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List of Acronyms and Definitions 

ANLEC R&D - Australian National Low Emissions Coal Research and Development. 

Artefacts (in digital core image analysis) - The occurrence of acquisition or reconstruction 

errors or occurrences that may result in misleading image interpretations. Artefact 

correction methods used to mitigate artefacts include beam hardening correction, helical 

artefact correction, and depth-based artefact correction. 

CLV - Characteristic Length Variable. A clustering variable formulated from petrophysical 

properties based on applying the principles of hydraulic similitude. The CLVs used in this 

study are Omega (), Kappa (), and Eta (), all of which have the dimension [Length] and 

are expressed in nm. 

corEVAL – A proprietary set of techniques used for petrophysical properties determination 

(effective, total, and furnace porosity, surface area, spectral gamma ray, and porous plate 

capillary pressure) on small discs cut from core plugs (TM of Weatherford Laboratories). 

Crisp Assignment – The assignment of a data point into a single defining mode (see 

definition of mode below) based on it having the dominant (highest) probability of all modes 

which have a calculated probability of occurring at the point. 

CSEPU – The five steps involved in “upscaling” a petrophysical property at every change of 

scale: Classification, Selection, Evaluation, Propagation, and Upscaling. 

CT – X-ray Computed Tomography. X-rays are sampled after passing through an attenuating 

object and this information is used to reconstruct a 3D tomographic image of the object. 

The attenuation information is scaled giving an intensity value at each voxel (3D pixel) in the 

image. 

CMP Plot - Cumulative Mode Probability Plot. A depth plot showing at each depth the 

probability of assignment of that depth to each mode in a nominated MVCA by colouring 

the 0 to 1 probability range with the cumulative assigned (and ordered) probabilities. 

CUSP – Classification and Upscaling of Saturation-dependent Properties. The name of both 

the process and the module of GAMLS used to effect such. 

CUSP Point – A capillary pressure value defined on a Pc(Sw) curve by positioning a user-

controlled normalising line to locate the curve in Pc - Sw space. The CUSP point is used to 

define the Eta ()CLV. 

DRA – Digital Rock Analysis. 
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Electroclass - A distinctive grouping of rock exhibiting a similarity of variables derived solely 

from wireline logs. An Electrotype is thus a “rock type” at the log scale derived using only 

wireline log variables. Electroclasses will later be turned into Electrotypes when core data is 

incorporated (Curtis, 2015). 

Electrotype - A distinctive grouping of rock exhibiting a similarity of variables derived from 

wireline logs and biased as necessary by correctly scaled core data. An Electrotype is thus a 

“rock type” at the log scale derived using wireline log variables and upscaled petrophysical 

properties from Petrotype scale (see Petrotype definition below) (Curtis, 2105). 

Eta ()- One of the three CLVs used in CUSP (see Characteristic Length Variable (CLV) 

above). Eta () ensures the force component of Hydraulic Similitude used in CUSP. Eta () is 

defined as the porosity of the sample divided by the Pc value at the CUSP point on a fitted 

Skelt-Harrison function (with appropriate constants). 

FWL – Free Water Level. The depth at which the fluid pressures of a two phase system (here 

gas and water) are in equilibrium. At the FWL, the capillary pressure is zero. 

GAMLS – Geological Analysis via Maximum Likelihood System. The name of the software 

application being used to develop the CUSP module (see also Appendix A). 

GAMLS CUSP 3D Plug-in – A computer application developed using the Schlumberger Ocean 

platform which implements the functionality of the 1D GAMLS CUSP module in 3D within 

the Petrel geomodelling application. 

GAMLS CUSP Panel – An interface of the GAMLS CUSP Plug-in that has been coded for use in 

entering the necessary data and executing a step in the 3D CUSP workflow. 

Geotype - A distinctive grouping of rock at the volume of a geocell which exhibits a similarity 

of variables derived from upscaled wireline log data incorporating appropriately scaled core 

data (Curtis, 2105). 

Geocell – That volume of the reservoir within the adjacent grid lines of a 3D grid. 

HAFWL – Height Above Free Water Level. The height of any given point in the reservoir 

above the FWL. 

Hydraulic Similitude – Involves the establishment of a relationship between a model 

(small/fine scale) and prototype (large/coarse scale) hydraulic structure. Three constraints; 

geometrical similarity, kinematic (flow) similarity, and dynamic (force) similarity are needed. 

I, J, K Indices – The nomenclature used to label geocells of a 3D grid, with values increasing 

away from the origin. I and J are lateral, K is vertical. 
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Kappa ()- One of the three CLVs used in CUSP (see Characteristic Length Variable (CLV) 

above). Kappa () ensures the kinematic component of Hydraulic Similitude used in CUSP. 

Kappa () is defined as the square root of the term permeability divided by porosity (with 

appropriate constants). 

Level-set – A binary partitioning is performed at multiple levels (intensities) through the 

range of an image and parameters are computed on each binary partitioned image. 

MDkb – The measured depth along the wellbore trajectory referenced to a datum on the rig 

floor known as the Kelly bushing. 

MICP – Mercury Injection Capillary Pressure; a conventional laboratory or DRA procedure to 

determine the saturation versus capillary pressure function (Pc(Sw) curve), where mercury 

is the non-wetting fluid and air the wetting fluid. 

MFs – Minkowski Functionals: a set of geometric descriptors, here pertaining to a 

tomographic image. 

Mode – A cluster (statistically identified group), derived from a Multi-variate Cluster 

Analysis (MVCA). 

MVCA – Multi-variate Clustering Analysis (carried out in GAMLS using a Bayesian-based 

algorithm); a method of classification of data. 

NER – New England Research – A company which manufactures AutoScan, a machine which 

measures permeability over a 2D surface. 

Omega ()- One of the three CLVs used in CUSP (see Characteristic Length Variable (CLV) 

above). Omega () ensures the geometrical component of Hydraulic Similitude used in 

CUSP. Omega () is defined as the inverse of the surface area per unit pore volume. 

Petrotype - A distinctive grouping of rock exhibiting a similarity of variables derived from 

petrophysical properties determined at the core plug scale. A Petrotype is thus a “rock type” 

at the core plug scale derived from quantitative core plug petrophysical properties. 

PCA – Principal Component Analysis: a method of reducing the dimensionality of data. 

RCA – Routine Core Analysis; relates to the determination of basic petrophysical properties 

such as porosity, permeability, and formation factor. 

Registration – The action of perfectly aligning two different images, whether in 2D or 3D or a 

combination of both. 
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Rep curve – Representative curve. The curve chosen to represent the suite of Pc(Sw) curves 

for all data points within a given Petrotype, Electrotype, or Geotype. 

REV – Representative Elementary Volume. The REV of a material is the smallest volume over 

which a property can be computed such that it represents the material as a whole. 

Saturation-dependent Properties – Those petrophysical properties that vary depending on 

the degree of saturation of the fluid phases (types) occupying the pore space. 

SCAL – Special Core AnaLysis; mostly relates to the determination of saturation-dependent 

properties. 

Sedi Descr – Sedimentological Description (or core description). 

Sedi Init – Sedimentological Initialisation. A method of initialising a Bayesian MVCA based on 

a log developed from a Sedi Descr. 

Segmentation – A process used to separate “phases” in an image, most usually based on 

attenuation intensity. For example, the separation of pore space, clays, and solid grain 

matrix in a tomographic image of a rock. 

SH Params – Abbreviation of Skelt-Harrison Parameters. Capillary pressure curves are 

functionally represented by a modified four-parameter Skelt Harrison equation (refer text 

for details). 

TVDpd – The true vertical depth of a point in a vertical or non-vertical wellbore referenced 

to an established permanent datum. 

TVDss – The true vertical depth of a point in a vertical or non-vertical wellbore referenced to 

the sea surface as datum. 

Xxxx >> Yyyy - The “>>” symbol indicates that within the GAMLS software, Yyyy is a Sub-tab 

of Tab Xxxx. 

Zone – A stratigraphically separate portion of a reservoir, usually based on a distinct 

geological formation. Zones are used to divide a geocellular model into stratigraphic units. 
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1 Executive Summary 

This report summarises the work carried out by FEI Australia Pty Ltd and its sub-contractor 

eGAMLS Inc. on ANLEC R&D Project 7-0311-0128 Sub-project 7 - Multi-scale Reservoir 

Characterisation – From Pore to Core to Geocellular Model. The work was arranged into two 

separate but related components. Component A was conducted by FEI and consisted of four 

milestones which focussed on upscaling from pore scale to core scale (both core plug and 

whole core). Component B was implemented by eGAMLS and contained five milestones 

which focussed on upscaling from core plug scale to wireline log scale through to geocellular 

modelling scale. 

The viability of commercial scale sequestration into subsurface reservoirs must be proven 

with demonstration projects of a practical scale and suitable geological complexity. Part of 

such demonstration projects necessarily entails the modelling of CO2 movement away from 

injection sites and into the subsurface receiving reservoirs. Such modelling makes use of 3D 

geocellular models which are constructed to adequately represent the input geological 

formations and their flow properties.  

The project was thus implemented to permit the accurate modelling of CO2 movement 

within reservoirs being used for sequestration. This modelling is necessary in order to be 

able to predict the volume of CO2 which can be safely injected and ultimately stored. The 

project was targeted to support the CTSCo Surat CCS Project by maximising the value of the 

large investment made in acquiring detailed high resolution digital core data, with the 

overall objective of deriving the most robust and auditable predictive model of CO2 plume 

movement. 

The rate and extent of CO2 movement is controlled by reservoir rock properties and rock-

fluid interactions. The properties are measured at one scale, but then need to be used 

across a range of scales. This project was thus designed to ensure that the properties being 

used are correct for the scale of application, thus Multi-scale Reservoir Characterisation. 

The unifying concept for the whole project is the adoption of a consistent approach to the 

multiple scale changes involved. The act of transposing petrophysical properties from a finer 

scale (smaller volume) to a coarser scale (larger volume) is usually termed “Upscaling”. Such 

“Upscaling” is often presented as a single step in the reservoir characterisation literature, 

but when viewed in totality the act of moving from the fine scale to the coarse scale actually 

entails five distinct steps (Curtis, 2015). These five steps are Classification, Selection, 

Evaluation, Propagation, and Upscaling. At every scale change, each of the steps is vital in 

securing a robust suite of petrophysical properties at the coarser scale and thus they are 

each covered in every milestone of this report. The overall approach is referred to in 

subsequent discussion by the acronym CSEPU. 
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Component A, which examined the upscaling of properties from the plug scale to the whole 

core scale, was divided into two discrete areas; the development of CSEPU technologies 

related to the use of tomographic imaging and analysis in the development of rock types 

based on morphological properties (Milestones A1 and A2), and the application of these 

technologies to translate properties to the core plug and whole core scales (Milestones A3 

and A4). Each of these milestones are introduced briefly below, covered more fully later in 

this report, and then treated in detail in separate milestone reports. 

Milestone A1 looked at the development of descriptors suitable for the classification of rock 

types in 3D tomograms at all imaging scales (sub-plug, core plug, and whole core). Average 

image voxel attenuation intensity (related to the underlying atomic number and density of 

the material) and porosity (determined through multi-state imaging) were found to be 

ineffective descriptors for rock type discrimination. 

A type of measurement was introduced called Level-set Minkowski Functionals which 

provide a rich morphological description of the data. These are computed by first 

performing a number of binary partitionings over the data range, and subsequently on each 

binary partition then computing the four 3D scalar Minkowski Functionals: volume, surface, 

integral mean curvature, and Euler number, creating a set of four curves. An advantage of 

Level-set Minkowski Functionals is that they effectively operate on real-valued data and do 

not require an a-priori segmentation of the tomogram. Consequently, they are applicable to 

data with large amounts of sub-resolution porosity (pores which are smaller than the voxel 

size) where pores cannot be accurately segmented. 

The Level-set Minkowski Functionals are computed on a large number of 3D sub-regions 

within an image. The curves are decomposed using a Principal Component Analysis to a 

reduced number of variables. The variables are passed into a multi-variate clustering engine 

that probabilistically assigns labels (modes) to each sub-region in the data, now interpreted 

as rock types. The labels can then be mapped back to the sub-regions for visualisation. 

Milestone A2 examined classification of multiple samples simultaneously (such that rock 

types may be consistently classified across all samples), which is a necessary step for 

prediction of rock properties such as porosity and permeability to untested regions. This is a 

challenging problem because morphological data from the images can vary due to 

acquisition and reconstruction parameters varying between samples as well as time-varying 

hardware performance. 

There are a number of physical effects in CT imaging which can cause intensity artefacts 

(e.g. gradients) to appear in the reconstructed image. Several alternative methods of 

improving radial artefacts (induced by beam hardening) and helical artefacts (induced by the 

acquisition trajectory) were developed. After applying the artefact corrections, visual 
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inspection of the images indicated that morphologically similar regions observed across 

multiple samples were assigned to the same rock type, although some classifications were 

somewhat noisy.  

The new multi-sample procedure was applied to a set of plugs, and to a set of sub-plugs in 

which absolute permeability had been previously computed digitally. The permeability was 

correlated to porosity for each rock-type separately and this method improved the 

prediction quality of permeability when compared to not using rock types at all. A hold-out 

test was performed in order to cross-validate the prediction quality. The test revealed some 

inaccuracy in the porosity and permeability data between the plugs which may have been 

due to inconsistent segmentation. Milestone A2 also introduced some concepts for data 

analysis including linear regression, ridge regression, and cross validation to be used in later 

milestones. 

Milestone A3 aimed to apply the methods developed in Milestones A1 and A2 to improve 

prediction of permeability from image data and to upscale permeability to the plug scale. To 

improve image data quality, the artefact correction methods introduced in Milestone A2 

were applied to all sub-plugs prior to classification into rock types. In addition, more sub-

plugs were included in the training and testing to further improve the prediction accuracy.  

The relationship between porosity and permeability can be generalised by a best fit power 

law which was determined for each rock type in the sub-plugs. These fitted power law 

curves were then applied to untested regions in the plug using the computed porosity and 

rock type to provide the input to predict plug permeability. Finally, these propagated 

permeabilities were upscaled for each plug to a single effective permeability measurement. 

Using rock type information did change the upscaled permeability of the plugs. For example, 

the permeability prediction error of one plug dropped by 66% when rock types were used to 

improve the prediction accuracy. Unfortunately, no conventional experimental 

measurements were available to assess the validity of the upscaled permeability. 

Milestone A4 originally had the objective of applying the methods developed in the previous 

milestones to upscale digital rock properties from the plug scale to the whole core scale and 

to correlate these upscaled properties with petrophysical log data. Unfortunately, initial 

experimentation on the whole core data showed that it was not of a sufficient quality for 

deriving a prediction of permeability. 

Recent developments in high resolution whole core scale CT imaging, resulting from a 

collaboration between FEI and the Australian National University (ANU), enabled the new 

acquisition of a 140 mm long, 62 mm diameter ANLEC whole core sample at a voxel size of 

23.7 µm. The milestone was revised after discussion with ANLEC to instead apply the 

concepts recently developed, but on this new set of high quality data. Not only has high 
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resolution whole core imaging become available, but the imaging resolution and quality at 

all scales has improved (since the images used prior to Milestone A4) particularly due to the 

introduction of higher resolution X-ray detectors for all scales of imaging. This higher quality 

and higher resolution imaging provides more accurate sub-plug digital permeability 

measurements. Because a new whole core region was used in this analysis, a descending 

scale of imaging and analysis was also undertaken. 

A newly developed method of sampling data for the classification and mapping of rock types 

was applied. It produced continuous rock type maps which eliminated gridding issues 

associated with the old method developed in previous Milestones. The accuracy of 

permeability prediction was improved by 55% (in order of magnitude error) towards the 

maximum accuracy achievable on the input data by using morphological variables, as 

opposed to using just porosity or CT intensity. 

Permeability was digitally measured throughout two 10 mm diameter sub-plugs and then 

predicted in 3D to the 62 mm diameter whole core region. The predicted permeability very 

strongly correlated with experimentally measured permeability (measured along a slabbed 

surface using a New England Research AutoScan machine which measures permeability 

using a steady-state gas injection technique). This verified the accuracy of the rock typing 

and propagation methods and provided a good final result for Component A. 

Component B was of the nature of a development project (the ‘D’ in R&D), in that it sought 

to provide a software solution that will enable core plug and/or whole core data such as was 

generated in Component A to be used correctly in geomodels being constructed by ANLEC 

R&D sponsored Demonstration projects. The software was developed in the GAMLS 

application; GAMLS being an acronym for Geological Analysis via the Maximum Likelihood 

System. The software uses Bayesian-based Multi-variate Clustering Analysis to integrate 

core and log data. The new capabilities were added to a module of GAMLS called the CUSP 

module, where CUSP is another acronym, this time for the Classification and Upscaling of 

Saturation-dependent Properties. Basic petrophysical properties are also, necessarily, 

handled. 

In addition to being firmly based on the CSEPU approach outlined above and used 

throughout Component A, the CUSP workflow of Component B is based on two other 

premises. The first of these is the “CUSP Assumption” which relates to a form of 

parameterisation of petrophysical properties and which is detailed later in this report. The 

second premise is that of an “Equivalent porous medium”, which will likewise be 

subsequently explained. 

Component B was broken into five related milestones spanning the area from Core to Log to 

Geocellular Model. The milestones included Data Input and Analysis, Petrotype (core plug), 

Electrotype (wireline log), and Geotype (geocell) Tab Development (to handle changes to 
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these scales), and the construction of a GAMLS CUSP 3D Geotype Plug-in for the Petrel 

geomodelling software. (All specialist terms in the CUSP workflow are explained both in the 

List of Acronyms and Definitions and in subsequent sections as they are first encountered). 

The primary objective of Milestone B1: Data Input and Analysis was to develop all the 

necessary data input and analysis procedures to enter data at the correct scales into the 

GAMLS software and to make it available for subsequent steps in the workflow. To meet this 

objective called for the design and coding of a variety of sub-modules or routines within the 

GAMLS software. 

The requirement to input all data types required for subsequent reservoir characterisation 

and to be able to access and use this data for essential pre-processing steps was met. Both 

basic and saturation-dependent petrophysical properties can now be entered, whether 

from conventional laboratory or from digital imaging and modelling. Importantly, necessary 

analysis steps such as core-to-log depth calibration and core plug overburden correction 

were implemented for all data types. The importance of the rigorous application of these 

processes to later reservoir characterisation was emphasised. 

The three Characteristic Length Variables (CLVs) Omega (), Kappa (), and Eta () to be 

used for classification at all scales were introduced and calculated at the Petrotype (core 

plug) scale. A Petrotype is a distinctive grouping of rock exhibiting a similarity of variables 

derived from petrophysical properties determined at the core plug scale. In short, it may be 

viewed as the rock type of a core plug. Both the formulation and the importance of the CLVs 

in the classification for multi-scale classification and propagation (prediction) was explained. 

GAMLS Bayesian-based Multi-variate Cluster Analysis (MVCA) was employed to classify the 

wireline logs and then the core plug data into Preliminary Petrotypes using  and . These 

Preliminary Petrotypes can then be used to ensure that a representative core plug data 

suite is obtained for subsequent analyses.  

Laboratory and digitally determined saturation-dependent data was merged and viewed 

simultaneously in order to permit the development of function relations to represent this 

data for later use. The Pc(Sw) data was modelled using a modified Skelt-Harrison function by 

employing a genetic algorithm, and this functional form was used to extract a defining point 

on the curve, the Pc(Sw) CUSP point. The CUSP point is necessary when formulating the  

CLV for later use in both classification and propagation within the CUSP workflow. 

The main objective of Milestone B2: Petrotype Tab Development was to prepare saturation-

dependent data, in the form of Pc(Sw) curves, at the Petrotype (core plug) scale such that it 

can be readily accessed at larger scales. This is accomplished by the rigorous classification of 
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the core plugs into final Petrotypes and the development of a Representative Pc(Sw) curve 

(Rep curve) for each such Petrotype. 

The three CLVs, , , and , developed in Milestone B1 were used as variables in a MVCA 

to define final Petrotypes. This included using the Bayesian MVCA to predict additional 

values of  based on  and  where Pc(Sw) data had not been obtained. 

A new interface was designed and coded to permit the construction of a Representative 

curve for each Petrotype. These Rep curves are used later in the workflow to model the 

Pc(Sw) response at larger scales. New concepts based on the extraction of dimensionless 

numbers were introduced to QC the resulting Petrotypes and their Rep curves and to 

provide alternative views of the data.  

A Petrotype scale fine grid (40 mm step size) based on a Petrotype log of the whole core was 

constructed. Two methods of filling this Petrotype scale grid with basic petrophysical 

properties were implemented and the requirements for moving the resulting data into the 

Upscale model of GAMLS outlined. 

The objective of Milestone B3: Electrotype Tab Development was to prepare saturation-

dependent data, in the form of Pc(Sw) curves, at the Electrotype (wireline log) scale such 

that they can be effectively used at this scale and then correctly upscaled for use in 

subsequent, larger-scale, milestones. This is accomplished by the rigorous classification of 

the wireline logs into Electrotypes and the development of a Representative Pc(Sw) curve 

(Rep curve) for each. 

An Electrotype is a distinctive grouping of rock exhibiting a similarity of variables derived 

from wireline logs and biased as necessary by correctly scaled core data. In short, it may be 

viewed as the rock type of wireline log data in concert with upscaled core data. The 

Electrotype scale is that in the Classification and Upscaling of Saturation-dependent 

Properties (CUSP) workflow where core based saturations may be compared to those from 

classical wireline log analysis based on resistivity. 

The code to rigorously upscale the petrophysical properties from the Petrotype (core plug) 

scale to the Electrotype (wireline log) scale was implemented. The two CLVs,  and , at the 

Electrotype scale, were calculated from the upscaled petrophysical properties and then 

used to predict the third CLV, , based on the Multi-variate Cluster Analysis (MVCA) 

developed at the Petrotype scale. This modelling provides a method of effectively changing 

scales that facilitates the inclusion of Pc(Sw) data. 

The  CLV was used to extract a defining point on the Pc(Sw) curve for each wireline data 

point, the CUSP point. This in turn was used with the Petrotype Rep curves, developed in the 
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previous Milestone B2, to extract (recover) the Skelt-Harrison (SH) parameters defining the 

full Pc(Sw) curve at the Electrotype scale. Designing the code to do so was a major challenge 

for this Milestone, but its successful implementation means that it is now possible to 

routinely have correctly scaled Pc(Sw) curves at the Electrotype (wireline log) scale and to 

relate these saturation-dependent curves to wireline log data. 

The CLVs were then used as variables, along with log data, in a MVCA model to define final 

Electrotypes, for which Representative Pc(Sw) curves at the Electrotype scale were also then 

developed. These Representative curves will be used later in the workflow (Milestone B4) to 

model the Pc(Sw) response at larger scales (Geotype). 

The Pc(Sw) curves at every wireline data point, now at the Electrotype scale, were used to 

determine a saturation profile with depth, Sw(z), based on a calculated Free Water Level 

(FWL). 

The primary objective of Milestone B4: Geotype Tab Development was to develop all the 

necessary data manipulation, quality control, and analysis procedures in 1D within the 

GAMLS software to ensure data at the wireline log scale is correctly upscaled to the geocell 

scale and then prepared for use in an analogous plug-in to a 3D geocellular model. A 

Geotype is a distinctive grouping of rock at the volume of a geocell which exhibits a 

similarity of variables derived from upscaled wireline log data incorporating correctly scaled 

core data.  The volume of the geocell is of order 104 times that of the wireline log volume. 

The code to rigorously upscale petrophysical properties from the Electrotype (wireline log) 

scale to the Geotype (geocell) scale was implemented. The two CLVs,  and  at the 

Geotype scale, were developed from the upscaled petrophysical properties and then used 

to predict the third , based on the MVCA developed at the Electrotype scale. The grid size 

used for the upscaling to Geotypes was selected to correspond to that used in the Petrel 3D 

geomodel (Petrel is the 3D geomodelling package from Schlumberger and is discussed in the 

next milestone).  

