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ABSTRACT 
Petrophysical units, also called rock-types, are usually defined to help the reservoir engineers 
to assign petrophysical characteristics to different zones of a reservoir. Estimate of initial 
hydrocarbons in place accounts for such petrophysical units which are usually generated, 
using both single-phase data, i.e. porosity, permeability, and two-phase drainage data (i.e 
capillary pressure curve) and coupled with sedimentological descriptions. It is then frequently 
assumed that these rock-types are valid to assign two-phase flow characteristics, such as 
relative permeability curves, to a reservoir, whatever the recovery process. This paper shows 
that this assumption is often not correct, using several field examples, including sandstone and 
carbonate reservoirs. Based on a large number of core flood results, it is shown that the usual 
rock-typing methods may not capture the actual variability of relative permeability curves. It 
is also shown that: 1) Multivariate descriptions, including petrophysical characteristics and 
wettability indicators,  should be the basis for the generation of multiphase flow rock-types. 2) 
Two-phase flow rock-types should be dependent on the recovery process. 
Consequences on sampling for coreflood programmes, as well as inputs of simulation models 
are pointed out. 

INTRODUCTION 
Multi-phase flow Rock- Typing is usually performed in the industry using two different ways:  
routinely defined and SCAL defined Rock Types (RT). 

Routinely defined Rock Types: Porosity, permeability, grain density, mercury injection 
capillary pressure curves, are often used as markers of the geometry of rock pore networks. 
The available data are clustered in subsets having similar flow and storage capacity. These 
petrophysical groups are then compared to mineralogical data and sedimentological 
descriptions. The opposite process is also carried out: facies are defined using depositional or 
diagenetic criteria and then compared to poroperm data. The relationships revealed by these 
comparisons are used to tie the petrophysica l to the geological model. This approach is largely 
used in combination with log-typing to estimate initial hydrocarbons in place. 

High quality core flood tests are often time-consuming and a limited number of tests are 
usually performed. The selection of samples is an important step to achieve representative Kr 
curves. Petrophysical groups are usually available at this step and are often used for this 
selection process: a core flood experiment is generally performed on representative samples 
of each reservoir quality rock type. This approach is extensively used in the industry [1-3]. It 
is worth noting that these a priori  (or routinely defined) Kr rock types are only based on 
markers of the geometry of the pore system. 



SCAL defined Rock Types: Looking at a large Kr data set reveals a different picture. Two-
phase relative permeability data often present a wide range of scattering. Once a detailed 
inspection of experimental conditions and interpretation pitfalls has been carried out, and a 
significant number of core flood tests have been disregarded, it is our experience that there is 
still a large amount of scatter. This is confirmed by several studies where high quality results 
have been selected from a larger set of Kr results [4-6]. Should a pessimistic, intermediate and 
optimistic set of Kr curves be input separately, the three simulation runs often result in 
significant differences in reserves. This sensitivity to Kr curves highlights the need to 
decipher their variability within a reservoir, put in evidence the control parameters, and define 
a posteriori Kr Rock-Types, used to assign relative permeability curves to each zone of a 
reservoir. 

It is generally agreed that two and three phase flow properties are the composite effect of 
wettability, interfacial tension, pore geometry, fluid distribution and saturation history. This 
study is focused on recovery processes where interfacial tension and saturation history remain 
constant. Therefore, it is interesting to observe for each type of recovery process the relation 
between relative permeability and some indicators of: 
• The pore geometry or the pore network topology, such as porosity, permeability, drainage 
capillary pressure curve, NMR T2 distribution, distribution of pore sizes from visual 
observation, amount of microporosity, amount of clays and micas and combinations of these 
parameters 
• The wettability, such as initial water saturation, height above contact, amount of Insoluble 
Organic Carbon (IOC), amount of some other mineralogical components 
If acceptable trends of some key features of the relative permeability curves are obtained as a 
function of these indicators, Kr Rock-Types can then be defined as “units of rock 
characterised by similar range of pore geometry/topology and wettability indicators resulting 
in a unique relative permeability-saturation relationship.” 

