these three parameters (Fig. 12). Based on the rela-
tionship of these three parameters, an empirical equation
was derived to calculate the saturation exponent as follows:

n =A+ (BxFst) + (Cx*Veclay) (12)

Where 4, B, and C are empirical constants for the Kozeny
constant and clay volume, whose values may vary for each
field. This study obtained the constant value 4= 0.579697,
B=0.180011, and C= 0.126903. Based on Eq. 12, the satu-
ration exponent for entire depth interval can be estimated
using porosity and clay volume (Fig. 13). While the poros-
ity and clay volume were obtained from log analysis. The
log curve of the saturation exponent () obtained allows for
an accurate calculation of water saturation (Fig. 13). These
results demonstrate that integrating porosity and clay vol-
ume data from log analyses produces a consistent and accu-
rate estimation of water saturation for entire depth interval.

Result validation

Validation was performed by comparing the calculated
water saturation with the water saturation data from the core
(Figs. 14, 15 and 16). The water saturation estimated using
the varying saturation exponent value yielded good results.
Qualitatively, the calculated saturation results closely match
the water saturation data from laboratory measurements
(Figs. 14A, 15A and 16A). The plot comparing measured
and calculated water saturation, although still somewhat
scattered, shows a trend that follows the line represented by
the equation Y= X (Figs. 14B, 15B and 16B).
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Fig. 13 Results of estimating the saturation exponent and water satura-

tion calculation

These results show that this study provides additional
knowledge to the understanding of the relationship between
pore quality and saturation exponent in water saturation cal-
culations, especially in heterogeneous reservoir rocks. The
findings show that the saturation exponent is not only influ-
enced by the type of lithology, but also by the pore com-
plexity. The approach of varying saturation exponent values
for the entire reservoir can produce more accurate water
saturation calculations. This study adds new understanding
and a simple approach in estimating the saturation exponent

required for water saturation calculations.

Fig. 14 Validation of water satura-
tion calculation results of well A

@ Springer

Conclusions
Some conclusions obtained from this study are as follows:

1. In sandstone, the study of factors affecting rock quality
(texture, porosity, and clay volume) revealed a negative
relationship with the saturation exponent. The satu-
ration exponent is lower for good rock quality, and a
decrease in rock quality leads to an increase in the satu-
ration exponent.

2. Flow unit-based observations show that the saturation
exponent value increases with increasing flow unit
numbers, indicating increasing pore complexity and
decreasing rock quality. This decreasing rock quality
is also shown in the relationship between permeability
and clay volume with the saturation exponent, where
decreasing permeability and increasing clay volume
will increase the saturation exponent.

3. The reservoir quality index is an indicator of rock qual-
ity. The saturation exponent tends to be higher for rocks
with a low reservoir quality index. The reservoir quality
index is defined as a function of the pore shape factor
and tortuosity.

4. The combination of the pore shape factor and tortuos-
ity is widely known as the Kozeny constant. Consider-
ing that clay volume is one of the factors affecting rock
quality, an empirical equation between the combination
of pore shape factors and tortuosity attributes and clay
volume with saturation exponent can be arranged.

5. The saturation exponent for the entire depth interval can
be predicted well using the empirical equation obtained

Sw Core, fraction
Y

Sw Calculated, fraction

(B)

\,. Water Saturation (Sw)

From Core Analysis
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from this study (Eq. 12). The combination of pore shape
factor and tortuosity can be calculated from porosity,
while porosity and clay volume can be easily obtained
from log analysis.
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Abstract

The saturation exponent is one of the most important parameters needed to calculate water saturation in Archie’s equation.
Generally, the saturation exponent is considered constant, but not all depth intervals have the same characteristics. This
study aims to investigate the relationship between rock quality and the saturation exponent, a critical parameter in Archie’s
equation for water saturation calculation. Given that rock texture and pore characteristics vary significantly with depth,
assuming a constant saturation exponent can lead to inaccurate results. The study integrates core analysis and petrographic
data to classify rock quality and its relationship with the saturation exponent. R, and R, data from core analysis are used to
determine saturation exponent. Furthermore, rock quality is identified using the hydraulic flow unit concept by construct-
ing log-log plots of reservoir quality index and pore volume to grain volume ratio. Several pore attribute parameters, such
as the combination of shape factor and tortuosity (Kozeny’s constant), specific surface area, reservoir quality index, and
clay volume, are examined for their influence on the saturation exponent. The saturation exponent shows strong correla-
tion with Kozeny’s constant and clay volume. An empirical equation was developed to estimate the saturation exponent
based on these parameters. Using this empirical equation, the saturation exponent can be estimated across depth intervals,
leading to more accurate water saturation calculations. This study offers a practical method to estimate saturation expo-
nent variation using readily available log-derived parameters. It contributes to more reliable determination of saturation
exponent variation and enhances the accuracy of water saturation calculations in heterogeneous formations.

