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Abstract. In carbonate reservoirs, permeability prediction is often difficult due to the influence of various 

geological variables that control fluid flow. Many attempts have been made to calculate permeability from 

porosity by using theoretical and empirical equations. The suggested permeability models have been 

questionable in carbonates due to inherent heterogeneity and complex pore systems. The main objective of 

this paper is to resolve the porosity-permeability relationships and evaluate existing models for predicting 

permeability in different carbonate rock types. Over 1000 core plugs were studied from 7 different carbonate 

reservoirs across the Middle East region. The plugs were carefully selected to represent main property 

variations in the cored intervals. The data set available included laboratory-measured helium porosity, gas 

permeability, thin-section photomicrographs and high-pressure mercury injection. Plug-scale X-ray CT 

imaging was acquired to ensure the samples were free of induced fractures and other anomalies that can affect 

the permeability measurement. Rock textures were analyzed in the thin-section photomicrographs and were 

classified based on their content as grainy, muddy and mixed. Special attention was given to the diagenesis 

effects mainly compaction, cementation and dissolution. The texture information was plotted in the porosity-

permeability domain, and was found to produce three distinct porosity-permeability relationships. Each 

texture gave unique poro-perm trend, where the extent of the trend was controlled by diagenesis. Rock types 

were defined on each trend by detailed texture analysis and capillary pressure. Three different permeability 

equations (Kozney, Winland, Lucia) were evaluated to study their effectiveness in complex carbonate 

reservoirs. The texture-diagenesis based rock types provided more insight into the effects of geology on fluid 

flow and saturation. Available models may not fully describe permeability in heterogeneous rocks but they 

can improve our understanding of flow characteristics in various rock types. 

1 Introduction  

Core laboratory measurements can have a major impact 

on the reservoir modeling process [1]. Such 

measurements often yield unrepresentative results that 

raise questions about the effectiveness of the core data in 

the reservoir model and its calibration. This is partly 

related to the lack of understanding of reservoir 

heterogeneity as well as to the unrepresentative selection 

of plug samples. As a result, the data is often left 

unexplained, and there would be no link between the 

macroscopic measurements and fundamental microscopic 

properties or geological heterogeneities in the core [2]. 

Carbonates have complex and multimodal pore systems, 

therefore variation of permeability at single porosity can 

be very large (three to five orders of magnitude). This 

leads to poor porosity-permeability relationships [3] and 

imposes a challenge in classifying carbonates into rock 

types for proper permeability prediction. The porosity-

permeability relationships can be resolved by additional 

information about the pore system, which is mainly 

related to the rock microstructure (texture) being grainy, 

muddy or mixed. The microstructure information can be 

obtained from thin-section photomicrographs. The 

microstructure (or texture) of the rock defines the pore 

geometrical properties regarding flow of fluids through 

the core and thus largely determine absolute permeability. 

The pore geometrical properties are mainly related to the 

medium of flow (texture), tortuosity and surface area. In 

this study, plug samples were selected to represent 

statistical distribution of porosity and textures in the 

reservoir cores. The porosity log was initially derived 

from dual energy core CT scanning [4] while the different 

textures were identified in the X-ray CT images [5]. The 

microstructure information of the plugs was confirmed 

from thin-section photomicrographs, and was plotted in 

the porosity-permeability domain. Samples with grainy 

microstructure gave high permeability while muddy 

samples showed lower permeability for the same porosity. 

The porosity and permeability data were fitted into unique 

trends based on the textural analysis. The different trends 

were mainly controlled by the different rock 

microstructures whereas the extent of the trend was due to 

different diagenesis processes (e.g. dissolution, 

cementation and compaction). Different permeability 

models were studied and evaluated for the established 

rock types.  