In the following, we will offer a brief review of the literature on the relation between relative 
permeability curves and pore geometry/topology and wettability. In a second part, two 
sandstone cases and one carbonate case are presented and trends between Kr curves and pore 
geometry/topology and wettability are demonstrated. The upscaling issue appearing when a 
detailed description of a reservoir needs to be degraded to comply with coarse grids is beyond 
the scope of this paper. 

The Effect of the Pore Network Characteristics on Relative Permeability Curves 
The effect of the pore network characteristics on relative permeability curves has long been 
studied. Wardlaw and Cassan [7] showed a relation between the mercury recovery efficiency 
during imbibition and porosity, but none with permeability. Later they measured residual oil 
saturation on 22 sandstones and 19 carbonates [8], under water-wet conditions, and found a 
weak correlation between Sorw and porosity or pore throat/pore size ratio. But he pointed out, 
after observations on glass micromodels that while pore geometry controls trapping in 
strongly wetted systems, pore geometry appears to be of reduced significance under 
conditions of intermediate wetting [9]. Chatzis et al. [10] performed waterflood experiments  
under water-wet conditions, in random packs of equal spheres, heterogeneous packs of 
spheres with microscopic and macroscopic heterogeneities and Berea sandstone. They 



concluded that 1) residual oil saturations are independent of absolute pore size in systems of 
similar pore geometry, 2) well- mixed two-components give the same residual saturations as 
random packings of equal spheres, 3) clusters of large pores accessible through small po res 
retain oil, 4) high aspects ratios tend to cause entrapment of oil 5) the role of pore-to-pore 
coordination number is generally secondary. The effect of the aspect ratio was also 
highlighted by Roof [11] and Mohanty et al. [12].  
Several attempts were also made to correlate two-phase flow results and other rock 
characteristics for reservoir studies. Some were rather successful [5, 13, 14, 15] whilst other 
failed [16].  

The Effect of  Wettability on Oil Recovery and Relative Permeability Curves: 
The effect of wettability on oil recovery and water-oil relative permeability curves has 
received a lot of attention over the past 30 years. Detailed consideration is beyond the scope 
of this paper. However, it is crucial to highlight that a lot of experimental work illustrated 
that, for a given sample, and then a given geometry of the pore network, changes in 
wettability do have a strong influence on oil recovery by waterflooding or water-oil relative 
permeability curves. Owens and Archer [17] showed very different imbibition water-oil 
relative permeability curves for the same Torpedo sandstone quality as the oil-water contact 
angle changes. Later on, through a famous series of studies, Morrow and co-workers and 
other authors demonstrated that the efficiency of oil recovery by waterflooding on companion 
samples was extremely sensitive to all parameters which might produce wettability changes. 
[18-21]. These changes had significant effects on waterflooding efficiency, the highest 
ultimate oil recoveries were obtained in the neutral wet systems, and the lowest recoveries in 
the oil-wet systems.  
For other types of recovery mechanisms, the influence of wettability was also illustrated. 
From their work on three phase flow on sandstone and reservoir cores, Schneider and Owens 
[22] pointed out that rock type appears to have less influence on flow relationships than does 
rock wetting preference. Keelan and Pugh [23] showed that in a water-gas system, when the 
rock is not strongly water-wet, lower trapped gas by water displacement is achieved than 
when gas is displaced by a strongly wetting fluid, such as oil. 
This abundance of well-documented studies highlights the observation that the geometry of 
the pore system is not the only controlling factor of microscopic efficiency. 

Wettability Variations Within a Reservoir: 
Although a wide range of wetting conditions have been encountered from one reservoir to 
another as pointed out in many previous studies [6, 24-26], it is usually assumed that this 
variability is mainly related to variations in oil and brine compositions, temperature, and 
charges on mineral surfaces. Therefore it is often implicitly assumed that the wettability does 
not change within a reservoir. In such conditions, attempting to determine in-situ reservoir 
wettability and to reproduce it during coreflood experiments are the two main issues. But once 
a good recipe to reproduce reservoir wettability has been achieved, sampling is usually 
focused on variations of pore network geometry, as the wettability is assumed to be constant 
throughout the reservoir. 
Jerauld and Rathmell [4] showed that the Amott wettability Index of Prudhoe Bay varies from 
+0.3 near the water-oil contact to –0.1 at the top of the structure. In the same way, samples 
cored in the upper part of the structure were found to have more oil-wet relative permeability 