Keywords Konzeny constant - Saturation exponent - Shape factor - Tortuosity - Reservoir quality index

Nomenclatures F, Shape factor
K Permeability, mD
Latin letters R, Rock resistivity filled 100% water, Ohm-m
a Tortuosity factor R, Measured rock resistivity, Ohm-m
c Kozeny constant R, Water resistivity, Ohm-m
m Cementation exponent S, Water saturation, fraction
n Saturation exponent Sygr Specific internal surface area per unit grain vol-
A Empirical constants ume, cm-1 or pm-1
B Empirical constants Sy, Specific internal surface area per unit bulk vol-
C Empirical constants ume, cm-1 or pm-1
F Formation factor T Tortuosity

Velay  Volume clay, fraction
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FU Flow unit

FZI Flow zone indicator

RI Resistivity index

RQOI Reservoir quality indexs
SCAL  Special core analysis

XRD  X-ray diffraction

Introduction

The saturation exponent (n) is one of the most fundamental
parameters for calculating water saturation using Archie’s
equation (Shi-jun 2009). If obtaining the saturation expo-
nent (n) from core measurements is not possible, it is typi-
cally assumed to be a constant value, usually 2. In most
cases, the water saturation calculation for the entire depth
interval is represented by a constant saturation exponent
(Al-Otaibi et al. 2012). However, under certain conditions,
assuming this constant value can lead to significant errors in
the calculated water saturation.

In sandstone, the sedimentation process and depositional
environment significantly influence the variability of the
reservoir’s physical properties and rock quality (Abu-Hash-
ish et al. 2022; Abu-Hashish and Afify 2022; Abu-Hashish
and Ali 2021). This variability indicates that the saturation
exponent cannot be represented by a single constant value
(Hamada et al. 2002; Yadav et al. 2017). In shaly sandstone,
the clay volume fraction, as well as clay minerals with vary-
ing conductivity, show a significant effect on the saturation
exponent (Fan et al. 2020; Kurniawan and Bassiouni 2007).
The uncertainty in the saturation exponent (n) may be
caused by the complexity of pore geometry and pore type,
structural heterogeneity, along with variations in wettability
(Kumar et al. 2010).

Several factors can contribute to the saturation exponent
uncertainty. Some studies suggest that the type of poros-
ity not only affects the cementation factor (m) but also the
saturation exponent (Olusola and Aguilera 2013; Tian et al.
2022, 2024; Watfa 1991). Variations in the rock’s micro-
structure, such as reservoir heterogeneity, wettability, and
rock texture (Acosta et al. 2021; Adisoemarta et al. 2001),
can influence the resistivity index and cause uncertainty in
determining the saturation exponent. The presence of rock
microstructure leads to pore complexity, characterized by
pore geometry and structure, which affect pore space con-
nectivity and wettability. Lower pore area and tortuosity
contribute to a decrease in the saturation exponent (Zhang
et al. 2021). Variations in the saturation exponent related
to pore geometry effects can result in errors exceeding 10
saturation units in water saturation evaluation (Stalheim and
Eidesmo 1995; Watfa 1991; Worthington and Pallatt 1990).
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Changes in wettability conditions can affect fluid distri-
bution within the pores space of rock, influencing resistivity
response and complicating the estimation of the saturation
exponent (AL-Dujaili et al. 2023; Donaldson and Siddiqui
1989). The rock’s wettability preference has significant
impacts on water saturation and saturation exponent (Son-
dena et al. 1992). The presence of authigenic clay increases
oil-wet characteristics and affects the saturation exponent
(Corbett and Mousa 2010; Rabiece and hamada 2022; Shi-
jun 2009).

Various methods have been used by researchers to
determine the saturation exponent (#), such as regression
approaches involving water saturation and porosity (Hamada
et al. 2002), and resistivity (Al-Hilali et al. 2015; Corbett
and Mousa 2010). The saturation exponent describes how
the rock’s resistivity changes with varying water saturation
(Adisoemarta et al. 2001; Olusola and Aguilera 2013; Ven-
kataramanan et al. 2016). Differences in water saturation for
heterogeneous reservoirs indicate changes in wettability,
which are directly related to the saturation exponent (Adi-
soemarta et al. 2001). The change in wettability is linearly
correlated with the change in the saturation exponent (Don-
aldson and Siddiqui 1989).

