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An important aspect of the evaluation of oil and gas reservoirs is the differentiation of reservoir 
and non-reservoir sections. This most frequently requires the application of net pay cutoff values 
on any kind of scale. These cutoff values are applied to the volume fraction of shale, porosity and 
perhaps permeability and water saturation at the reservoir evaluation stage. Many complicating 
factors influence the definition of net pay and the selection of appropriate net pay cutoffs. The 
nature of the geological heterogeneities and the recovery process are important aspects. 

This paper introduces a framework for determination of reservoir-specific cutoff values within a 
consistent theoretical and practical framework. Flow simulation is applied on realistic small 
scale models of heterogeneity to establish the percolation threshold as a function of geological 
environment. Several reservoir-specific complexities are studied numerically and analytically 
within this framework. The methodology represents an integrated approach to net pay 
determination. 

Introduction 

Virtually all petroleum reservoir evaluations involve a determination of net pay. Net pay is the 
total reservoir material that will flow some economical amount of hydrocarbon under a particular 
production mechanism (Etris, 2004). The importance of net pay thickness is concerning 
hydrocarbon in place and reserve estimation if unquestioned (Dose, 2005). However, there is no 
set practice or methodology to separate net pay intervals from non-net pay intervals. 

Leaving net pay determination to the flow simulator alone is dangerously optimistic. The notion 
that low permeability flow blocks will simply not permit flow in an economic amount of time is 
tempting. However, the requirement to upscale permeabilities to large scale flow blocks 
effectively masks significant non-net reservoir material. That is, a significant proportion of 
detailed non-net heterogeneity can be upscaled into recoverable flow. There is a need to apply net 
cutoff criteria at the reservoir evaluation stage for accurate recoverable reserve characterization. 

The approach for determining net pay varies widely throughout the petroleum industry; however, 
it is always based on some sort of cutoff criteria. Although there is no fixed terminology, there 
are generally three net material classifications (Worthington, 2003), namely, net sand, net 
reservoir, and net pay. Figure 1 illustrates one application of petrophysical cutoff values to 
determine these net material classifications for a schematic gross reservoir interval. Net sand 
thickness is the total gross reservoir thickness that is not shale; net reservoir is all net sand 
material above a porosity and/or permeability threshold; and net pay is determined as the total net 
reservoir thickness that is above a water saturation cutoff. Figure 1 is a literary example; in 
practice, there is no set criterion.  
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Currently, the literature agrees that the determination of net pay depends on the specific reservoir 
under evaluation. For example, a simple reservoir volumetric evaluation may have different 
porosity and permeability cutoffs than the same reservoir being evaluated under a dynamic steam 
flood recovery mechanism. There have even been developments towards determining separate 
cutoff criteria for primary depletion and secondary waterflood depletion (Cobb, 1998). 
Unfortunately, documentation of these fit-for-purpose net pay cutoff criteria are mostly 
qualitative. There are still no quantitative or unambiguous methodologies for determining 
petrophysical property cutoff values. In particular, there are no relationships between net pay 
cutoff criteria and reservoir heterogeneity.  

We propose a methodology for determining net pay petrophysical cutoff values tied back to 
theoretically determined net pay permeabilities. The net pay permeability cutoffs are determined 
using percolation theory; that is, the transition from net to non-net permeabilities is taken at the 
percolation threshold. The percolation threshold is a theoretical transition between net and non-
net effective permeabilities and separates potential net or connected flow blocks from non-net or 
unconnected flow blocks. The values of the petrophysical at the percolation threshold can then be 
applied to log data to determine net pay intervals. 

The overall steps of the methodology are: (1) construct a 3D geological model of lithofacies and 
petrophysical properties, (2) perform flow simulation for effective permeabilities, (3) plot 
effective permeability versus the petrophysical properties, (4) fit the effective permeability versus 
petrophysical property relationship to determine the percolation threshold, and (5) set the cutoff 
values equal to the petrophysical property value at the percolation threshold. 

The percolation threshold values will change depending on several reservoir-specific parameters. 
The dependencies investigated in this work are (1) global shale proportion, (2) spatial shale 
correlation, (3) net to non-net permeability contrast, (4) the permeability distribution, (5) the 
geological to flow block size contrast, and (6) depositional setting. The aim of this work is to 
establish relationships between percolation threshold values and these reservoir heterogeneities.      