The  CLV was used to extract the defining CUSP point on the Pc(Sw) curve for each geocell 

centre point depth. This in turn was used with the Electrotype Rep curves, developed in the 

previous Milestone B3, to extract (recover) the SH parameters defining the full Pc(Sw) curve 

at the Geotype scale. The successful implementation of the Electrotype to Geotype code 

meant that it is now possible for the first time to have rigorously constructed Pc(Sw) curves 

at the Geotype scale. 

The CLVs were then used as variables, along with bed filtered log data, in a MVCA model to 

define Geotypes, for which Pc(Sw) Rep curves at the Geotype scale were then also 
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developed. These Rep curves were later used in the workflow (Milestone B5) to model a 

Pc(Sw) curve within every geocell of a 3D Petrel geomodel. 

The Pc(Sw) curves at every geocell centre point depth, were used to determine saturation 

profiles with depth, Sw(z), based on three calculated free water levels. These profiles 

compared very favourably with those derived at the Electrotype scale. The significance of 

being able to accurately predict saturation profiles at the Geotype scale cannot be 

overstated. Whilst a saturation profile at a given time/state may be upscaled, the 

importance of being able to develop saturation profiles over time and space from a properly 

upscaled and predictive Pc(Sw) model is a major advance. 

The primary objective of Milestone B5: GAMLS CUSP 3D Geotype Plug-in for Petrel was the 

development of a GAMLS CUSP Plug-in for Petrel to provide the capability to construct 

correctly scaled capillary pressure curves and predict water saturation in every geocell of a 

3D geocellular model. This Milestone followed directly from Milestone B4 in which wireline 

log data was upscaled to geocell scale and classified into Geotypes in 1D, a Representative 

Pc(Sw) curve for each developed, and the dataset prepared for movement to the 3D 

geocellular model. 

The framework for a geocellular model in which to test the GAMLS CUSP 3D workflow was 

successfully constructed in Petrel. The framework was relatively simple, having been 

constructed from formation tops picked in just five wells. The completed 3D grid consisted 

of 35 x 75 x 410 geocells, but after trimming, contained a total of 639,735 active cells. Six 

zones were implemented in order to control the distribution of rock types and, later, 

petrophysical properties. 

Rock types at the geocellular scale, Geotypes, were moved from GAMLS CUSP, where they 

were successfully calculated in the previous milestone, into Petrel. These were derived for 

just one of the five wells, so previously developed rock types (or “facies”, from an unrelated 

third party) were used to successfully assign Geotypes to all wells. These were then 

distributed in 3D using a Petrel geostatistical algorithm. A data set developed earlier for the 

five wells (by the third party) was used, after normalising to the GAMLS results, to assign 

basic petrophysical properties to all wells. These properties were then upscaled to geocell 

scale and distributed in 3D using the properties modelling capabilities of Petrel. A fit-for-

purpose 3D geocellular model was thus made available for the testing of the GAMLS CUSP 

Plug-in for Petrel. 

The implemented plug-in was first used to calculate the  and  CLVs throughout the full 

geomodel. These in turn were used to predict the third CLV, , using a coded link to the 

GAMLS Clustering module and employing the MVCA developed in Milestone B4. This 

process required the importing from GAMLS of the Prior Statistics of the MVCA that was 
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used to initially establish the Geotypes. The GAMLS CUSP Plug-in thus now provides for the 

estimation of  in all geocells of the 3D grid. 

The  CLV was then used to calculate the CUSP point of the Pc(Sw) curves for every geocell 

in the model in order to be able to then calculate the four Skelt-Harrison parameters which 

defined the Pc(Sw) curve in each. The calculation of the SH parameters was based on Pc(Sw) 

Rep curves that were established at the Geotype scale in GAMLS CUSP in the previous 

milestone. The GAMLS CUSP Plug-in permitted the importation and ready use of the Rep 

curves within Petrel. 

The Petrel software was used to build a Free Water Level (FWL) surface from that 

established previously in GAMLS and this in turn was used to construct a Height Above FWL 

(HAFWL) property. With the Pc(Sw) curve and the HAFWL established for every geocell, the 

GAMLS CUSP Plug-in was then used to calculate the water saturation in each. Like all 

properties, this was able to be displayed in 3D in Petrel where it was clear that a transition 

zone was successfully implemented above the FWL.  

Upon the completion of Milestones B1 to B4, it was then possible to move Petrotype (plug 

scale) static and dynamic properties through Electrotypes (wireline log scale) to Geotypes 

(geocell scale) in GAMLS, this all being in 1D in the purpose-designed, new CUSP module. 

With the completion of Milestone B5, it was then possible to populate the Geotype scale 

properties into all geocells of a 3D geocellular model using the GAMLS CUSP Plug-in for 

Petrel. This represents a major advance, in that at each stage of this multi-scale process, all 

data was correctly classified and appropriately upscaled before moving to the next scale. 

With the successful completion of both Component A and B, the objective of this multi-scale 

reservoir characterisation project to translate petrophysical properties obtained at the pore 

scale through for use in a geocellular model of the reservoir has been met. The properties 

comprised not just the basic or static petrophysical properties such as porosity, 

permeability, and surface area, but the saturation-dependent properties of capillary 

pressure. The necessary and unifying concept for the whole project was the adoption of a 

consistent approach to the multiple scale changes involved. The five CSEPU steps; 

Classification, Selection, Evaluation, Propagation, and Upscaling were used at every scale 

change to secure a robust suite of petrophysical properties at each coarser scale, 

culminating in that of the Geotype within a 3D geocellular model.  Thus this study has 

significantly advanced how accurate modelling of CO2 movement within reservoirs being 

used for sequestration can be undertaken.  
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2 Introduction 

 Project Overview 

This report summarises the work carried out by FEI Australia Pty Ltd and its sub-contractor 

eGAMLS Inc. on Sub-project 7 of ANLEC Project 7-0311-0128 Maximising the Value of Digital 

Core Data. The sub-project is itself titled Multi-scale Reservoir Characterisation – From Pore 

to Core to Geocellular Model and was arranged into two components. Component A was 

conducted by FEI and consisted of four separate milestones, A1 to A4, which focussed on 

the pore to core aspects of upscaling, including to the scale of whole core sections. 

Component B was implemented by eGAMLS Inc. and contained five milestones, B1 to B5, 

which included upscaling from the core plug scale through to wireline logs and finally to the 

scale of the cells in a geocellular model. To ensure co-ordination and integration, both 

components were managed by FEI Australia. 

Commercial scale CO2 sequestration into subsurface reservoirs should ideally be proven 

with demonstration projects of a practical scale and suitable geological complexity. Part of 

such demonstration projects normally includes the modelling of CO2 movement away from 

injection sites and into the subsurface receiving reservoirs. Such modelling makes use of 3D 

geocellular models which are constructed to adequately represent the targeted geological 

formations and their flow properties. This project was targeted to support the CTSCo Surat 

CCS Project by maximising the value of the large investment made in acquiring detailed high 

resolution digital core data, with the objective of deriving the most robust, mathematically 

correct, scientifically-defensible and auditable, predictive model of CO2 plume movement. 

The project was thus implemented to support the accurate modelling of CO2 movement 

within reservoirs that are being used to sequester CO2. This modelling is necessary in order 

to be able to predict the volume of CO2 which can be safely injected and ultimately stored. 

The rate and extent of CO2 movement is controlled by reservoir rock properties and fluid 

properties and rock-fluid interactions. The properties are measured at one scale, but then 

need to be used across a range of scales of investigation. This project was thus designed to 

ensure that the properties being used are consistent for the scale of application. 

The primary objective of this multi-scale reservoir characterisation project was to develop 

methodologies to upscale petrophysical properties obtained at the pore scale for use in a 3D 

geocellular model of the reservoir representing a much coarser scale. The properties 

comprised not just the basic or static petrophysical properties like porosity, permeability, 

and surface area, but saturation-dependent properties such as capillary pressure and 

relative permeability that will control the injection of CO2 into a sub-surface reservoir. 
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 Project Scales 

An effective way to analyse the properties which control the transport of CO2 in rock at the 

pore scale is to undertake digital rock analysis at scales much finer than core plug scale. 

Such analyses have been undertaken in other sub-projects, but the results need to be 

translated from the pore scale to the core plug scale and then the whole core scale. It then 

becomes necessary to change the scale of the measured properties from core plug or whole 

core scale to the wireline log scale, which investigates a volume of the reservoir at least 

1000 times larger than the core plugs. Then, ultimately, the wireline scale data is moved 

through to the geocellular model scale, where the geocell scale is approximately 10,000 

times larger than the wireline scale. This process of changing the scale of rock properties is 

known as upscaling. A schematic representation of the scales from the pore scale of the 

micro-CT sub-plug to the geocell of the geocellular model is shown in Figure 2.1. 

 

Figure 2.1: Schematic representation of the scales address in the Multi-scale Reservoir 
Characterisation project (after Curtis, 2015). 

 

It is important to understand the magnitude of the scale changes involved in the study. The 

volumes associated with each scale (in m3) and the volumetric upscaling ratio are shown in 

Figure 2.2. 
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Figure 2.2: Volumes of Investigation and Volumetric Upscaling Ratios in the Multi-scale 
Reservoir Characterisation project (after Curtis, 2015). 

 

 Components and the Organisation of this Report 

As set out above, the project was undertaken in two components. Component A, under the 

auspices of FEI Australia, studied from the micro scale through to the whole core scale. 

Work here centred on the imaging and analysis of 3D data across these scales. Component B 

was carried out by eGAMLS and spanned from the core plug scale to the geocellular model. 

The teams worked separately, with linkage being provided by the Project Officer. 

This report will therefore, after reviewing common elements, be structured first to describe 

Component A and then Component B. Each of the separate reports prepared for the four 

Milestones A1 to A4 and five Milestones B1 to B5 will be summarised in that order. This 

report relies on the individual Milestone reports for complete details of the work 

undertaken and the results therefrom. The Milestone reports will be referenced in this final 

report, but for detail the reader is referred to the separate Milestone reports. 
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3 Changing Scales – The Five Step CSEPU Approach 

 Overview 

The unifying concept for the whole project is the adoption of a consistent approach to 

upscaling across the multiple scale changes involved in going from detailed pore scale 

measurements in the laboratory to the characterisation of a geocellular model. The act of 

transposing petrophysical properties from a finer scale (smaller volume) to a coarser scale 

(larger volume) is, as has been mentioned, usually simply termed “Upscaling”. Such 

“Upscaling” is often presented as single step in the reservoir characterisation literature, but 

when viewed in totality the act of moving from the fine scale to the coarse scale actually 

entails five distinct, sequential steps (Curtis, 2015). As shown in Figure 3.1, the five steps are 

Classification, Selection, Evaluation, Propagation, and Upscaling. At every scale change, each 

of the steps is necessary to secure a robust suite of petrophysical properties at the coarser 

scale and thus they are each covered in detail below. The overall approach is referred to in 

subsequent discussion by the acronym CSEPU. 

 

Figure 3.1: Generic schematic of the Five Steps (CSEPU) applicable at EVERY scale change 
between the six scales of the Multi-scale Reservoir characterisation project (after Curtis, 

2015). The diagrams within the figure are explained in the text below. 
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 Classification 

Any given single unit at the coarse scale can be populated with a grid at the fine-scale, 

whether in 1D, 2D, or in 3D (as shown in 2D in Figure 3.1, top right). The fine-scale 

dimension (relative size) adopted is a function of the data that is available at both the 

coarse scale and the fine scale. For example in the schematic of Figure 3.1, the coarse scale 

relates to a 2D section through a core plug and the fine scale is a grid of attenuation-related 

variables from a tomographic image. It is then possible to cluster the attenuation-related 

variables to develop distinct modes (or clusters, later interpreted as rock types) at the fine 

scale. In Figure 3.1, three modes are shown (yellow, green, and orange). 

The purpose of Classification is twofold. First, Classification facilitates the next Selection 

step and secondly it is needed for the later Propagation of petrophysical properties. Thus, 

robust Classification is vital and is needed at each and every scale change. To achieve this, a 

Bayesian-based probabilistic Multi-variate Clustering Analysis (MVCA) model that can be 

used equally well at each scale change is employed (Perlovsky, 1994). Other Classification 

techniques could be used, but these lack the advantage of being able to readily Propagate 

properties using the same model as that developed in the Classification step. Both 

components of the study used such a Bayesian MVCA approach to Classification. 

As another example, typical outputs for the Classification of three wireline log variables 

(RHOB, NPHI, and GR) are shown in Figure 3.2. The crisp (most abundant) assignment into 

seven modes (clustered data groups) is shown on the left and a 1D trace showing the 

cumulative probability of assignment into each of these modes at each depth point along 

the wellbore is given on the right  (the MVCA terms mentioned here are further explained in 

the List of Acronyms and Definitions given earlier). 
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Figure 3.2: 3D view (left) and 1D along-wellbore view (right) of typical Bayesian-based 
Probabilistic Multi-variate Clustering Analysis outputs of a section of wireline log. 

 Selection 

At any given scale change, it is invariably not feasible to carry out detailed property testing 

on every fine-scale grid cell within a given coarse-scale grid and thus sub-sampling is 

necessary. In the Selection of sub-samples for analysis, what is required is the most 

representative set of such samples. In too many instances, this Selection is carried out 

incorrectly, being either done randomly or with poor selection criteria. 

The optimum selection criteria will change from situation to situation and from scale to 

scale. However, the overriding criteria will always be that the sub-samples must represent 

all the modes (rock types) seen in the Classification (such as, for example, all the seven 

modes shown in Figure 3.2). Ideally, the full range of properties seen within each mode 

should also be covered. In Figure 3.1, a sub-sample that covers each of the three differently 

coloured modes is shown in brown outline. Ideally, several such sub-samples should be 

selected to better cover the likely range of the properties to be determined, but in many 

instances cost constraints will necessitate a limited sub-sampling (and thus possibly 

producing a sub-optimal result). 
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 Evaluation 

Once a sub-sample is selected, it is then possible to carry out the testing and data analyses 

that are appropriate to determine the petrophysical properties, both static and dynamic, at 

that scale. In the schematic of Figure 3.1, the properties are shown as having been 

evaluated at each of the 24 locations indicated by red dots. This Evaluation may have been 

either from actual analysis (experimentation or digital imaging and modelling) or from 

Upscaling from a still finer scale. The important thing for the workflow being illustrated is 

that there are sufficient data values in each of the modes (yellow, green, orange) to provide 

a representative distribution of petrophysical properties for all modes. 

 Propagation 

The next step in the CSEPU methodology is the Propagation of the known petrophysical 

properties, evaluated in the sub-sample, into the full coarse volume. This step uses the 

Multi-variate Clustering Analysis model developed in the Classification step to predict the 

properties in each and every fine-scale grid cell and is illustrated schematically in Figure 3.1 

with purple arrows. The use of a rigorous classification and predictive MVCA model ensures 

the robust Propagation of properties to every grid cell, vital to ensuring that the correct 

properties are then available for Upscaling. 

 Upscaling 

Appropriate Upscaling algorithms may then be used to determine the single value (or array) 

of each petrophysical property in the coarse-scale volume, as shown schematically in Figure 

3.1 with a blue dot. These algorithms may be very simple, such as volume weighted 

arithmetic averaging, or quite complex, such as with flow-based, boundary condition 

dependent, numerical upscaling (Chen et al., 2010). For this workflow development, the 

exact nature of any upscaling algorithm is not important so long as the step can be carried 

out appropriately and rigorously. 

Inherent in the Upscaling step is the assumption that at the coarse scale there is now a 

single “equivalent” homogeneous volume which behaves identically in terms of its hydraulic 

or electrical response to that of the multi-modal fine-scale grid within that volume. This 

assumption applies at each scale change and will be utilised later in developing workflows. 

Whilst the CSEPU approach may have been employed in other prior studies, it is not usually 

described as is set out above and thus some parts of the workflow may be executed less 

rigorously than desired. Based on experience, a significant number of papers in the 

literature that refer to “Upscaling” tend to concentrate on just the last of the five steps (the 

“U”) and thus in too many instances use sophisticated algorithms on poor quality, or poorly 

selected, fine-scale data.  
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Component A 

4 Introduction to Component A 

Component A was divided into two discrete areas, the development of classification and 

upscaling (CSEPU) technologies related to tomographic imaging and analysis (Milestones A1 

and A2), and the application of these technologies to upscale to the core plug and whole 

core scales (Milestones A3 and A4). Each of these Milestones will be summarised in a 

separate section below. For full details the user is referred to the individual Milestone 

reports. 

Data developed in the previous sub-projects of the larger Project 7-0311-0128 (Sub-projects 

1 to 6) were designed to be the main source of input data for this component. Some 

additional imaging was also carried out to provide higher quality data, as will be detailed 

subsequently.  

 

5 Milestone A1 - Pore to Core Scale: Classification of Tomograms at 

Multiple Scales 

 Introduction 

 Reference 

Deakin, L., Sok, R.M., Knackstedt, M.A., and Curtis, A.A., 2015a. Milestone A1: Classification 
of Tomograms at Multiple Scales. Technical Report for ANLEC R&D Project 7-0311-0128, 
Sub-project 7: Multi-scale Reservoir Characterisation - From Pore to Core to Geocellular 
Model. FEI Australia, 47 pp. Unpublished. 

 Objectives 

The objective of this milestone were to develop the parameters (rock descriptors) to be 

used for input into a multi-variate clustering analysis to identify rock types in tomographic 

images. The method is to be applicable to all scales (sub-plug, plug, and whole core). 

 Rationale and Importance 

Recalling the discussion of the CSEPU approach, it is important to note the connection 

within the workflow of the Classification and Propagation steps. Without an effective 

Classification (at the fine scale of the larger volume) it is impossible to carry out a 

Propagation of the derived properties into the larger volume. For this reason, robust 
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Classification methods for 3D tomograms are required and their development is the focus of 

Milestone A1. 

It should be noted that in subsequent Milestones (undertaken well after the completion of 

Milestone A1), the methods and results described here were able to be improved. The 

material here is presented both by way of introduction and to record the work undertaken 

in the project in its entirety. 

 CT Imaging 

X-ray computed tomography (CT) imaging is a technology which uses X-rays to create 3D 

tomographic images of objects. X-rays moving through an object are attenuated by differing 

amounts depending on the materials they pass through. This information can be used to 

reconstruct a 3D tomographic image of the object. Every voxel (3D analogue of a pixel) is 

assigned an intensity which relates to the attenuation of the material at that point in space. 

From this data, rock porosity, permeability, and mineralogy can be estimated. High 

resolution imaging (micro-CT) is available for plug and sub-plugs with laboratory based CT 

machines which can achieve voxel resolutions of less than 2 µm. 

 Rock Descriptors 

 Overview 

The goal of this milestone is to develop descriptors which will permit the identification of 

rock types in 3D voxelised images of rocks obtained through X-ray CT. The first step in 

classifying data is the development of descriptors of the data to be used as variables in 

subsequent multi-variate clustering analysis (MVCA). 

After reviewing available methods, a form of textural analysis was adopted. Texture analysis 

is classically associated with the automatic detection and quantification of structured or 

repeated data. A notable set of morphological texture descriptors are the Minkowski 

Functionals which are applicable to unstructured 3D voxel-based images. 

 Minkowski Functionals 

Scalar Minkowski Functionals (MFs) are well known as a succinct descriptor of object shape 

(Blasquez and Poiraudeau, 2003). They are applicable as a texture descriptor in a wide range 

of physical processes including medical data, material analysis, and many other areas. The 

mathematical theory of MFs was formed in integral geometry but they have been adapted 

for use with binary voxelised data (Blasquez and Poiraudeau, 2003). 

In 2D, there are three independent scalar MFs: area, surface length, and Euler number. They 

are computed on a binary image (object and background). The area measurement is simply 
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a measure of the area of the object. The surface length measures the length of contact 

regions between the object and the background (perimeter). The Euler number describes 

the connectivity of the object and is computed with the following formula: 

Euler number = 𝑜 − ℎ

= 𝑣 − 𝑒 + 𝑝, 

where 𝑜 , ℎ , 𝑣 , 𝑒  and 𝑝  are the number of objects, holes, vertices, edges and pixels 

respectively (Gray, 1971). The vertex and edge computations require examining 

neighbouring pixels and the process is similar to convolving a kernel over the image. The 

Euler number is dimensionless.  

The MFs are independent by definition. However, the volume and surface measures can be 

highly correlated for simple objects. Figure 5.1 shows several simple discretised 2D objects 

and their associated Minkowski Functionals as an illustration of the meaning of the 

measures.  

 

Figure 5.1: 2D Values of Minkowski Functionals computed on simple objects where the object 
is black and the background is white. Edges used in the surface length computation are 
shown in red. The unit for surface is the cell edge length and area is the number of cells. 

The MFs extend intuitively to 3D. The area measurement becomes volume and the surface 

length becomes surface area. The Euler number still represents the connectivity of the 

object and is related to the number of holes in the volume. In 3D there is a fourth MF called 

the integral mean curvature, or length, which is related to the mean-breadth of the feature.  

Computation of MFs requires binary segmented data. When more than two phases are 

present in a segmented image, the MFs can be calculated by going through each phase and 

computing the MF with all other phases set to background. This gives four MFs for every 

phase in an image. For full discussion of 3D MFs and their computation the reader is 

referred to the referenced Milestone A1 report. 
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 Identifying and Mapping Rock Types 

Sample ANLEC_WW1_PU9 was identified as a good candidate for rock typing as it has 

several distinct laminae which makes visual verification of the rock typing feasible. The 

tomogram was segmented voxel-by-voxel into 3 phases: the pore-space, clays, and grains. 

See the Milestone A1 report for more information on segmentation. 

The segmented image was then geometrically divided into sub-regions based on a visual 

determination of feature size. In this case each sub-region was a cube with an edge length 

of 93 voxels (~1.5 mm), dividing the image into 11,417 useable sub-regions. On each sub-

region, the four MFs were computed for the three phases giving a total of 12 MF 

descriptors. 

These descriptors were used as variables for a MVCA clustering analysis to identify rock 

types. A Bayesian MVCA software application called AutoClass (NASA, 2009) was used. 

AutoClass aims to find the set of classes that is maximally probable with respect to the data 

and model. Clustering variables are modelled as being conditionally independent Gaussian 

distributions. Clusters assignments are probabilistic and as such any voxel may belong to 

multiple classes (modes). The class with the highest probability (the dominant mode) is 

termed the Crisp assignment and is commonly used to designate a rock type. 

The overall assumption is that clusters in the data correspond to different morphological 

types, or rock types, which will have different flow properties. This is later verified in 

Milestone A3 and Milestone A4. The number of clusters (or rock types) can be computed 

automatically but generally this is initially estimated and assigned based on inspection of 

the tomogram. Four rock types were identified in Sample ANLEC_WW1_PU9 and the 

dominant rock type (Crisp assignment) in each sub-region has been coloured and overlaid 

on the tomogram as is shown in Figure 5.2. 
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Figure 5.2: A slice from the tomogram of sample ANLEC_WW1_PU9 (top) and the tomogram 
overlain with a coloured mapping of the four rock types identified from a MF computation 

on a segmented image (bottom). 

The classification was sensitive to differences in the method of segmentation performed 

and the seeding parameters used therein. The values of intensity to select when seeding 

segmentations can be somewhat subjective due to the presence of multiple minerals, sub-

resolution porosity, and image blurring. Advanced segmentations methods still require 

human intervention which may lead to biases in the resulting morphology of the segmented 

data. The next section introduces an alternative method of utilising MFs which does not 

require segmentation and subsequently provides more robust classifications. 

 Level-set Minkowski Functionals 

Large amounts of textural information are discarded when segmenting an image into just a 

few phases. This information can be retained while still utilising the power of MFs by using a 

level-set approach similar to those described in Arns et al. (2004), Li et al. (2012), and 

Richardson and Werman (2014).  

