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Rock type. characterization of the rock types using a database of 555 core plugs from
the Miocene carbonate reservoir in the Nam Con Son basin. It is a large
isolated carbonate build-up structure which were deposited within a
shallow marine platform interior and are dominated by coral, red algal and
foraminiferal packstones, wackestones and grainstones. Hydrocarbons in
this reservoir have been found in the upper most part of the late Miocene
formation. Conventional core data were first used to define and display the
cross plot of permeability and porosity. Different charts and cutoff
thresholds were used to classified, defined number of rock type and the
linear and non-linear equations were established. The predicted core
permeability was calculated using different methods and compared with
the actual core permeability for each rock type. The predicted reservoir
rock type and permeability predictions of HFU method was recognized to
give better matching of measured core permeability with coefficient of
more than 89%.
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1. Introduction

A significant proportion of the world's oil
reserves is found in carbonate reservoirs.
Carbonate reservoir evaluation is challenging
because of the presence of complex pore size
distribution with widely varying proportions of
primary and secondary porosity. This has a
significant impact on the fluid flow characteristics
and hence the permeability of the reservoir.

Rock-typing is an effective technique for
investigating porosity-permeability relationships
and predicting the permeability from well log-
derived porosity in un-cored wells. This has
enabled accurate generation of initial water
saturation profiles and, consequently, reliable
reservoir simulation studies (Guo et al, 2007;
Shenawi et al.,, 2007).

Several rock typing approaches have been
developed such as: Flow zone indicator - FZI
(Amaefule et al., 1993); Global hydraulic element
- GHE (Corbett et al, 2003); Winland’'s Rss;
Pittman (Pittman, 1992) and Lucia (Lucia, 2007).

The objective of this study is to review and
compare the best-known clustering methods of
rock-typing, and to deliver the most appropriate
approach for carbonate facies classification and
its porosity-permeability transform.

2. Geological setting of the Nam Con Son
Basin

The Nam Con Son basin (NCSB) is located in
the southeastern continental shelf of Vietnam.
The basin is bordered with the Cuu Long basin in
the west, the Tu Chinh - Vung May basin in the
East and the Phu Khanh basin in the North east
(Figure 1). Although there were likely tectonic
influences affecting this area in the pre-Tertiary
(Matthews et al, 1997), the first rifting event
forming the NCSB occurred in the late Eocene to
early Oligocene. This was associated with the
onset of north - south opening of the east Vietnam
sea. From seismic evidence, there appears to be a
stratigraphic interval that could be interpreted as
Eocene to Early Oligocene. This interval
terminates upwards in a major breakup
unconformity at the top of Early Oligocene. This
early rifting was followed by thermal sag
associated with the post-rift phase. During the
Early Miocene, south west (SW) propagation of
east Vietnam sea floor spreading to the north east
(NE) of the basin and other regional tectonic
forces impacted the NCSB. This eventually lead to
asecond rifting phase followed by a regional uplift
event in late Middle Miocene as evidenced by the
Mid-Miocene Unconformity (MMU). The post rift
section during late Miocene to present is marked
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Figure 1. Overview of carbonate distribution in the study area (red rectangle).
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by thermal sag and the progradation of the Paleo-
Mekong Delta into the basin. Miocene carbonate
reservoirs, including both platform and reef, are
mainly distributed in the East of the NCSB.
Carbonate deposition was initiated on the
structural highs during late Early Miocene; widely
developed during the Middle and late Miocene;
and mostly terminated in early Pliocene (Bui et al.,
2018).

The study area lies in the SE of the NCSB,
offshore in a water depth of about 125 meters
(Figure 1). The reservoir is a large isolated
carbonate build-up structure with an average
thickness of 500m covering an area of about 50
km2 The build-up comprises Late Miocene
carbonates overlaying a more extensive Middle
Miocene carbonate platform. The carbonates
were deposited within a shallow marine platform
interior and are dominated by coral, red algal and
foraminiferal packstones, wackestones and
grainstones. Hydrocarbons in this reservoir have
been found in the upper most part of the late

between predicted permeability (K_pre) and core
permeability (K core) for each rock typing
method. Figure 2 shows a workflow for this study.