The methodology can be fully automated so that the variation of net pay cutoffs according to 
several reservoir specific parameters such as global shale proportion, correlation structure, 
permeability distribution, modeling scale, and reservoir scale can easily be observed numerically. 
The cutoff criteria and their quantification are supported by theory, repeatable, and an 
unambiguous determination of net pay.  

Using Percolation Theory for Net Pay Determination 

Percolation theory in a petroleum context is referred to as correlated percolation, because the 
spatial distribution of the porous medium properties is correlated within a finite domain. Figure 2 
illustrates correlated percolation for a small synthetic reservoir. The 2 x 2 array of squares in 
Figure 2(a) is a simple flow simulation grid. Figure 2(b) represents a geological block model 
indicating net (shaded) and non-net (unshaded) reservoir material. The net reservoir blocks that 
have a common side or corner constitute a connected path through which hydrocarbon can be 
recovered and are referred to as percolating clusters if they span the flow block in any direction. 
Five percolating clusters are outlined in Figure 2(b) with a broken line. 

A pressure gradient is applied to the geological model (Figure 2(b)) and the steady-state flow rate 
and absolute effective permeability is calculated at each of the four flow simulation blocks. The 
recoverable flow rates are shaded in Figure 2(c). The volume fraction of shale VSHL (proportion of 
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white geological blocks) is also reported. Each of the three flow blocks yielding recoverable 
hydrocarbons contains a percolating cluster and relatively low VSHL value. As VSHL decreases, the 
possibility of forming a percolating cluster increases and eventually there is a critical VSHL value 
(VPT-SHL) where percolating clusters first begin to form. This critical threshold is of particular 
concern in petroleum applications and is called the percolation threshold.  

The percolation threshold petrophysical properties can be theoretically determined for some 
simple configurations. For example, the critical threshold for random, isotropic shale in 3D is VPT-

SHL = 0.69 (Deutsch, 1989). In this work, the volume fraction of shale percolation threshold VPT-

SHL will be determined numerically under several different reservoir heterogeneities for which 
there is no theoretical solution. A numerical procedure is developed and implemented for several 
reservoir-specific characteristics.   

Figure 3 is a plot of absolute effective horizontal permeabilities versus volume fraction of shale 
VSHL for an 8 x 8 x 4 block (Easting - X, Northing - Y, and Elevation - Z directions, respectively) 
flow simulation. The geological model is a synthetic 64 x 64 x 32 correlated sandstone/shale 
reservoir where each block is given a constant sand permeability and constant porosity of 
1000mD and 0.40, respectively, or a shale permeability and porosity of 0.001mD and 0, 
respectively. As the volume fraction of shale increases, the effective permeability decreases. 
However, there is a clear transition between net permeabilities and non-net permeabilities at a 
VSHL value of 70%. This VPT-SHL value is the largest fraction of shale to allow a connected path 
through which hydrocarbons can flow and be recovered economically. This value is called the 
percolation threshold and the corresponding VSHL value is referred to as the percolation threshold 
volume fraction of shale or VPT-SHL.  

The value of the petrophysical property at the percolation threshold, VPT-SHL, indicates a transition 
from unconnected to connected hydrocarbon flows. For VSHL values below the percolation 
threshold, a connected path exists through these flow blocks resulting in recoverable effective 
permeabilities; for VSHL values above the percolation threshold, a connected path does not exist 
through these flow blocks resulting in unrecoverable effective permeabilities. The same 
observations drawn from Figure 3 can be extended to the case of vertical effective permeability. 
Also, the petrophysical property VSHL can be replaced with effective porosity φEFF to obtain the 
effective porosity percolation thresholds φPT−EFF for both horizontal and vertical flow. 

Net sand cutoffs derived from percolation theory are well above the conventional cutoffs reported 
in the literature (Desbrandes). One of the possible reasons is that in log interpretation 100% 
volume fraction of shale indicates pure shale; however, values below 100% rock may also be 
non-net reservoir. In practice, the VPT-SHL cutoffs would be scaled by some average shale volume 
within non-reservoir rock. 