In this approach, binary partitioning operations are performed at multiple intensities (levels) 

over the intensity range of the tomogram and the MFs are computed at each level on both 

the background and the foreground phase. The MFs are mapped as a function of the level 

and produce smooth curves when plotted. These curves will be referred to as Minkowski 
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curves. Since there are two phases from the binary-partitioning and four MFs when in 3D, 

there are a total of eight curves calculated on every sub-region. 

Experimentation showed the curves from the foreground to be highly correlated with the 

curves from the background. Subsequently, the foreground phase is discarded and only four 

curves are used. Usually around 100 levels are used to develop (or sample) the Minkowski 

curves, which gives good resolution of the features in the curves. 

The set of Minkowski curves from the same tomogram used in the previous example are 

shown in Figure 5.3. The curves are coloured according to their assigned rock type (with 

some transparency applied to improve the visualisation).  

 

Figure 5.3: Minkowski Curves (clockwise from top left; volume, surface, Euler, and length) as 
sampled from sample ANLEC_WW1_PU9, coloured by rock type. 

These Minkowski curves were sampled and processed so that they could be used for input 

into a MVCA for rock typing. In brief, this entailed level correction and resampling of the 

Minkowski curves, leading to the improved curves shown in Figure 5.4. 
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Figure 5.4: Level-corrected and resampled Minkowski Curves (clockwise from top left; 
volume, surface, Euler, and length) from sample ANLEC_WW1_PU9 coloured by rock type. 

The curves were then subjected to a dimensionality reduction using principal components 

analysis before being clustered using MVCA. The full details of the level correction, 

resampling, and dimensionality reduction are given in the Milestone A1 report. 

 Clustering of Reduced Minkowski Curves 

Figure 5.5 shows the 3D mapping of rock types overlain on the tomogram which uses the 

scalar coefficients of the Minkowski basis curves as clustering variables. This rock typing 

captures the lamina in the image better than in the previous clustering shown in Figure 5.2. 
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Figure 5.5: A slice from the tomogram of sample ANLEC_WW1_PU9 with an overlay of the 
coloured mapping of the four identified rock types identified using the Level-set MF method. 

 Applicability to Whole Core Data 

The applicability of the developed methodology to whole core data was assessed. It was 

concluded that the whole core data was of too poor a quality to provide an objective 

assessment of the techniques. Whole core data is later assessed in Milestone A4 after 

acquiring higher resolution and quality images with a new CT machine. 

 Limitations of Minkowski Functionals 

The Minkowski Functionals are resolution dependent. It is important that if images from 

multiple samples are to be jointly (simultaneously) rock typed, they should have similar 

voxel resolutions in order to be directly comparable. This is an acceptable limitation as all 

digital rock measurements obtained directly from tomograms are inherently scale 

dependent. The propagation of measurements between scales using Minkowski Functionals 

and other digital measures was therefore examined in the next milestone of the project, 

Milestone A2. 

 Other Digital Measures for Use as Classification Variables 

Level-set MFs have proven to be an effective descriptor for tomographic rock images. Digital 

rock analysis already has a suite of available measurements which could be used as 
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additional rock descriptors for improving rock typing results. The MF methods abstractly 

quantify texture, grain/pore distribution, mineral distribution, and grain sorting and 

connectivity information. More direct measures such as grain size and mineralogy can also 

be included. A rock typing which utilises grain size (in the form of equivalent radii) and 

attenuation as the input variables for MVCA is shown in the Milestone A1 report. 

 Rock Typing an ANLEC Data Set 

 Results from Four Core Samples 

A case study was undertaken in which several ANLEC samples were jointly (simultaneously) 

classified in order to verify that rock types that exist in multiple samples can be identified as 

being the same. The robustness of the classification was assessed with a number of metrics 

which examined properties such as how well the descriptors separate into spatially separate 

clusters. The four samples used are from the West Wandoan-1 well: ANLEC_6_WW1_PU7, 

ANLEC_6_WW1_PU8, ANLEC_6_WW1_PU10, and ANLEC_6_WW1_PU11.  

Slices from the tomograms of these four samples are shown in Figure 5.6. The voxel sizes in 

these tomograms range from 16.1 µm to 16.6 µm and all rock descriptors were computed 

without any resampling. The sub-region size was chosen to be as close to 1500 μm3 as 

possible for all samples. Overlays of the 3D mapped rock types are also shown in Figure 5.6. 

The colours of each rock type are blended proportionally to the probability of each 

associated rock type, which was not done for other images in the body of this Milestone 

report (this being an important display feature that was subsequently developed). 
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Figure 5.6: Slices from the tomograms (left) and tomograms with rock types overlain (right) 
of ANLEC_6_WW1_PU7/8/10/11 (from top to bottom, respectively). 

 Conclusions for Milestone A1 

Descriptors suitable for the classification of rock types in 3D tomograms at all imaging scales 

(sub-plug, core plug, and whole core) have been developed. The classifications obtained 

with these descriptors using Bayesian MVCA are a key step in the CSEPU workflow for 

transferring pore scale measurements to a useful scale for reservoir analysis. 

The key findings of this study are: 

1. Using X-ray attenuation directly is demonstrated to be an unreliable descriptor due 

to sensitivity to artefacts. 

2. Shape descriptors known as Minkowski Functionals, which operate on segmented 

data, are examined. The loss of information associated with segmentation leads to 

poor performance on complex multi-mineralic samples. Minkowski Functionals are 

not directly applicable to analysis of whole core images which cannot be segmented. 

3. Level-set Minkowski Functionals are introduced as an extension of the previous 

method. This method allows Minkowski Functionals to be computed on tomogram 

data without directly needing a segmented image: 
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o Binary partitioning is performed at intervals over the intensity range of the 

image. Minkowski Functionals are computed on each partitioning which 

creates Minkowski curves. 

o Minkowski curves provide a detailed description of the morphology of the 

rock. 

o With some simple post-processing, the Minkowski curves can be compared 

directly between images of different samples and the robustness to intensity 

artefacts can be improved. 

o Level-set Minkowski Functionals can be used on whole core data, even when 

grains are not resolved. 

4. At the pore scale, Minkowski Functionals can be combined with other descriptors 

already used in digital rock analysis (e.g. grain size) to assist in separating rock types. 

5. Level-set Minkowski Functionals (and other descriptors as needed) are robust for 

probabilistically mapping rock types in 3D. 

These descriptors were tested on multiple samples previously imaged in Sub-project 6 of 

ANLEC Project 7-0311-0128 and the results presented. The classifications show consistently 

good performance and give a strong foundation for subsequent steps of the CSEPU 

workflow, especially Propagation. 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 54 

eGAMLS 

6 Milestone A2 - Pore to Core Scale: Propagation of Properties to 

Non-tested Regions 

 Introduction 

 Reference 

Deakin, L., Sok, R.M., Knackstedt, M.A., and Curtis, A.A., 2015b. Milestone A2: Propagation 
of Properties to Non-tested Regions. Technical Report for ANLEC R&D Project 7-0311-0128, 
Sub-project 7: Multi-scale Reservoir Characterisation - From Pore to Core to Geocellular 
Model. FEI Australia, 33 pp. Unpublished. 

 Rationale and Importance 

The Classification step of the CSEPU approach was developed in Milestone A1. Level-set 

Minkowski Functionals, which provide a rich description of morphology, were computed on 

3D tomographic images of rocks. The measurements were then used as input variables to a 

multi-variate clustering analysis (MVCA) which identifies rock types. The term “rock type” 

has multiple meanings between different scientific fields and scales; however, it is used in 

this milestone to describe regions in 3D tomograms which have similar morphological 

characteristics (and thus assumed similar flow properties, as will be discussed later). 

The rock types mapped (Classified) in 3D can be used in the Selection step to choose optimal 

locations for sub-plug extraction. A property Evaluation can then take place on the sub-plug, 

followed by a Propagation step that predicts the properties in untested regions taking into 

account the rock type information. The subsequent Upscaling step moves the properties to 

the successive scale. 

The focus of this milestone is on the Propagation step. This problem sits in the field of 

machine learning, which often deals with algorithms that learn from and make predictions 

from data. A classical method of prediction is using regression. Given a set of observations 

(each observation is a set of measurements, or features) and a dependent variable for each 

observation, a regression aims to develop a model for the data such that the dependent 

variable can be predicted for new observations. 

 Rock Data Acquisition and Feature Extraction 

 Level-set Minkowski Functionals – A Recapitulation 

Milestone A1 detailed the process of acquiring rock types on 3D tomographic images of 

rocks. Typical descriptors used for rock typing such as attenuation intensity and porosity 

were found to be ineffective at separating many rock types. A set of morphological 

measures called Minkowski Functionals (MFs) were described which were found to be more 
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effective in identifying rock types. An extension was developed called Level-set Minkowski 

Functionals, which operated directly on image attenuation intensity, as opposed to binary 

segmented data. More information is available in Section 5.2 and in the Milestone A1 

report. 

 Changes to Level-set Minkowski Functionals 

In Milestone A1, testing demonstrated that the Level-set Minkowski Functional 

measurements were sensitive to artefacts. Often these artefacts were almost invisible to 

the naked eye but could be identified when rock typing, particularly when over-clustering 

(specifying too many clusters). A method of post-processing the Minkowski curves was 

introduced which reduced the impact of some artefacts. This method was quite effective in 

most cases; however sometimes over-corrections were applied which lead to spurious rock 

type classifications (based on visual assessment). 

The primary limitation of the method was that only the local information at each grid 

location was used to apply corrections which could result in under or over corrections due 

to natural variations within the sample. Some artefacts can be better identified and 

corrected for when looking at the global information in the image. A number of new 

approaches were developed which are detailed in the Milestone A2 report. These new 

artefact correction methods were applied before computing Level-Set Minkowski 

Functionals and the old method of correction was no longer used. Correcting artefacts 

improved the quality of rock type classifications and enabled the identification of rock types 

on images which were previously indeterminate. 

 Intensity Normalisation 

A number of samples from Sub-project 6 of ANLEC Project 7-0311-0128 with plugs and sub-

plugs are utilised in Milestone A2 to test propagation. The plugs and sub-plugs tested were 

from samples PU3, PU4, PU7, and PU8. Images must be normalised prior to extracting 

morphological measures in order for the morphological measures to be valid and consistent 

between samples. The normalisation process ensures a given material in one image has the 

same intensity when examined in another image and that any morphological measures will 

be consistent. 

 Rock Typing Images Simultaneously From Multiple Scales 

The resolution of images needs to be consistent as a change in resolution can correspond to 

a large morphological change for the Minkowski curves. This resolution and scale 

dependency inhibits the direct comparison of Minkowski curves between images taken at 

largely different scales (such as between a core plug and a sub-plug). If multiple images are 
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acquired at a similar scale, they can all be resampled to the same voxel size in case of any 

differences. 

In order to get around this problem, clustering variables are only computed on one scale 

when moving to a successive scale according to the following method: 

1. Register coarse scales images (e.g. plugs) into perfect geometric alignment with fine 

scale images (e.g. sub-plugs). 

2. Calculate clustering variables (e.g. Level-set Minkowski Functionals) on the coarse 

scale images. All images should have artefacts corrected and be normalised. 

3. Calculate clustering variables on the coarse-scale images on a grid defined on the 

fine-scale image (e.g. the grid used for property computation). The geometric 

transformation to map the fine scale grid on the coarse scale images is determined 

in Step 1 from the registration. 

The third step permits regions in sub-plugs to be classified in the same way as plugs, without 

having to worry about scale dependence on clustering variables. Further information on this 

method is available in the Milestone A2 report. 

Figure 6.1 shows a set of plug images which were simultaneously classified into nine rock 

types. Figure 6.2 shows the sub-plugs associated with these plugs which have been included 

in the classification (using the multi-scale sampling strategy just mentioned) and 

subsequently have matching rock types to the plug images. 

The matching rock types show good textural similarity across the different samples and 

laminas are usually well resolved. The next section will examine how the properties which 

have been computed on each sub-plug region are differentiated by their rock types. 
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Figure 6.1: Slices from the tomograms of the plugs of Samples PU3, PU4, PU7 and PU8 (from 
left to right) alongside overlays of their Level-set Minkowski Functional Rock types. 
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Figure 6.2: Level-set Minkowski Functional Rock types for sub-plugs of Samples PU3 (top 
left), PU4 (top right), PU7 (bottom left) and PU8 (bottom right). 
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 Relating Rock Types and Properties 

 Property Computation 

Sub-project 6 of ANLEC Project 7-0311-0128 involved the imaging and analysis of both core 

plugs and corresponding sub-plugs. The key properties that were computed on each sub-

plug were: 

 Porosity – The volume of voids (pore space) divided by the total volume. 

 Permeability – A measure of the ability of a porous material to flow fluids. 

Each property was calculated on many smaller volumes (divided regularly into a grid) within 

the sub-plug volume. It can be very computationally expensive to compute some properties, 

such as permeability, so it was invariably computed only on a fraction of the smaller 

volumes (chosen randomly). At the pore scale, fluid flow is governed by the Stokes 

equations, which are solved numerically using a Lattice Boltzmann technique (Øren and 

Bakke, 2002). Further details on how these properties are computed are available in the 

Milestone A2 report. 

 Property Relationships by Rock Type 

Prior to this work, Classification (rock typing) was carried out based only on porosity (or 

attenuation) as opposed to morphological measures like Level-set Minkowski Functionals.   

A porosity-permeability plot of the sub-plug data is given as Figure 6.3. The data points have 

been coloured by rock types obtained from the simultaneous rock typing using Level-set 

MFs (as detailed in Section 5.2.4) and shown in Figure 6.2 above. 
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Figure 6.3: Digitally computed porosity and permeability data from all sub-plugs with power 
law fits for each rock type (computed using Level-set MFs), and a power law fit for all data in 

black. 

The total root mean square error for permeability (in the common logarithm space) is 0.657 

for the all data fit and 0.488 for the Level-set Minkowski Functional rock types fit. This is 

quite a good improvement in prediction quality, especially when considering the error is in 

the common logarithm space. The standard method of estimating rock types using porosity 

binning was also tested in Milestone A2 and it gave comparatively poorer results. It should 

be noted that even on the millimetre scale these permeability values vary quite significantly 

and it is clear that permeability can be much more reasonably estimated when using 

multiple variables, as opposed to just porosity. These rock type power law fits can be used 

to predict permeability in non-tested regions. 

A simple analysis on the effectiveness of using rock types to predict permeability from 

porosity in non-tested regions was performed. Hold-out tests (in which one sample is 

excluded from training and then can be used to evaluate the prediction) were performed. It 

was found that one sample was particularly poorly predicted, which indicated biases and 

data quality issues in the porosity and permeability data (refer the Milestone A2 report for 

details). 

 Conclusions for Milestone A2 

Methods for propagation of properties utilising rock type information were implemented. 

The key outcomes and findings in doing so are: 

1. New methods were developed in order to improve image quality for consistent rock 

typing between samples. 
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2. A method of sampling measurements in order to have matching rock types at 

different scales was developed enabling the propagation of properties between 

scales. 

3. Rock types obtained using morphological measurements (Minkowski Functionals) 

improved prediction of permeability when compared with using porosity binned rock 

types or assuming a single rock type. 

4. Some of the properties calculated in Sub-project 6 of ANLEC Project 7-0311-0128 

appeared very noisy which imposes a limitation on prediction accuracy. One sample 

was very poorly predicted and properties computed on it may need additional 

quality control. 

A short refresher on the rock typing workflow and methods developed in Milestone A1 was 

given and several amendments to the methods detailed in Milestone A1 were presented.    

A case study on property propagation to the plug scale was provided for several samples 

from Sub-project 6 of ANLEC Project 7-0311-0128. 
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7 Milestone A3 - Pore to Core Scale: Application of Workflow to 

ANLEC micro-CT Data  

 Introduction 

 Reference 

Deakin, L., Sok, R.M., Knackstedt, M.A., and Curtis, A.A., 2015c. Milestone A3: Application of 
Workflow to ANLEC micro-CT Data. Technical Report for ANLEC R&D Project 7-0311-0128, 
Sub-project 7: Multi-scale Reservoir Characterisation - From Pore to Core to Geocellular 
Model. FEI Australia, 32 pp. Unpublished. 

 Recapitulation and Rationale 

The previous Milestone, A2, introduced concepts important for the Propagation step, such 

as regression analysis, and demonstrated a rock type-based prediction of permeability using 

porosity. This milestone extends the Propagation step by populating plugs with predicted 

permeability. It then proposes a final Upscaling procedure that generates a representative 

value at the plug scale. The work for this milestone is again focussed on micro-CT imaged 

ANLEC core plugs and sub-plugs from Sub-project 6 of ANLEC Project 7-0311-0128. 

 Rock Typing of Core Plugs and Sub-plugs 

 Review of Methodology 

Milestone A2 introduced a method for rock typing of images from multiple scales and 

multiple samples simultaneously. Fine scale images are not used in the rock typing done at a 

coarser scale, but these images are, necessarily, still used for property computation (where 

the higher resolution is essential). Properties are typically computed on a grid which can be 

used as the grid for the sub-plug in the third step detailed in Section 6.2.4 above. As a 

consequence, each property measurement can be associated with a rock type. 

The grids on the sub-plugs used for property computation and the properties themselves 

were computed previously in Sub-project 6 of ANLEC Project 7-0311-0128. The grid is 

chosen to give a sufficient number of data points (grid locations) while also trying to sample 

over a representative volume. Unfortunately, for some data points in the Sub-project 6 

study, it is likely the sampling volume was smaller than the representative elementary 

volume (REV) of the underlying rock type which may have led to some less than optimal 

property measurements. The REV of a material is the smallest volume over which a property 

can be computed such that it represents the material as a whole (Hill, 1963). 

The multi-scale multi-sample rock typing method developed in Milestone A2 was applied on 

seven West Wandoan-1 samples previously imaged for Sub-project 6 of ANLEC Project        



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 63 

eGAMLS 

7-0311-0128. The samples were PU3, PU4, PU7, PU8, PU11, PU12, and PU13 (the first four 

of which were used in Milestone A2). The steps in the process include image artefact 

correction and normalisation, followed by the actual Level-set MF multi-scale and multi-

sample classification into rock types. 

 Plug Image Artefact Correction and Intensity Normalisation 

The artefact correction techniques developed in Milestone A2 were applied to all samples 

studied in this milestone. The artefact correction methods included improved beam 

hardening correction, helical artefact correction, and depth-based artefact correction and 

were specifically developed to address the data quality requirements for rock typing. For 

detailed information on these methods refer to Appendix A of the Milestone A2 report. The 

intensity distributions of the plug images were normalised after their artefacts were 

corrected using a peak alignment method as detailed in the Milestone A3 report. 

 Plug Rock Types with Matching Sub-plug Rock Types 

The multi-scale multi-sample rock typing workflow described in detail in Milestone A2 was 

applied to the seven samples of interest in this study. The images were successfully 

clustered into eight rock types.  As the classification was carried out using the Level-set MF 

procedure, the rock types have just been numbered and no attempt was made to ascribe 

geological names to each. The distribution of rock types in the sub-plugs and core plugs 

from which they were sampled are shown in Figure 7.1 and Figure 7.2 respectively.  If the 

sub-plug or plug itself is considered to represent a single data point, then the type of plots 

shown are often referred to as Cumulative Mode Probability (CMP) plots (as is done in 

Component B with the GAMLS software). 

 

Figure 7.1: Rock type proportions of the seven sub-plug images derived using simultaneous 
multi-sample Level-set MFs. 
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Figure 7.2: Rock type proportions of the seven core plug images derived using simultaneous 
multi-sample Level-set MFs. 

The rock type maps for each core plug sample are shown in Figure 7.3 through to Figure 7.9. 

The figures are of different size in order to keep the scales of the images approximately 

constant. The colours for each of the eight rock types are blended within each cell according 

to the probabilities of the respective rock types before being overlaid on the tomograms 

with transparency (which makes each rock type colour appear paler). The rock type maps on 

the sub-plug images have not been shown for brevity (refer to the Milestone A3 report). 

 

Figure 7.3: Slice from 3D tomogram of plug of Sample PU3 and rock type map overlay. 
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Figure 7.4: Slice from 3D tomogram of plug of Sample PU4 and rock type map overlay. 

 

Figure 7.5: Slice from 3D tomogram of plug of Sample PU7 and rock type map overlay. 
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Figure 7.6: Slice from 3D tomogram of plug of Sample PU8 and rock type map overlay. 

 

Figure 7.7: Slice from 3D tomogram of plug of Sample PU11 and rock type map overlay. 
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Figure 7.8: Slice from 3D tomogram of plug of Sample PU12 and rock type map overlay. 

 

Figure 7.9: Slice from 3D tomogram of plug of Sample PU13 and rock type map overlay. 

The laminas in each image are clearly identified. Matching rock types on different samples 

look visually similar. In some regions the classification appears quite noisy in the sense that 

there are multiple sporadic rock types in a small region. Typically these noisy regions end up 

containing rock types which have similar petrophysical properties (see Section 7.3.3 below) 

so it is significant. There are no apparent radial, helical, or clear depth-based trends in the 
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rock types which indicate the artefact corrections applied on each of the images were 

effective. Notably, the quality of the rock type maps would be improved if they were not 

gridded and had continuously varying boundaries. This would improve the ability to 

characterise small features and thin laminations. This was later addressed in Milestone A4.  

The consensus now after having examined this workflow on a large number of samples is 

that there is often no clear boundary between rock types and they tend to blend in to each 

other. This means that there is also no clear answer on how many rock types there should 

be. Underestimating or overestimating the number of rock types may lead to poorer 

prediction accuracy. The process of discretising a rock into types is necessarily going to be 

subjective. Additionally, discrete rock types do not exist in themselves as the MVCA was 

probabilistic; however, a Crisp assignment is used (where the dominant rock type is carried) 

in order to aid understanding and characterisation. 

Rock typing methodologies will thus always be both subjective (as to number) and 

probabilistic, and the optimal methodology will therefore depend to some extent on their 

purpose. The final choice on the number of rock types remains a user decision. In the case 

of these samples, the number of rock types chosen was the number which gave good 

grouping for each rock type in poro-perm plots and also produced rock type maps on the 

images which were not too noisy but still managed to separate regions which were clearly 

visually different. 

 Property Propagation to Plugs 

 Overview 

Milestone A2 utilised a method for predicting permeability from porosity by fitting a power 

law to the poro-perm data for each rock type within a sub-plug. This power law could then 

be used to predict permeability in untested regions of the host core plug if the porosity and 

rock type was known. Section 7.2 above provides the rock types for this prediction. Porosity 

measurements are thus now required on the core plug images to utilise these power law fits 

for prediction. 

Porosity and permeability are easily computed on sub-plug images where most of the 

porosity is resolved (greater than voxel resolution). On plug images, where the resolution is 

lower, there is necessarily a larger portion of unresolved porosity. This makes direct 

computation of permeability impossible as an accurate pore-network can’t be extracted 

from the image. Additionally, this reduces the accuracy of any direct porosity computation. 