This study aims to determine the value of the saturation
exponent by considering heterogeneity and differences in
rock quality. The variation in the saturation exponent with
respect to heterogeneity and differences in rock quality are
not yet fully understood, creating the need for a more com-
prehensive approach that takes into account the parameters
influencing rock quality. The integration of petrographic
analysis, routine core analysis, and special core analysis
data is used to develop a model that more comprehensively
considers for this variability. The variable saturation expo-
nent values obtained from this approach are expected to pro-
vide more accurate water saturation estimates in a simpler
manner.

Data and methods
Data

This study uses sandstone data from the Central Suma-
tra Basin. The general lithological description consists of
sandstone with grain sizes ranging from coarse to fine, with
good to poor sorting, expected to represent the overall rock
group. The research utilizes both routine core and SCAL
data, including porosity, permeability, and resistivity index.
The routine core data consists of porosity and permeability,
while special core analysis (SCAL) data includes the forma-
tion factor and resistivity index. Sedimentological data, such
as petrography (thin sections) and X-ray diffraction (XRD),
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are also incorporated. The routine core data show variations
in porosity and permeability (Table 1). The porosity data
ranges from 4.5 to 36.9%, permeability data ranges from
0.12 to 33,400 mD, and clay volume is below 20%.

Methods
Formation resistivity factor and resistivity index

Archie formulated an equation to describe the resistivity
behavior of reservoir rock based on core data measurements
conducted in the laboratory (Archie 1942). Equation 1
determines the resistivity of rock that is fully saturated with
formation water. The Formation Factor (F) is defined as the
ratio of the resistivity of rock that is 100% saturated with
saline water to the resistivity of saline water R,,.

R, a

Archie’s Eq. 2 describes the change in resistivity caused by
hydrocarbon saturation. Archie defines the resistivity index,
RI, as the ratio of the measured resistivity of the rock, R,,
to the resistivity of the rock when it is 100% saturated with
formation water R,,.

R

= 2

1
& R, Sw'"

Where F is the Formation Factor, R, is the resistivity of the
rock 100% saturated with water, R, is the water resistivity, ¢
is the porosity, Rt is the true resistivity of the rock, S, is the
water saturation, a is the tortuosity factor, m is the cementa-
tion exponent, and 7 is the saturation exponent.

The ratio R/R, is known as the resistivity index (RI),
which is primarily influenced by the salinity of the forma-
tion water (Tiab and Donaldson 2015). Although R/ is gen-
erally considered to be unity at 100% S,,, many researchers
have experimentally agreed that this value is not unity (Ara
et al. 2001; Chen et al. 2002; Tiab and Donaldson 2015).

Equation 1 can be rearranged as follows:

Log F = Log a — mLogd 3)

When the formation factor data is plotted against porosity
on a log-log graph, drawing a line through the point (1,1)

Table 1 Data used in the study
Number of samples

Routine SCAL  Petrography XRD  Porosity  Permeability
Core % mD

104 104 45 45 4.5-36.9 0.12-33,400

Rock properties

Page 6 of 18 - Integrity Submission

and not through the point (1,1) produces a slope that repre-
sents the cementation exponent (7).
Equation 2 can be rearranged as follows:

—nLog Sw = Log1/I 4)

On a log-log graph, plotting the resistivity index against
saturation, drawing a line from the point (1,1) will produce
a slope that represents the saturation exponent (n).

Rock quality grouping

Reservoir quality grouping is the process of characteriz-
ing reservoir rocks based on their dynamic behavior. The
dynamic behavior of a group of rocks are determined by
studying the complexity of the pore space through tex-
ture, rock fabric, diagenetic processes, and the interaction
between the rock itself and the fluid (Al-Dujaili 2023). El-
Khatib demonstrated that rock samples with similar capil-
lary pressure curves should have the same tortuosity () and
irreducible water saturation (S,,,) (El-Khatib 1995). Similar-
ities in pore architecture are reflected by similarities in pore
shape and tortuosity, where the combination of these two
pore attributes are known as the Kozeny constant (Kozeny
1927). Amaefule rearranged the Kozeny equation as follows
(Amaefule et al. 1993):

(5) s (75) ®
®  SvgrVFst \1-@

Where K is permeability, ¢ is porosity, F| is the shape factor,
T is tortuosity, and S,,, is the specific internal surface area.
(k/p)* describes the pore geometry, representing the mean
hydraulic radius, which is known as the Reservoir Quality

Index (RQI), and W represents the Flow Zone Indi-

cator (FZI). Equation 5 can be rearranged as follows:
RQI=FZI (2 ) (6)

¢, is the ratio of pore volume to grain volume as follows:

%)
®z<1_®) @)

Equation 6 can be written in log-log form as follows:

LogRQI = LogFZI + Log (@ z) (8)

Equation 8 produces a straight line on a log-log plot of RQOI
vs. ¢,. The intercept of the straight line at ¢,= 1 represents
the Flow Zone Indicator (FZI). Samples with different FZ/
values will lie on parallel lines. FZI indicates similarity in
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pore throat characteristics, which corresponds to the flow

Study’s workflow

unit. Rocks composed of fine grains and poor sorting tend

to have a large surface area and high tortuosity, resulting
in a low FZI value. Conversely, coarse-grained, non-shaly,
and well-sorted rocks tend to have smaller surface areas and
lower tortuosity, resulting in a higher FZI values (Al-Dujaili

et al. 2021).