3.1. Hydraulic flow unit (HFU)

This method includes reservoir quality index
(RQI) and Flow zone analysis. RQI reflects the
reservoir properties and flow unit indicators can
be inferred by the RQI, which reflects
permeability of different rock types and
regardless of the depositional facies of the
formation. Amaefule et al (1993) introduced two
auxiliary factors: @z, the normalized porosity -
Equation (1); and RQI - Equation (2). This results
in a new formula - Equation (3), which defines
Flow zone indicator (FZI) in terms of porosity-
permeability relationships, which accurately
approximate the reservoir quality for a given
sedimentary facies (Amaefule et al., 1993; Svirsky
et al., 2004; Guo et al,, 2007; Shenawi et al., 2009;
Abdallah et al,, 2016; Ha et al., 2021 a,b).

Miocene formation. . = o, 1
z = 1)
1- &,
3. Methodology and data
In this study, the core plug data from the K
. y Pus RQI = 0.0314 |— @
Miocene carbonate reservoir in the NCSB were ®,
classified according to rock type. Six rock typing
classification methods were applied. To select the
best rock ing method, the results were RQI 1-0 K
typing m . rz1 =29 =o.o314( e) = ®
calculated the correlation coefficient (R2) ®, @, o,
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Figure 2. The workflow of this study for rock typing in carbonate reservoirs.
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Where: @, - the effective porosity (v/v), K -
permeability (mD), RQI - um and FZI - pm.

3.2. Global hydraulic element (GHE)

Global hydraulic element method was
developed by Peter Corbett et al (2003). They
suggested using GHE based on a priori systematic
series of FZI values with the purpose of splitting a
wide range of possible combinations of porosity
and permeability into a manageable number of
GHE. They constructed a GHE template on the
porosity versus permeability crossplot and split
the parameter space into 10 GHE. The advantages
of this approach are that there is no need to do
cluster analysis on the core data from any
reservoir, which is compared on exactly the same
reference frame. This approach is gaining
popularity compared to the conventional
hydraulic unit approach described by Amaefule et
al. (1993). The permeability can be calculated by
arearrangement of equation (3):

FZI. 1‘1’;
o, .
0.0314 )

K =,

As a result, this method determines FZI
values for each kind of GHE shows on Table 1
below:

Table 1. FZI mean value for each GHE by Corbett
etal (2003).

GHE FZ1 GHE FZ1
10 48 5 1.5
9 24 4 0.75
8 12 3 0.375
7 6 2 0.1875
6 3 1 0.0938

3.3. Winland'’s R3s; method

During the 1970s Winland developed a
method that focused on the relationship between
porosity, permeability and pore throat radius. He
applied this to reservoir rocks of both clastic and
carbonate reservoirs from Spindle field. He tested
312 water-wet samples to evaluate sealing
potential. Winland proved his method with the
results from Mercury Injection Capillary Pressure
(MICP) testing such as porosity, permeability and
30%, 35%, 40% and 50% radius frequency of

effective porosity. His experiments revealed that
the effective pore system that dominates flow
through rocks in his set of samples corresponded
to a mercury saturation of 35%. Winland’s
tabulated the correlation between porosity,
permeability and pore throat size using
sandstones and carbonate samples as follow:

Log R35 = 0.732 + 0.588log K — )
0.8641log @

Where: @ - porosity (%), K - the uncorrected
air permeability (mD), and Rss - the pore throat
radius at 35% mercury saturation form MICP test.
Many researchers have applied this method to
improve reservoir characterization such as
Kolodzie (1980); Harmann and Beaumont
(1999); Pitman, (1992); Spearing et al. (2001);
Palabiran et al. (2016); Haikel et al. (2018).

3.4. Pittman method

Pittman (1992) extended the Winland’s
method based on capillary pressure
measurement from 196 sandstone samples to
find out greater accuracy the modal class of pore
throat size. Pittman improved the Winland’s
method and developed an equation to calculate
pore aperture radii corresponding to mercury
saturation values that range from 10+75% in
increments of 5%. The Pittman equation for pore
throat size at 35% non-wetting phase saturation
as follow:

Log R3s = 0.255 + 0.565log K — 6)
0.523log @

Where: @ - porosity (%), K - the uncorrected
air permeability (mD), and Rss - the pore throat
radius at 35% mercury saturation frequency form
MICP test.

3.5. Lucia method

The Lucia method is an attempt at a universal
classification  petrophysical properties in
carbonate reservoirs, based on interparticle
porosity (Rebelle and Lalanne, 2014). Lucia
defined three main carbonate rock classes defined
by their Rock Fabric Number (RFN) below:

- Class 1: grain dominated Fabric -
Grainstone. RFN’s of 0.5+1.5.

