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Abstract. Combining both geological and petrophysical properties, a reliable rock typing scheme can be
achieved. Two steps are included in rock typing. Step 1: rocks are classiﬁed into lithofacies based on core observations and thin sections; Step 2: lithofacies are further subdivided into rock types according to petrophysical
properties such as MICP (Mercury Injection Capillary Pressure) and K-Phi relationships. By correlating rock
types to electrofacies (clusters of log data), we can group the target formation into 12 rock types. Then it is
possible to predict the distributions of rock types laterally and vertically using wireline logs. To avoid the defect
of the classical J-function saturation model that includes permeability which is quite uncertain especially in
carbonate rocks, a modiﬁed J-function was created and used in the paper. In this function, water saturation
is simply expressed as a function of height above free water level for a speciﬁc rock type. Different water
saturation models are established for different rock types. Finally, the water saturation model has been successfully constructed and veriﬁed to be appropriate.

1 Introduction
Water saturation is the key reservoir parameter in reservoir
evaluation, modeling and reserve calculation. The prediction of water saturation is challenging in giant complex
carbonate reservoirs for their strong heterogeneity and
petrophysical complexity. The common method to calculate
reservoir water saturation is the Archie formula or its
extended formula, while a 3-D saturation model could be
built by the constraint of water saturation calculated from
well logs based on geostatistics methods [1–4]. Leverett
published a paper showing how rocks with the same lithology but of different porosities and permeabilities could be
described by a single function that normalizes their capillary pressure curves [5]. The J-function can then be related
to water saturation of a reservoir and has been used to
calculate water saturation for a long time. A defect of this
classical J-function saturation model is that it includes
permeability which is derived from porosity. There may
be some uncertainties in the estimation of permeability,
especially in carbonate rocks. We used to model saturation
with the classical J-function and realized that it is not necessary to include permeability in the saturation model.
Besides, lots of different equations are proposed to describe
the variation of water saturation with height and reservoir
* Corresponding author: dengya@petrochina.com.cn

quality. And a new modiﬁed J-function was created in this
study [1–12].
However, water saturation distribution calculated from
the workﬂows above is quite far away from accuracy especially in giant carbonates characterized by complex petrophysical. That is because water saturation is not only
controlled by the porosity, lithofacies, and other parameters
in Archie formula, but also by pore structure, shale content
and wettability that are often not consistent in carbonate
reservoir [1, 2].
Several properties could be used to characterize carbonate reservoir; and those properties could be divided into
geological and petrophysical properties. Geological properties include lithofacies, rock texture, pore types, etc.,
whereas petrophysical properties include porosity, permeability, wettability, capillary pressure, pore throat size
distribution. To integrate the carbonate reservoir characterization and the link between geological and reservoir
engineering, reservoir rock-typing methods have been developed and been used in many oil and gas ﬁelds, especially the
carbonate reservoirs in Middle East [13–23]. Rock typing
absorbs the geological and petrophysical connotation which
is a process of classifying reservoir into distinct units and
each rock type is characterized by same depositional and
diagenetic processes and unique physical properties, capillary pressure curves (or J-function) and relative permeability curves [14–28]. As a result, given the rock type sets, the
empirical formula for predicting reservoir parameters, such

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

2

Y. Deng et al.: Oil & Gas Science and Technology – Rev. IFP Energies nouvelles 75, 66 (2020)

Fig. 1. Sketch of rock typing workﬂow.

Fig. 2. Typical core photos of KB.

as water saturation, could have been obtained from cored
wells and could have been used to calculate the parameters
of uncored wells and interwells to lead to an improved reservoir property model.

The studied Late Cretaceous Formation consists mainly
of white, soft-hard limestone interbedded with chalky
sediments. It grades upward into brown, soft-hard, porous
limestone with containing fossils, calcite, and pyrite, along
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Fig. 3. Typical thin section images of KB.

with varying degrees of oil staining. Formation thickness is
100–115 m. Well log responses allow the formation to be
divided into four major subdivisions, namely KA, KB, KC
and KD. KB is the target reservoir in this study and can
be divided into 5 sublayers; they are KB-1, KB-2, KB-3,
KB-4 and KB-5. KB-1 and KB-3 can be further sub-divided
into 3 sublayers and 2 sublayers, respectively. In this paper,
we ﬁrstly group KB into different kinds of rock types

and then construct different water saturation models for
different rock types using the modiﬁed J-function.

2 Rock typing process
Classifying reservoir rocks into groups having a speciﬁc set
of geological and petrophysical characteristics allows for a
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Fig. 6. Workﬂow for classifying petrophysical groups.

Fig. 4. Lithology of KB in a cored well.