Table 2 Research Steps

analysis procedures,

Step 1

Obtaining research data

Rock Sample Selection

|:> Number of Samples

|:> Laboratory Analysis

Determine and select the
representative sandstone
samples that represent
variations in depositional
environment, stratigraphy,
and mineralogy.

a. Determine the number of
samples to be tested based on
the research objectives and the
required data.

b. Ensure that the selected
samples represent variations
that describe heterogeneity.

Analyze the required parameters,
namely lithology, texture and
mineralogy through petrographic
analysis. Measure the physical
properties of rocks, namely
porosity and permeability,
Resitivity index and capillary
pressure through routine core
analysis and special core

analysis.
Tareet Output Obtaining representative research data to evaluate the saturation
arget Outpu
& P exponent parametes.
Step 2 Conduct analysis and integrate data to obtain sufficient information to
ep

establish a relationship between rock quality and saturation exponent.

Analysis

Lithology and Texture |::> Rock Quality Identification

Determination of Saturation

|:> Exponent Parameters

Determine lithology,
dominant texture and
mineralogy and identify rock
heterogeneity and quality.

Using porosity and permeability
data to identify rock quality
using the hydraulic flow unit
concept.

Processing resistivity index data
to obtain saturation exponent and
analyzing the influence of
petrophysical properties of rock
on saturation exponent.

Obtaining the most dominant factors influencing heterogeneity,

understanding of the
effect of heterogeneity
on rock quality, as well
as its implications for
the saturation exponent.

including porosity,
permeability, clay volume,
lithology, texture, pore
geometry and internal pore

exponent.

characteristics such as pore
shape factor and tortuosity.

relationship and
influence of rock quality

Target Output . . .
reservoir quality and saturation exponent
Step 3 Construct a model for estimating the saturation exponent from research findings.
. . The Effect of Rock Saturation Exponent
Data Integration and Factors Affecting Rock . . L
Analvsi |:> Qualit |::>Quahty on Saturation Estimation
nalysis uali
Y Y Exponent Approach
Determining the most
. dominant factors that
Obtain an . . .
influence rock quality Obtaining the

Developing an
empirical equation
for the saturation

on the saturation

exponent.

Target Output

Obtaining a saturation exponent estimation approach.
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Table 2 outlines the research steps undertaken to achieve
the objectives of this study. The first step involves obtaining
the necessary data for the research. This data is acquired
through laboratory measurements following standard rock
including selecting rock samples,
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determining the number of samples, and defining the anal-
ysis protocols. The second step focuses on data analysis
to establish the relationship between rock quality and the
saturation exponent. This stage encompasses lithology and
texture analysis, rock quality identification, and determining
the saturation exponent. The final step involves developing
an empirical equation to estimate the saturation exponent
based on the research findings. These steps are designed to
yield representative results for saturation exponent estima-
tion and ensure accurate water saturation calculations.

Results and discussion
Rock quality identification

Rock quality is identified by the similarity of specific surface
area, shape factor and tortuosity, known as the Flow Zone
Indicator (FZI) (Amaefule et al. 1993). A plot between the
reservoir quality index ((k/p)’”) and the ratio of pore vol-
ume to grain volume can separate into several rock groups
(Fig. 1). Rock samples can be classified into 10 rock groups
based on their pore quality. FU 1 represents a group of rocks
with the highest pore quality, while FU 10 represents group
of rocks with low quality and high pore complexity. Each
rock group shares similar specific surface area, pore shape
(F) and tortuosity. Figure 1 shows that although pore shape
(F) and tortuosity are similar, as the pore space increases,
the value of (k/p)*” also increases. (k/p)””, which is known
as pore geometry (Wibowo and Permadi 2015), corresponds
to the hydraulic pore radius (Kozeny 1927), so the differ-
ence within one rock group lies in varying pore sizes. This
pore geometry is a characteristic of the pore space directly

1000
© DATA
® FU-1
© FU-2
100
© FuU-3
o FU-4
v © FU-s
= 10 -
= @ FU-6
e
g
x ® FU-7
® Fu-8
1 3
o FU-9
o FU-10
0.1 -+ '
0.001 0.01 0.1 1

é:

Fig. 1 Identification of rock quality based on the similarity of Flow
Zone Indicators
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related to rock quality and influences fluid flow (Amaefule
et al. 1993; Wibowo and Permadi 2015).