- Class 2: grain dominated Fabrics -
Packstone. RFN’s of 1.5+2.5.
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- C(Class 3: Mud-dominated Fabrics -
Packstone, Wackestone, Mudstone. RFN’s of
2.5+4.0.

The Rock Fabric number is calculated from:

RFN
9.7982 + 8.6711 log(®) — log(K) (7)

12.0838 + 8.2965 log (®)

Where: porosity @ - in decimals and
permeability K - in milli-darcies.

When total porosity is derived from logs, the
core-log depth match has to be very accurate to be
associated with a given thin section. Moreover,
porosity acquisition scale from logs and plugs are
largely different and large discrepancies could be
observed between both (Palabiran et al., 2016;
Haikel et al,, 2018).

= A.log

3.6. Data set

In this study, some core data comprised
porosity and permeability and short lithology
description. We used 555 cores data samples
(K_core and Phi_core) from 3 wells. Histograms of
porosity (a), permeability (b) and FZI (c) and a
cross plot (d) of permeability vs. porosity are
presented in Figure 3.

4. Results and discussions

In the study, rock type classification for
carbonate reservoir has tested for 555 cores plug
data from routine core analysis using the five
methods which have been described above. The
results of each method will be summarized and
discussed below.

4.1. GHE method

In order to overview and recognize all of the
rock types in this carbonate reservoir, the first
method we applied was the GHE method. In this
method, FZI was calculated from core porosity
and permeability and used as a key parameter to
classify reservoir into different GHE. In the next
step, the core porosity (PHI_core) and
permeability (K_core) data was projected onto the
appropriate GHE template constructed for each
GHE. As a result, 8 distinct GHE (range from
GHE_2 to GHE_10) were defined on the basis 555
available core samples (Figure 4a). Within each
GHE, permeability is predictable on the basis of a
strong porosity-permeability relationship given
by equation 4. The crossplot of measured
permeability versus permeability calculated for
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Figure 3. The core data from 3 wells are using in this study: histogram of porosity (a), permeability (b),
FZI (c) and cross plot of permeability versus porosity for 555 cores data (d).
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groups of various FZI mean (Table 1) is shown in
Figure 4b, where the correlation coefficient of R?
=0.95 is nearly perfect.

4.2. HFU method

The second method for carbonate rock typing
classification is based on the HFU method. In this

part, we can define each rock type is equal to an
HFU. In this method, HFU classification based on
the histogram (Figure 5a), the probability plotand
Ward'’s clustering method suggested a division of
data into FZI groups. To compare the results with
GHE method above, we also try to divide the
carbonate reservoir into eight clusters that
corresponding to eight HFU or eight rock types.
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Figure 4. The results of GHE method: (a) crossplot permeability vs. porosity data on the background of

8 GHE; (b) crossplot of K_ghe that calculated on the basis of relationship FZI and PHI_core for 8 GHE
versus K_core.
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Figure 5. The results of HFU method: (a) FZI histogram; (b) the crossplot PHIz versus RQL (c) the
crossplot Phi_core and K_core color corresponding with 8 HFU; (d) the crossplot to compare K_core
and K _pre for HFU method.
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On the basis of HFU classification, a plot of
PHIz versus RQI for each HFU was constructed
(Figure 5b). Analysis of the crossplot PHIz versus
RQI showed a distinct grouping into 8 HFU classes
(Figure 5c) according to mean FZI values (Table
2). The permeability can be predicted for each
HFU using the 8 equations from 8a to 8k. The
crossplot of measured permeability (K_core)
versus calculated permeability (K_hfu) for groups
of various FZI mean (Table 2) reveals a nearly
perfect correlation (R2 = 0.97) (Figure 5c).

4.3. Winland'’s R35 method

Based on radius of effective pore, the
distribution of porosity and permeability core at
isopore throat line as can see on Figure 6a and
from this plot we can get rock type based on
similarity of effective pore size by Winland’s Rzs
method. In order to compare the results with HFU
method above, we also try to divide carbonate
reservoir into 8 RT R3s classes. Table 3
summarizes the statistics of each RT_ Rs3s. The
permeability was calculated (K_pre_ Rss) for this

Table 2. Simple statistics of parameters for 8 RT_hfu.