than those taken low in the structure. Hamon and Pellerin [27] illustrated that the water-oil 
relative permeability of a North Sea sandstone reservoir was also varying with the elevation 
above the initial water-oil contact and with permeability. The end-point Krw(Sorw) increased 
from low values downstructure to high values for samples located upstructure. Hamon [28] 
showed that the wettability index to water decreased upwards, from strongly water-wet 
(Iw=0.6) near the water oil contact to very weakly water-wet (Iw=0.1), 120 m above the 
WOC. Okasha et al. [29] showed wettability index varying from –0.02 to 0.4 in the oil zone 
with a clear tendency of increasing water-wet characteristics with depth in a Saudi carbonate 
reservoir. Trends in water/oil relative permeability in this reservoir were also in agreement 
with the evolution of wettability with depth. These four examples illustrate that very large 
variations of wettability may occur within a reservoir and that the Kr curves may vary 
accordingly.  
 
RESULTS 
Fontainebleau Sandstone : 
The Fontainebleau Sandstone is a strongly water-wet outcrop rock. Figure 1 shows that the 
residual oil saturation after waterflooding of a refined oil is strongly correlated to porosity (or 
permeability). Figure 1 also shows that the residual gas saturation after waterflooding is even 
more correlated to porosity [14]. This confirms that there is a good agreement between 
residual non-wetting saturations achieved during the imbibition process whatever the type of 
fluids used provided that strongly wetting conditions exist. In such cases, the geometry of the 
pore network, as reflected by porosity, permeability, mercury injection capillary pressure 
curves, or other indicators, control the efficiency of the waterflood displacement. These 
parameters can be rightfully used to generate Rock-Types. 

But the strong wettability to water of the Fontainebleau Sandstone can be altered if contact 
with reservoir crude oils is allowed. A wid e range of wetting conditions can be achieved by 
varying the oil nature, the aging time, the suite of solvents [25,30]. Figure 2 summarises 
available results and compares the residual oil saturations achieved at water-wet conditions 
[31] with those at weakly water or oil- wet conditions. When water-wet conditions exist, Sorw 
is strongly correlated to porosity, but when intermediate or neutral conditions prevail, Sorw is 
only weakly related to porosity or permeability. Figure 3 shows that both the Amott 
wettability index and the porosity control Sorw when the rock is no longer strongly water-wet. 
Sorw decreases as porosity increases and as wettability index decreases. In such a case, it 
would not be justified to use routinely defined Rock-Types based on porosity or permeability, 
as they capture only on small part of the variation of Sorw. 

This example also illustrates that the Rock-Types should depend on the recovery process. 
Assume a field with an oil rim underlying a gas-cap. When the gas cap is depleted, the  aquifer 
will encroach into the reservoir and sweep oil and gas. If the oil rim is not strongly water-wet, 
the RTs used for the water/oil displacement are likely to be poorly defined by indicators of 
pore geometry whereas those used to describe the water (oil)/gas displacement are likely to be 
well represented by rock quality indicators (see figure 1). If the oil rim is strongly water-wet, 
the RTs used for both the water/oil and water (oil)/gas imbibition displacement might be only 
functions of porosity, or permeability (or a combination) (see Figure 1). 



Field Case A: 
A series of unsteady-state, primary drainage, gas floods was performed on thirteen long core 
samples of a West Africa, sandstone reservoir. Gas/oil relative permeability curves in 
presence of connate water saturation were achieved by history match of experimental data 
using a coreflood simulator which incorporates viscous, capillary and gravity forces. The 
Krgo/Krog curves exhibited a significant scatter. Each curve was satisfactorily represented by 
functional forms, as followed: 
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The exponent no of the oil relative permeability, known to have a large effect on the 
efficiency of oil by gravity drainage, is represented in Figures 4 and 5 as a function of 
porosity and permeability. There is a very good relationship between the shape of the oil 
relative permeability curve and porosity, permeability or a combination of both parameters. 
The oil relative permeability becomes more optimistic as permeability or porosity increases. 
The oil relative permeability can also be linked to the shape of the capillary pressure curve. If 