2 Porosity-Permeability Relationships  

In an earlier investigation [6], we studied 5 carbonate 

reservoir cores to understand the porosity-permeability 

relationships. Each cored interval ranged from 300 to over 

500 feet, where some of the cores represented more than 

one formation. The cores were mainly limestone with 

highly varying porosity (~5% to 33%) and permeability 

(~0.01 mD to 5000 mD). Plug samples of 1.5” diameter 

were statistically selected to represent all the cored 

intervals. Two more reservoir cores were later evaluated, 

and all the 7 reservoir core (Poro-Perm) data are shown in 
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figure 1. The data present the conventionally-measured 

helium porosity and gas permeability on the selected 

plugs. The porosity and permeability data for each plug 

were associated with the sample texture that was 

identified from the corresponding thin-section 

photomicrograph. Figure 1 shows three distinct porosity-

permeability trends from the analysed cores in all the 7 

reservoirs. The textures of the samples were classified as 

grainy, mixed and muddy [7]. All the textures revealed 

large porosity ranges, which was the result of different 

degrees of leaching, cementation and compaction (i.e. 

diagenesis). The different textures had clear effects on the 

porosity-permeability relationships. The analysed 

samples and the porosity-permeability relationships are 

believed to be representative to the reservoir properties. 

This was possible by applying statistical sample selection 

based on high-resolution dual energy CT imaging of the 

entire cores [4,5,9]. The plugs were also imaged by X-ray 

CT to ensure the samples were free of induced fractures 

and other anomalies that may affect the permeability data. 

Without the plug-scale CT image it would not be possible 

to ensure representative plug measurements and thus 

conclusive poro-perm trends. More details on the 

importance of the plug CT can be found in [5]. The plug 

CT images were also used to select representative thin-

sections and MICP trims from the mother plugs. This is a 

crucial requirement in heterogeneous reservoirs, where 

heterogeneity can have dramatic effects at the centimeter 

scale [10]. In each of the 7 reservoirs, it was possible to 

establish relationships between porosity and permeability 

in accordance to textural variation. The grainy, mixed and 

muddy textures seem to be the main controlling 

parameters in this relationship. We can see distinct 

porosity-permeability trends in relation to the three 

identified textures. It is important to note that there was 

no evidence of any kind of poro-perm data cloud in any 

of the analysed cores [6]. All the poro-perm 

characteristics were classified and described based on the 

rock textures (and diagenesis). Although the rock 

microstructure appears to be the main control of flow we 

should also notice the effects of the porosity type. For 

instance, a muddy carbonate may have ‘touching vug’ 

porosity with a very high permeability. 

3 Texture-Based Rock Typing 

In this research, we studied the rock types of the samples 

within each texture trend. The rock types (along each 

poro-perm trend) were identified based on the link 

between the sample’s detailed Dunham texture [8], 

diagenesis and capillary pressure. Figure 2 shows 

examples from the effects of texture on capillary pressure 

(Pc) and pore-throat size distribution (PTSD) curves. The 

texture effect is shown for high porosity (around 25%) 

and low porosity (around 10%) samples (different 

diagenesis: here cementation). There is almost one order 

of magnitude (permeability) difference between the 

different textures at the same porosity. The grainy 

samples are characterised by larger pore throat sizes, 

lower entry pressure and higher permeability.  

 

 

Fig. 1. Texture-Diagenesis based Poro-Perm trends in the 7 

carbonate reservoirs in the Middle East region. Best fit along 

with correlation are given for each texture by power regression. 
 

 
Fig. 2. Effect of texture on Pc and PTSD (a) at high porosity and 

(b) at low porosity 

 

Initial water saturation (Swi) may not always be linked to 

permeability or texture in carbonates [12]. It is normally 

dependent on the Pc level as well as the percentage of the 

smallest pores in the rock beyond the applied Pc [11]. In 

figure 2a, for instance, the high-porosity muddy sample 

has lower Swi value (at high Pc) compared to the grainy 

and mixed texture samples. This is due to the fact that the 

mixed and grainy samples have more pore-throat fractions 

below 0.1micron as can be seen in the corresponding 

PTSD plot. Figure 3 shows the effect of porosity (mainly 

diagenesis) on the Pc and PTSD curves for each texture. 