Fig. 5. MICP curves of all reservoirs.

better deﬁnition of porosity-permeability relationships,
detailed reliable descriptions of the reservoir rock types,
and relatively easy application of results for geomodeling
purposes.
Reservoir rock typing is a fundamental building block of
reservoir characterization and reservoir modeling process.
There is a wide approach in deﬁning rock types and it is
highly dependent on the type of data available and the data
integration [19–26]. Rock layers are generally the same
“rock type”. These are stratigraphic beds. Individual strata

are deposited in similar depositional environments. Over
time, the strata are subjected to similar burial and diagenetic processes. Individual strata often comprise a single
petrophysical “rock type” which is characterized by similar
ﬂuid-ﬂow characteristics. In carbonate strata, it is common
to ﬁnd more than one petrophysical “rock type” within the
same stratigraphic unit.
Two domains are included in rock typing. One is the
geological domain in which rocks are classiﬁed into groups
according to their mineralogy, depositional textures and
pore types. The second is the petrophysical domain in
which petrophysical parameters, such as porosity, permeability and pore-throat size, are used to classify rocks into
different groups. Conventional methods make use of data
from either geological or petrophysical domain to classify
rock types. However, it is believed that by combining both
geological and petrophysical properties, a much more
reliable rock typing scheme can be achieved. Then, by
correlating rock types to electrofacies (clusters of log data),
it is possible to predict the distributions of rock types
laterally and vertically using wireline logs. Figure 1 shows
a schematic rock typing process workﬂow.
Two steps are included in rock typing. Step 1: rocks are
classiﬁed into lithofacies based on core observations and
thin sections; Step 2: lithofacies are further subdivided into
rock types according to petrophysical properties such as
Mercury Injection Capillary Pressure (MICP) and K-Phi
relationships.
2.1 Classiﬁcation of lithofacies groups
In KB, brown limestone has medium granular texture and
ﬁne to medium crystalline texture in KB-1-1 and KB-2,
as shown in Figure 2. Dark brown breccia limestone has
granular texture and ﬁne to medium crystalline texture in
KB-1-2 and KB-3, as shown in Figure 2. Dark brown limestone with irregularly light gray to white lamina has granular texture and medium to ﬁne crystalline texture in KB-4.
Light gray to white lime has granular texture and ﬁne to
very ﬁne crystalline texture in KB-5.
According to the thin section identiﬁcation (Fig. 3),
KB-4 and KB-5 mainly consists of globigerinida wackestone, deposited in low-energy environment. Grains increase
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Fig. 7. Rock type classiﬁcation.

in content from KB-5 to KB-4, indicating that the energy
increased from KB-5 to KB-4. KB-3 mainly consists of algal
packstone, deposited in shallow and quiet environments of
deposition suitable for algal growth. The lower part of
KB-2 consists of algal wackestone and the upper part consists of intraclastic/algal packstone. From the lower to the
upper section, algal content decreases and intraclastic content increases, indicating the increased water energy not
suitable for algal growth. The lower part of KB-1 consists
of intraclastic grainstone and the upper part consists of
intraclastic wackestone, formed in medium-high energy
environments. Generally, upward-shoaling form KB-5 to
KB-1, as shown in Figure 4.

The MICP curves show great variety of shapes as can be
seen in Figure 5. The workﬂow used to classify petrophysical groups is shown in Figure 6. First, well logs such
as GR, ILD and POR are used to classify reservoir rocks
into units with distinguishable log responses. Due to the
common signiﬁcant rock property heterogeneity of carbonate rocks, within a single correlated reservoir interval, there
may be several different MICP curves. Therefore, MICP
curves from a single rock unit should be upscaled. The
upscaled MICP curves are then clustered according to
similarity of shapes. Finally, rock units with similar
upscaled MICP curve shape and K-Phi relationship are
classiﬁed into one rock type with a unique name. Figure 7
shows an example of rock type classiﬁcation.

2.2 Classiﬁcation of petrophysical groups
In order to classify reservoir rocks into units with similar
petrophysical properties, three input data sets are required:
(1) MICP curves, (2) core porosity measurements, and
(3) core permeability measurements. Over 210 samples
have measurements of Mercury Injection Capillary Pressure
(MICP) and corresponding porosity and permeability data.

3 Sw modeling
3.1 Free Water Level estimation
The Free Water Level (FWL) is deﬁned as the elevation where the capillary pressure between the water phase
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Fig. 8. Cross plots of Sw versus TVDSS to estimate FWL.

highly heterogeneous in terms of pore geometry rock types
within correlated rock units based on well logs, the bestquality rock deﬁnes the lowest displacement level where
Sw = 1. Said differently, it is also the closest level to the true
FWL of that reservoir and can be considered as the apparent free water level. Therefore, on the cross plot, the lowest
level where Sw approaches to 1 is taken as the free water
level. It is easy to determine the FWL for KB (Fig. 8).
3.2 Modiﬁed J-function

Fig. 9. Cross plot of BVW versus TVDSS.