the drainage Pc curve is represented by: [ ] λ−= PcASw . , figure 6 shows that there is a good 
correlation between the shape factor λ of the Pc curve and the shape of the oil relative 
permeability. When λ is large ( sharp pore size distribution ) the oil relative permeability 
curves are rather optimistic, but when λ is small ( wide pore size distrib ution ), the oil relative 
permeability curves are rather pessimistic. This is very similar to what was predicted by the 
Brooks and Corey equation. 
Clearly for this reservoir, the geometry of the pore network, as reflected by porosity, 
permeability or the the drainage capillary pressure largely controls the gas-oil Kr curves. 
Classification and clustering of gas-oil relative permeability curves can be performed using 
one or two of these three parameters as main controls. 

A series of unsteady-state, primary imbibition, water floods was performed on sixteen other 
long core samples of the same reservoir. Samples were cored with water-based mud, 
preserved, cleaned and restored at reservoir temperature. Water/oil relative permeability 
curves were achieved by histo ry match of experimental data using a coreflood simulator 
which incorporates viscous, capillary and gravity forces. The oil/water viscosity ratio is 
favourable, and the microscopic efficiency of the waterflood hinges mainly on the high water 
saturation range of the relative permeability curves. Therefore, for the sake of simplicity, we 
have selected three key parameters to represent the waterflood results: the average water 
saturation behind the front at water breakthrough, the “residual” oil saturation: So rw which 
corresponds to Krow=10-4, and the “endpoint” water relative saturation, Krw(Sorw), which 
also corresponds to Krow=10 -4  

There is a significant scatter: Sorw ranges from 0.1 to 0.225, Krw(Sorw) varies from 0.09 to 
0.45, and the moveable oil from 0.51 to 0.74. Table 1 shows that neither porosity, nor 
permeability, nor the shape factor λ of the drainage Pc curve are good indicators of the 
waterflood performance. NMR T2 distribution was available on nine samples: the correlation 
between the waterflood performance and some features of the NMR distribution, such as the 
average T2 or the spread of the distribution were also investigated, as illustrated in Table 1. 



Each one of these parameters can correlate satisfactorily with one of the waterflood features: 
permeability or mean T2s are related to the average Sw behind front, whilst the shape factor λ  
is linked to the “residual” oil saturation, but none of these parameters alone fully describes the 
waterflood performance. It was also checked that other features of the drainage Pc curve 
(Apex, threshold pressure, median pore throat radius) or of the NMR T2 distribution ( spread, 
Clay Bound Water) do not bring more consistency. Comparisons between mineralogical data ( 
amount of quartz, of feldspars, of clays+micas) and waterflood results did not put in evidence 
any other major control. Finally, neither the description of sedimentological facies nor the 
layering by reservoir units was found helpful to decipher the scatter of microscopic 
waterflood performance. 

In others words, routinely defined Rock Types based only on classes of porosity, 
permeability, combination of both or any clustering of features of the drainage Pc curve or of 
the NMR T2 distribution fail in representing correctly the variability of waterflood results 
whereas they successfully captured the variability of gas flood results. 

This failure to explain the variability of waterflood results with simple indicators of the pore 
network geometry lies in the absence of wettability indicators in this analysis. Figures 7 and 8 
show that Sorw and Krw(Sorw) are both correlated to the height above the initial WOC. Sorw 
decreases and Krw(Sorw) increases as the elevation above WOC increases. These 
observations would be consistent with a decreasing wettability to water as the elevation above 
WOC increases. Downstructure, the rock is rather water-wet: Sorw is large and Krw(Sorw) is 
low. Upstructure, the rock is weakly water-wet, Sorw decreases and Krw increases. 

Clearly in this case, neither indicators of the pore geometry nor the wettability are able to 
capture alone the variability of waterflood results. Attempts were performed to combine 
several indicators of the rock characteristics, such as porosity, permeability, amount of clays 
and micas, shape factor of drainage Pc curve, mean time and spread of T2 NMR distribution 
and wettability controls such as height above WOC, initial water saturation, amount of 
Insoluble Organic Carbon ( IOC). The number of controlling variables was limited to 3. More 
than 120 correlations were checked. 