It is seen that there is a good correlation between porosity 

and Swi within each texture: higher porosity within a 

single texture yields lower Swi. These plots demonstrate 

the influence of texture and diagenesis on petrophysical 

properties, hence confirming the importance of texture as 

(b) low porosity (~10%)

(a) high porosity (~25%)

0

20

40

60

80

0 0.2 0.4 0.6 0.8 1

O
/B

 P
c
 (
p
s
ia

)

Water Saturation (Fraction)

Grainy

Mixed

Muddy

0.0

0.2

0.4

0.6

0.8

1.0

0.001 0.01 0.1 1 10 100

D
is

tr
ib

u
ti
o
n
 F

u
n
c
ti
o
n
s

Pore Throat Radius (Microns)

Grainy

Mixed

Muddy

600mD60mD

5mD

0.0

0.2

0.4

0.6

0.8

1.0

0.001 0.01 0.1 1 10 100

D
is

tr
ib

u
ti
o
n
 F

u
n
c
ti
o
n
s

Pore Throat Radius (Microns)

Grainy cemented

Mixed cemented

Muddy cemented

0.1mD 60mD0.8mD

0

20

40

60

80

0 0.2 0.4 0.6 0.8 1

O
/B

 P
c
 (
p
s
ia

)

Water Saturation (Fraction)

Grainy cemented

Mixed cemented

Muddy cemented



 

a fundamental tool for rock typing. Furthermore, this 

analysis emphasizes the need of rock typing within single 

textures.  
 

 
Fig. 3. Effect of porosity (diagenesis) on the Pc and PTSD 

curves for each texture 

 

Fig. 4. Grainy Texture: 3 grainstone rock types. Samples from 

each RRT are presented with Pc/PTSD curves and a 

representative TS photomicrograph with Dunham classification. 

The poro-perm data are plotted with the main grainy trend from 

figure 1. Average Pc curves from all RRT’s are plotted together.   

4 The Rock Types 

The rock types were established along the main texture 

(poro-perm) trends. They were identified over each 

texture based on Dunham classification and different 

diagenesis processes. The different geologically-defined 

rock types were correlated reasonably well with the poro-

perm data and the MICP-derived Pc & PTSD curves. The 

mercury-derived Pc curves were converted to oil-water 

fluid system using interfacial tension of 32 mN/m.    

Figure 4 to figure 9 depict the main rock type 

characteristics found in the 7 carbonate reservoirs under 

study. Each figure gives all the rock types mainly within 

single texture classification along with their poro-perm 

data and mercury-derived Pc & PTSD. A representative 

thin-section photomicrograph is also depicted from each 

rock type. The main Dunham texture character of each 

rock type is indicated on the corresponding thin-section 

photomicrograph and in the legend of the poro-perm plot. 

The Pc curves are plotted in a semi-log format to show the 

capillarity behaviour more clearly. Within each rock type, 

all samples show consistent MICP and thin-section 

information with the poro-perm characteristics. A total of 

25 rock types have been observed in these reservoirs. 

Some of the different textures may show similar drainage 

capillary behaviour but they can still be identified as 

different rock types based on the poro-perm data and other 

geological attributes. These rock types honour geological 

and static rock properties that should be further validated 

against dynamic data (e.g. imbibition capillary pressure 

and relative permeability) for ultimate reservoir 

modelling studies [12]. In this rock typing work, we 

indicated all the geological textures that we encountered 

in the studied reservoirs. Some of these textures may not 

have significant effects on the petrophysical properties 

and hence some of the identified rock types may be 

grouped into single RRT for practical reasons.          

 

Grainy Texture: Grainstone RRT’s 

Figure 4 shows the grainy limestone rock types from the 

grainstone texture. There are 3 grainstone rock types with 

different degrees of cementation. The poro-perm data are 

plotted with the main grainy trend and show higher values 

than the average trend. The presence of cement largely 

affected the poro-perm characteristics and the 

corresponding Pc & PTSD curves. It is seen that the 

percentage of microporosity increases with cementation. 

The microporosity in these rock types is coming from 

micritization in the grains. 

 

Grainy Texture: Rudstone RRT’s 

In figure 5, five rock types were identified, mainly from 

the Rudstone texture. The rock types show very 

heterogeneous PTSD curves due to large variations in 

grain sizes and pore sizes with different diagenetic 

footprints such as leaching and cementation. The best 

quality rock is the rudstone-to-boundstone texture while 

the poorest quality rock is the cemented rudstone. Two 

rock types were seen from the rud/bound-to-floatstone 

with higher percentage of floatstone in the rud/bound to 

floatstone2 as labelled in the corresponding legend in the 

figure. The higher micrite content is reflected in the PTSD 

curves. One more rock type was seen in this group, which 

is the rud-to-grainstone texture with intraparticle porosity. 