A new approach is developed in this milestone to improve the accuracy of porosity 

computations at coarse scales (here core plug) by utilising fine scale (here sub-plug) porosity 

information. 
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 Plug Porosity Prediction 

The accuracy of a porosity measurement in images with large portions of unresolved 

porosity (less than voxel resolution) can be problematic. Human input is required to identify 

what image intensities are associated with 0% and 100% porosity. A new method was 

developed in which: 

1. The sub-plug image was registered into perfect geometric alignment with the plug 

image and then resampled into the grid of the plug volume 

2. The aligned porosity map derived from the sub-plug image was used to optimally 

tune porosity thresholds on the plug image (which was masked to match the aligned 

sub-plug image) 

3. The optimal porosity thresholds were applied over the whole plug image. 

Figure 7.10 shows a crossplot of the computed sub-plug and matched plug porosities for 

each of the samples taken where the optimal porosity thresholds were used. A linear fit has 

been applied for each sample which reveals gradients close to one. This indicates that the 

change in scale between the sub-plugs and plugs is not too large and most porosity can still 

be effectively resolved. A larger jump in scale would result in lower gradients and higher 

offsets. The 𝑟2 fit is also quite good for all cases but it is important to realise that the RMSE 

varies from 1.5 - 3.6 %, which is quite significant. This error can likely be attributed to the 

noise and artefacts in the images. It is also important to realise that this is the error to 

expect when examining a very small region; however the total error on each sample (at 

least within the sub-plug volume) is essentially zero. 
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Figure 7.10: Porosity errors between plug and sub-plug using the optimal threshold solution 
(for each sample). 

 Sub-plug Permeability Prediction Training 

Permeability was computed on the sub-plug images of the seven samples. A pore-throat 

network is extracted from the segmentation of the tomogram in order to calculate 

permeability (Lopez et al., 2010). There was a total of 498 measurements of porosity and 

permeability across all of the sub-regions (of approximate volume 1.6 mm3 each) of the 

samples. Permeability was examined on multiple axes for some regions and others were not 

examined at all. For each region used to compute the properties, the rock type was also 

determined (using the rock type maps for the plugs shown in Section 7.2.3). Figure 7.11 
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shows a plot of porosity against permeability of all of this data which has been coloured by 

rock type. Permeability from all three directions is included in this data. 

 

Figure 7.11: Poro-perm plot with data from all seven sub-plugs coloured by rock type with 
power-law fits overlain. 

The results shown in Figure 7.11 can be compared with those obtained in Milestone A2. For 

this milestone there are three additional samples in the data set (PU11, PU12, and PU13), 

there is one less rock type, and the samples used in the previous milestone were all 

reprocessed prior to reclassification in order to better remove intensity artefacts. The 

overall trend of the data is very similar, but the grouping into rock types has changed. The 

rock types appear more grouped by porosity and permeability, although some rock types 

still retain a large spread (as was also observed in Milestone A2). 

A power law fit was applied for each rock type, which has been overlain on the data as is 

shown in Figure 7.11. These power-law fits were then used to predict the training data (note 

that this test is not cross-validation). The residuals for permeability (logarithmic) are shown 

in Figure 7.12 which compares the use of rock types (left) and the global power law fit 

(right). Overall it is clear that the errors are smaller when using rock types. The total RMSE 

of the common logarithm of permeability was 0.69 using the global fit and 0.49 when using 

rock types (a 29% improvement). The mean absolute error was 0.53 using the global fit and 

0.36 using the rock type fits (a 32% improvement). Such improvement is significant and 

means permeability can be predicted much more accurately in untested regions. 
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Figure 7.12: Residuals from power law predictions of permeability (log) using rock types (left) 
and the global fit (right). 

It is possible that the main limit to accuracy is associated with the inaccuracy of porosity as a 

predictor for permeability. A number of other properties influence permeability such as 

tortuosity, connectivity, and mineralogy which are not taken into account in these 

predictions. Unfortunately, these properties are not possible to compute except on high 

resolution pore-scale images and subsequently they cannot be used for prediction. 

Given the limitations of the porosity-based permeability prediction, other predictors are 

desirable.  It is postulated that a multi-variate prediction on clustering variables (such as 

Level-set Minkowski Functionals) may be able to provide improved property predictions. 

This was tested in Milestone A4 and verified to be correct (see next Section 8 below). 

A cross-validation is a model validation technique in which data is trained and tested on 

independent datasets. This process gives a meaningful indication of prediction error and in 

this case can be used for a pseudo-check for over or under-clustering. The porosity and 

permeability measurements were divided randomly into 50% training and 50% testing 

datasets. The error statistics on permeability were computed on the testing dataset and this 

was repeated for a number of clustering results with varying numbers of rock types. The 

results are shown in Figure 7.13. Coincidentally, the mean absolute error and the RMSE for 

permeability both reach a minimum with eight rock types, this being the number of rock 

types chosen for use in Milestone A3. 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 73 

eGAMLS 

 

Figure 7.13: Permeability errors by number of rock types used for classification and 
prediction. 

 Propagating Permeability to Plugs 

The permeability was then predicted throughout the plugs using the predicted plug 

porosities, rock types, and the power law fits for each rock type. The propagated 

permeability measurements alongside slices from the tomographic plug image for sample 

PU3 is shown in Figure 7.14. The predictions for the other samples can be examined in the 

Milestone A3 report. The propagated permeability is shown using both the rock type-based 

power law fits and the global power law fit. 

 

Figure 7.14: Slice from tomogram of plug image of Sample PU3 (top), permeability predicted 
using rock type fits (middle) and predicted using global power law fit (bottom). 
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In Figure 7.14, it is evident that the full range of permeabilities is not captured in the global 

power law fit based prediction for sample PU3. This is expected to cause a reasonable 

change in the upscaled permeability for this plug. 

 Upscaling of Permeability to Plug Scale 

 Upscaling of Permeability 

Following the successful computation of permeability throughout the many sub-volumes 

within each plug volume, the next step is to combine these values into a single 

measurement for each plug; the final Upscaling step of the CSEPU procedure. Permeability 

was upscaled using a steady state upscaling method (see Milestone A3 for details).  

This upscaling process was applied on each plug to upscale permeability on the long axes 

(i.e. perpendicular to the laminations). The effective permeability is compared between 

solutions obtained using the permeability grids populated using rock type based fits and the 

global fit. The results are shown in Figure 7.15. 

 

Figure 7.15: Upscaled (effective) permeability for the long axes for each plug. 

The difference between the rock-type fit and the global fit varies considerably between 

samples (noting that permeability is on a log scale). The ratio of the rock type-based 

permeability to the global fit ranges from 0.33 for sample PU4 to 1.79 for sample PU7. 

It was verified in Section 7.3.3 above that permeability is predicted with a significantly 

higher accuracy when using rock types as opposed to assuming a single rock type so it can 

be assumed that the effective permeability is more accurate too. Changes of this 

significance will have an impact when predicting properties at larger scales. This highlights 

why it is important to apply a proper upscaling workflow (such as the CSEPU workflow 

developed for this project) in order to correctly characterise a reservoir at each scale. 
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 Conclusions for Milestone A3 

This milestone expanded on the work in Milestone A2 on Propagation and introduced the 

final step of the Upscaling workflow where propagated data was upscaled in the last step of 

the CSEPU process. The case study involved seven samples previously imaged and analysed 

for Sub-project 6 of ANLEC Project 7-0311-0128. This data is to be used in the next 

milestone to predict properties on the whole core scale. The key findings of this study are: 

1. The artefact correction methods developed previously (see Appendix 2 of Milestone 

A2) were effective on the samples used in this study with rock type maps showing no 

evidence of artefacts. 

2. Permeability was propagated into plug volumes with and without using rock types 

and this showed some significant differences. The full range of permeability through 

a plug was better captured when rock types were used. 

3. Permeability propagated with and without using rock types was upscaled to the plug 

volumes and compared. The differences were shown in the section above to be 

significant for most samples. 
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8 Milestone A4 - Pore to Core Scale: Application to Whole Core and 

Wireline Logs in ANLEC Wells 

 Introduction 

 Reference 

Deakin, L., Sok, R.M., Knackstedt, M.A., and Curtis, A.A., 2016a. Milestone A4: Application to 

Whole Core and Wireline Logs in ANLEC Wells. Technical Report for ANLEC R&D Project 7-

0311-0128, Sub-project 7: Multi-scale Reservoir Characterisation - From Pore to Core to 

Geocellular Model. FEI Australia, 40 pp. Unpublished. 

 Revised Objectives 

The original goal of this milestone was to upscale porosity and permeability to a number of 

whole core sections previously imaged during Sub-project 6 of ANLEC Project 7-0311-0128. 

This whole core data was examined in Milestone A1; however, the data was of very poor 

quality and the accuracy of rock typing at this scale could not be validated. Revised goals 

were proposed for Milestone A4 in which a new high resolution whole core image was 

acquired. Plugs and sub-plugs were extracted for property evaluation and subsequent 

prediction on the new whole core region. 

Recent developments in high resolution whole core scale CT imaging, brought about by 

collaboration between FEI and the Australian National University (ANU), enabled new image 

acquisition of a 140 mm long, 62 mm diameter ANLEC whole core sample at a voxel size of 

23.7 µm. The milestone was revised after discussion with ANLEC to instead apply the 

concepts recently developed in the earlier milestones on this new set of high quality data. 

Not only has high resolution whole core imaging become available, but the imaging 

resolution and quality at all scales has improved (since the images acquired for Sub-project 

6 in 2013), particularly due to the introduction of higher resolution X-ray detectors for all 

scales of imaging. In addition, the rock typing method has been significantly upgraded 

compared to what was reported in the earlier milestones and the improvements will be 

detailed in the following sections. 

 Whole Core Imaging 

 Classical Whole Core Imaging 

Whole core imaging is typically undertaken using hospital grade CT machines. These 

machines are designed for fast acquisition. The X-ray source and detector rotate 

continuously and quickly around the scanned object without stopping, which results in 
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blurring and low counts on the detector. They are also acquired at a large voxel size due to 

the low resolution of the detectors used. 

Figure 8.1 shows a slice from a whole core image of a section from the ANLEC West 

Wandoan series. The image is too blurry and noisy to allow one to extract structural or 

textural data for classification. The horizontal pixel size is reasonable at 195 µm, but the 

slice thickness is 2 mm. There is a radial artefact (which has been mostly cropped out 

already) and some strange reconstruction artefacts or filtering artefacts leading to unusual 

noise patterns (best observed on horizontal slices). Any classification based on this data is 

limited to being purely intensity based (as opposed to texture or morphology based), which 

has been demonstrated in Milestone A1 to be ineffective. In summary, whole core images of 

this quality are not suitable for robust rock typing and propagation of properties from 

smaller scales (e.g. a core plug). 

 

Figure 8.1: Tomographic image of a whole core section from ANLEC West Wandoan series 
obtained using a hospital-grade CT scanner. 

 High Resolution Whole Core Imaging 

FEI and ANU have been collaborating on a CT machine designed for whole core imaging 

based on the existing μCT technology. This machine supports much higher resolution than 

standard hospital-grade CT machines for equivalent imaging volumes. It obtains very high 

imaging quality as a result of long exposures, a very high resolution detector, precise stage 

movement, and advanced reconstruction techniques. 

Figure 8.2 shows a slice from the tomographic image of Sample 1195 from the West 

Wandoan-1 well. This is a 140 mm long, 62 mm diameter whole core section which was 

imaged at a resolution of 23.7 µm. The image quality and resolution is improved when 

compared to the typical whole core images as observed in Figure 8.1. Large pores can be 

seen and it is possible to visually identify rock types based on observed texture. However, 

this resolution is still too large to resolve pore-scale properties as there is too much 

unresolved (sub-resolution) porosity. Hence, core plugs are required for detailed analysis. 
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Figure 8.2: 2D Slice of High resolution 3D tomographic image of whole core sample ANLEC 
WW1 1195. 

The whole core section was slabbed into two halves before any plugs were extracted and 

was imaged again in order to precisely locate the cutting plane. Plugs were extracted from 

one of the slabbed sections to characterise each of the rock types of the whole core section 

(see Figure 8.6 subsequently). The other slabbed section was sent off to another laboratory 

within FEI where a 2D surface permeability map was measured on the cut surface with a 

steady-state gas injection experiment. This is an independent measure which can be 

compared with permeability predicted from the plugs analysed by DRA on the other half of 

the core. The 2D surface measured permeability will be discussed in detail in Section 8.6. 

 Continuous Rock Typing 

 Old Rock Typing Methodology 

The rock typing methodology described in detail in the previous milestones was enhanced 

with a number of changes which improve its useability and accuracy. The changes relate 

primarily to how the descriptors used for rock typing are sampled and how the identified 

rock types are mapped back into 3D. 

The previous milestone used block-based sampling where an image was sub-divided into a 

large number of blocks (sub-regions) in a regular grid. The grid was automatically generated 

based on a block size set by the user. Descriptors (e.g. Level-set Minkowski Functionals) 

were computed on each sub-region (grid block) and passed into a multi-variate clustering 

analysis that assigned a rock type to each sub-region. This method had a number of 

deficiencies that are detailed in the Milestone A4 report and summarised in the next 

section. 
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 Continuous Rock Typing Overview 

A new approach to rock typing was devised with the goal of eliminating gridding artefacts 

and improving quality. A big problem with the old approach was that the rock typing grid 

was of low resolution (large size) when compared to the tomographic image it was mapped 

to and this created artificial boundaries. This also constrained future re-gridding. For 

example, an upscaling operation would have to map to the rock typing grid otherwise rock 

types would need to be resampled which would not be particularly accurate. 

An alternative approach was developed which creates a continuous rock typing map where 

the rock type probability is assigned at each voxel of the tomographic image. The details of 

the changes necessary to support this are discussed in the following sections. 

 Descriptor Random Sampling 

An alternative sampling approach (to the grid-based approach) was developed where the 

sampling points are randomly generated with a constraint on the minimum distance 

between points using Poisson disk sampling (Bridson, 2007). Figure 8.3 shows a comparison 

between the old grid-based sampling approach and the new random sampling approach 

applied in 2D. The radius of the sampling sphere is chosen based on the approximate REV of 

the rock based on operator experience, visual inspection of the core, and several statistics 

computed on the image (recall that the REV of a material is the smallest volume over which 

a property can be computed such that it represents the material as a whole). 

 

Figure 8.3: 2D example of old grid-based block sampling (left) and new sphere based random 
sampling (right). The blue crosses represent each sampling point and the enclosing grey 

rectangles or circles represent the sampling volumes. 
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The minimum distance between sample points is then chosen relative to the radius of the 

sampling sphere (see Figure 8.3). Sampling at an extremely high point density relative to the 

sampling radius provides negligible improvement in quality as most of the added 

information is redundant due to the large amount of overlap between the sampling spheres. 

Generally the minimum point distance is chosen to be approximately 75 % of the sampling 

radius. 

This approach eliminates gridding artefacts (e.g. laminations appearing straight when they 

are in fact on a slight angle) and rotational and translational dependencies. Computing 

descriptors on spheres is an improvement over blocks as there is no rotational dependency. 

 Mapping Rock Types to 3D 

The descriptors (e.g. Level-set Minkowski Functionals) computed about each sampling point 

are processed and then passed into a multi-variate clustering analysis to identify the rock 

types (refer Milestone A1 report). A probabilistic rock type assignment is thereby associated 

with each sample point. The next step is to map the rock types back into to the 3D volume 

from which they were derived. 

In the old block-based approach, mapping the rock types was very simple and was based on 

filling in the region around each point (grid block centre). With the new random sampling 

method, there are potentially millions of scattered data points which each have a 

classification describing a spherical volume. These volumes have substantial overlap and it is 

useful to combine the information from nearby measurements to better identify rock type 

boundaries where the probabilistically dominant (Crisply assigned) rock type changes and, 

importantly, the underlying rock type probabilities. 

A variant of inverse distance weighting interpolation is used to map the 3D scattered rock 

type data back to the native tomographic image grid which is at a substantially higher 

resolution than the imposed grid used in the old rock typing method. Inverse distance 

weighting is a method of converting scattered data to an arbitrary grid (Renka, 1988) and is 

detailed in Milestone A4. 

It is important to realise that the volume that a single voxel represents is not sufficient to be 

characterised as a rock type. The rock type information defined at each voxel instead 

represents the rock type information in a sphere that surrounds that voxel. The purpose of 

having rock type information defined for each voxel is that rock type boundaries (where the 

dominant rock type changes) can be more accurately identified and also to improve the 

accuracy of future re-gridding and coarsening operations. A continuous rock type map is 

shown in the next section. 
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 Continuous Rock Type Map of Whole Core Sample Image 

The continuous rock typing process was applied to ANLEC whole core Sample WW1 1195 

and the final probabilistic rock type map is shown in Figure 8.4. The colours in the rock type 

map are associated with the dominant rock type. Four rock types were found to provide a 

good classification and these are coloured red, green, blue, and cyan. The opacity of the 

rock type overlay reduces with the probability so that areas which show less colour 

saturation are a mixture of multiple rock types. 

This resultant rock type map is of much higher quality than any of the rock type maps shown 

in prior milestones. Thin laminations are detected, the boundaries are smooth, and visually 

observed mixed rock types are effectively identified with a low probability. 

 

Figure 8.4: Slice from tomographic image of ANLEC Sample WW1 1195 (top) and continuous 
probabilistic rock type map overlaid on the tomogram slice (bottom). 
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 Clustering Variable Maps 

The clustering variables (e.g. attenuation intensity, intensity standard deviation, Level-set 

Minkowski Functionals) can be mapped back into the 3D volume using inverse distance 

weighting interpolation in the same way it was used to create the continuous probabilistic 

rock type maps as mentioned in 8.3.4 above. 

Figure 8.5 shows the descriptors (used as clustering variables to create the rock type map 

shown in Figure 8.4) mapped back to a slice from the tomogram. The top row from left to 

right is the tomographic slice, intensity mean, and the four first-basis functions for the 

Minkowski Functionals. The bottom row is the tomographic slice, intensity standard 

deviation, and the four second-basis functions for the Minkowski Functionals (refer to 

Milestone A1 report). 

 

Figure 8.5: A slice from tomographic image of ANLEC WW1 1195 and the morphological 
descriptors (clustering variables; see text for details). 
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These images reveal the power of having several descriptors available for classification. For 

example, the intensity mean does not discriminate some of the finer laminations observable 

in some of the morphological descriptors. The set of descriptors displayed above will be 

used later for the prediction of permeability. 

 Plug and Sub-plug Imaging and Property Extraction 

 Plug and Sub-plug Extraction and Imaging 

To accurately compute permeability digitally it is necessary to have a significant degree of 

resolved porosity (pores larger than the voxel size) that percolates through the simulated 

volume (and thereby providing a continuous flow path). This can currently only be achieved 

by sub-sampling the whole core with core plugs. Two 10 mm sub-plugs were extracted from 

somewhat larger plugs taken from the whole core sample. The sub-plug locations were 

selected in order to capture the range of rock types in the whole core image. The locations 

of the sub-plugs within the whole core sample are shown in Figure 8.6. 

 

Figure 8.6: A rendering of the whole core section split across the approximate slabbing plane 
and revealing the location of the two sub-plugs. The plug locations are not shown. 
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The plugging locations were chosen based on visual analysis of the rock type map. Several 

rock types were captured in each sub-plug. The rock type compositions of the sub-plugs are 

shown in Table 8.1. Although each of the two sub-plugs captured most of the rock types, it 

was difficult to get sufficient data overall for the cyan rock type as there was little of this 

rock type in the whole core section and it was only present in thin laminations (refer Figure 

8.4). 

Table 8.1: Fractions of rock types by sub-plug and when combined. 

 
 

When assessing an entire well with these techniques, each whole core section will be 

simultaneously classified into rock types (such that matching rock types correspond 

between different sections). A benefit of this approach is that the properties of rock types 

can be calculated in one whole core section and then propagated to another. This means 

that a limited number of plugs are necessary to fully characterise a well if each rock type has 

been sufficiently characterised. 

The sub-plug images were registered into perfect geometric alignment with the whole core 

tomogram. The rock type information and clustering variables which had been computed on 

the whole core tomogram were then mapped to the sub-plug tomograms. The mapped rock 

types are shown in Figure 8.7. They correlated visually despite the large jump in scale from 

whole core to sub-plug. The volume ratio between voxels on the whole core image and the 

sub-plug images was approximately 150:1. 
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Figure 8.7: Slices from top sub-plug (left) and bottom sub-plug (right) with transferred whole 
core rock type map overlays following registration to the whole core. 

 Absolute Permeability Computation 

The sub-plug images in this study were of sufficient resolution for the computation of 

absolute permeability. The sub-plugs were segmented into pores and solids. Each image was 

gridded into a number of cubic sub-regions, each approximately 3.2 mm3 (with sides of 

approximately 1.47 mm) in which to evaluate properties as a regular grid is needed for the 

permeability computation. This was the largest cubic region possible which permitted a 2 x 2 

horizontal gridding of the image. Many of the regions exist on rock type boundaries which 

complicates the definition of a REV. A larger region is certainly needed to characterise the 

blue rock type at its true REV scale. However, it was difficult to identify sufficiently large 

continuous regions of this rock type. Computing absolute permeability on very large regions 

is also computationally expensive. The cyan rock type only existed in thin laminations and 

subsequently most of the measurements were in mixture regions and included 

neighbouring rock types. This is also an REV issue, as a REV could not be obtained. 

The absolute permeability was computed across each image axis (two horizontal and one 

vertical) of each sub-region. The rock type composition and the average of each clustering 
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variable were also computed on each sub-region. The absolute permeability and porosity 

measurements are shown as a function of porosity in Figure 8.8. 

 

Figure 8.8: Plot of the sub-plug porosity against absolute permeability calculated on sub-
regions from both sub-plugs. The colours are associated with the rock type composition of 
the volume over which the properties was computed. The relative composition of the rock 

types is indicated by the relative radius of the coloured circles surrounding each point. 

The rock type composition of each sub-region is visually represented by concentric spheres, 

the relative radii of which correspond to the relative volume of each rock type. The colours 

map back to the rock type maps shown in Figure 8.4 and Figure 8.7. Note that the 

permeability measurements shown in Figure 8.8 are included for each axis and not 

averaged. The variation within each region adds to the uncertainty when evaluating 

prediction quality as no anisotropic information is captured in any of the morphological 

variables. 

The red and green rock types have relatively narrow permeability distributions. The other 

rock types have a lot of spread in their permeability measurements, even between those 

values computed in the same sub-region but on the three different orthogonal axes (the 

permeability is plotted as triplets, with that for the three axes necessarily sharing the same 

rock type probability assignment and porosity). This variability is indicative of an REV issue 

as previously discussed. The next step is to try and predict permeability on the whole core 

scale and this is discussed in the following section. 
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 Whole Core Property Prediction 

 Overview of Property Prediction Methodology 

The classic method of predicting permeability is to fit a power law to permeability as a 

function of porosity. It was demonstrated in Milestone A3 that permeability could be better 

predicted by individually fitting a power law for each rock type. In that study, only the 

dominant rock type data was used, as opposed to using probabilistic rock type data. 

In this milestone, a regression is still performed for each rock type; however, the 

contribution of each measurement used in the regression is weighted by the probability of 

the rock type being trained. This means that a measurement which has a low proportion of 

a certain rock type will not contribute overly to the training of the regression associated 

with that rock type. Conversely, a measurement which consists entirely of one rock type will 

have a high contribution to the regression for that rock. 

When predicting the permeability at a point, each regression (associated with each rock 

type) is linearly combined based on the composition of rock types at that point. Combining 

the regression for each rock type in this way may not be a strictly correct procedure since 

there are likely to be non-linear effects involved. Notwithstanding, the result should give a 

reasonable approximation of the permeability. 

 Prediction using Intensity 

Figure 8.9 shows a plot of the digitally calculated absolute permeability as a function of 

whole core image voxel intensities for each of the sub-regions. This is quite comparable to 

the scatter plot of sub-plug porosity against absolute permeability in Figure 8.8 with a 

slightly higher spread in the measurements. This is expected because of the reduction in 

quality and resolution of the whole core image compared to the sub-plug image from which 

the permeability was calculated. Note that porosity is approximately negatively linearly 

correlated with image intensity so the trend is horizontally flipped. 
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Figure 8.9: Scatter plot of the whole core intensity against absolute permeability 
measurements calculated on sub-regions from both sub-plugs. 

The same regression technique as was employed in Milestone A3 can be applied to predict 

permeability at the whole core scale using the whole core voxel intensity (since, as noted 

above, the voxel intensity is approximately inversely proportional to porosity). 