Several combinations of variables were found to capture most of the variability of this 
waterflood data set. It is observed that the incorporation of one wettability indicator always 
improves the correlations very significantly. Two examples are presented in this paper. The 
first combination includes the permeability, the shape factor λ of the drainage Pc curve and 
the height above WOC. The second combination includes the porosity, the mean time of 
NMR T2s distribution and height above WOC. Figures 9-11 and 12-14 show that the scatter 
in Sorw, Krw(Sorw) or moveable oil is very well captured by both combinations. Basically, in 
both cases, two markers of the pore network geometry and one marker of wettability were 
used. The selected variables might not be the most meaningful but they are the most 
convenient for input in simulation models, as porosity, permeability, height above contact are 
always mapped and shape factor or mean T2 might easily be related to sedimentological 
features, borehole imaging, or some logging results. It is worth noting that the same Rock-
Types cannot be used for this field case to describe the gas-oil and water-oil Kr curves. 
This field case shows that: multivariate descriptions, including petrophysical characteristics, 
and wettability indicators, succeed in capturing the actual variability of relative permeability 



curves and should be the basis for the generation of multiphase flow rock-types and to 
populate a fine grid model. 

Field Case B: 
Light crude oil was displaced by water from 13 samples of a carbonate reservoir. Samples 
were cored from the same well with water-based mud, preserved, cleaned and restored at 
reservoir temperature. Design of flood was aimed at minimising the effect of local 
heterogeneities. Samples were selected to represent the full range of permeability and the 
main sedimentological facies. Figure 15 illustrates the large scatter of  the poroperm plot for 
all sedimentological facies which is a typical feature of carbonate reservoir. Figures 16 and 17 
show that irreducible water saturation is strongly correlated to permeability whereas residual 
oil saturation is almost independent from permeability or facies. This illustrates that the same 
Rock-Types cannot be used for the estimate of oil in place ( drainage Pc curves) and of 
reserves ( water/oil Krs). Figure 18 shows that, based on this sample selection, the complex 
pore system of this carbonate reservoir results in a fairly simple overall Krwmax(Sw) relation. 
Figure 17 shows that the residual oil saturation is rather scattered in the lowermost 
permeability range whereas it is almost constant for higher permeabilities. The same trend is 
observed for wettability as a function of permeability: a very weak wettability to water is 
observed except in the lowermost permeability range (figure 19). This suggests that 
wettability controls the microscopic performance on this reservoir. 

DISCUSSION 
The literature review shows that a strong relationship may exist between pore 
geometry/topology and two phase flow mechanisms. However, it should be pointed out that 
strongly wetting conditions were always imposed during these studies. In fact, the strong 
relationship between pore geometry/topology and two phase flow performance mainly holds 
when strong wetting conditions exist. This conclusion is illustrated by the examples presented 
in this paper. Residual non-wetting phase saturation by waterflood is strongly correlated to 
porosity or permeability on water wet Fontainebleau sandstone. Oil relative permeability by 
gas flood is a function of capillary pressure shape factor for field case A, as gas is likely to be 
strongly non wetting in this case. 

This paper shows that the relations between pore geometry/topology and Kr curves weaken or 
vanish when the wetting conditions depart from strong preference. This was illustrated by the 
three examples presented in this paper. In such conditions, our results show that Kr curves 
reflect the combined effect of the pore system and wettability. 

Therefore, it is concluded that use of routinely defined rock-types based only on pore 
geometry/topology indicators or sedimentological features are irrelevant for core flood 
sampling or populating a simulation model with Kr curves when strongly wetting conditions 
do not exist.  

Application of this Rock- Typing approach should be limited to aquifer encroachment into a 
dry gas reservoir. Aquifer encroachment into gas condensate reservoirs may also occur at 
strong wetting conditions, however field cases were reported where the core samples did not 
imbibe water, but condensate, indicating that strong wetting conditions to the invading fluid 
do not always prevail. 



This approach should be correct in most cases for gas flooding at irreducible water saturation. 
Although Kr curves for gas flood were found sensitive to wettability, it seems that they are 
largely independent of wettability over a large wettability range [32]. But this approach might 
be misleading for primary depletion, as the nucleation process is sensitive to wettability. Use 
of predefined rock-types based only on pore geometry/topology indicators or 
sedimentological feature is not recommended for waterflood Kr’s nor for three-phase flow. It 
is generally agreed that statistically, oil bearing reservoirs are not strongly water-wet [24, 26]. 
Moreover, there is an increasing evidence that wettability is not constant within a reservoir, 
but varies according to parameters not directly linked to the geometry of the pore system, 
such as the elevation above the contact [4, 27-29]. 