The rud-to-boundstone RRT show a main PTSD peak at 

around 100microns (~1000mD). The cemented rudstone 

rock type gives wide PTSD, while the rest of the rock 

types show bimodal PTSD. 
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Fig. 5. Grainy Texture: 5 rudstone rock types.  

 

Grainy Texture: Dolostone RRT’s 

Figure 6 shows 4 dolomitic RRT’s with different degrees 

of leaching and compaction. The poro-perm data are seen 

lower than the average grainy trend. The rock types show 

narrow and uniform PTSD curves. 

 

Mixed Texture: Packstone RRT’s 

Figure 7 shows the mixed limestone rock types from the 

packstone texture. There are 5 packstone rock types with 

different degrees of leaching, compaction and 

cementation. The poro-perm data are plotted with the 

main mixed trend. The presence of cement and 

compaction largely affected the poro-perm characteristics 

and the corresponding Pc & PTSD curves. Samples with 

less compaction/cementation (i.e. > 1mD) show 

heterogeneous PTSD. 

 

Mixed Texture: Floatstone RRT’s 

In figure 8, three rock types were identified, mainly from 

the Floatstone texture. The main difference in these rock 

types is related to detailed textural facies with floatstone-

to-boundstone being the best quality with highest 

permeability range and lowest Pc entry pressure. The 

lowest quality rock type is the bioturbated floatstone-to-

packstone texture. The samples show the main PTSD 

peak less than 1micron. The tendency towards larger pore 

throats is caused due to leaching and presence of 

boundstone texture. 

Muddy Texture: Wackstone/Mudstone RRT’s 

Figure 9 depicts 5 rock types from the 

wackstone/mudstone textures. The poro-perm data and Pc 

curves are largely influenced by cementation, 

recrystallization and compaction. All the samples have 

permeability less than 10mD, Pc entry pressure above 

10psi (oil-water) and pore-throat radius below 1micron. 

 

Fig. 6. Grainy Texture: 4 dolostone rock types.  
 



 

 

Fig. 7. Mixed Texture: 5 packstone rock types.  

5 Permeability Estimation 

Permeability estimation is an important step in reservoir 

characterisation for effective modeling of water-flood 

performance and subsequent Enhanced Oil Recovery 

(EOR) processes. The ultimate goal is to obtain 

permeability description as a function of reservoir space. 

This would require accurate determination of 

permeability versus depth in all logged wells in a field. 

This is normally achieved by the use of cross-plots of core 

permeability versus core porosity from log-derived 

porosity in uncored wells. The main aim of this research 

is to study the dependence of permeability on porosity and 

other geological attributes to provide guidelines for the 

establishment of accurate porosity-permeability cross-

plots. 
 

 

 
Fig. 8. Mixed Texture: 3 floatstone rock types.  

 

5.1 Kozeny-Carmen Equation 

Amaefule [13] proposed a permeability (k) model for 

identifying hydraulic units within mapable geological 

facies. The model is based on a modified Kozeny –

Carmen equation and the concept of mean hydraulic 

radius. They derived equation (1), which indicates that for 

any hydraulic unit, a log-log plot of RQI versus Фz should 

yield a straight line with a unit slope, 

                                  RQI = Фz.FZI  (1) 

Where,  

RQI is the Reservoir Quality Index (µm), 0.0314√(k/Ф). 

Фz is the Normalized Porosity Index (NPI), Ф/(1-Ф). 

FZI is the Flow Zone Indicator (µm); a unique parameter 

for each hydraulic unit, and is determined from the 

intercept of the unit slope line with Фz = 1. 

 

Equation (1) is a reduced form of the modified Kozeny-

Carmen equation below, 

 

      0.0314√(k/Ф)=[Ф/(1-Ф)][1/(√(Fs) τ.Sgv )]       (2) 

Where, 

Fs stands for a shape factor (2 is for circular cylinder) 

𝜏 is the Tortuosity of the porous medium 

Sgv is the surface area per unit grain volume 

 



 

 

Fig. 9. Muddy Texture: 5 wackstone/mudstone rock types.  

 

It is clear (from equations (1) and (2)) that FZI is related 

to the geological properties of the porous medium, being 

inversely proportional to the pore (throat) attributes. 

Therefore, samples with similar FZI value would 

constitute single hydraulic unit that is mainly defined by 

texture, poro-perm and capillary pressure.  