The dataset is divided into training and testing datasets. The training dataset is used to 

create the regression model and it is then evaluated on the testing dataset. Figure 8.10 

shows the residual errors (represented as a ratio) between the regression model and the 

testing dataset after applying a linear regression with and without rock types. 
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Figure 8.10: Predicted permeability error ratios between the regression model (based on 
whole core intensity) and the testing dataset. The regression was performed with (left) and 

without rock types (right). 

If rock type information is not used the permeability of the red rock type is higher than 

when it is used, the green is lower, and the majority of the blue is generally lower (with the 

exception of a few outliers). Using a rock type based regression clearly reduces the error for 

some of the rock types and this will be quantitatively investigated in Section 8.5.5 below. 

 Prediction using Morphological Descriptors 

The prediction quality can be further improved by including morphological descriptors in the 

regression model. The morphological descriptors (Level-set Minkowski Functionals) 

computed for rock typing can be used as additional variables in the prediction of 

permeability. Figure 8.11 shows scatter plots of the morphological descriptors (including 

attenuation intensity and intensity standard deviation) compared to the calculated absolute 

permeability. The descriptors were all computed on the whole core scale and then mapped 

to the sub-regions used for permeability computation in the sub-plugs. 

No variables have a particularly strong linear correlation with permeability. The 

multidimensional Ridge regression model (introduced in Milestone A2) was used to combine 

the information from all of the variables for the prediction of permeability (Evgeniou, Pontil 

and Poggio, 2000). Ridge regression is used when predicting permeability from 

morphological descriptors. The regularisation parameter is tuned to find the value which 

gives the best cross-validated prediction accuracy. Ordinary least squares regression was 

used for predictions which used whole core intensity and sub-plug porosity as ridge 

regression is typically only suited to multi-variate prediction. 
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Figure 8.11: Scatter plot of the whole core voxel attenuation intensity (top left), intensity 
standard deviation (top middle), and morphological measures (volume, surface, length, and 

Euler Minkowski Functional basis weights) against calculated absolute permeability 
measurements obtained on sub-regions from both sub-plugs. 

 Comparison of Predictions 

This section quantitatively compares the performance of prediction of calculated absolute 

permeability across several of the variable sets detailed in previous subsections: 
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 Sub-plug porosity – A suitable reference to assess prediction accuracy as it is 

measured on the same scale as the absolute permeability, 

 Whole core voxel attenuation intensity – As this is what is presently used for 

permeability prediction in digital rock analysis, 

 Whole core morphological variables – The proposed set of variables for improved 

property prediction (Level-set Minkowski Functionals basis weights, attenuation 

intensity, intensity standard deviation). 

For each variable set, the regression model was trained with and without rock type 

information, the latter being referred to as the global method. The predictions were 

evaluated using cross-validation (training and testing on independent data sets) and 

repeated a large number of times in independent trials. The common logarithm (log10) of 

permeability was used in prediction operations as it created an approximate linear relation 

between the input variables and permeability. 

The results of this analysis are shown in Table 8.2. Several common performance metrics for 

regressions were computed and are shown in the table: 

 The coefficient of determination (r2) – A value of one indicates perfect linear 

correspondence between the input variables and the output value and a value of 

zero indicates the input variables have no predictive capability for the output 

variable. 

 The mean absolute error (MAE) – This is the mean of the residuals, which are the 

differences between the measured values and the predicted values. The MAE was 

computed on the common logarithm of permeability and subsequently represents 

the order of magnitude error. 

 The root mean squared error (RMSE) – This is the square root of the mean of the 

squared residuals. This is another representation of the order of magnitude error 

and is a useful indicator for spurious large errors in prediction. 

Table 8.2: Comparison of cross-validated prediction quality of absolute permeability using 
different regression methods and variables. 
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In Milestone A3 the RMSE for the prediction of absolute permeability from sub-plug porosity 

without rock types was 0.66. In this Milestone with a new data set, this same metric has 

been reduced to 0.39. A number of steps were taken in this milestone to reach this 

improvement in base accuracy including taking larger REVs for permeability computation 

and having higher quality and larger resolution images. The RMSE of permeability when 

predicting with sub-plug porosity and rock type information was 0.32, an improvement of 

17% when compared with not using rock types. 

The more stringent test comes with predicting permeability using whole core variables 

(which is necessary for propagation into the full whole core). The worst error (a RMSE of 

0.43) comes from predicting permeability using whole core attenuation intensity without 

rock type information. This is the current method of predicting permeability in digital rock 

analysis and the goal has been to improve on this. 

The best possible prediction accuracy of the measured data (in the absence of anisotropic 

descriptors) was calculated to have a RMSE of 0.23. This is the RMSE of permeability 

measurements on each measured axis (two horizontal and one vertical) compared to the 

mean (logarithmically) for each sub-region. The measurable prediction accuracy can never 

be lower than the error associated with these measurements.  

The best case prediction came from doing a regression without rock type information using 

the whole core morphological variables which had a RMSE of 0.32 which is a 25% 

improvement in the raw error over the previous method. It is a 55% improvement in 

accuracy given the best possible prediction accuracy of 0.23 (using only isotropic 

descriptors). It is critical to remember that this is the reduction in the order of magnitude 

error and subsequently it is quite a significant improvement. 

It may seem surprising that the predicting with the whole core morphological variables 

without rock types is more effective, albeit insignificantly, than with rock types. The reason 

the rock type based prediction is marginally worse is because the rock types are derived 

from the morphological variables themselves and they do not necessarily provide any 

additional information when predicting the permeability. 

This observation does not mean that rock types are redundant and no longer needed in the 

upscaling workflow. Rock types are still very important during the selection and property 

evaluation steps to ensure that appropriate regions can be investigated at higher resolution. 

Predicting with rock types may still improve the prediction in a number of cases as it can 

map non-linear variable correlations into a series of approximately linear correlations (for 

each rock type).  
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 Propagation to Whole Core 

Given that the optimal parameters and input variables for the regression model have been 

identified through cross validation, they can now be applied on the full dataset (i.e. both the 

training and testing datasets). 

The rock type weights and the morphological parameters are known at every sampled point 

in the whole core from the original descriptor sampling. An inverse weighted distance 

interpolation can be used (see Section 8.3.4) to apply the regression model at every 

sampled point and to interpolate it to every voxel. The predicted permeability can be seen 

in Figure 8.12. Note that this was predicted using the morphological parameters with the 

rock type information. The permeability was also predicted using intensity only with no rock 

type information (the worst performing method) and this is also shown in Figure 8.12. 

On a visual inspection the predicted permeability using morphological variables does not 

appear to differ significantly from the predicted permeability which only used intensity. 

Figure 8.12(d) shows the pixel-by-pixel difference between the two images which reveals 

there are actually some large differences between the two prediction methods. The 

morphological variable based prediction reveals some more detail in the laminations. The 

details picked up are parallel with the laminations which indicate the details are due to true 

signal in the morphological variables. The next section will compare the predicted 

permeability (using the morphological parameters and rock type information) with 

experimentally determined surface permeability measured using steady-state gas injection 

equipment. 
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Figure 8.12: From top to bottom: (a) Slice from tomographic image of ANLEC WW1 1195,   
(b) predicted absolute permeability using morphological variables, (c) predicted absolute 

permeability using intensity only, (d) ratio of (b) over (c) overlaid on the tomogram. 
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 Comparison with Experimental Measurements 

 Overview 

The previous milestones and the earlier sections of this milestone have examined the 

performance of morphological descriptors and rock types for the prediction of permeability 

computed from 3D pore-scale images. Another critical test is a comparison with 

experimental measured data. 

As indicated in Section 8.2.2 and shown in Figure 8.6, the whole core section was divided 

into two halves: 

 On one half, permeability was computed on extracted sub-plugs and then predicted 

over the entire whole core section (refer above sections), 

 On the other half, permeability was measured experimentally along the slabbed 

surface 

This section will compare the predicted permeability with the experimentally measured 

permeability. The permeability values are derived from different halves of the whole core 

section and acquired through entirely different modalities so they are independent 

measurements. 

 Surface Permeability Acquisition 

Surface permeability measurements were acquired using a New England Research (NER) 

AutoScan machine which measures permeability using a steady-state gas injection 

technique (NER, 2014). A measurement is taken every 2 mm in a regular 2D grid, however 

the permeability probe has a 4 mm tip so the volume of interaction is 4 mm or larger. 

Although the machine is run along a 2D surface, there is a depth of interaction associated 

with the permeability measurement which varies with rock type. 

The physical volume associated with each local experimental permeability measurement 

does differ from the volume that was used to compute and predict permeability from 

images. This is because the interaction volume of the permeability probe varies with the 

local permeability. Notwithstanding, the predicted permeability and the measured surface 

permeability will be compared in the next section. 
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 Comparison of Predicted Permeability with Surface Permeability 

Measurements 

The predicted permeability and rock types from the computations above were resampled to 

the slabbed plane where the surface permeability was measured. The plane was easily 

identified as the whole core section was re-imaged after slabbing. A surface photograph was 

not available for precisely positioning the surface permeability measurement on the plane, 

so it was aligned manually. Thus there may be some small rotational and translational 

errors. 

Figure 8.13 shows the surface permeability measurement alongside the associated 

tomogram slice, rock type overlay, and the predicted permeability. The images were rotated 

in order to approximately align the laminations in the sample to the vertical axis. (Note that 

the ‘top’ with respect to depth is to the right). It is clear that the surface permeability 

measurement is far lower resolution (the distance between measurements) and has a very 

high interaction volume (the volume over which the permeability is measured or calculated) 

when compared to the predicted permeability. Nevertheless, there is a good 

correspondence between the predicted and measured permeabilities. 

The average permeability by depth was computed for both the measured surface 

permeability and the predicted permeability on that slice and this is shown in Figure 8.14. 

There is an obvious correlation between the predicted permeability and the measured 

surface permeability; however it is clear that the surface permeability does not pick up the 

high frequency changes in the permeability as a consequence of the large interaction 

volume. There is a gradual decrease in the permeability with depth that is identified in both 

the surface permeability measurement and the predicted permeability. 

The permeability predicted using morphological variables and the intensity based prediction 

follow similar trends. The ratio between the two is rarely outside of 0.5 to 2.0 which aligns 

with the observed errors seen in Table 8.2. The Pearson product-moment correlation 

coefficient between the surface permeability measurements and the predicted permeability 

(derived from the sub-plugs) is 0.82 (0.93 if a Gaussian filter is applied to simulate a larger 

interaction volume) which indicates a very strong correlation, thereby validating the 

prediction methodology. 
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Figure 8.13: From top to bottom: (a) Slice from tomogram, (b) Rock type map overlay, (c) 
predicted permeability using morphological variables, (d) predicted permeability using 
attenuation intensity only, (e) surface permeability measured using NER AutoScan. All 
images are approximately aligned to the laminations and are resampled to the surface 

where the NER AutoScan measured. The ‘top’ with respect to depth is to the right. 
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Figure 8.14: From top to bottom: (a) Relative depth (aligned to laminations) against the 
surface permeability measurement (red), predicted permeability using morphological 

variables (blue), and predicted permeability using only attenuation intensity with no rock 
types (purple), (b) The rock type composition by relative depth, (c) the ratio between the 
morphological variable based permeability prediction and the intensity based prediction. 
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 Conclusions for Milestone A4 

The key findings from Milestone A4 are: 

1. Micro computed tomography (µCT) hardware has improved significantly since Sub-

project 6 of ANLEC Project 7-0311-0128 (2013) and this has enabled higher quality 

and higher resolution imaging leading to more accurate digital permeability 

measurements. 

2. A new method of sampling data for rock type classification and also for mapping rock 

types was developed. It produces continuous rock type maps which eliminates 

gridding issues associated with the old method developed in previous milestones. 

3. The accuracy of permeability prediction was improved by 55% (in order of 

magnitude error) towards the maximum accuracy achievable on the input data by 

using morphological variables, as opposed to just porosity or CT intensity. 

4. Permeability was digitally measured throughout two 10 mm diameter sub-plugs and 

then predicted in 3D within the 62 mm diameter whole core region. The predicted 

permeability very strongly correlated (Pearson product-moment correlation 

coefficient of 0.93) with experimentally measured permeability (measured along a 

slabbed surface). This verified the accuracy of the rock typing and propagation 

methods. 

In summary, the continuous rock typing and descriptor sampling framework has enabled 

property prediction at high resolution. Permeability was predicted at the whole core scale 

from permeability calculated on pore scale 3D tomographic images. This method will enable 

more accurate prediction and upscaling of properties. The correlation between the 

experimentally measured surface permeability and the independently predicted 

permeability was very strong which demonstrated the accuracy of digital permeability 

calculation and prediction and gave further evidence that there is a strong correlation 

between flow properties and rock types. 

This project differed from the original project proposal as it was unable to correlate wireline 

logs as only one whole core section was imaged. A future ANLEC study aims to apply this 

workflow on a large number of whole core sections, all imaged at high resolution.  
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Component B 

9 Introduction to Component B 

Component B is more of the nature of a development project (the ‘D’ in R&D), in that it 

seeks to provide a software solution that will enable core plug and/or whole core data 

generated in Component A to be used consistently in geomodels being constructed by 

ANLEC Demonstration projects. The software is being developed, in the main, in the GAMLS 

application. GAMLS is an acronym for Geological Analysis via the Maximum Likelihood 

System and the software uses Bayesian-based Multi-variate Clustering Analysis (MVCA) to 

integrate core and log data. An overview of the GAMLS software, which is the key platform 

for the project, is given in Appendix A. The software is being added to a module called the 

CUSP module, where CUSP is another acronym, this time for the Classification and Upscaling 

of Saturation-dependent Properties. In addition, basic petrophysical properties will also be, 

necessarily, handled by the module. 

Component B was originally designed to follow directly on from Component A, using the 

data generated there. However, given the need to recast Component A and to reimage the 

whole core, Component B used core plug information from another source and moved 

directly from core plugs to the log scale, before then moving to the geocell scale. This did 

not impinge on the objectives of Component B, which will eventually be able to use West 

Wandoan whole core when sufficient data is available. 

Component B is firmly based on the CSEPU approach outlined in Section 3 and used 

throughout Component A. Additionally, Component B is based on two other concepts. The 

first of these is the “CUSP Assumption” which relates to a form of parameterisation of 

petrophysical properties and which will be detailed when first used. The second premise is 

that of an “equivalent medium”, a heterogeneity assumption which will likewise be 

subsequently detailed. 

Component B, was broken into five related milestones spanning the upscaling from Core 

Plug to Log to Geocellular Model: 

B1: Data Input and Analysis 

B2: Petrotype Tab Development 

B3: Electrotype Tab Development 

B4: Geotype Tab Development 

B5: GAMLS CUSP 3D Geotype Plug-in for Petrel 

The terms in the above titles are explained both in the List of Acronyms and Definitions and 

in subsequent sections as they are first encountered. 
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Component B implements a relatively complex workflow, known as the CUSP Workflow, 

which links each of the milestones cited above. A summary schematic of the workflow is 

presented in Figure 9.1 and will be progressively discussed and the terms therein clarified as 

each of the five milestones of Component B are presented. 

A detailed CUSP Workflow schematic is given in Appendix B.  The relevant portion within 

this more detailed workflow, as it relates to each milestone, is given in the first section of 

the milestone commentary as it is introduced. 

 

Figure 9.1: Summary schematic of the Classification and Upscaling of Saturation-dependent 
Properties (CUSP) Workflow showing ANLEC R&D Sub-project 7 Component B Milestones. 

The following descriptions of each milestone have been prepared to document the 

capabilities developed within the GAMLS software and the GAMLS CUSP 3D Geotype Plug-in 

software. They should thus ideally be read in conjunction with a demonstration of the 

software, this being an integral part of the reporting process to ANLEC R&D. To facilitate the 

joint report-software demonstration approach, each milestone report and this summary 

report were written to follow as closely as possible the workflow that a demonstration of 

the GAMLS CUSP Plug-in software in the Petrel application would entail. 
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A data set based on a siliciclastics reservoir, within the May Field, has been prepared in both 

1D and 3D (the latter in the form of a Petrel geomodel) to both test the code and to provide 

the demonstration of the capabilities of the software. Whilst it is not intended that either 

this report or the software demonstration be a complete interpretation of the data set, 

sufficient analysis and modelling have been undertaken to meet the objectives of software 

testing and demonstration. 
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10 Milestone B1 - Core to Log to Geocellular Model: Data Input and 

Analysis 

 Introduction 

 Reference 

Curtis, A.A. and Eslinger, E.V., 2015a. Milestone B1 – Core to Log to Geocellular Model: Data 
Input and Analysis. Technical Report for ANLEC R&D Project 7-0311-0128, Sub-project 7: 
Multi-scale Reservoir Characterisation - From Pore to Core to Geocellular Model. eGAMLS 
Inc. and FEI Australia, 42 pp. Unpublished. 

 Objective 

The primary objective of Milestone B1 is to develop all the necessary data input and analysis 

procedures to enter data at the correct scales into the GAMLS software and to make it 

available for subsequent steps in the workflow. Meeting this objective required the design 

and coding of a variety sub-modules or routines within the GAMLS software, as will be 

detailed in subsequent sections. 

 Milestone B1 Workflow 

That portion of the CUSP workflow that relates to Milestone B1 is set out in Figure 10.1. The 

components (as shown with coloured boxes) and their linkages will be further explained in 

the sections below. Given the space constraints of this report, only the most important of 

these will be discussed, with the reader being referred to the Milestone B1 report both for a 

more detailed discussion of these and for details of some of the not-so-critical elements. 

 

Figure 10.1: Schematic of that portion of the CUSP Workflow which has been implemented in 
the CUSP >> Input tab in Milestone B1 (see Figure 9.1 for full CUSP workflow schematic). 
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 Import and Classify Logs, Describe and Classify Whole Core 

 Import Wireline Logs into GAMLS Database, QC, Edit, and Normalise 

The GAMLS software already had a well-tested method of entering wireline logs using the 

petroleum industry standard “.las” format. This format and input capability will be suitable 

for ANLEC R&D client purposes. When the wireline logs are entered, they typically will be 

datumed to (measured from) the working level of the drilling rig in what is known as 

Measured Depth. The acronym for this datum is MDkb (where kb indicated the Kelly 

bushing on the rig floor). 

For use with geocellular models, as is desired for client use, the depth must be in True 

Vertical Depth (TVD) and be referenced to a standard regional datum. This datum is most 

usually sea surface (ss) or for onshore fields a regionally established permanent datum (pd). 

Thus it is necessary to have a means of changing the datum from MDkb to TVDss or TVDpd. 

The capability to permit such a datum change was completed in the GAMLS software and 

has been designed to work when the well depth is measured in either metres or feet. 

Importantly, once the multiple datums are available, depth plots and their associated tables 

(such as those for formation tops) can readily be displayed in either MDkb or TVDss (or 

TVDpd). This will facilitate ready data movement and interpretation between the wireline 

log scale and the geocellular scale. 

Once wireline logs have been entered, the next steps in the workflow are to thoroughly QC 

and edit the well logs. The GAMLS software already had a large number of tools to do this 

work and only minor coding upgrades were required. The most significant addition involved 

the coding of better ways to show the relative location of formation tops when two wells 

are being quality controlled. 

One of the distinguishing features of the GAMLS software is that it can carry out 

Multi-variate Clustering Analysis (MVCA) of log or core variables both in single wells or using 

multiple wells (see next section). However in order to do so in the multiple well case, the 

logs need to display similar electronic responses across similar rock formations. Due to tool 

calibration drift and shortcomings, such is not always the case and thus the responses of the 

tools need to be normalised. 

The GAMLS software already contained some wireline log normalisation features. However, 

since ANLEC client application would certainly involve multiple wells, work was undertaken 

to upgrade the normalisation capabilities of the software. This work focused on making the 

normalisation process more efficient such that good normalisation could be achieved within 

a reasonably short time. The process is now semi-automatic, such that the data of one log 

can be readily shifted to visually match the target log using mouse control, rather than 
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having to make the shift by typing proposed changes into screen entry panels. The results of 

normalising the wireline density curves are shown in Figure 10.2. Here the original curve in 

the green well (dashed) was moved to best match the purple curve in the target well, with 

the result being the solid green curve. The result was optimised in both the basic and 

cumulative frequency views and although the shift does not appear to be large, the 

difference has a distinct impact in later clustering. 

 

Figure 10.2: Normalisation of wireline density curves. Original green well curve (dashed) 
moved to match purple well target curve, with the solid green curve the result. 

 Classify Wireline Logs into Electroclasses and Pick Log-based Well Tops 

There are two distinct tasks that are needed at this stage of the workflow and these are 

explained here as it will facilitate later discussion. These tasks are also listed in order to 

place them in the complete data entry workflow although most of the tools to do this were 

already in GAMLS and needed only minor updates.  

10.2.2.1 Classify Wireline Logs into Electroclasses 

As mentioned above, a distinctive feature of the GAMLS software is that it has a proprietary 

Bayesian-based Multi-variate Clustering Analysis capability. This permits the unsupervised 

or supervised (by other labelled data) clustering of both wireline and core data, either 

separately or jointly. At this stage of the workflow the logs are to be clustered without 

supervision. The wireline log responses such as bulk density (RHOB), neutron porosity 

(NPHI), and gamma ray (GR) at each depth are broken into clusters (here then interpreted as 

Electroclasses) having similar wireline responses within each cluster. An example of a MVCA 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 106 

eGAMLS 

is given in Figure 10.3, with the crisp (most abundant probability) assignment into seven 

Electroclasses being shown in the 2D plot on the left and a 1D trace showing both the crisp 

(beds) and the cumulative probability of assignment (CMP) into each of the Electroclasses at 

each depth being given on the right.  A 3D view of this example was previously given in 

Figure 3.2. 

 

Figure 10.3: 2D view (left) and 1D along-wellbore views (right) of typical Bayesian-based 
Probabilistic Multi-variate Clustering Analysis outputs of a section of wireline log. 

10.2.2.2 Pick Log-based Formation Tops in Each Well 

GAMLS facilitates the rapid picking (identification and labelling) of formation tops either in a 

single well or in a suite of wells. A formation top is essentially the boundary between two 

distinct geological formations and is identified by the lower of the two units. The same top 

can be entered in two different wells and a correlation panel between the wells produced. 

An example of how tops are stored is shown in Figure 10.4. The tops can be picked digitally 

from a depth plot or entered manually. Upgrades to the selection and identification of tops 

have been implemented. These include the ability to group tops by type (or category) to 

enhance management and display, the flexibility to turn off selected common tops in 

multiple wells when in a depth plot, and the way tops are linked between multiple wells. 

(Note that it is not intended to describe in detail items in panels such as that of Figure 10.4 

when they are presented in this report. This is the function of a Users’ Manual and/or a 

detailed demonstration). 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 107 

eGAMLS 

 

Figure 10.4: GAMLS Panel showing Formation Tops. 

 Review Core Description and Develop Sedimentological Description Log 

for GAMLS 

The integration of wireline log and core data requires that there be a good description of 

the whole core available. This description is most often recorded by a sedimentologist from 

slabbed sections of the whole core and is thus known variably as either a core description or 

a sedimentological description. This description will later be used to supervise the MVCA of 

the wireline logs and/or whole core, so an accurate record at appropriate scales is 

important. The details of the implementation of such sedimentological descriptions (Sedi 

Descr) in GAMLS is contained in the Milestone B1 report. 

 Import Whole Core Data and Develop Core-to-Log Depth Conversions 

The sub-tasks within this section are directed towards entering the whole core data and 

linking it with the log data which has been entered and edited as described above. 