Petrographic data is used to describe the microscopic
geological features of each rock group. Table 3 provides
an overview of the dominant factors influencing each rock
group. Texture is the main factor that differentiates each
rock group.

Figure 2 represents the results of petrographic analysis
for the best quality of rock group. The petrographic analysis
shows that the pore geometry exhibits a loose structure with
coarse grains. The observed diagenesis includes pore-filling
calcite, kaolinite, pore-lining illite, quartz overgrowth, and
a small amount of pyrite. The dissolution of feldspar and
matrix has developed into secondary porosity. Based on the
SEM data, intensive quartz growth protects the rock from
excessive compaction (low-degree compaction), thus pre-
serving primary porosity. Authigenic pyrite partially cov-
ers the primary porosity, and kaolinite cement is present in
pore spaces and pore channels, but this is minimal. With the
development of matrix into secondary porosity and the pres-
ervation of primary porosity, this rock has relatively good
porosity of 28.8% and permeability in the Darcy range.

Figure 3 represents the results of petrographic analysis
for the poorest quality rock group. The petrographic analysis
shows that the diagenetic process consists of cementation by
quartz overgrowth, illite, kaolinite, and pyrite, followed by
the alteration of most unstable grains and matrix into illite,
kaolinite, and pyrite. The dissolution of unstable grains has
formed secondary porosity. The compaction process, with
moderate to high compaction levels, is evident from grain-
to-grain contact, indicated by the presence of linear and
concavo-convex contacts, as well as pseudo-matrix. The
observed porosity in this rock group ranges from poor to
moderate, consisting of intergranular porosity, secondary
porosity from dissolution, and microporosity that devel-
ops between clay minerals. Generally, pore connectivity is
poor due to the high content of clay matrix, cementation,
and compaction. Pore sizes vary relatively from 2.5 to 60
microns, while microporosity has pore sizes ranging from
0.2 to 1 micron. Kaolinite fills the space between grains as
cement. Compaction and cementation are the main factors
controlling the decrease in the quality of rock group.

Formation resistivity factor and resistivity index

The rock typing method is widely used to classify reservoir
rocks into distinct groups based on their specific character-
istics. Rocks within each group are deposited under similar
geological conditions and undergo similar diagenetic pro-
cesses. These groups share similarities in pore architecture,
which can be identified through microscopic geological
features (Wibowo and Permadi 2015). Therefore, each
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Table 3 Microscopic geological feature for each rock group

FU

Microscopic Description

Petrography

FU1

Coarse-grained Sd, mod. sorting, sub-angular to sub-
rounded. The dominant mineral is quartz (88%), followed
by feldspar (5%), metamorphic rock fragments (4.5%), a
small amount of calcite cement and clay minerals

FU2

Fine-medium-grained sandstone, sub-angular-rounded,
poorly sorted. point contact with elongated types.
Fragments consist of monocrystalline quartz, a small
amount of polycrystalline quartz, microcline, and K-
feldspar. Frag. clay (1%) and chert (0.5%). Accessory
minerals mica, carbon matrix, and heavy minerals. A
small amount of detrital clay matrix and pseudomatrix.
Diag. Mod. compaction, point & long contacts.
Intergranular & dissolution

FU3

Loose Sd & Sd, Fine to med., poor to mod.srt, sub-ang.
to sub-rnd, point contact, floating & planar. Main
component is monocrystalline quartz, fragments
polycrystalline quartz, metamorphic fragments, feldspar,
and plagioclase. Opaque minerals, small amounts of
mica, skeletal planktonic foraminifera, miliolids, small
benthics, and detrital clay are also present. Diagenesis
compaction, minor precipitation of pyrite within
foraminifera chambers, and the replacement calcite, clay
minerals & pyrite. Predominantly intergranular

FU4

Fine to medium-textured Sd, sub-angular to sub-rounded,
and moderate Srt. Long & concave-convex contacts.
Primary grains are monocrystalline quartz, add.
metamorphic and sedimentary frag. Microcline,
orthoclase, mica & heavy minerals. Minor pseudomatrix
& high-degree compaction. Silica overgrowth, along with
kaolinite and siderite replacement. Dissolution secondary
porosity.