 

Equation (3) is a developed relationship between 

permeability and FZI, derived from the generalized form 

of the Kozeny-Carmen relationship [13], 

 

                      k=1014 (FZI)2 [Ф3/(1-Ф)2]                       (3)  

 

This permeability model has a theoretical basis with only 

one parameter, FZI, which offers a significant advantage 

over other methods for estimating permeability in un-

cored wells [14]. Hence, it would be an excellent 

opportunity to use the well-established rock type data in 

the earlier section to examine the effectiveness of 

equation (3) in carbonate reservoirs. We should bear in 

mind that the theoretical equation is not expected to 

precisely model the measured poro-perm data because the 

derivation of the equation was made with certain 

assumptions that may not necessarily hold for natural 

porous media; the primary assumption is that the rock is 

composed of a bundle of capillary tubes [14,15]. 

 

 
Fig. 10. RQI versus NPI for all the poro-perm data (from figure 

1) plotted using equation 1. Grainy samples show an average 

FZI value of 3.5, Mixed 0.9 and Muddy 0.35.  

 

Figure 10 plots the poro-perm data from figure 1 in the 

domain of RQI and NPI using equation (1). The grainy 

texture samples gave an average FZI of 3.5 while the 

mixed and muddy textures give FZI of 0.9 and 0.35, 

respectively. From equation (2), FZI is inversely 

proportional to pore shape, tortuosity and surface area. 

This means FZI is expected to be higher for porous media 

characterised by smaller surface area like the grainy 

texture, which is indeed consistent with the behaviour in 

figure 10. The pore shape factor and tortuosity may vary 

between textures and it would be more difficult to 

conclude about their effects on FZI. Actually, these pore 

throat attributes may vary within the same texture due to 

complex diagenesis processes, and this may explain the 

variation we already see in permeability within the same 

texture and porosity. Nevertheless, the strong trend we see 

between FZI and texture indicates the strong control of 

surface area on fluid flow in these carbonates. Figure 11 

is rather a good representation of the FZI trends in the 

porosity-permeability domain by the use of equation (3). 

Figure 12 depicts the different grainy RRT’s in the poro-

perm plot. The data can be fitted with 3 different FZI 

values. The clean and partially cemented grainstone with 

Rud-to-Boundstone RRT’s show similar FZI value of 6.5. 

The porous/leached dolomite with the Rud/Bound-to-

floatstone RRT’s have FZI 3.5. Less leached/compacted 

dolomite, highly cemented grainstone, rud-to-grainstone 

and cemented rudstone FZI value is 2. This clearly shows 

that FZI is not unique per RRT for the grainy texture 

samples. This statement is rather emphasized in figure 13, 

where the samples with similar FZI values are plotted 

together. Large variations are clearly seen in the Pc curves 

and pore structure (from thin-section photomicrographs) 



 

within samples of the same FZI (even within similar 

porosity range). This means FZI cannot be considered as 

a good parameter to characterize hydraulic units, which 

are normally defined by texture, porosity-permeability 

characteristics and capillary pressure.  

 

 
Fig. 11. Permeability versus porosity for all the poro-perm data 

(from figure 1) with FZI trends plotted from equation (3).  

 

 
Fig. 12. Highlighted grainy RRT’s with 3 different FZI values. 

Clean and partially cemented grainstone with Rud-to-

Boundstone gave FZI 6.5. Porous/leached dolomite with 

Rud/Bound-to-floatstone FZI 3.5. Less leached/compacted 

dolomite, highly cemented grainstone, rud-to-grainstone and 

cemented rudstone FZI 2. FZI is not unique per RRT.  

 

Figure 14 shows the mixed-texture RRT’s with 2 different 

FZI values. The leached texture RRT’s (i.e. packstone-to-

grainstone, floatstone-to-boundstone and packstone) give 

FZI of 1 with porosity higher than 20%. The less leached 

textures give FZI 0.55 with the same porosity range. 

However, the cemented/compacted textures also give FZI 

0.55 with porosity less than 20%. Figure 15(a) shows that 

the leached textures have similar RRT characteristics with 

similar FZI of 1. The less leached textures of similar 

porosity range (figure 15(b)) also show similar RRT 

characteristics and FZI of 0.55. The cemented/compacted 

packstone samples in figure 15(c) do not show the same 

consistency between FZI and the Pc curves.  