It is worth pointing out two puzzling observations with the use of routinely defined RTs: 
• This approach usually prevents any other control of Kr curves to be put in evidence, 
owing to the scarcity of results and is therefore self-consistent. But in our experience, it is not 
rare to obtain widely different Kr curves when several samples are selected within a single 
RT, as illustrated by facies H of field B. 
• The choice of rock quality indicators is another issue. The most important features of the 
pore system controlling the two-phase flow performance have been claimed to be the pore to 
throat size ratio, the coordination number and the degree of heterogeneity. These features are 
not widely available and therefore are rarely selected to define rock-types.  

Field Case A shows that combining indicators of the pore system and of wettability captures 
most of the variability of relative permeability curves. Kr Rock-Types can then be defined as 
“units of rock characterised by similar range of pore geometry/topology and wettability 
indicators resulting in a unique relative-permeability Saturation relationship” and are easily 
used to populate the simulation models as long as the key controls can be mapped.  

CONCLUSIONS 
This paper shows that the usual rock-typing methods, based only on markers of the geometry 
of the pore system, may not capture the actual variability of relative permeability curves, and 
particularly: 
• Porosity, permeability or pore size distribution might be poor indicators of actual 
controls for two-phase flow, whatever the technique used to combine them into a rock-type 
representation 
• There is no systematic correspondence between rock-types used to estimate 
hydrocarbons in place and those required to describe production behaviour, 
• There is no systematic correspondence between sedimentological facies and rock-types 
required to describe production behaviour, 
It is also shown that: 
• Multivariate descriptions, including petrophysical characteristics and wettability 
indicators, succeed in capturing the actual variability of relative permeability curves and 
should be the basis for the generation of multiphase flow rock-types. 
• Two-phase flow rock-types should be dependent on the recovery process. 
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 Porosity Permeability Shape factor 

of Pc curve 
Mean T2S  

Sorw 0.026 0.108 0.416 0 

Average Sw at 
water BT 

0.149 0.399 0 0.37 

Krw(Sorw) 0.388 0.177 0.132 0.355 

Table 1 : Regression coefficients (R2) between Sorw, or Average Sw at Water BT, or 
Krw(Sorw) and porosity, permeability, shape factor of Pc curve  
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Relationship between residual non-wetting phase saturation and Poro sity (Fig.1, 2) or Wettability Index (Fig 3) 
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Relationship between oil Corey exponent and porosity (Fig4), permeability (Fig5), shape facor of Pc curve (6) 
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Field A:Relationship between Height above WOC and Sorw (Fig.7)or Krw(Sorw)(Fig.8) 
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Field A  :Multivariate correlations between Kr and rock and wettability indicators (Figures 9, 10, 11) 



R
2
 = 0.7841

0.00

0.05

0.10

0.15

0.20

0.25

0.00 0.10 0.20 0.30

Experimental 

P
re

di
ct

ed
Sorw

Porosity, Spread of T2 
NMR distribution, 
Height above contact

R
2
 = 0.9246

0.0

0.1

0.2

0.3

0.4

0.5

0.0 0.2 0.4 0.6

Experimental 

P
re

di
ct

ed

Krw(Sorw)

Porosity, Spread of T2 
NMR distribution, 
Height above contact

R2 = 0.8944

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.40 0.50 0.60 0.70 0.80

Experimental 

P
re

di
ct

ed

Mobile Oil

Porosity, Spread of T2 
NMR distribution, 
Height above contact

 
Field A : Multivariate correlations between Kr and rock and wettability indicators (Figures 12, 13, 14) 
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Field B : Porosity/Permeability plot (Fig.15), Rel ationship between irreducible water saturation ( Fig. 16) or 

residual oil saturation ( Fig.17) and permeability. 
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Field B : Fig. 18 : Relationship between end point Krw and  Sorw .    Fig. 19) Relationship between 

Wettability Index and permeability. 

 