RT_hfu Name Start Stop Mean Values R2
1 RT_hfu1l 0.137 0.571 0.45 20 0.9573
2 RT_hfu 2 0.571 0.876 0.70 16 0.9885
3 RT hfu 3 0.876 1.581 1.234 71 0.9517
4 RT_hfu 4 1.581 2.319 1921 112 0.9692
5 RT_hfu 5 2319 3.858 3.002 173 0.9367
6 RT_hfu 6 3.858 5.300 4496 69 0.9665
7 RT _hfu 7 5.300 13.623 7.097 82 0.9079
8 RT_hfu 8 13.623 85.779 25.343 12 0.7822
RT hful: K, = ®3( 0.450 )28a)  RT hfu5: Ky = @3 0.450 )? (8e)
St B =314 (1 — o)) O St M =314 (1 — o)) 6
RT hfuZ: K, = ®3(~—7—)? (8b)  RT hfu6: K, =3 (——F—5)*(8
-atuer e Gataa=o) G -amos e Qsaa=a) &)
RT hfu3: Ky = 03 (oo 32 (g RThfu7: Ky = & (ot 2 (g
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Figure 6. The results of Winland’s R3s method: (a) cross plot permeability vs. porosity data on the
background of 8 RT_ Rss; (b) cross plot K_ Rss calculated on the basis of relationship for 8 RT_ R3s
versus K_core.
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method using equations 9a+9h. The crossplot of
K _pre_ Rss versus K_core is shown in Figure 6b,
where the correlation coefficient of R2 = 0.94 is
near perfect.

The Pittman method was developed from the
Winland Rzs method. Therefore, the step for rock
type classification is similar. In order to compare
the results with other methods above, we also try
to divide carbonate reservoirs into 8 RT_pit

4.4. Pittman method classes. Figure 7a shows the results and Table 4

Table 3. Simple statistics for 8 RT_ Rss.

RT_r35 Name Start Stop Mean Values R2

1 RT_Rss 1 0.11 0.456 0.279 4 0.88

2 RT_Rss2 0.456 1.005 0.762 11 0.95

3 RT_Rss 3 1.005 3.335 2.155 54 0.76

4 RT_Rs5 4 3.335 5.432 4.427 40 0.85

5 RT_Rs3s 5 5432 11.857 8.336 202 0.57

6 RT_Rs5 6 11.857 25.047 16.735 155 0.32

7 RT_Rss5 7 25.047 66.715 33.147 81 0.62

8 RT_Rs5 8 66.715 163.595 90.804 8 0.54
RT_ R35 7 Kl _ 1olog0.279—06?53:;0.864109dJ (93)
RT_ R35 2 K2 _ logo.762—067.53;;0.864lag<1> (9b)
RT_ R35_3 K3 _ 101092.155—067.53;;0.864 log @ (9(:)
RT_ R35_4 K4 _ 101094.427—067.53;;—0.864lag<1> (9d)
RT_ R35_5 KS _ 1098.336—067.532;—0.864 log @ (96)
RT_ R35_5 K6 _ 1010916.735—(:)..75382;0.864 log @ (9f)
RT_ R35_7 K7 _ 1010933.147—(:)..75382;0.864 log @ (9g)
RT_ R35_8 10990.804—(:)..75:‘5828+0.864log<l> (9h)
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Figure 7. The results of Pittman method: (a) K_core versus PHI_core data on the background of 5 RT _pit;
(b) crossplot K_pit calculated on the basis of relationship for 5 RT _pit versus K_core.
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summaries the parameters for each RT_pit class. 4.5. Lucia method
The permeability calculated (K _pre_pit) for this
method uses equation 10a+10h as appropriate.
The crossplot of K_pre_pit versus K_core is shown
in Figure 7b, where the correlation coefficient is

This is similar to the GHE method but with
Lucia method we define the carbonate rock type
classes by their RFN which range range from
0.5+4. Figure 8, shows six rock types (RT_luc)

R2=0.95. _ . . :
distributed and corresponding with the six
Table 4. Simple statistics for 5 RTpitt.
RT_pit Name Start Stop Mean Values R2
1 RT_pitt_1 0.107 0.153 0.107 1 1