 

(a) Grainy samples with similar FZI=6.5 

 

(b) Grainy samples with similar FZI=3.5 

 

(c)  Grainy samples with similar FZI=2 

 
Fig. 13. Grainy RRT samples grouped by FZI. Samples with 

same FZI may not necessarily be of same RRT or demonstrate 

similar hydraulic flow unit. 

 



 

 

Fig. 14. Highlighted Mixed-texture RRT’s with 2 different FZI 

values. Leached texture RRT’s give FZI of 1 with porosity 

higher than 20%. Less leached textures give FZI 0.55 with the 

same porosity range. Cemented/compacted textures give FZI 

0.55 with porosity less than 20%. 

 

(a) Mixed-texture samples with FZI 1.0 (high porosity) 

 

(b) Mixed-texture samples with FZI 0.55 (high porosity) 

 

(c) Mixed-texture samples with FZI 0.55 (low porosity) 

 

Fig. 15. Mixed RRT samples (from figure 14) grouped by FZI. 

Semi-log and linear scale Pc plots (along with corresponding TS 

photomicrographs). (a) Packstone-to-grainstone, floatstone-to-

boundstone and leached packstone show similar RRT 

characteristics and FZI 1.0. (b) Less leached floatstone-to-

boundstone and floatstone-to-packstone show similar RRT 

characteristics and FZI 0.55. (c) cemented/compacted packstone 

show different RRT’s characteristics with similar FZI 0.55. (b) 

& (c) RRT’s are very different and yet have similar FZI 0.55.  

Moreover, samples in figure 15(b) and 15(c) do not give 

similar RRT characteristics although the samples have the 

same FZI of 0.55. Those RRT’s could then be 

differentiated with a porosity cut-off around 20% based 

on the detailed Dunham classification as demonstrated in 

figure 14. For the muddy RRT’s, figure 16 groups all the 

data with 3 different FZI values. The leached wackstone 

and the leached mudstone samples have FZI values of 

0.45 and 0.35, respectively. The recrystallized, compacted 

and cemented wackstone and mudstone samples all have 

FZI of 0.25 (porosity < 17%). Figure 17 shows 

consistency in the Pc and FZI for the leached wackstone 

and mudstone RRT’s. However, the tighter RRT’s have 

shown different Pc behaviour with similar FZI of 0.25.  

 

 
Fig. 16. Highlighted muddy RRT’s with 3 different FZI values. 

Leached wackstone FZI 0.45. Leached mudstone FZI 0.35. 

Recrystallized/compacted/cemented wackstone and mudstone 

samples FZI 0.25 (porosity < 17%).  

 

 
Fig. 17. Muddy RRT samples grouped by FZI.  

 

5.2 Lucia Equation 

 

This empirical method handles permeability in carbonates 

on the basis of rock-fabric classification, where the flow 

is related to interparticle porosity [17]. The classification 

is based on the so called Rock Fabric Number (RFN) that 

is empirically derived from porosity-water saturation 

relationships in a number of carbonate samples. Equation 

(4) and (5) give the empirical calculations of RFN 

(unitless) and permeability (mD), respectively, 

 

logRFN=                                                                       (4) 

(3.1107+1.8834logΦg+logSwi)/(3.0634+1.4045logΦg)  



 

 

logk=            (5) 

9.7982–12.0838logRFN+(8.6711–8.2965log RFN)logΦg 

             

Where 

  Φg is the inter-grain porosity (frac) 

  Swi is the initial (connate) water saturation (frac) 

 

Equation (4) is constructed on the basis that Swi decreases 

with porosity for every rock fabric class. Each RFN would 

have a unique porosity-Sw trend such that RFN increases 

with Swi for a given porosity. Equation (5) is designed 

such that permeability decreases with higher RFN for a 

given porosity. This would then indicate that RFN is 

expected to increase as we move from the grainy-texture 

RRT’s to the muddy RRT’s. In this perspective, an 

increase in RFN indicates an increase in surface area, 

hence RFN would be viewed as directly proportional to 

tortuosity and surface area (opposite to FZI as explained 

earlier). Nevertheless, the main issue with this method is 

the fact that it relies on a measure of inter-grain porosity 

excluding secondary porosity such as vuggy and moldic 

porosity, which is abundant in carbonate reservoirs. 