Methodological Details 

There are 5 steps in the proposed methodology for determining the VPT-SHL cutoff values: 

I. Construct a lithofacies and petrophysical property model. 

A sequential indicator simulation (SIS) program is used to construct binary facies models. All of 
the facies models are coded as 1’s for sand or 0 for shale. Net porosity and permeability values of 
0.40 and 1000mD, respectively, are assigned to all net lithologies; non-net porosity and 
permeability values of 0 and 0.001mD, respectively, are assigned to all non-net lithologies. 
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II. Apply a pressure gradient and calculate the steady-state flow rates and effective horizontal 
and vertical hydrocarbon permeabilities using a single phase flow simulation algorithm. 

For each of the reservoir dependent parameters, the same pressure gradient is applied to the 
reservoir and the single phase steady-state flow rates are calculated within each flow block. Once 
the flow rates are calculated, the block effective permeabilities are easily calculated using Darcy’s 
Law. Both the horizontal and vertical effective permeabilities are considered in this work. The 
horizontal permeability is taken as the geometric average of the effective Easting – X and 
Northing – Y permeabilities. 

III. Observe the effective horizontal and vertical permeability versus VSHL petrophysical property 
relationships via log-linear plots. 

To visualize the relationship between the effective permeabilities and the petrophysical property 
variables, they are cross plotted on a log-linear scale similar to Figure 3.  

IV. Fit the relationships generated in step III automatically with an appropriate model in order to 
determine the VPT-SHL percolation threshold value. 

One straightforward procedure for modeling effective permeability is the power model approach 
developed and tested by Deutsch, 1989. For this model, the effective permeability kE is modeled 
as a power average of the component permeabilities: 

( )
1
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where kSHL and kSS are the shale and sandstone permeabilities, respectively, and ω is some 
averaging power. The lower bound harmonic average corresponds to ω = -1, the geometric 
average corresponds to ω = 0 (with a limited expansion), and the upper bound arithmetic average 
corresponds to ω = 1.  

An immediate limitation of modeling the effective permeability relationship seen in Figure 3 
using this equation is the inflection point suggested by connecting the upper cloud flow blocks to 
the lower cloud flow blocks. To overcome this limitation, a piecewise version of Equation 1 is 
used to model the effective permeability above and below the percolation threshold: 
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where ωA and ωB are the ω values above and below the percolation threshold, respectively. A 
simulated annealing approach is considered within the framework of this piecewise model. 

The first requirement for simulated annealing is an objective function, which is a measure of the 
difference between the desired result and a candidate result. The objective function is composed 
of one or more parameters to be perturbed, formally referred to as the optimization variables. For 
this work, the optimization variables are ωA, ωB and VPT-SHL. The following constraints on these 
optimization variables must be honored: 
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The key feature of the simulated annealing method is to iteratively perturb the optimization 
variables, each time accepting or rejecting the perturbation according to a decision rule. The 
decision rule is based on whether or not the candidate result calculated using the perturbed 
parameters in the objective function is closer to the desired result or a maximum number of 
perturbations has been performed. In the context of this work, the objective function is to 
minimize the mean square error (MSE) between the calculated effective permeabilities from flow 
simulation and the ones calculated using the piecewise power law model: 

( )2

1
i i

N

E EF
i

MSE k k
=

= −∑  

where i = 1,…, N are the flow blocks in the model, kE is the effective piecewise permeabilities 
and kEF is the effective permeability from flow simulation.  

The simulated annealing process progresses through the following steps: (1) establish an initial 
guess for ωA, ωB and VPT-SHL and calculate the initial value of the MSE (L1 iteration), (2) randomly 
select a different set of ωA, ωB and VPT-SHL values and re-compute the MSE (LN+1

th iteration), (3) 
accept the new ωA, ωB and VPT-SHL values if the MSE decreases; reject them otherwise, (4) repeat 
steps 2 and 3 until a maximum number of iterations LMAX is reached. 

V. Apply the VPT-SHL percolation threshold values to logging measurements to determine net pay 
reservoir thickness.  

Petrophysical well logs are the most abundant data source to quantify net pay in a petroleum 
reservoir. Hence, as they have the ability to measure mineralogy, porosity and mobility directly, 
they should be able to derive cutoff values precisely. There are many complicating factors 
involved in applying percolation threshold petrophysical properties to well logs. Dose, 2005 
provides an excellent description of the available logging tools and methods.   