2 RT_pitt_2 0.153 0.440 0.285 5 0.2935
3 RT _pitt_3 0.440 1.256 0.822 18 0.6139
4 RT_pitt_4 1.256 2.613 2.053 35 0.6094
5 RT_pitt_5 2.613 5.947 4.340 78 0.3862
6 RT_pitt_6 5.947 10.773 8.019 154 0.4474
7 RT_pitt_7 10.773 24.060 15.272 184 0.1791
8 RT _pitt_8 24.060 293.935 33.514 80 -0.3371
RT_pitt_l.’ K1 _ 101090.127—0(.]2.5565;0.523 log ® (103)
RT_pitt_Z,’ KZ _ 10lago.285—062.55§;—0.523log<1> (10b)
RT_pitt_3: K3 _ log 2.053—062.552;0.523 log @ (10(:)
RT_pitt_4.’ K4 _ 10lag4.340—062.55§;—0.523log<1> (10d)
RT_pitt_5.' KS _ 10lags.019—062.552;0.523log<1> (106)
RT_pitt_6.’ K6 _ 101090.127—062.5565;—0.523log<I> (100
RT_pitt_7.' K7 _ 1Olog15.272—(:)..25565;0.523logCIJ (10g)
RT_pitt_&' K8 _ 1Olog33.514—(:)..25565;0.523logEIJ (10h)
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Figure 8. The results of rock type classification based on the Lucia method: (i a) __core versus PHI_core data
on the background of 3 RT luc; (b) crossplot K_luc calculated on the basis of relationship for 5 RT luc
versus K_core.



Man Quang Ha et al. /The Journal of Mining and Earth Sciences 64 (1), 38 - 49 47

interval classes of rock fabric numbers. The rock
types from RT_ luc_1 to RT_luc_6 but most data
falls in the range of RT_luc_2 and 3. The calculated
permeability (K_pre_luc) for this method by uses
equations 11a+11f as appropriate. The crossplot
of K_pre_luc versus K_core is shown in Figure 8b,
where the correlation coefficient of Rz = 0.89.
Table 5 summaries some simple statistical
parameters for 6 RT _luc.

On the Table 6 shows a comparison of the 5
permeability prediction models tested for the
carbonate reservoirs of the NCSB. The most
accurate is clearly the HFU method with Rz = 0.97.

5. Conclusion

We tested 5 methods of rock typing using the
flow unit concept. These were GHE, HFU, Winland
R3s, Pittman and Lucia - RFN method. The samples
tested came from 555 core plug data from the
Miocene carbonate reservoirs, including both
platform and reef. These were mainly distributed
in the East of the NCSB. All of the methods showed
really good correlation coefficient and higher than
89% for permeability prediction (Table 6).

In this case study, HFU method is the best
method that can predict hydraulic flow unit
concepts in the carbonate reservoir, therefore,
this method can be applied for permeability
prediction for those carbonate reservoirs.

The GHE and Lucia also give good results
when classifying rock types quickly, accurately
and efficiently, when applied to carbonate
reservoirs with limited core data collection.

6. Recommendation

Although the different methods applied for
carbonate rock typing classification from core
data show good results. However, prediction of
rock types in carbonates is very complex
considering the various degree of heterogeneity
involved and first a detailed sedimentological
study needs to be done in order to understand the
diagenetic imprint and its influence on the
permeability. That approach was more realistic
than just looking at porosity versus permeability
plots and trying to derive rock types from that.

It recommends to use capillary pressure in
building the initial petrophysical groups and then
combined with sedimentology to have better

Table 5. Simple statistics for 3 RT luc.

RT luc Name RFN Values Perm R2

1 RT luc 1 0.5 10 0.89

2 RT_luc 2 1 27 0.84

3 RT_luc 3 1.5 124 0.84

4 RT luc 4 2 259 0.82

5 RT_luc 5 2.5 97 0.84

6 RT_luc 6 3 32 0.88
RT Juc 1 K, = 10(9.798+8.671 log®-10g(0.5)(12.084+8.296 log P)) (11a)
RT luc 2 KZ — 10(9.798+8.671logd)—log(l.o)(12.084+8.296 log @) (11]3)
RT luc 3 K; = 10(9.798+8.671 logd-10g(1.5)(12.084+8.296 log P)) (11c)
RT luc 4 K4 — 10(9.798+8.671 log®-10g(2.0)(12.084+8.296 log ®)) (11d)
RT luc 5 Ks = 10(9-798+8.671 log®—10g(2.5)(12.084+8.296 log P)) (11e)
RT luc 6 K, = 10(9.798+8.671 logd-10g(3.0)(12.084+8.296 log ®)) (11)

Table 6. Comparison the correlation coefficient (R?) for 5 rock typing methods in this study.

GHE

HFU Winland R3s

Pittman Ras

Lucia

R2

0.95

0.97 0.94 0.95

0.89
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understanding of rock types. These rock types
have been used to predict permeability and water
saturation using ] functions method (Leverett,
1941). This would be implemented in the future
study.
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