 Import Whole Core Data into GAMLS Databases and QC 

In order to facilitate core-log integration, it is important to have the whole core data readily 

accessible for seamless analysis with log data. The GAMLS database for the storage of core 

data was significantly upgraded in order to store the additional data types required for 

ANLEC R&D projects. The major change was to split the core data area into two, one for 

whole core data and one for core plug data. These data have fundamentally different 

volumes of investigation as was detailed in Figure 2.2. The whole core data folder now has 

locations to store attenuation intensity data from whole core CT analyses in the form of 

traces of attenuation intensity with depth, as well as core gamma ray traces and Sedi Descr 

logs. 
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Both gamma ray traces and CT derived attenuation intensity traces are by their very nature 

quite rugose, in that extremely low or high values can be observed at very close spacing. 

This is a reflection of the vertical heterogeneity that often occurs in the sub-surface. Such 

rugosities can make the use of this sort of data in subsequent reservoir characterisation 

operations quite problematic. In addition, although these data are derived at the whole core 

scale, one would like to later associate these values at any depth with core plug 

petrophysical properties data at the equivalent depth. It is thus necessary to be able to 

smooth and/or re-depth these sorts of trace data in an efficient and intelligent manner. A 

zone-based Gaussian filter has been implemented to do this. 

The zonation has been incorporated to prohibit smoothing being carried out over what are 

recognisable formation breaks, whether formation tops or significant distinctive 

interbedded rock types (such as a small coal seam). The raw gamma ray or attenuation trace 

is entered as input data, along with the zone break depths and parameters to control both 

the degree of smoothing and the output depth step required. A common depth step is 

required for subsequent MVCA of these variable, with or without log data. 

The smoothing algorithm moves a Gaussian function of variable and controllable width over 

all data points and calculates the Gaussian-based average. On implementing the algorithm, 

a depth plot is produced which shows both the input data and the smoothed data, as is 

shown in Figure 10.5. Since the smoothed data will invariably be at a different depth 

increment to the input data, it must necessarily be stored in a new table and the capability 

to do this has been incorporated into the software. 

 

Figure 10.5: Gaussian-based Smoothing of Core Gamma Ray Data (Green is raw data; red 
dots with pink line is slightly smoothed and interpolated output). The zone break between 

cores in the centre of the plot does not affect the smoothing at either end of the cores.  
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 Core-to-Log Depth Conversion 

For successful core-log data integration, one of the most important issues, if not the over-

riding issue, is to have very accurate core-to-log depth matching. It is pointless trying to 

relate properties seen in core to the wireline logs if the depths of the two data sources are 

not completely co-incident. 

The GAMLS software initially had a limited core-to-log depth conversion routine; this has 

now been upgraded. This routine draws data from each of the whole core, core plug, and 

wireline log data bases. Two depth plots are then provided; whole core gamma ray versus 

log gamma ray and core plug porosity versus log bulk density. It is then possible, using on-

screen mouse control, to pick the required amount of depth shift to move a core depth to 

match a log depth. This can be carried out at successive depths and the results adjusted 

manually if needed. Finally, the developed shifts can be saved as a core-to-log depth 

correction model and then this can be applied to shift the core data depths in all (or 

selected) data bases to match the log depths in MDkb. An example of this basic functionality 

is given in Figure 10.6. 

 

Figure 10.6: Example of GAMLS Core-to-Log Depth Correction Plots (Original core depth is 
shown in blue, target log depth is red, and corrected core depth is green; arrows show 

the depth shift applied to move core depth to log depth at distinctive features). 
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Given the importance of high quality core-to-log depth corrections to ANLEC client reservoir 

characterisation outcomes, several major improvements to the functionality of the GAMLS 

core-to-log depth corrections were carried out. The most important of these was the 

addition of the capability to store an initial core-to-log depth correction model and then to 

be able to recall and improve it. This means that a prior version of the model, upon which 

certain results may have been dependent, can be recalled and displayed. Alternatively, if a 

minor problem is found with, for instance, the data from one core, a prior model can be 

recalled and rapidly amended. 

A second enhancement was to incorporate both a table and a display of the amount of 

depth shift imposed at each core data point. This improvement was designed to permit the 

more accurate development of any given core-to-log depth correction model and give the 

user more confidence in the end result. A number of other interface changes were made to 

make the core-to-log depth correction workflow faster and be more intuitive. 

 Import Core Plug Data, Analyse, and Overburden Correct 

To this point the focus had been on wireline log and whole core data. Attention is now 

turned to core plug data from both Routine Core Analysis (RCA) and Special Core Analysis 

(SCAL). This RCA and SCAL data may have been sourced from either a conventional core 

analysis laboratory or from a digital rock analysis (DRA) imaging and modelling program such 

as outlined in Component A. 

 Import Core Plug Data into GAMLS and QC 

A new folder has been added to GAMLS to hold all core plug data. This has sub-folders to 

accommodate data from the various sources. Of particular importance is to sort simple 

single point data such as porosity and permeability from saturation-dependent array data 

such as capillary pressure vs water saturation, Pc(Sw), and relative permeability vs water 

saturation, kr(Sw), data. A code has been developed for each different data source and type 

so that data can be flagged by this code in all downstream operations. It is now possible to 

enter SCAL and mercury injection capillary pressure (MICP) derived Pc(Sw), data and to also 

enter kr(Sw) data for both the wetting and non-wetting phases. 

 Conversion of Data between Fluid Types and to Reservoir Conditions 

The most common fluid combinations used in evaluating saturation-dependent 

petrophysical properties at laboratory conditions are air-brine and air-mercury. The latter is 

usually then turned into an air-brine equivalent by fluid substitution. The air-brine data may 

then, as necessary, be converted to an oil-brine system at laboratory conditions. As part of 

other components of this ANLEC R&D project, data is also being collected for air-CO2 

systems. To implement the above changes it is necessary to have rock-fluids data relating to 
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interfacial tension and contact angle. These properties are now entered into GAMLS in 

relevant tables and are accessible for the subsequent computations. 

Each of the air-brine, oil-brine, and air-CO2 data sets are then converted to reservoir 

conditions by altering the fluid properties to accommodate the different pressure and 

temperature. All of the above fluid state and stress state transformations have been 

implemented in the GAMLS code, the latter now requiring a reservoir pressure conditions. 

 Implement Core Plug Overburden Correction 

Ensuring the correct sub-surface reservoir conditions are applied to core data is, along with 

the core-to-log depth correction, one of the most important aspects of ensuring good core-

log integration. This is in fact obligatory since the wireline log data is inherently describing 

the reservoir in its stressed state. Accordingly, close attention has been put into this 

requirement for the current project. Earlier versions of the GAMLS software were coded in a 

different computer language than that which is now being used. The old code had a core 

plug overburden correction module which has now been ported to the new coding language 

and has been significantly upgraded and tested. 

The module takes in basic petrophysical properties, porosity and permeability, at both 

ambient and different levels of applied stress. It produces a functional relation with this 

laboratory data which is then used, along with the Nett Confining Stress (NCS) that is 

needed to simulate reservoir conditions, to derive correction factors. (The NCS is itself 

calculated in GAMLS from specified reservoir pressures). The resulting correction factors, 

which are based on identified modes (rock types) are then applied to the porosity and 

permeability data in all core data tables to replicate reservoir conditions. An example of this 

process is given in Figure 10.7. 
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Figure 10.7: Example of the Derivation of Overburden Corrected Porosity in GAMLS (bad data 
is eliminated and a mode-based correction developed). 

 Classification into Preliminary Petrotypes and Additional Core Plug 

Selection 

In the CUSP workflow, one of the first uses of the core plug properties data is in the MVCA 

of the core plugs to develop clusters or modes. These are then interpreted to be rock types, 

which at the core plug scale are termed Petrotypes. A Petrotype is defined as a distinctive 

grouping of rock exhibiting a similarity of variables derived from petrophysical properties 

determined at the core plug scale. A Petrotype may thus be seen as a “rock type” at the 

core plug scale derived from quantitative core plug petrophysical properties. 

 Develop Core Plug Classification Variables 

10.5.1.1 Characteristic Length Variable (CLV) Derivation 

In order to carry out MVCA to develop Petrotypes, it is necessary to ensure that an optimum 

set of variables is available. Since the data set for core plugs is by its nature very sparse, this 

implies that the number of classification variables must be kept to an absolute minimum. If 

too many variables are used, there is generally insufficient core plug data to permit a 
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satisfactory number of Petrotypes to be defined. Thus only three classification variables are 

desired (and defined here). 

An analogy to hydraulic similitude has been employed to select the optimum type of 

variables for Petrotype clustering. In its classical form, hydraulic similitude is the 

establishment of a relationship between a model (small/fine scale) and prototype 

(large/coarse scale) hydraulic structure. In brief, the criteria required to ensure similitude 

are Geometric similarity, wherein the model is the same shape as the prototype, Kinematic 

similarity in which fluid flow in the model has similar fluid streamlines to the prototype, and 

Dynamic similarity, where the ratios of forces acting on both model and prototype are 

constant. An overview of the applicability of using hydraulic similitude in porous media is 

given in Curtis (2015), whilst more detail is provided in Curtis (2000). 

The three variables that are used to ensure similarity are derived from standard 

petrophysical properties. The variable Omega () is used to ensure model-prototype 

Geometrical similarity and is a function of surface area derived using a porosity difference 

method. Specifically,  is the inverse of the surface area per unit pore volume. In some 

cases, the surface area is given as a “specific” surface area, the area per unit grain volume. 

In this case  becomes the void ratio divided by the specific surface area. Both constructs 

gives  the dimension [Length] and, within the CUSP module, this is given in nm. 

The variable Kappa () is used to ensure model-prototype Kinematic (flow) similarity and is 

a function of permeability normalised by porosity. Specifically  is the square root of 

permeability divided by porosity (with appropriate constants). Dimensionally,  is again of 

dimension [Length] and for consistency is given in nm. In some parts of the literature,  is 

termed the Reservoir Quality Index (Amaefule et al., 1993). This is a misleadingly poor 

naming, since  alone is far from a good indicator of reservoir quality. 

The final variable, Eta (), is needed to ensure model-prototype Dynamic (force/pressure) 

similarity and is a function of capillary pressure at a defined saturation, again normalised by 

porosity. The issue here is that capillary pressure is an array variable given by the previously 

discussed Pc(Sw) curves. Thus it is necessary to devise a single variable to describe the 

whole array. Many options have been investigated, but the best to date is to use a CUSP 

point, as will be described subsequently. Thus,  is the porosity of the sample divided by the 

Pc value at the defined CUSP point on the Pc(Sw) curve (with appropriate constants). This 

again gives a variable of dimension [Length] which is likewise given in CUSP in nm. It would 

be theoretically possible if core data came in much large quantities to introduce an extra 

variable to more tightly specify the model-prototype force similitude. Unfortunately, in the 

design team’s experience, there is never enough saturation-dependent core data to do so. 
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Together these three variables, , , and , permit a very robust classification of the core 

plugs and as such have been implemented within the CUSP module of GAMLS. Of particular 

note is that they are all of the same dimension. This means that dimensionless relationships 

between the three variables can be constructed and such will be described in following 

sections. Collectively , , and  are termed the Characteristic Length Variables (CLVs). 

How the CLVs are then used to develop Petrotypes is illustrated schematically in Figure 10.8, 

which shows the location of one sample (red) in the 3D space of the three CLVs. A sample 

from a different rock type (blue), must by definition occupy a different location in the 3D 

CLV space; the values of its CLVs being distinctly different. If a third sample (not shown) had 

values of the three CLVs very close to say the red dot in Figure 10.8, then it would also be, 

by definition, Rock Type 1 (red). The MVCA of the three CLVs into Petrotypes will be 

discussed in more detail in a later section. 

 

Figure 10.8: Characteristic Lengths used as Classification Variables for Optimum Core Plug 
MVCA (Curtis, 2000 and 2015). 

10.5.1.2  Additional Classification Variables 

Before Pc(Sw) data has been analysed, a value of the  CLV is not available for use as a 

classification variable. Additionally, surface area data with which to calculate  is not always 

available. Consequently, there is a requirement to develop other variables for use in 

preliminary classification, albeit that these are not likely to be as robust as the three CLVs. 

As set out in Section 10.3.1 above, both whole core gamma ray and CT attenuation intensity 

traces have been entered into GAMLS and Gaussian smoothed to appropriate rugosities and 
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depth intervals. Thus a value of either or both of these variables can be ascribed to each 

core plug in the data set being classified. A method to do this has been coded and is now 

available in GAMLS. The core gamma value associated with each plug is termed, 

unsurprisingly,  and the attenuation intensity . In addition, another parameter that is 

used in both geomechanics and reservoir characterisation, the void ratio, has been 

developed and is represented, as is frequently done in geomechanics, as  (Epsilon). As 

other tomographic related variables that prove suitable as classification variables are 

developed (such as Level-set Minkowski Functionals), these may then be easily incorporated 

in GAMLS. 

 Classification of Core Plugs into Preliminary Petrotypes 

The classification here is into Preliminary Petrotypes, because the CLV associated with 

capillary pressure, , is not available until after SCAL data (or similar) is available. A 

reclassification later in the workflow will provide the final Petrotypes (i.e. those involving all 

three CLVs). The Preliminary Petrotypes are required now to ensure that a full data set 

covering all rock types is available for subsequent steps in the workflow. 

The existing MVCA capability of GAMLS, with minor improvement to access more data 

types, is now used to classify the selected variables into Preliminary Petrotypes. Examples of 

Preliminary Petrotype crossplots are shown in Figure 10.9, where the variables used are the 

 and  CLVs and the additional variable . In this figure, the values for each core plug are 

projected into the plane of the two variables being plotted and coloured by the dominant 

(most abundant probability) Preliminary Petrotype. The ellipses show the range of the data 

that is two standard deviations from the mean of the centroid of all data for the given 

Preliminary Petrotype. Whilst there is some overlap in the clusters on any one of the 

crossplots, when viewed across both plots the separation achieved in the 3D space of all 

variables is apparent. One of the key aims of eventually moving to final Petrotypes involving 

 (i.e. using Pc(Sw) data when available; see next section) is to improve this classification 

further. 
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Figure 10.9: Example of MVCA of Core Plug Data into Seven Preliminary Petrotypes 
using Three Classification Variables, Omega, Kappa, and Epsilon. 

 Selection of Additional Samples for DRA or Conventional SCAL 

Now that Preliminary Petrotypes have been established it is possible to see where data is 

missing for particular Petrotypes and to determine what extra should now be obtained by 

DRA (ideally since it is fast and accurate) or conventional laboratory SCAL. This inspection 

and understanding is assisted by the displays available in GAMLS. A decision can then be 

made (as a non-GAMLS workflow step) as to just what additional sampling should be 

undertaken. This will ensure that critical data is available later when the core plug data is to 

be upscaled to the log scale (as will be presented in Milestone B3). 

 Import Saturation-dependent Petrophysical Properties into the 

GAMLS CUSP Module 

Up until this point, all data input and analysis has been carried out in the main modules of 

GAMLS. A new module within GAMLS which has been being specifically created to facilitate 

multi-scale reservoir characterisation, the (CUSP) module, is now described. (Recall that 

CUSP is an anagram for Classification and Upscaling of Saturation-dependent Properties). It 

is this module that is the main deliverable of Component B. The first tab within this module 

is called “Input” and is designed, not surprisingly, to collect and control all the 

saturation-dependent data inputs. 

 Import Pc(Sw) Data into the CUSP Module Input Tab 

10.6.1.1  Assemble Data from Multiple Core Databases 

In order to facilitate and control subsequent workflows, metadata is assembled from all 

databases to a table within the CUSP Input tab. Here metadata refers to all the data the 

surrounds the actual Pc(Sw) or kr(Sw) pairs, but not this actual data itself. 
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Saturation-dependent metadata is drawn from whichever of the core databases that the 

analyst specifies. Prior to this project only corEVAL data could be used, but now data can be 

entered from a variable number of sources, such as SCAL and MICP. The data is flagged by 

its source and data type and can be accessed from its core database on demand. The 

concept of metadata was specifically developed in the work of this milestone and permits 

far greater flexibility in handling diverse data sources. Tables from the GAMLS Core Data 

folder are shown in Figure 10.10. These show, at top, the metadata for a suite of ten MICP 

core plugs, and below, the initial values for the Pc(Sw) array for one of the core plugs in the 

data suite. 

Several depth-related difficulties had to be overcome to permit the data to be integrated. In 

some instances multiple data sources were located at exactly the same depth and GAMLS 

uses “Depth” as a key tracking index. Thus a system was devised to both separate the data 

by source whilst preserving the concept of its co-location. 

 

Figure 10.10: Tables from the GAMLS Core Data Folder showing at top; Metadata for a suite 
of MICP Plugs, and below; Values for the Pc(Sw) Array for the highlighted Core Plug. 
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10.6.1.2  Quality Control of Assembled Data 

Once the data is successfully assembled, it is necessary to review it as a QC step. This is done 

in a dedicated sub-tab in Input called “Pc(Sw)”. This tab contains plots which permit Pc(Sw) 

data to be viewed in a variety of ways. These plots have been reconfigured to ensure that 

data from the different core plug tests can all be viewed simultaneously, which is essential 

for QC. An example of a QC panel within the GAMLS CUSP module Input tab which contains 

three tracks (sub-plots) is shown in Figure 10.11. In addition to displaying the basic 

petrophysical properties in Track 1, this shows the Pc(Sw) data in an interpretive colour 

format in Track 2, and gives derived values, including the CUSP point details, in Track 3 (see 

subsequent sections for details). 

 

Figure 10.11: Example of a Three Track QC Panel within the Input Tab of the GAMLS CUSP 
Module. 
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 Development of Functional Representations of Saturation-dependent 

Properties 

For later steps in the workflow, to be covered in Milestone B2, it is necessary to have the 

Pc(Sw) and kr(Sw) data not only drawn in plots, but to be available as mathematical 

functions for subsequent manipulation. There are many functional representations of such 

data in the porous media physics literature. The one chosen for Pc(Sw) is a modified Skelt-

Harrison function (Harrison and Jing, 2001) and that for kr(Sw) is the LET function (Lomeland 

et al., 2005). 

10.6.2.1  Functional Representation of Pc(Sw) Data 

A key requirement within the CUSP workflow is to permit the modelling of the Pc(Sw) data 

with a functional form. This is sometimes referred to as saturation height function 

modelling. Many functions have been proposed to model Pc(Sw) curves, but the one chosen 

here is an inverse exponential function form proposed by Skelt and Harrison (1995) and 

modified slightly by Harrison and Jing (2001). The modified Skelt-Harrison function (herein 

SH fn) is: 

 

where Pc is annotated as h and there are four parameters A to D. Other functions could 

have been and in future could be implemented, but the four parameters of the SH fn permit 

nearly all Pc(Sw) curves to be modelled with good accuracy. 

The modified Skelt-Harrison equation had been previously incorporated into GAMLS, with 

the four parameters of the equation being fitted using a genetic algorithm. However, in 

some circumstances the algorithm performed inefficiently and on other occasions the shape 

of the curve produced at high Sw values was not satisfactory. Thus extensive testing and 

updating of the code has taken place in order to improve its performance. It is now possible 

to produce a functional representation of most Pc(Sw) curves very quickly in an automated 

way. A few extremely difficult curves still require manual fitting, but this process is steadily 

being improved. An example of several laboratory curves and their functional 

representations are shown in Figure 10.12. The purple curve on the far left is from MICP 

data and the remaining curves are from corEVAL rapid four-point porous plate experiments. 

The latter data tends to fall into four groups (putative Petrotypes), however there are 

several evident outlier curves (in green and olive). 
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Figure 10.12: Example of Core Plug Pc(Sw) Data and Fitted Modified Skelt-Harrison 
Functional Representations within the Pc(Sw) Tab of the GAMLS CUSP Module 

(Red dots are laboratory data, coloured curves for each plug are Skelt –Harrison functional 
representations fitted using a genetic algorithm, and blue dots are quality control points). 

10.6.2.2  Functional Representation of kr(Sw) Data 

The functional representation of the kr(Sw) data is being implemented in GAMLS using three 

parameter LET equations for each of the wetting and non-wetting phases, with an example 

of this parameterisation being shown in Figure 10.13. 

 

Figure 10.13: Example of the LET functional representation of kr(Sw) data. 
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 Develop the Eta () CLV from the Pc(Sw) Functional Representation 

Until the Pc(Sw) functional representation is developed within the workflow, it is not 

possible to develop the  CLV (was introduced in Section 10.5.1.1 and is a function of the 

capillary pressure at a defined saturation and porosity). To implement the CUSP CLV 

classification method, it is necessary to represent the Pc(Sw) function by a single value (from 

a continuous distribution across all plugs) in order to be able to use such data with the other 

CLVs ( and , which are also continuous and single-valued). To do this, one value on the 

Pc(Sw) function needs to be identified. Essentially what is being sought is one position on 

the Pc(Sw) function that best describes the curve for reservoir classification (rock typing) 

purposes to use in defining . This implies that not only is the single Pc value readily able to 

be identified from the data, it must also be capable of being used to reconstruct the full 

Pc(Sw) function either at the current scale or at coarser scales. Several methods have been 

trialled to best formulate the  CLV, and two methods have been utilised; a maximum 

curvature algorithm and a normalisation technique.  

The maximum curvature algorithm was previously implemented within GAMLS for simple 

four point Pc(Sw) data. The algorithm searches for the point of maximum curvature in 

Pc(Sw) space using a moving ball technique. This has now been linked to both SCAL and 

MICP data which has many more data pairs and tested, with the algorithm performing well. 

The point of maximum curvature may be taken as the defining Pc value and is termed the 

CUSP point, Pc_CU_m. This in turn is used to define the  CLV. An example of the CUSP 

points derived from this method are shown as blue dots in Figure 10.14. 

The normalisation technique uses a Pc value extracted from a normalising line drawn across 

the full range of saturation (0 to 1) and through the totality of the Pc(Sw) functions using the 

points of maximum curvature as a guide. Whilst this does not take the shape of the Pc(Sw) 

curves into account as explicitly as the maximum curvature algorithm, it tends to handle 

“outlier” curves better within the clustering process. If this value is taken as the CUSP point, 

it is designated Pc_CU_n. The maximum curvature values are then still used in curve QC. An 

example of the CUSP points derived from this normalisation method are shown as purple 

dots in Figure 10.14, with the normalisation line itself being shown as the thin purple line. 
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Figure 10.14: Example of maximum curvature and normalisation techniques for defining the 

CUSP point for the derivation of . Blue dots from maximum curvature, purple dots from the 
normalisation line shown as the thin purple line. 

 

 Conclusions for Milestone B1 

The requirement to input all data types required for subsequent reservoir characterisation 

and to use this data for essential pre-processing steps has been met. Both basic and 

saturation-dependent petrophysical properties can be entered, whether from conventional 

laboratory or from digital imaging and modelling. 

Importantly, necessary analysis steps such as core-to-log depth calibration and core plug 

overburden correction can be readily undertaken for all data types. The importance of the 

rigorous use of these processes to later reservoir characterisation has been emphasised. 

Multi-variate cluster analysis can be employed to classify the wireline logs into 

Electroclasses and the core plug data into Preliminary Petrotypes. Both can then be used to 

ensure that a representative core plug data suite is obtained for subsequent analyses.  



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 123 

eGAMLS 

The three Characteristic Length Variables , , and , all of dimension [Length] and 

expressed in nm, were introduced and their importance in the classification of core plug 

data explained. 

Laboratory and digitally determined saturation-dependent data can be merged and viewed 

simultaneously in order to permit the development of function relations to represent this 

data for later use. From the functional representations, values for the CUSP point necessary 

in formulating the  CLV from Pc(Sw) data have been extracted, this being central to later 

workflow steps.  

 

 

  



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 124 

eGAMLS 

11 Milestone B2 - Core to Log to Geocellular Model: Petrotype Tab 

Development 

 Introduction 

 Reference 

Curtis, A.A. and Eslinger, E.V., 2015b. Milestone B2 – Core to Log to Geocellular Model: 

Petrotype Tab Development. Technical Report for ANLEC R&D Project 7-0311-0128, Sub-

project 7: Multi-scale Reservoir Characterisation - From Pore to Core to Geocellular Model. 

eGAMLS Inc. and FEI Australia, 67 pp. Unpublished. 