Implementation and Interpretation 

The dependencies investigated in this work are (1) global shale proportion, (2) spatial shale 
correlation, (3) net to non-net permeability contrast, (4) permeability distribution, (5) geological 
to flow block size contrast, and (6) depositional setting. Only the results for VSHL are investigated; 
however, the methodology for other petrophysical properties is the same. Both horizontal and 
vertical flow VPT-SHL values are considered. 

A set of base case reservoir and modeling parameters are frozen for each dependency. Tables 1 
and 2 illustrate the base case parameters for the first five dependencies. There are two facies 
types: sand and shale. The proportion of sand and shale is 65% and 35%, respectively. The 
variogram model for sand and shale shares a 10% nugget effect and isotropic horizontal range of 
120m. The vertical range for sand is 30m compared to 5m for shale. The net (sand) and non-net 
(shale) permeabilities are 1000 and 0.001mD, respectively. And there are 512 (8 x 8 x 8) 
geological blocks per flow simulation block within a field size of 320 x 320 x 32m. Tables 3 and 
4 illustrate the parameters for the reservoir setting dependency. For the Mittelplate Dogger Delta 
and Cavendish settings, the net-to-gross ratio, channel thickness, width-to-thickness ratio, and 
sinuosity are reported. Here, there are 512 (8 x 8 x 8) geological blocks per flow simulation block 
within a field size of 1024 x 1024 x 32m. Finally, Table 5 shows the minimum, maximum, and 
initial ωA, ωB and VPT-SHL parameters used for the simulated annealing fit procedure. 
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Global Shale Proportion 

The percolation threshold is determined for global shale proportions between 0.2 and 0.6 at an 
increment of 0.04. Figure 4 illustrates the PT results for 0.44 global shale proportion. Figure 5 
shows the results for all 11 global shale proportion values from 20% to 60%. An increase in the 
global proportion of shale results in an increase in the PT values. To explain this, consider a low 
net and a high net reservoir with an identical correlation structure. If the same pressure gradient is 
applied to each, the pressure will “focus” on the fewer net streaks in the low net reservoir yielding 
a better sweep within the net, whereas the pressure will “spread out” in the high net reservoir. In 
practice, this means that higher shale proportions increase the importance of thin sand sections. 

Correlation Structure 

The second reservoir-specific dependency investigated is the spatial correlation structure of sand 
and shale lithofacies. The horizontal variogram range of 120m is changed from 5 m to 125m for a 
total of 25 shale correlation scenarios. Therefore, we investigate aH : aV ratios from 1 to 25 by 
maintaining the 5m vertical range. Figure 6 shows the results for all 25 aH : aV  ratios. For 
horizontal flow, it is intuitive to see that an increase in the aerial continuity of shale and sand is 
related to higher VPT-SH values. This is similar to the first dependency when we observed 
increasing VPT-SH values for increasing shale proportion, that is, increasing aH : aV ratios is similar 
to increasing the shale proportion in the horizontal direction. From Walter’s Law, we can 
practically expect the same behavior in the vertical direction.  

Permeability Contrast 

The next dependency investigated is the contrast between net permeability and a constant non-net 
permeability kNET : kN-NET. The base case ratio is 106: 1 (= 1000/0.001). We investigate kNET : kN-NET 
from 101 : 1 to 106 : 1 in factors of 10 for a total of 6 scenarios. For each scenario, the 
permeability contrast is modified by increasing the sand or net permeability by factors of 10. 
Figure 7 shows the results for all five kNET : kN-NET ratios. A gradual decrease in the VPT-SH values 
for increasing kNET : kN-NET ratios is observed. For the lower permeability contrasts, the con-
ductivity of the reservoir is more homogenous and there is effectively less flow-restricting rock 
within the individual flow blocks. However, as the net permeability increases, the constant non-
net permeability becomes a more severe restriction to flow. The result is a decreasing PT.  