FUS

Med.-very coarse Sd, poorly sorted, sub-ang. to sub-rnd.
Long &  concave-convex Contact. Dominant
monocrystalline quartz, add. feldspar (plagioclase and
microcline). Minor benthic foraminifera & pseudo-
matrix. Detrital clay & carbonate mud. Compaction is
strong, with feldspar grain dissolution, minor pyrite
precipitation, and clay minerals. Replacement siderite,
pyrite, illite, dolomite, calcite, & kaolinite is observed.
Intergranular, micro-pores, &dissolution porosity

FU6

Med-very coarse grain Sd, sub-ang. to sub-rnd., poorly
sorted, elongated grain contacts & point contacts. Main
components monocrystalline quartz, K-feldspar, shale,
silty shale, chert & plagioclase. Skeletal grains from
benthic & planktonic foraminifera. Accessory minerals
include mica and heavy minerals. Pseudo-matrix is also
present, with dispersed distribution and thin laminations.
Diagenetic compaction, siderite precipitation, slight
replacement of the matrix by siderite, & dissolution.
Intergranular & dissolution porosity.
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Table 3 (continued)

FU7 Very fine-grained Sd, sub-ang-sub-rnd, moderate to good
sorting. Planar & point contacts. Monocrystalline quartz,
fresh & weathered K-feldspar, plagioclase, rock
fragments (clay and chert), & low-grade metamorphic
rock fragments. glauconite,
material, mica, and heavy minerals. Detrital clay and
pseudomatric. Diagenetic ~ processes
compaction, elongated & point contacts, minor silica
cementation, clay minerals, & siderite. Grain replacement
by kaolinite, calcite, & pseudomatrix by siderite,

Minor carbonaceous

moderate

Dissolution,
porosity

intergranular &  microintercrystalline

FUS8 Very fine-grained sandstone, sub-angular to sub-rounded,
moderate sorting. Point contacts, planar & concave-
convex contacts. Monocrystalline quartz, associated with
feldspar, potassium feldspar, plagioclase, and microcline.
Rock fragments polycrystalline quartz, chert, opaque
minerals, gypsum, mica, and heavy minerals. Planktonic
& benthic foraminifera, as well as miliolids. Compaction
& partial replacement by siderite, pyrite, calcite, & clay
minerals. Mainly intergranular porosity

FU9 Fine-grained Sd, well-sorted, sub-angular to sub-
rounded. Linear & concave-convex, quartz grains, rock
fragments, primarily sedimentary and metamorphic, few
volcanic fragments. Feldspar, mainly plagioclase, carbon
fibers, mica, heavy minerals, & opaque minerals, matrix
consists of detrital clay & pseudomatrix, cementation by
silica, kaolinite, illite, & unidentified clays, generally
grow within pore spaces. Replaced by kaolinite,
authigenic clay, and pyrite. Feldspar, rock fragments,
mica, and carbonaceous material, mechanical and
chemical compaction plays a very dominant role,
intergranular porosity, dissolution secondary porosity.

FU10 | Very fine-grained Sd, sub-angular to sub-rounded,
sorting, elongated & point
Monocrystalline quartz, K-feldspar, plagioclase, &
microcline. Accessory minerals mica, carbon grains, &
heavy minerals. Detrital clay & thin clay laminations.
Compaction, minor cementation by clay minerals, pyrite,
silica, and siderite. Intergranular pore spaces are filled &
matrix and grains are replaced by clay minerals, pyrite,
and siderite, as well as dissolution. Interparticle &

dissolution porosity.

moderate contacts.

rock group is expected to have its own distinct quality. In
sandstone, rock texture is the main factor determining rock
quality (Amaefule et al. 1993). Also, Texture is a dominant
factor influencing the saturation exponent and cementa-
tion exponent (Acosta et al. 2021). The saturation exponent
is higher in samples with unconnected pores and greater
hydraulic unit complexity. In contrast, it tends to decrease in
rock samples with connected pores, which are characterized
by lower hydraulic unit complexity (Saadat et al. 2024). A
plot of the resistivity index against water saturation shows
a shift in slope moving to the right for lower rock quality or
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higher FU (Fig. 4). The same pattern is shown in the plot of
formation factor against porosity (Fig. 5). The slope on the
resistivity index plot against water saturation indicates that
the saturation exponent increases as rock quality decreases.
This proves a strong relationship between the global
hydraulic element and the saturation exponent (Corbett and
Mousa 2010). The plot of formation factor against poros-
ity also shows a similar pattern, where the slope increases
as rock quality decreases. The cementation factor varies
depending on the lithology, particularly in relation to the
clay content and its types(Wan Bakar et al. 2022) as well as
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Fig. 2 Petrographic analysis of
rock samples for FU 1 (best quality
rock group)