 Objective 

The primary objective of Milestone B2 is to prepare saturation-dependent data, in the form 

of Pc(Sw) curves, at the Petrotype (core plug) scale such that it can be readily accessed at 

larger scales. This is accomplished by the rigorous classification of the core plugs into 

Petrotypes and the development of a Representative Pc(Sw) curve (Rep curve) for each. A 

Petrotype is a distinctive grouping of rock exhibiting a similarity of variables derived from 

petrophysical properties determined at the core plug scale. In short, it may be viewed as the 

rock type of a core plug. The core plug scale is the starting scale for the Classification and 

Upscaling of Saturation-dependent Properties (CUSP) workflow that is being developed in 

Component B of the project. 

 Milestone B2 Workflow 

That portion of the CUSP workflow that relates to Milestone B2 is set out in Figure 11.1. The 

components (as shown with coloured boxes) and their linkages will be further explained in 

the sections below.  

 

Figure 11.1: Schematic of that portion of the CUSP Workflow which has been implemented in 
the CUSP >> Petrotype tab in Milestone B2 (see Figure 9.1 for full CUSP workflow schematic). 

Given the space constraints of this report, only the most important elements of the 

workflow will be discussed, with the reader being referred to the Milestone B2 report both 

for a more detailed discussion of these and for details of some of the not-so-critical 

outcomes. 
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 Importing, QC, and Analysis of Core Plug Data 

 Importing of Core Plug Data into the CUSP Module 

The CUSP >> Input tab permits the importation of saturation-dependent core plug data into 

the CUSP module from the database locations where it is stored after initial entry into the 

GAMLS software (see Milestone B1 report). The core functions of the Input tab were 

outlined in the previous section, including the merging of data from different sources and 

the development of functional relations such as Skelt-Harrison parameterisations to 

represent the data. However, the overall functionality was improved as part of Milestone B2 

and these enhancements are outlined below.  

 Core Plug Pc(Sw) Analysis Enhancements 

In order to demonstrate the functionality of the Input >> Pc(Sw) sub-tab, a series of SH fn 

modelling outcomes are presented. The modelled data are from a corEVAL data set, being 

air-brine porous plate primary drainage Pc(Sw) curves from the siliciclastic formation and 

forming part of a data set that has Pc(Sw) data on approximately 140 plugs. As well as fitting 

the functions, both a CUSP point (Pc_CU_m) using the maximum curvature algorithm (see 

Section 10.6.3) and a residual water saturation, Swir, were calculated. Figure 11.2 presents a 

selection of 27 plugs from the data set and shows both the original data points (red dots) 

and the fitted SH fn with open circles being the fit at the data point pressure. It is apparent 

that the formation covers a wide range of rock types. 

The same data and SH fn fit is displayed again in Figure 11.3, this time with the derived CUSP 

points (Pc_CU_m) and Swir values. The CUSP points will be used to define the  CLV to be 

used further downstream in the workflow. The general curvilinear shape across the range of 

curves (as shown with a dashed blue line) should be noted. 

 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 126 

eGAMLS 

 

Figure 11.2: Laboratory data for 27 core plugs fitted with Skelt-Harrison functions. 

 

Figure 11.3: Plugs of Figure 11.2 showing CUSP points (blue) and Swir values (light green). 

The Pc(Sw) data may also be displayed using either Sw or the normalised saturation Sw* as 

the abscissa and a variable Chi (), which will be defined in a subsequent section, as the 

ordinate. As is seen in Figure 11.4, this permits an alternative view of the data which 
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suggests that it may not be as uniform as the “standard” Pc(Sw) cross-plots might suggest. 

The capability to use a logarithmic axis for Pc is also available. 

 

Figure 11.4: Plugs of Figure 11.2 using an alternative set of axes (see text for details). 

 Classification of Core Plug Data into Petrotypes 

The classification of core plugs into the final Petrotypes is carried out using the CLVs 

(Characteristic Length Variables) developed in Milestone B1 and described in Section 

10.5.1.1. The CLVs are assembled in the Input >> Calcs table and are then passed to the 

Cluster folder of GAMLS where the MVCA of the logarithm of the CLVs is performed (see 

Milestone B2 report for details). The logarithmic transform of the CLVs is used in the GAMLS 

MVCA routine because the raw variables are typically log-normally distributed whilst the 

Bayesian procedure performs optimally with normally-distributed data (i.e. that following 

log transformation). 

Several MVCA realisations were carried out using the data from all plugs which passed QC, 

with the one which had the best user-assessed separability, MVCA model C24, being shown 

in Figure 11.5 as a crossplot of two of the three CLVs, log  and log . Seven modes were 

requested in the cluster initialisation process, but one, Mode 3, was automatically dropped 

by the GAMLS clustering algorithm. The modes, since they are derived from the CLVs , , 

and , and which themselves are based on core plug scale petrophysical properties, are 

interpreted to be Petrotypes. 
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In Figure 11.5, the ellipses are drawn at two standard deviations from the mean of the 

clustered data in multi-variate space (here 3D) and then projected into 2D for crossplotting. 

Only the Crisp mode assignment is shown, where “Crisp” is defined as the dominant mode 

amongst all assigned mode probabilities at any data point. When using GAMLS for 

developing Electrotypes from logs, colours are automatically assigned to the different Crisp 

mode assignments. For siliciclastics these are yellow/gold for sandstones, green for 

siltstones, and grey for shales. However, given the sparsity of the core plug data and the 

resulting poor visibility of some of these colours on crossplots, here yellow has been 

replaced by purple and grey by brown or navy. Thus to a first approximation, the purple and 

gold Petrotypes (7 and 4) may be considered as sandstones, the green Petrotypes may be 

considered as siltstones (6 and 2), and the brown and navy considered as shales (5 and 1). 

 

Figure 11.5: Petrotypes derived from the MVCA C24 of Characteristic Length Variables , , 

and shown on a log  - log crossplot. 

The clustering results may also be shown on crossplots using the  CLV. Since Pc(Sw) data 

was only experimentally determined on approximately every third core plug in the test data 

set, there are correspondingly far fewer values of . Four cross-plots are therefore provided 

in Figure 11.6 in which log  is plotted first against log  (top) and then log  (bottom). The 

left hand crossplots shows just the data points where  was able to be calculated from the 

data and the right hand plots include all data points where the values were estimated 

(predicted) by the Bayesian model used in the MVCA. The ability to be able to estimate 

values whilst performing a MVCA is one of the key distinguishing features of the GAMLS 

software and is vital for the application of the whole CUSP methodology. 
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Figure 11.6: Cross-plots of log  vs log  (top) and log  vs log  (bottom). The left hand 
plots have only used laboratory determined Pc(Sw) data, the right hand plots include 

estimated (predicted) values of . 

The distribution of clustered data values varies by Petrotype since the values are derived 

from the probability distributions held for each mode in the Bayesian co-variance matrix. 

The probability distribution functions (pdfs) for each of the three CLVs are shown below. 

Figure 11.7 shows the distributions for , with the left hand frequency plot showing both 

the pdf for the complete data set (black dashed line) and those for the individual Petrotypes 

in colour. The right hand plot shows an enlargement of just the individual Petrotype pdfs. 

Note that although the pdf for the complete data set show some degree of inverse 

logarithmic normality, the pdfs for each of the individual Petrotypes are reasonably 

“Normal”, as would be expected from the Bayesian methodology. Similar plots for the other 

CLVs are given in the Milestone B2 report. 
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Figure 11.7: Probability density functions for log  at various scales, by Petrotype. 

Since the MVCA involves only three variables, it is possible to present the resulting 

Petrotypes in a 3D plot, as is shown in Figure 11.8. 

 

Figure 11.8: Adopted Petrotypes shown in 3D;  (red axis),  (blue axis),  (green axis). 

The final and perhaps most definitive view of the Petrotype classification is in a standard 

GAMLS depth plot where both the Crisp and Probabilistic assignment to Petrotypes are 

displayed. In Figure 11.9, the Crisp assignment of each plug is shown in Track 1, the 

Probabilistic assignment is presented in the form of a Cumulative Mode  

Probability (CMP) plot in Track 2, and the data used in the MVCA is shown in Track 3. 
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Figure 11.9: Depth plot over two sections of core data showing Crisp (Track 1) and 
Probabilistic (Track 2) assignment to Petrotypes. The clustered log CLVs are in Track 3. 

The GAMLS MVCA module also provides summaries of the clustering statistics, examples of 

which are shown in Figure 11.10. The top table of the figure shows the Probabilistic 

outcome, where the statistics for each Petrotype are based on the probabilities of 

assignment of every point. The values in the rows for each variable are the mean and 

standard deviation of each Petrotype. The lower table is computed using the Crisp 

assignments, as was explained earlier. Here a “Bed” is a contiguous sequence of core plugs 

of the same Petrotype, the cumulative and average thicknesses of which are given in the 
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rows below. Such contiguous sequences are what can be used to define a “Petrotype log” 

(where the top depth and Petrotype are given at each change in Petrotype down the length 

of the core). 

 

Figure 11.10: Clustering statistics for each Petrotype; Probabilistic (top) and Crisp (bottom). 

 

 The CUSP >> Petrotype Tab 

The primary purpose of placing so much emphasis on the development and QC of the 

Classification into Petrotypes is that this will now be used to develop Representative Pc(Sw) 

curves (Rep curves) on a “by-Petrotype” basis. This Rep curve development is carried out in 

the CUSP >> Petrotype tab, the structure of which is shown in Figure 11.11. The view shown 

is of the Calcs sub-tab, which assembles the data returned from the MVCA and which is 

annotated by Petrotype. The design, implementation, and use of the other five sub-tabs will 

each be briefly discussed in turn. 
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Figure 11.11: The CUSP >> Petrotype tab, showing the six Sub-tabs and the data returned 
from the MVCA into Petrotypes. 

 Development of Petrotype Representative Pc(Sw) Curves 

An overview of the Petrotype >> Pc(Sw) Extract sub-tab, which is central to developing Rep 

curves, is provided in Figure 11.12. Note that this sub-tab was upgraded in Milestone B3 and 

now appears somewhat differently in the software, but the purpose and outcome has not 

changed. To provide consistency of cross-referencing back to the original Milestone B2 

report, the views displayed there will be maintained in this summary report. 

This Pc(Sw) Extract sub-tab is divided into three panels, the one on the left providing an 

overview of the data in a similar manner to that of the Input >> Pc(Sw) sub-tab discussed in 

Section 10.6.1.2 above. In this case, the central track provides the cumulative mode 

probability curve of the clustered data; however, as there are no other differences this 

panel will not be further discussed. 
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Figure 11.12: Overview of the Petrotype >> Pc(Sw) Extract sub-tab. 

The central panel of the Petrotype >> Pc(Sw) Extract sub-tab contains a new form of Pc(Sw) 

plot, the controls for which are in the portion of the panel to the left of the curves as well as 

in the table above the curves cross-plot. A feature of the cross-plot is that it can display 

either or both of the original individual core plug data or the developed Rep curves, with the 

latter being shown in Figure 11.12 (and details of which will be provided subsequently). 

A Sw vs Pc crossplot showing both Rep curves (thicker lines, larger dots) and individual core 

plug data is given in Figure 11.13, which also shows more detail of the controls. The panel 

above the crossplot provides the control for the Rep curves, whilst that to the left is part of 

the control arrangements for the individual core plug Pc(Sw) curves. The other individual 

plug control is the panel shown on the right of Figure 11.12, which permits individual 

components for any curve to be displayed or hidden. Note that this panel can be arranged in 

order of either depth alone or by Petrotype and then depth, the latter being shown in Figure 

11.12. 
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Figure 11.13: Cross-plot of Pc(Sw) Rep curves and plug data, with control panels. The blue 
dots are CUSP points (Pc_CU_m) and the green dots calculated Swir values. 

The data displayed in Figure 11.13 is voluminous and thus quite hard to QC and interpret. 

The code has thus been designed to permit the display by each Petrotype, or group of 

Petrotypes, and an example of this is given below. The data for the purple, best quality, and 

fortunately the most voluminous Petrotype (7) is given in Figure 11.14. In this figure it is still 

hard to make out the Rep curve, but it can just be discerned as the thicker purple line with 

the larger blue and green dots. The individual core plug Pc(Sw) curves are nicely grouped 

around the Rep curve, apart from three core plug at the extremities shown in grey. These 

curves were “nulled out” (ignored) in the calculation of the Rep curve. 
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Figure 11.14: Rep curve and individual core plug Pc(Sw) curves for purple Petrotype 7. 

The purple Rep curve will now be available to represent this Petrotype in future 

calculations. Importantly, the range of Pc CUSP points is also available (refer red arrow in 

Figure 11.14), which will be used later to define Pc(Sw) curves from following its 

prediction using the previously established MVCA model. 

The data from individual core plugs becomes both sparser and more variable when moving 

to the siltstones, with light green Petrotype 6 having only thirteen curves, five of which were 

ignored for the calculation of the Rep curve. As can be seen in Figure 11.15, this curve, 

whilst being representative, encompasses a considerable degree of uncertainty. Similar 

plots for the other Petrotypes can be found in the Milestone B2 report. 
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Figure 11.15: Rep curve and individual core plug Pc(Sw) curves for light green Petrotype 6. 

The Chi () versus Sw cross-plot of Figure 11.16 for dark green Petrotype 2 again shows the 

utility of having different ways of looking at the data. The variable  is simply a linear 

combination of the three Characteristic Lengths, being  / . As such it is still a length 

term in nm but one that now includes the influence of all three CLVs and can be construed 

as a “dual-normalised” version of . Note that other combinations of the three CLVs are 

possible, but the one chosen proved to be the most illustrative for this formation. 

What Figure 11.16 shows more clearly than in the standard display is that there appears to 

be two sub-families of curves within this Petrotype and perhaps, with more data or more 

detailed analysis, it could be broken into two Petrotypes (such analysis was outside the 

scope of this demonstration project). A re-examination of the MVCA used to develop the 

Petrotypes (MVCA C24), shown in different views in Figure 11.5 to Figure 11.7, suggests that 

this may well be possible. 
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Figure 11.16: Rep curve and individual core plug Pc(Sw) curves for dark green Petrotype 2, 

with  as the ordinate. 

 

 Characteristic Length QC and Dimensionless Number Formulation 

It is convenient and practical to display all the CLVs in one plot and this has been 

implemented in the Petrotype >> Param Plots sub-tab. Whilst this is another QC tool, it also 

permits the ready development and display of a set of dimensionless and characteristic 

numbers (collectively called “parameters” for simplicity in sub-tab naming). An overall view 

of the plots of the Characteristic Length sub-tab is given in Figure 11.17. Each of the four 

panels within the sub-tab is individually adjustable in order to maximise that view when 

actively working in it. The details of each panel are discussed below. 
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Figure 11.17: Characteristic Length plots panel within the Param Plots sub-tab. 

The top left panel is the previously discussed log  versus log  crossplot. What has been 

added to these CLV plots, as shown in Figure 11.17 and in more detail in Figure 11.18, is a 

line of unit slope passing through the mean values of each variable for a given Petrotype 

(this line is thus not a line of best fit to the data points for the Petrotype in question). 

Following the theory presented by Curtis (2000), the value of the line of unit slope at log  = 

1 is the dimensionless number  / , with this number being shown in Figure 11.18 with a 

larger dot coloured by Petrotype colour. This dimensionless number is called the Amaefule 

Number, Am, to distinguish it from other dimensionless numbers yet to be developed. Note 

that for some Petrotypes this number provides a distinctive identifier, for others in this log 

 vs log  space, the separation is not so apparent. 

It then follows that each data point can have its own Amaefule number. These are shown in 

additional crossplots in the Milestone B2 report. 
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Figure 11.18: Crossplot of log  vs log  showing the Amaefule dimensionless number for 
each Petrotype (larger dots). 

It is then possible to develop dimensionless numbers relating the CLVs in two other 

combinations. Within the log  vs log  crossplot the line of unit slope at log  = 1 

produces the Watson dimensionless number, Wa, defined as  / . This is shown for the six 

Petrotypes in Figure 11.19. There is clearly greater relative separability achieved between 

the Petrotypes with this dimensionless number.  

The final dimensionless number is defined using the log  vs log  plot, where at log  = 1 

the Leverett number is defined as Le =  / . (The plot is not shown is it is similar in form to 

the two above).  

The linear combination of the three CLVs in the form of Chi () was defined in the previous 

Section, where variable  is defined as  / . It follows that this can also be displayed 

usefully on a crossplot of the form used for the development of the dimensionless numbers, 

as shown in Figure 11.20. In this plot there is good separability for the poorer quality 

Petrotypes, showing the advantage of having the various ways of exploring the data set. 
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Figure 11.19: Cross-plot of log  vs log  showing the Watson dimensionless number for 
each Petrotype (larger dots). 

 

Figure 11.20: Cross-plot of log  vs log  for each Petrotype. 

The dimensionless Amaefule (Am), Watson (Wa), and Leverett (Le) numbers developed 

above have already been found to be useful diagnostic tools. Their utility is enhanced when 
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they are plotted against each other, as is shown in Figure 11.21 in the Dimensionless 

Numbers panel of the Param Plots sub-tab. 

 

Figure 11.21: Dimensionless Numbers plots panel within the Param Plots sub-tab. 

Further analysis of the dimensionless numbers is presented in the Milestone B2 report. In 

addition, the report details the diagnostic frequency distribution and crossplots “by-variable 

and properties” tabs that are designed to aid the QC of the developed Petrotypes. 

 Propagation of Petrotype Properties to the Full Cored Interval 

To this point the core plug data has been quality controlled and then clustered into 

Petrotypes. As part of this process, a MVCA model has been developed to relate basic and 

saturation dependent properties to each other, via CLVs, on an individual Petrotype basis. 

The Petrotypes themselves have then also been extensively quality controlled using the 

diagnostics of the section above. 

What is now required is to transfer the data that has been analysed at the core plug 

locations to the full interval of the whole core. It is necessary to do this in order to be able 

to upscale consistently to both the whole core and wireline log scales. At these scales it is a 

requirement to aggregate Petrotype (core plug) scale data into units dictated by the 

sampling of the wireline log. It is thus first necessary to have Petrotype data at a uniform 

grid step of approximately Petrotype scale (usually say 25 to 40 mm) at every point along 

the whole core/log (and not just at each core plug location, which are usually about 250 to 
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300 mm apart). This is a Propagation step and the sub-sections below set out how this may 

be accomplished. 

Once completed, upscaling algorithms can then be applied, as per the CSEPU approach. The 

upscaling to Electrotype scale is part of Milestone B3 and will be reported there. 

 The Petrotype Log (Propagation of Petrotypes) 

In order to develop petrophysical properties along the full length of the whole core, it is 

required to have knowledge of the Petrotype itself at each depth point in the Petrotype 

scale grid. Since Petrotypes were calculated from core plug data, at this juncture we only 

know the Petrotypes where core plugs exist within the whole core, not at all grid points.  

Several methods have been devised in the milestone to formulate Petrotypes at every point 

in the Petrotype grid. The three most commonly used methods are developing a Petrotype 

log from a pre-existing whole core sedimentological description, building a Petrotype log 

from core inspection, and constructing a log from the MVCA of whole core traces such as 

core gamma ray, whole core CT, and spectral logging (Hylogger) data. A description of each 

such method is given in the Milestone B2 report. 

 Distribution of Petrophysical Properties in the Petrotype Grid 

Once Petrotypes are established for every Petrotype scale grid cell, the next requirement is 

to distribute petrophysical properties along the full whole core interval. i.e. to Propagate 

the Petrotype scale basic petrophysical properties. Two methods were trialled to do this. 

For both methods, it was necessary to first build and store a Petrotype scale (usually 25 to 

40 mm) grid within GAMLS, called therein a SimGrid. 

11.5.2.1  Petrophysical Properties Distribution using GAMLS MVCA 

When there is sufficient whole core trace data available along the full whole core interval, 

GAMLS MVCA techniques can be used to distribute the petrophysical properties away from 

the core plug and into the vacant grid cells of the SimGrid constructed above. This is done 

using standard GAMLS algorithms that have been adapted for this purpose. 

There was insufficient whole core trace information available to test this method, and so 

synthetic whole core traces were developed from the NPHI and DT logs. This was done by 

downscaling the logs using the Gaussian filter presented in Milestone B1. It was important 

to place all data on the same depth datum and for all data points to be at identical depths. 

Once all the data is collated over the interval covered by the whole core and entered into 

the SimGrid, a MVCA that was initialised by the Petrotype-log-derived Sedi Descr was 

performed. This gave a quite usable distribution of properties.  



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 144 

eGAMLS 

11.5.2.2  Petrophysical Properties Distribution using Geostatistical Methods 

Geostatistical techniques can be implemented to distribute the petrophysical properties 

away from the core plug and into the vacant grid cells established by the Petrotype log 

construction process outlined earlier. This was done, by Petrotype, using either a standard 

Kriging or a Sequential Gaussian Simulation (SGS) algorithm (Caers, 2005). This method was 

trialled and is discussed in the Milestone B2 report. As it was more difficult to implement 

and the results were no better that for the MVCA approach above, the MVCA approach was 

used going forward. 

 Upscaling of Petrotype Scale Petrophysical Data to Electrotype Scale 

As mentioned above, the next step in the overall workflow is to upscale the Petrotype scale 

petrophysical data to the Electrotype (wireline log) scale. This upscaling is performed in the 

Upscale module of GAMLS, which was adapted to have the data directly imported from 

Petrotype >> SimGrid. This is the first task of Milestone B3 (see below) and is thus 

documented with that milestone. 

 Conclusions for Milestone B2 

The implementation of code to rigorously QC the basic and saturation-dependent properties 

from multiple data sources has been demonstrated. The Pc(Sw) data has been modelled 

using a modified Skelt-Harrison function and this functional form has been used to extract a 

defining point on the curve, the CUSP point. 

Three CLVs, , , and , were used as variables in a MVCA to define final Petrotypes. This 

included using the Bayesian MVCA to predict additional values of  based on  and  

where Pc(Sw) data had not been obtained. 

An interface has been developed to permit the construction of a Representative curve for 

each Petrotype. These Rep curves will be used later in the workflow (Milestone B3) to model 

the Pc(Sw) response at larger scales. New concepts based on dimensionless numbers have 

been introduced to QC the resulting Petrotypes and their Rep curves and to provide 

alternative views of the data.  

The construction of a Petrotype scale fine grid based on a Petrotype log has been 

implemented. Two methods of filling the Petrotype scale grid with properties have been 

presented and the need to move this data into the Upscale module of GAMLS discussed. 

The code has thus been designed and developed to permit thorough analysis at the 

Petrotype scale and to prepare the data appropriately for use at the next scale, the 

Electrotype scale. 
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12 Milestone B3 - Core to Log to Geocellular Model: Electrotype Tab 

Development 

 Introduction 

 Reference 

Curtis, A.A. and Eslinger, E.V., 2016a. Milestone B3 – Core to Log to Geocellular Model: 

Electrotype Tab Development. Technical Report for ANLEC R&D Project 7-0311-0128, Sub-

project 7: Multi-scale Reservoir Characterisation - From Pore to Core to Geocellular Model. 

eGAMLS Inc. and FEI Australia, 75 pp. Unpublished. 

 Objective 

The primary objective of Milestone B3 is to prepare saturation-dependent data, in the form 

of Pc(Sw) curves, at the Electrotype (core plug) scale such that it can be effectively used at 

this scale and then correctly upscaled for use in subsequent, larger-scale, milestones. This is 

accomplished by the rigorous classification of the wireline logs into Electrotypes and the 

development of a Representative Pc(Sw) curve (Rep curve) for each. An Electrotype, as 

defined by Curtis (2015) and used in this report, is a distinctive grouping of rock exhibiting a 

similarity of variables derived from wireline logs and biased as necessary by consistently 

scaled core data. In short, it may be viewed as the rock type of wireline log data in concert 

with upscaled core data. The Electrotype scale is that in the Classification and Upscaling of 

Saturation-dependent Properties (CUSP) workflow where core based saturations may be 

compared to those from classical wireline log analysis. 