Figure 18 plots log-log scale permeability versus porosity 

for all the poro-perm data (from figure 1) with Lucia 

trends constructed from equation (5). Grainy samples 

show an average RFN 1.7, Mixed 2.85 and Muddy 3.65. 

Figure 19 gives the semi-log scale plot of figure 18. 

Because of the difficulty to quantify the interparticle 

porosity, the plots are given with the total porosity. As 

with the Kozeny-Carmen model, Lucia shows good 

overall match to the experimental data except the grainy 

texture RRT’s. This is clearly caused by the high degree 

of heterogeneity of the grain-size and pore-size systems 

found in grain-dominated carbonates. The mud in the 

system seems to produce more unique porosity-

permeability relationship, which has been well captured 

by both investigated models so far (i.e. eq. (3) & eq. (5)). 

Figure 20 depicts the different grainy RRT’s in the poro-

perm plot. The data can be fitted with 3 different RFN.  

 

 
Fig. 18. Log-log scale permeability versus porosity for all the 

poro-perm data (from figure 1) with Lucia trends plotted from 

equation (5).  

 
Fig. 19. Semi-log scale of figure 18. 

 

 
Fig. 20. Highlighted grainy RRT’s with 3 different RFN values. 

Both partially & highly cemented grainstone RRT’s gave RFN 

0.75. Clean grainstone, Rud-to-Boundstone, low-porosity 

rud/bound-to-floatstone and cemented rudstone all gave RFN 

around 1.6. Dolomite with high-porosity Rud/Bound-to-

floatstone and rud-to-grainstone gave RFN 2.1. This is a 

different classification to FZI from figure 12. RFN is not unique 

per RRT either.  

 

The grouping seem to be different from FZI. RFN 1.6 

grouped the clean grainstone RRT together with Rud-to-

Boundstone, low porosity Rud/Bound to floatstone and 

cemented rudstone. The moderately and highly cemented 

grainstone RRT’s were grouped together with a low RFN 

0.75. RFN of 2.1 grouped the rest of the RRT’s (i.e. all the 

dolomite RRT’s together with the high porosity 

Rud/Bound-to-floatstone and the rud-to-grainstone). 

These rock types are very heterogeneous with diversified 

diagenesis processes that produce large grain and pore 

0.01

0.10

1.00

10.00

100.00

1000.00

10000.00

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0

P
e

rm
e

ab
il

it
y,

 m
D

Porosity, %

Clean Grainstone

Partially cemented Grainstone

Highly cemented Grainstone

Rud-to-Bound

Rud/Bound-to-Float

Rud-to-Grainstone

Cemented Rudstone

Porous dolostone

moderately leached dolomite

moderately comp dolomite

higly comp dolomite

RFN 0.75

RFN 1.6

RFN 2.1

RFN 0.75 RFN 1.6

RFN 2.1



 

size variations, which may not be captured in a single 

model. Figure 21 shows the mixed-texture RRT’s with 2 

different RFN. The leached texture RRT’s (i.e. packstone-

to-grainstone, floatstone-to-boundstone and packstone) 

give RFN of 2.7. The less leached textures give RFN 3.2. 

This is almost a similar behaviour to the FZI model. For 

the muddy RRT’s, figure 22 groups all the data with 2 

different RFN only. The leached wackstone and the 

leached mudstone samples have RFN values of 3.45 and 

3.75, respectively. The low porosity recrystallized, 

compacted and cemented wackstone and mudstone 

samples all have similar RFN of 3.75.  

 

 
Fig. 21. Highlighted Mixed-texture RRT’s with 2 different RFN 

values. Leached texture RRT’s give RFN 2.7 with porosity 

higher than 20%. Less leached textures give RFN 3.2 with the 

same porosity range. Cemented/compacted textures give RFN 

3.2 with porosity less than 20%. 

 

 
Fig. 22. Highlighted muddy RRT’s with 2 different RFN values. 

Leached wackstone RFN 3.45. Leached mudstone RFN 3.75. 

Recrystallized/compacted/cemented wackstone and mudstone 

samples RFN 3.75 (porosity < 17%).  