and the less dense hydrocarbon phase is zero. For the
case of a ﬂat free water surface (no ﬂow in the aquifer),
the free water level is a single value within an equilibrium region and does not vary within the X and Y plane.
Importantly, the free water level is not the same as the ﬂuid
contact; it occurs below the contact. The ﬂuid contact
occurs at the displacement pressure of the capillary pressure
curve or, alternatively, at the J-function displacement
value. The ﬂuid contact is rock dependent; the free water
level is not.
For a speciﬁc reservoir, when log-calculated water
saturation is plotted versus elevation (TVDSS), the water
saturation increases with depth. Since carbonate rocks are

Leverett published a paper showing how rocks with the
same lithology but of different porosities and permeabilities
could be described by a single function that normalizes their
capillary pressure curves. Instead of plotting capillary
pressure versus saturation, Leverett plotted the following
so-called classical J-Function:
sﬃﬃﬃﬃ
Pc
k
:
J¼
IFT  cosðhÞ /
Here, Pc denotes capillary pressure, IFT is the interfacial
tension, h is the contact angle, k is permeability, and u is
porosity.
The J-function can then be related to water saturation
of a reservoir and has been used to calculate water saturation for a long time. However, a defect of this classical
J-function saturation model is that it includes permeability
which is derived from porosity. There may be some uncertainties in the estimation of permeability, especially in
carbonate rocks. We used to model saturation with the
classical J-function and realized that it is not necessary to
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Table 1. Saturation models for rock types.
Rocktype

Lithofacies

Saturation model

1

Globigerina wackestone

Sw = 10(1.914log10(H)+0.962)/Phi

2

Globigerina wackestone

Sw = 10(0.835log10(H)+0.651)/Phi

3

Algal wackestone

Sw = 10(0.557log10(H)+0.144)/Phi

4

Algal packstone

Sw = 10(0.835log10(H)+0.651)/Phi

5

Algal packstone

Sw = 10(0.564log10(H)+0.177)/Phi

6

Algal packstone

Sw = 10(0.514log10(H)+0.309)/Phi

7

Algal/intraclastic packstone

Sw = 10(0.528log10(H)+0.231)/Phi

8

Intraclastic packstone

Sw = 10(0.749log10(H)+0.051)/Phi

9

Intraclastic packstone

Sw = 10(0.749log10(H)+0.051)/Phi

10

Grainstone

Sw = 10(0.482log10(H)+0.409)/Phi

11

Grainstone

Sw = 10(0.482log10(H)+0.419)/Phi

12

Echinoderm wackestone

Sw = 10(0.581log10(H)+0.137)/Phi

Here, Sw refers to water saturation, H refers to the height above FWL and Phi refers to porosity of the speciﬁc grid.

Fig. 10. Comparison between log Sw and modeled Sw in KB.

include permeability in the saturation model. A new saturation model was created and used in the geomodels.
Since a rock type is rock unit with similar ﬂuid ﬂow
properties, the water saturation of a speciﬁc rock type can
be simply expressed as a function of height above free water
level. Considering the small variation of porosity of a rock
type, Bulk Volume Water (BVW) is expressed as a function
of height. The following equations show how to estimate Sw.
H ¼ FWL  TVDSS;

BVW ¼ S w  / ¼ 10ðalog10 ðH ÞþbÞ ;
Sw ¼

10ðalog10 ðH ÞþbÞ
:
/

Here, “a” and “b” are coefﬁcients determined by regression of
BVW versus TVDSS for each rock type as shown in
Figure 9. And then we can determine water saturation function for different rock types (Tab. 1).
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Fig. 11. Cross section of water saturation model showing the variation of Sw.

4 Results and validation
Figure 10 shows the comparison between modeled Sw (Red)
and log Sw (Blue) for all layers. Overall, modeled Sw curves
correlate well with well log Sw curves except in some tight
intervals. This result validates the reliability of the saturation models.
Water saturation (Sw) can then be constructed in the
geomodel through the use of Sw versus height functions,
one for each rock type, along with a Free Water Level
(FWL). A reasonable oil-water transition zone now exists
in the model. The new Sw model is more reliable (Fig. 11).

5 Conclusion
By combining both geological and petrophysical properties,
a reliable rock typing scheme can be achieved. Two steps
are included in rock typing. Step 1: rocks are classiﬁed into
lithofacies based on core observations and thin sections;
Step 2: lithofacies are further subdivided into rock types
according to petrophysical properties such as MICP and
K-Phi relationships.
To avoid the defect of the classical J-function saturation
model that includes permeability which is quite uncertain
especially in carbonate rocks, a modiﬁed J-function was
created and used in the paper. In this function, water
saturation is simply expressed as a function of height above
free water level for a speciﬁc rock type. Different water
saturation models are established for different rock types.
Finally, the water saturation model has been successfully
constructed and veriﬁed to be appropriate.
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