Modeling Scale 

The next dependency investigated is not actually a property of the reservoir; nevertheless, it is a 
sensitive reservoir-specific variable in practice. The practitioner must decide on the relative size 
of the flow simulation block size to the small scale block size, and how to transfer cutoffs from 
one scale to the other. We define SFLOW : SGEO as the ratio between the flow simulation block size 
to the small scale block size. We investigate SFLOW : SGEO ratios of 2, 4, 8, 10, and 20, representing 
reduction factors of 8, 64, 512, 1000, and 80000, respectively. Figure 8 shows the results for all 
six SFLOW : SGEO scenarios. For higher SFLOW : SGEO ratios we observe an increase in the VPT-SH 
values. For higher SFLOW : SGEO ratios, the geological model highly discretizes the flow blocks and 
there are many alternative paths hydrocarbon can take to span the flow block and form 
percolating clusters. Therefore, the volume of shale required to render high SFLOW : SGEO blocks 
unconnected is high.  

Channel Reservoir 

We have considered only stochastic binary rocktype models. However, many geologic processes 
are better described by modeling discrete events, e.g., fluvial channels. This dependency 
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considers the particular depositional setting. The parameters of the channel model are listed in 
Table 3. Figure 9 shows the percolation threshold results from one representative volume. We 
observe that virtually the entire reservoir is connected and net. The horizontal and vertical VPT-SH 
values are 0.96 and 0.91, respectively. Therefore, if there is any channel or levee material within 
a flow simulation block, it will almost always form a percolating cluster. 

Discussion and Conclusion 

The percolation threshold is the link between percolation theory and net pay determination. The 
resulting net pay criteria are tied to a net permeability that is supported by percolation theory. 
Percolation threshold petrophysical properties are suitable criteria for separating connected flow 
blocks from non-connected flow and are an explicit quantification of net pay criteria. Some 
practical considerations with respect to the application of logs in the light of percolation theory 
are given in Dose, 2005. 

There is a large difference between conventional VSHL cutoffs of 20 to 30% and the VPT-SHL cutoffs 
of 70 to 90% determined here. Time accounts for much of this discrepancy. Flow blocks deemed 
unconnected without the presence of a percolating cluster are surely non-recoverable; however 
connected flow blocks are not necessarily recoverable. That is, even though a particular flow 
block is deemed connected with a percolating cluster, the time for the hydrocarbon to flow 
through the block along the path of the percolating cluster may be too long to be practically 
recovered within a limited project life time. A dynamic flow simulation procedure could be 
implemented to incorporate a time dimension.  

There are other relevant dependencies that would change the percolation threshold petrophysical 
property values such as the configuration of shale (structural, dispersed, laminated). Also, we can 
consider a combination of dependencies. However, the presented approach is restricted to the 
validity of Darcy’s equation, which treats the rock as a continuum and does not separate between 
matrix and pore space. 

The methodology for determining the net pay cutoff values is straightforward and can be applied 
to virtually any reservoir scenario. We have established some of the key relationships between net 
pay cutoffs and reservoir specific parameters so that an integrated approach to net pay 
determination can be undertaken. 
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Table 1: the reservoir-specific parameters of the base case model. 
 

 
Table 2: the modeling scale implemented for the base case models. 
 

 
 
Table 3: the reservoir-specific parameters for the reservoir settings investigated.  
 

Table 4: the modeling scale implemented for the reservoir setting dependency. 
 

 
Table 5: the simulated annealing parameters used for all dependency cases. 
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Figure 1: (Worthington, 2003) - Determination of net sand, net reservoir, and net pay according 
to lithology, porosity and permeability cutoffs, respectively. 
 
 
 
 

 
Figure 2: An illustration of correlated percolation. The pressure gradient is applied from left to 
right. Figure 2(a) shows a 2 x 2 array of flow simulation blocks. The 8 x 8 geological model 
shown in Figure 2(b) is subjected to a pressure gradient in order to calculate the effective absolute 
permeabilities of the flow blocks in (a). Figure 2(c) shows which blocks are commercially 
recoverable.  
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Figure 3: A plot of horizontal effective permeability versus VSHL. The vertical line is drawn at the 
percolation threshold VPT-SHL. 
 
 

 
 
Figure 4:The heterogeneity models (top) and percolation results for 44% global shale proportion. 
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Figure 5: the percolation threshold results for the global shale proportion dependency. 
 
 

 
 
Figure 6: the percolation threshold results for the variogram range dependency. 
 
 

 
 
Figure 7: the percolation threshold results for the permeability contrast dependency. 
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Figure 8: the percolation threshold results for the model scale dependency. 
 
 
 
 
 

 
 
Figure 9: the percolation threshold results for the fluvial channel setting. 
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