X50

Fig. 3 Petrographic analysis of
rock samples for FU 10 (The worst
quality rock group)

porosity types in carbonate rocks (Rostami et al. 2024). Shi-
Jun demonstrated the impact of sandstone pore texture on
the saturation exponent and cementation exponent (Shi-jun
2009). Several studies also indicate that the estimation of
the saturation exponent (7) and cementation exponent (m)
are influenced by rock quality (Jumaah 2021). By classify-
ing rocks based on rock class determined by porosity, the
saturation and cementation exponents can be well estimated
(Venkataramanan et al. 2016).
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The influence of physical properties of rocks on rock
quality and saturation exponent

The quality of rock is highly influenced by pore complexity.
This pore complexity greatly determines the key physical
properties of reservoir rock, such as porosity and permeabil-
ity. As previously discussed, a group of rocks with the same
quality exhibits similarities in shape factor and tortuosity
(Amaefule et al. 1993). What differentiates them is the size
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Fig.5 Relationship between rock quality and cementation exponent

of the pore space, which is expressed as the mean hydraulic
radius (RQI). Thus, a group of rocks with the same quality
should have the similar ability to transmit fluids. The ability
a rock to transmit fluids is known as permeability. If perme-
ability is influenced by pore complexity, then permeability
should have an effect on the saturation exponent. Figure 6.
shows the relationship between the saturation exponent and
permeability, overlaid with Flow Unit (FU). Although not
clearly visible, there is a certain trend of decreasing perme-
ability with increasing saturation exponent.

Clay volume is one of the physical properties of rock
that affects pore complexity. The presence of clay minerals
in pore spaces varies between different types of clay. Illite
and Smectite are types of clay that significantly influence
pore complexity. These two minerals have a large specific
surface area and a high cation exchange capacity (CEC).
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Fig. 7 Effect of clay volume on rock quality

Figure 7. shows that clay volume has a significant impact on
rock quality. An increase in clay volume leads to a decrease
in rock quality.

The influence of clay volume on the saturation exponent
is shown in Fig. 8. An increase in clay volume leads to a
decrease in rock quality and an increase in the saturation
exponent. Yufei Fan demonstrated that clay volume has
a significant effect on the saturation exponent (Fan et al.
2020). Figure 7. shows that clay minerals are dominated by
illite and kaolinite. Lower quality rock group (larger num-
bers of FU), the presence of illite, glauconite, and smectite
is observed to decrease rock quality. This indicates that the
presence of these three minerals increases pore complexity,
resulting in a higher saturation exponent. The high cation
exchange capacity (CEC) of illite and smectite also contrib-
utes to the increase in the saturation exponent (Kurniawan
and Bassiouni 2007).
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Relationship of reservoir quality index and
saturation exponent

Amaefule defined the reservoir quality index (RQI) using
the petrophysical properties of rock porosity and permeabil-
ity, expressed as (k/p)”’ (Amaefule et al. 1993). Wibowo
referred to (k/p)’ as pore geometry, which is comparable
to the mean hydraulic radius (Wibowo and Permadi 2015).
This pore geometry involves the shape and size of the pores,
thereby affecting pore volume. Good quality rocks group
tend to have simple pore geometry or a larger mean hydrau-
lic radius (Prakoso et al. 2021). Pore geometry is one of
the factors that causes variations in the saturation exponent
(Stalheim and Eidesmo 1995; Watfa 1991). Simple geom-
etry with larger pore size tends to indicate better quality

and generally corresponds to a lower saturation exponent
(Fig. 9). On the other hand, increasingly complexity of pore
geometry indicates an increase in the saturation exponent.

Relationship of specific surface area, Kozeny
constant and saturation exponent

Specific surface area is the area of the pore space wetted by
fluid relative to the pore volume. Specific surface area can
be approximated using the Kozeny equation (Kozeny 1927).
The Kozeny equation can be rearranged as follows:
3
K = 0.9869 %
Sp

)

Equation 9 can be rearranged to estimate the specific surface
area per unit bulk volume as follows:

3 0.5
g = (G
K/0.9869

c is known as the Kozeny constant. The Kozeny constant is
a function of the shape factor (F}) and tortuosity () (Amae-
fule et al. 1993). Several studies have shown that shape
factor (F) and tortuosity (z) are two factors that influence
pore complexity. The shape factor affects the shape of pores,
with a value of 1 for perfectly round pores, and increases as
the pore shape becomes more complex. Tortuosity (7) is a
parameter that also reflects pore space complexity. The more
complex of the pore space, the longer of the fluid flow paths.
Thus, as pore space complexity increases, tortuosity (z) also
increases. The Kozeny constant (c) can be approximated
using the Mortensen equation (Mortensen et al. 2007). The
Mortensen equation can be expressed as follows:

1 82 4 -
c = <4cos <§arccos (qﬁ; - 1) + §7T> + 4) (1)

The influence of specific surface area on rock quality and
the saturation exponent is shown in Fig. 10. Rocks with
good quality tend to have a low specific surface area. This
is due to the simple pore shape, which is nearly perfectly
round, causing the shape factor to approach 1. Simple and
interconnected pore spaces result in shorter fluid flow paths
and a lower tortuosity factor.