 

5.3 Winland Equation 

 

Dale Winland of Amoco [18] used mercury injection-

capillary pressure curves to develop an empirical 

relationship between porosity, permeability and pore 

throat radius (r). He tested sandstone and carbonate 

samples, and found that the effective pore system that 

dominates flow through a rock corresponds to a mercury 

saturation of 35%. He named that pore system r35. That 

pore system has pore throat radii equal to the pore throats 

entered when a rock is saturated 35% with a non-wetting 

phase. After 35% of the pore system fills with a non-

wetting phase fluid, the remaining pore system does not 

contribute to flow. Instead, it contributes to storage. 

Winland never published his equation, rather it was later 

published by Kolodzie as in equation (6) below, 

 

Log(r35) = 0.732 + 0.588logk - 0.864logΦ                (6)  

             

Where 

 r35 is the pore throat radius at 35% mercury saturation 

(micron)  

 Φ is the porosity (%) 

 k is the uncorrected air permeability (mD) 

 

 

 
Fig. 23. Permeability versus porosity for all the poro-perm data 

(from figure 1) with r35 trends plotted from equation (6). The 

Winland trends have very different slopes compared to the 

texture-based experimental behaviour.   



 

 

Fig. 24. Highlighted grainy RRT’s with 4 different r35 micron 

values. Porous dolostone, clean grainstone, rud-to-boundstone 

and high porosity rud/bound-to-floatstone gave simailr r35 of 15 

microns. Moderately leached dolomite with low porosity 

rud/bound-to-floatstone and the moderately cemented 

grainstone all gave r35 of 7 micron. Cemented/compacted 

dolomite together with cemented rudstone and rud-to-grainstone 

gave r35 of 3 microns. The highly cemented grainstone showed 

the least r35 at 1.2 microns.  

 

Fig. 25. Highlighted Mixed-texture RRT’s with 4 different r35 

micron values.  

 

It is claimed that this method provides a more scientific 

approach for rock quality characterisation than simply 

using the porosity-permeability distribution. It was used 

to identify flow units in the reservoir by computing r35 

from porosity and permeability, where the flow units are 

grouped by the size of the pore throats [19]. To evaluate 

this method, figure 23 gives the permeability versus 

porosity for all the poro-perm data (from figure 1) with 

Winland r35 trends constructed from equation (6). 

 

Fig. 26. Highlighted muddy RRT’s with 5 different r35 values.  

 

Grainy samples show an average r35 of 7 microns, Mixed 

2 microns and Muddy 0.5 microns. The Winland trends 

have very different slopes compared to the texture-based 

experimental behaviour with minimal coverage of the 

texture trends. It is clear that r35 analysis has no strong 

link to the geology of the rock types. The previous 

approaches (FZI & RFN) seem to better honour the 

geology of the samples within the porosity-permeability 

domain. Figure 24 highlights the grainy RRT’s with 4 

different r35 micron values. Porous dolostone, clean 

grainstone, rud-to-boundstone and high porosity 

rud/bound-to-floatstone gave similar r35 of 15 microns. 

Moderately leached dolomite with low porosity 

rud/bound-to-floatstone and the moderately cemented 

grainstone all gave r35 of 7 micron. Cemented/compacted 

dolomite together with cemented rudstone and rud-to-

grainstone gave r35 of 3 microns. The highly cemented 

grainstone showed the least r35 at 1.2 microns. These 

fitting r35 values do not necessarily reflect the true r35 of 

the samples and the permeability predictions based on 

equation (6) vary within +/- factor of 5. This method gives 

a very different classification to FZI and RFN from figure 

12 and figure 21, respectively. R35, again, does not 

provide unique flow units (RRT’s) in the reservoir. Figure 

25 highlighted the mixed-texture RRT’s with 4 different 

r35 micron values. Leached texture RRT’s (with porosity 

higher than 18%) gave average micron range 2.6 to 1.3 

microns, while less leached textures (with lower porosity 

range) gave r35 values between 0.5 and 0.22 microns. 

Figure 26 highlights the muddy RRT’s with 5 different 

r35 values. Leached wackstone and mudstone RRT’s gave 

r35 range between 1 and 0.4 microns. 

Recrystallized/compacted/cemented wackstone and 

mudstone samples show average range of r35 between 

0.27 and 0.15 microns. While the porosity-permeability 

relationship can be described by one or two trends using 

FZI or RFN, Winland models the permeability with 5 

trends based on varying pore sizes in the muddy RRT’s. 
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