Figure 11 provides information about the influence of
the Kozeny constant on saturation exponent. A low Kozeny
constant characterizes by a group of rocks with simple pore
shapes, resulting in a low shape factor and low tortuos-
ity, which indicates good quality. Zhang showed that low
tortuosity contributes to a decrease in the saturation expo-
nent (Zhang et al. 2021). Figure 11 proves that the Kozeny

(10)
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Fig. 11 Effect of Kozeny constant on saturation exponent

constant can provide an overview of rock quality and affects
the saturation exponent. Good rock quality is character-
ized by a low Kozeny constant value and a low saturation
exponent.

Saturation exponent and water saturation
estimation

Based on the previous discussion, it was found that the satu-
ration exponent is significantly influenced by the combina-
tion of pore attributes that are shape factor and tortuosity,
known as the Kozeny constant, and the physical properties
of rock, specifically clay volume. A multivariate regression
between the saturation exponent, Kozeny constant, and clay
volume was established to obtain an empirical relationship
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Fig. 12 Relationship between saturation exponent, Kozeny constant
and clay volume

among these three parameters (Fig. 12). Based on the rela-
tionship of these three parameters, an empirical equation
was derived to calculate the saturation exponent as follows:

n =A+ (BxFst) + (Cx*Veclay) (12)

Where 4, B, and C are empirical constants for the Kozeny
constant and clay volume, whose values may vary for each
field. This study obtained the constant value 4= 0.579697,
B=0.180011, and C= 0.126903. Based on Eq. 12, the satu-
ration exponent for entire depth interval can be estimated
using porosity and clay volume (Fig. 13). While the poros-
ity and clay volume were obtained from log analysis. The
log curve of the saturation exponent () obtained allows for
an accurate calculation of water saturation (Fig. 13). These
results demonstrate that integrating porosity and clay vol-
ume data from log analyses produces a consistent and accu-
rate estimation of water saturation for entire depth interval.

Result validation

Validation was performed by comparing the calculated
water saturation with the water saturation data from the core
(Figs. 14, 15 and 16). The water saturation estimated using
the varying saturation exponent value yielded good results.
Qualitatively, the calculated saturation results closely match
the water saturation data from laboratory measurements
(Figs. 14A, 15A and 16A). The plot comparing measured
and calculated water saturation, although still somewhat
scattered, shows a trend that follows the line represented by
the equation Y= X (Figs. 14B, 15B and 16B).
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Conclusions

® wde reanoi

Some conclusions obtained from this study are as follows:

1. In sandstone, the study of factors affecting rock quality
(texture, porosity, and clay volume) revealed a negative
relationship with the saturation exponent. The satu-
ration exponent is lower for good rock quality, and a
decrease in rock quality leads to an increase in the satu-
ration exponent.

2. Flow unit-based observations show that the saturation
exponent value increases with increasing flow unit
numbers, indicating increasing pore complexity and
decreasing rock quality. This decreasing rock quality
is also shown in the relationship between permeability
and clay volume with the saturation exponent, where
decreasing permeability and increasing clay volume
will increase the saturation exponent.

3. The reservoir quality index is an indicator of rock qual-

T
|
EE e = /

Fig. 13 Results of estimating the saturation exponent and water satura-
tion calculation

These results show that this study provides additional ity. The saturation exponent tends to be higher for rocks
knowledge to the understanding of the relationship between with a low reservoir quality index. The reservoir quality
o pore quality and saturation exponent in water saturation cal- index is defined as a function of the pore shape factor
culations, especially in heterogeneous reservoir rocks. The and tortuosity.
findings show that the saturation exponent is not only influ- 4. The combination of the pore shape factor and tortuos-
enced by the type of lithology, but also by the pore com- ity is widely known as the Kozeny constant. Consider-
plexity. The approach of varying saturation exponent values ing that clay volume is one of the factors affecting rock
for the entire reservoir can produce more accurate water quality, an empirical equation between the combination
saturation calculations. This study adds new understanding of pore shape factors and tortuosity attributes and clay
and a simple approach in estimating the saturation exponent volume with saturation exponent can be arranged.
required for water saturation calculations. 5. The saturation exponent for the entire depth interval can

be predicted well using the empirical equation obtained

Fig. 14 Validation of water satura-
tion calculation results of well A
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Fig. 15 Validation of water satura-
tion calculation results of well B
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from this study (Eq. 12). The combination of pore shape
factor and tortuosity can be calculated from porosity,
while porosity and clay volume can be easily obtained
from log analysis.
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