 Milestone B3 Workflow 

That portion of the CUSP workflow that relates to Milestone B3 is set out in Figure 12.1. The 

components (as shown with coloured boxes) and their linkages will be further explained in 

the sections below.  

Given the space constraints of this report, only the most important elements of the 

workflow will be discussed, with the reader being referred to the Milestone B3 report both 

for a more detailed discussion of these and for details of some of the not-so-critical 

outcomes. 
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Figure 12.1: Schematic of that portion of the CUSP Workflow which has been implemented in 
the CUSP >> Electrotype tab in Milestone B3 (see Figure 9.1 for full CUSP workflow 

schematic). 

 Upscaling Petrotype Data to Electrotype (Wireline Log) Scale 

 Petrotype Scale Data for Upscaling (Fine-scale Data) 

Core plug petrophysical properties data (from standard 38 mm plugs) was processed and 

the plugs classified into Petrotypes within the previously developed Petrotype tab of GAMLS 

(see Milestone B2 report). The petrophysical properties at each point in a fine scale grid (at 

0.04 m spacing) were estimated using a GAMLS MVCA model which related the properties 

at each core plug location (on average 0.3 m apart) to core-scale variables that were 

continuous along the core (at the 40 mm spacing). This data will subsequently be upscaled 

to the wireline grid spacing of 0.1524 m (see below). 

 Upscaling to Electrotype Scale (Coarse Scale) 

As mentioned in Section 2.2 when discussing scale changes, the upscaling from Petrotype to 

Electrotype involves a volumetric scale change of approximately 103. That is, there are 

approximately 1000 core plug volumes within the average volume of investigation of a suite 

of wireline logs. The Upscale module of GAMLS has been expanded and updated in order to 

be able to carry out the necessary change in scale. A number of issues needed to be 

addressed, and these are outlined below. 

12.2.2.1  Automatic Core-to-Log Depth Correction 

A key consideration in this process is that there is not only a scale change involved, but also 

a change in datum from Core Depth to Log Depth (in MDkb). Thus the Upscale module was 

reconfigured so that when any data is drawn that originated from the Petrotype tab, it is 

automatically upscaled to MDkb. This datum change was made possible by the Core-to-Log 

Depth Correction (CtLDC) previously implemented as part of Milestone B1. The process is 

effectively hidden from the user, so a warning is issued if a user tries to perform the 

upscaling process without a valid CtLDC having been first established. 
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12.2.2.2  Coarse-scale Grid Definition 

The coarse-scale grid into which the data is to be upscaled is simply defined by the wireline 

log data points, most usually (as here), at a regular 0.1524 m (6 inch) spacing. It is a 

requirement for later MVCA that the petrophysical properties to be upscaled (as developed 

in Section 11.5.2 above) are associated directly with a wireline data point (i.e. be at the 

exact same depth after upscaling). Thus the interval over which the upscaling of the 

petrophysical properties (from Petrotype to Electrotype scale) is to take place is defined by 

the half-length above and below any given wireline point. The Upscale module in GAMLS 

has been configured to automatically select data across such intervals for upscaling to the 

wireline data point depth. Examples of how the grid is defined and then what appears in the 

tables within the GAMLS Upscale module are given in the Milestone B3 report. 

12.2.2.3  Upscaled Petrophysical Properties and CLVs 

The petrophysical properties and CLVs to be upscaled are drawn from the various data 

tables in GAMLS, as is shown in Figure 12.2 (top panel). 

 

Figure 12.2: List of Petrophysical Properties and CLVs (top), Upscaling Methods (centre), and 
Upscaling Algorithms (bottom), used or available within the GAMLS Upscale module. 

Several clustering mode-related upscaling methods are available within the GAMLS Upscale 

module. The first uses just the Crisp assignment (see Definitions) of the data at each point to 

be upscaled, this being shown in the centre panel of Figure 12.2 under the heading Mode 

Details as Not Using Modes (NM). The other two methods use the probabilistic data 
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available for each data point to upscale in a probabilistic manner, either using the data for 

just the well in question or from all wells. As the aim of this report is to demonstrate the 

process and not to analyse the data, only the Crisp method is used here. However, it should 

be noted that probabilistic upscaling is a powerful part of the GAMLS Upscale module. 

A range of arithmetic upscaling algorithms are provided within GAMLS, as is also shown in 

Figure 12.2 (bottom panel), some of which apply only to velocity data (Time, Backus). 

Different algorithms may thus be used for different data types. If more comprehensive 

upscaling technologies have been used outside of GAMLS, these can usually be mimicked 

successfully by using the power averaging with a calibrated power averaging variable. 

Alternatively, any external upscale results can be brought directly into GAMLS by adding the 

upscaled properties to the well log tables within GAMLS. 

Multiple upscaling cases can be examined by utilising the capability of GAMLS to hold and 

store different Upscale models. These are then all available for selection when pulling the 

upscaled data into the Electrotype tab in the next step in the workflow. 

 Electrotype Tab - Key Aspects of the Electrotype-scale Workflow 

Once at the Electrotype scale, all operations are centred on the Electrotype tab of the CUSP 

module. The various operations are arranged within sub-tabs which are explained below. 

However, before doing so, there are two key concepts relating to the Electrotype-scale 

workflow that warrant further explanation. 

  Requirement for the Estimation of the  CLV 

The main objective of the Electrotype tab is to develop Pc(Sw) curves at the Electrotype 

scale. The parameterisation of these curves was based on the use of the  CLV. As set out in 

the Milestone B2 report,  is calculated from the CUSP point of the Pc(Sw) curve using fluid 

properties and the porosity. The CUSP point is a capillary pressure value defined on a Pc(Sw) 

curve by positioning a user-controlled normalising line to locate the curve in Pc - Sw space. 

Illustrating at the Petrotype scale, Figure 12.3 shows the Pc(Sw) curves for one Petrotype, 

M1_Pt1 (red), together with the Petrotype Rep curve (shown in bold red). The CUSP point 

for each curve is shown with a purple dot, with the larger dot being that for the Rep curve. 

The purple line shows the trajectory of CUSP points. Blue dots are quality control points 

derived using a maximum curvature algorithm which provide a target for locating the 

normalisation line and also highlight curves that have shapes that are different from the 

majority of curves.  

At the Electrotype scale, it then becomes a requirement to develop the  CLV and there are 

two possible methods for doing this, as set out below: 
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Figure 12.3: Representative curve (bold) and individual core plug Pc(Sw) curves for red 
Petrotype M1_Pt1 showing CUSP points with purple dots (large dot for Rep curve). The 

purple line shows the trajectory of CUSP points. Blue dots are quality control points. 

The first method for obtaining an Electrotype-scale  value is straightforward, in that it just 

involves the direct upscaling of the  values at each data point in the Petrotype scale grid to 

the Electrotype scale wireline data point. This was done in the Upscaling process described 

above.  However, it is has not yet been established (using sufficient case studies) as to 

whether or not such upscaling is a sufficiently robust method for obtaining valid  values. 

The viability of so doing needs further research. 

The second and more tested option to obtain  is to predict it based on the statistics from a 

GAMLS MVCA model established at the Petrotype scale which relates the  and  CLV 

values to the  CLV(Curtis, 2000, 2015, and proprietary testing). Such a MVCA model was 

developed previously when determining the Petrotypes (as set out in Section 11.3; this also 

being shown as Cluster PTb... in the workflow of Figure 11.1). Using this method, the 

upscaled petrophysical properties are used to develop new  and  CLV values at the 

Electrotype scale and from these an Electrotype-scale  can be predicted using a MVCA 

initialised by the statistics of the earlier Petrotype MVCA model. The procedure for doing so 

is explained in more detail below, with this method being used for the rest of this study. 
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 Developing a Cluster Estimation MVCA Model to Predict Eta () 

The upscaled petrophysical data are first used to calculate values of the  and  CLVs at the 

Electrotype scale. A MVCA model is set up using these CLVs and a null value for the  CLV 

which is to be estimated (predicted). This MVCA model is initialised by the “prior statistics” 

method using the statistics of the MVCA previously developed at the Petrotype scale and 

which relates , , and developed at this scale (PTb.). Running the new MVCA thus 

permits the prediction of an  value at each wireline depth.  

This method of predicting  relies on the power of the Bayesian clustering engine in GAMLS 

and is crucial in the development of the CUSP workflow. The predicted results will be shown 

subsequently, but first it is necessary to move all the upscaled and predicted data into the 

Electrotype tab. 

 The Electrotype >> Calculations, Tools, and Transforms Sub-tabs 

Data is moved into the Electrotype >> Calcs table directly from the Upscale module (where 

the “>>” symbol indicates that Calcs is a sub-tab of the Electrotype tab). Since multiple 

Upscale models are available, that to be used is selected and imported. In addition, the 

MVCA model used to estimate (predict) the Electrotype  value (as described in the 

previous section) is selected and the predicted values themselves moved into the Calcs 

table. Further details of the importing of data are given in the Milestone B3 report.  

The Electrotype >> Tools and Electrotype >> Transforms tabs permit the manipulation of 

data in the previous Electrotype >> Calcs sub-tab. The Electrotype >> Tools sub-tab 

facilitates the addition, ordering, or removal of variables (columns), whilst the Electrotype 

>> Transforms sub-tab enables the value of any variable to be updated, for example, by 

taking the logarithm of a given variable or the applying of an equation to adjust values. 

 The Electrotype >> Pc(Sw) Extract Sub-tab 

 Overview of the Electrotype >> Pc(Sw) Extract Sub-tab 

The Electrotype >> Pc(Sw) Extract sub-tab contains the core workflow at the Electrotype 

scale. As the name suggests, this tab permits the extraction of a Pc(Sw) curve for each 

wireline data point and then enables the construction of Electrotype-scale Pc(Sw) Rep 

curves for use later at the Geotype scale. The sub-tab also controls the calculation of an Sw 

value at each wireline depth (and thus the Sw(z) profile) from the developed Pc(Sw) curve, 

as will be detailed later in the report. As the layout of the Pc(Sw) Extract sub-tab is similar to 

the Petrotype Pc(Sw) Extract sub-tab, it will not be discussed in detail here, the user also 

being referred to the Milestone B3 report. 
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 Petrotypes used for Extracting Pc(Sw) Curves  

The central aim of developing a Pc(Sw) curve at every wireline depth point is ultimately to 

be able to develop an appropriate saturation function (Pc(Sw) curve) for every geocell in a 

geocellular model after upscaling the wireline logs. This in effect means that each of 

petrophysical properties, CLVs, and saturation functions (Pc(Sw) curves) need to be 

established at every wireline depth point to facilitate the subsequent upscaling into 

Geotypes (at geocell scale). 

A secondary, but nonetheless very important, objective of establishing a Pc(Sw) curve at 

every wireline depth point is in order to construct a saturation profile with depth, Sw(z), 

which may then be compared with similar profiles obtained from resistivity-based wireline 

log calculations. 

The development of Petrotypes and Rep curves at the Petrotype scale was covered in the 

Milestone B2 report and summarised in Section 11 above. However, to assist the 

explanations for this report, Figure 12.4 shows the Petrotypes for one MVCA model, PTb.03, 

in the form of a log  - log plot. These are from the same data set but were developed 

after more extensive editing. Five reasonably well separated modes, interpreted as 

Petrotypes, were developed. 

 

Figure 12.4: Petrotypes for MVCA model PTb.03 displayed on a log  vs log  crossplot. 

Figure 12.5 and Figure 12.6 show results from the same MVCA (PTb.03) using two different 

log  - log  crossplots; the first shows only data point where an  value has actually been 

calculated (where a core plug had a valid  value derived from laboratory measured Pc(Sw) 
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data) and the second includes those core plugs for which  has been estimated from the 

MVCA model. It is of note that the GAMLS Bayesian-based algorithm has been able to 

maintain the orange Petrotype M5_Pt5 with only nine  values. Given the sparse nature of 

the core data, such an outcome would not have been possible with a Neural Network or Self 

Organising Map approach to classification (or similar), and thus the Bayesian-based 

approach is vital for these type of core-log integration studies. In addition, since the 

Bayesian approach, as implemented in GAMLS, is able to predict missing variables, as long 

as there are sufficient  -  pairs (from RCA, DRA, and Conventional SCAL), then a MVCA 

model can be built from more sparsely obtained  data (from just MICP, DRA, and SCAL). 

It may appear at first glance that there is insufficient separation between M1_Pt1 (red) and 

M2_Pt2 (green) on the log  vs log  crossplots of Figure 12.5 and Figure 12.6 below. 

However, an inspection of Figure 12.4, the corresponding log  vs log  crossplot, reveals 

that there is indeed good separation between these two Petrotypes. Better separation 

between M1_Pt1 (red) and M2_Pt2 (green) in log  vs log space might have been 

achieved with better data clean-up and/or by obtaining more  values, but the adopted 

MVCA is more than sufficient to demonstrate the capabilities of the developed software. 

 

Figure 12.5: Petrotypes for MVCA model PTb.03 displayed on a log  vs log  crossplot 

(actual  values only). 
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Figure 12.6: Petrotypes for MVCA model PTb.03 displayed on a log  vs log  crossplot 

(showing additional estimated  values). 

 Estimating the Electrotype-scale  CLV  

Once the Electrotype-scale values of  and  have been calculated from the upscaled 

petrophysical properties, a MVCA using these variable is developed to estimate  as was set 

out in Section 12.3.2. This model is initialised using the statistics of the prior Petrotype-scale 

MVCA model PTb.03 referred to above which related , , and  (hence prior statistics 

initialisation). The output from this model, ETa.11, is shown in Figure 12.7, where the 

developed Electrotypes are called “Preliminary” since the wireline logs have yet to be 

incorporated. The Preliminary Electrotypes shown are in fact coloured the same colour as 

the constituent Petrotypes in the PTb.03 model that was used to initialise the ETa.11 model. 

These Preliminary Electrotypes will most likely not represent the optimal clustering at the 

new scale and will therefore be reclustered later in the workflow. The range of values for 

each of the CLVs is truncated, this being an outcome of the upscaling of the underlying 

petrophysical properties. Of note is the fact that there is no longer an orange mode; the low 

values of the CLVs in this mode at the Petrotype scale (refer Figure 12.4) have been 

“upscaled” out to the range of the CLVs at the Electrotype scale.  
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Figure 12.7: Preliminary Electrotypes for MVCA model ETa.11 displayed on a log  vs log  
crossplot. 

A crossplot of log  vs log  is given in Figure 12.8. At this scale, all the values of  have 

been estimated using the ETa.11 MVCA model. The range of CLV values for each mode at 

this scale is a function of the variability in the underlying Petrotype MVCA, where for 

example the green mode has a tighter distribution of points than the purple mode in both 

the Petrotypes of Figure 12.6 and the Preliminary Electrotypes here in Figure 12.8. 

 

Figure 12.8: Preliminary Electrotypes for MVCA model ETa.11 displayed on a log  vs log  
crossplot. 
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 Comments on the Prediction of Eta () – The CUSP Assumption 

The estimated  CLV values are a direct outcome of the CUSP parameterisation and are 

based on the fundamental CUSP assumption that the reservoir performance of a sample of 

rock at one scale will be identical to that of a sample of rock at a larger (or indeed finer) 

scale if the CLVs at each scale are identical, as is illustrated in Figure 12.9 and more fully 

explained below. The CUSP assumption is not arbitrary or empirical; rather it is based on the 

principle of hydraulic similitude where the CLVs ensure model (fine scale) to prototype 

(coarse scale) similitude (refer Section 10.5.1.1). For the adopted parameterisation,  

ensures geometrical similarity,  kinematic similarity, and  dynamic (force) similarity. 

The CUSP assumption makes direct use of the underlying assumption of an equivalent 

medium, wherein the volume of material being considered at any coarser scale is assumed 

to be homogeneous. This assumption is central to all practical porous media studies, 

wherein real geology and petrophysics are idealised to that of an equivalent homogeneous 

medium. Thus practically a core plug is considered to be homogeneous and has only one set 

of petrophysical properties and therefore one set of defining CLVs (plug scale , , and ). 

Similarly, a wireline log data point, a geocell, and a flow simulator grid block all carry just 

one set of petrophysical properties and thus one set of CLVs (with these being deemed to be 

held at the centre of each such volume). 

 

Figure 12.9: Identical Characteristic Length Variables (shown schematically with pink dots) 
indicate the similarity of rock at two different scales (Model - Prototype similarity) after 

Upscaling of the larger volume. 

Then applying the CUSP assumption, if a homogeneous material at one scale, say the larger 

(coarser-scale) pink cube in the centre of Figure 12.9, has a defining set of three CLVs after 

Upscaling and these are identical to the CLVs in the smaller fine-scale cube (at left) of 

homogeneous material (here represented by the same shade of pink dots), then these two 

cubes, irrespective of their size and genesis, will have identical petrophysical responses. 
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It matters nought that the internal geological structure, bedding, texture, morphology, etc. 

of the two different sized cubes may be different. The homogeneity enforced by the 

equivalent medium assumption means that each cube has one, and only one, set of 

“equivalent” petrophysical properties and thus one set of CLVs. If these CLVs are identical in 

two cubes, then the two volumes behave identically and can thus be considered as model 

and prototype (hence the word Characteristic in CLV; the CLV triplet characterises the 

material). The practical and important outcome is that an estimated value of  at the 

Electrotype scale, based on a model built at the Petrotype scale and obtained from identical 

 and  values at both scales, is now available from which to extract Pc(Sw) curves. 

It should be emphasised that it is not the CUSP assumption that is deeming the 

homogeneity of any volume element at each scale. The assumption of equivalent medium 

homogeneity at each successively coarser scale is made in all classification and upscaling 

procedures, no matter how simple or how mathematically rigorous they may be considered 

to be. The equivalent medium assumption is consequently used practically and on a routine 

basis throughout industry. 

Rather the CUSP assumption relies on this deemed homogeneity and simply says if one has 

two homogeneous materials, a (necessarily) minimalistic combination of three variables of 

common dimension [Length] but of different physical origin (geometry, kinematics, force) 

may be used to define the material. As mentioned previously, it is necessary to have a 

minimal number of variables since core data is generally obtained quite sparsely. That the 

CUSP assumption and the associated CLVs prove so practically effective in porous media 

classification (Curtis, 2000, and associated proprietary trials) is not “proof” of its validity but 

is a very powerful justification for its continued application. Possibly the best proof that can 

eventually be applied is to develop CUSP based petrophysical properties at reservoir scale, 

use them to predict reservoir performance, and then to flow the reservoir to obtain its real 

performance.  Notwithstanding, there are intermediate stages of validation that are 

possible; for example comparing the predicted Sw(z) profiles obtained from CUSP with 

those from resistivity-based wireline log analysis or by comparing the predictions of 

hydrocarbons or CO2-in-place using a 3D geocellular model based on CUSP with those of 

other methods. Developing the predictions involved using the CUSP methodology can only 

be done practically by first developing the CUSP software, which is the subject of this report. 

 

 Extracting Pc(Sw) Curves at Every Wireline Depth 

The Rep curves for the adopted Petrotype MVCA model, PTb.03, are shown in Figure 12.10 

(refer to Figure 12.4 to Figure 12.6 for the Petrotype specification and to Section 11.4.1 for 

the Rep curve derivation procedure). Here the bold dashed line is the defined Rep curve and 
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the thin solid lines of the same colour are the upper and lower bounds for each Petrotype. 

Here ”upper” is taken to mean to the right and higher than the Rep curve (usually poorer 

reservoir quality material, with lower Ka and finer grain size) and “lower” is considered to be 

to the left and lower than the Rep curve (often better quality material). 

 

Figure 12.10: Rep curves, by Petrotype, for MVCA model PTb.03 (bold dashed line) and upper 
and lower bounds (thin solid lines). 

Once the  value is estimated for every wireline point, as was described in Section 12.4.3 

above, the CUSP point at the Electrotype scale, Pc_CU_e, can be calculated at each point as 

the upscaled porosity is also known. Knowing the assigned Petrotype, the appropriate Rep 

curve is also thereby established. Then using the Rep curve itself together with its upper and 

lower bounds, the Pc_CU_e ratio to these defining points can be used to “extract” (calculate 

or recover) the appropriate Skelt-Harrison (SH) parameters (Harrison and Jing, 2001) using 

the same ratio. As an example, if the Pc_CU_e value is half way between the Rep curve and 

the upper bound, then the SH values half way between the SH values at the Rep curve and 

upper bound are derived. These may be used to plot the extracted curve, as is shown in 

Figure 12.11. Here two such extracted Pc(Sw) curves are shown for the red Preliminary 

Electrotype M1_ET1, one approximately half way between the Rep curve and the upper 

bound and one half way on the lower side. 
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Figure 12.11: Rep curve for red Petrotype for MVCA model PTb.03 (bold dashed line) and 
upper and lower bounds (thin solid lines). The heavier solid curves show the extracted Pc(Sw) 
curve for two Preliminary Electrotypes of the same red mode for two selected depths. Purple 
dots show the CUSP points, with the small dots being interpolated from the larger defining 
Rep curve and bounds as outlined in the text. The purple line shows the trajectory of CUSP 

points. Blue dots are quality control points. 

The full complement of Pc(Sw) curves extracted for the red Preliminary Electrotype over all 

the depth points within the interval under consideration are shown in Figure 12.12. Here 

the purple dots are CUSP points and the blue dots are quality control points. The purple line 

shows the trajectory of CUSP points. Similar crossplots for each Preliminary Electrotype are 

presented in the Milestone B3 report. The shape of these curves comes directly from the 

underlying Rep curves, but the positioning in Pc - Sw space is solely dependent of the 

upscaled petrophysical properties pertaining to each wireline depth point. 
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Figure 12.12: Extracted Preliminary Electrotype Pc(Sw) curves for all depths that had CLV 
values which assigned them to the red Preliminary Electrotype M1_Pt1. Purple dots show the 

CUSP points, with the small dots being interpolated from the larger defining Rep curve and 
bounds as outlined in the text. The purple line shows the trajectory of CUSP points. Blue dots 

are quality control points. 

A plot covering all depth points across the cored interval (and from which values have been 

upscaled) and showing the four Preliminary Electrotypes is given as Figure 12.13. As a 

consequence of the Electrotype-scale Pc(Sw) curves having been extracted from different 

underlying Petrotypes, there is a distinct change in the shape of the curves when 

transitioning from left to right as one moves through the various colours. This change of 

shape is a direct function of the differing underlying Rep curves for each Petrotype. 
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Figure 12.13: Extracted Pc(Sw) curves for all depths (all four Preliminary Electrotypes). The 
green Preliminary Petrotype curves are mostly obscured by those for blue and red. Purple 

dots show the CUSP points and blue dots are quality control points. The purple line shows the 
trajectory of CUSP points. 

 Developing Final Electrotypes using both Wireline Log and Core Data 

Having extracted the Pc(Sw) curves at every depth, it is now necessary to relate these curves 

to final Electrotypes that are developed using both wireline log and core data. The wireline 

logs used were density (RHOB), neutron porosity (NPHI), gamma ray (GR), and 

compressional sonic (DT). The core data involved were the Electrotype-scale  , and  

values developed above. This Electrotype classification is carried out by developing a MVCA 

model that jointly clusters data from both sources, with all data now being at the 

Electrotype scale. The output from one such model, ETc.35, is shown in Figure 12.14 and 

Figure 12.15, whilst other crossplots are given in the Milestone B3 report. 

Figure 12.14 shows a by now familiar log  vs log  plot annotated with the modes, now 

interpreted as final Electrotypes, from the ETc.35 MVCA. The final Electrotypes may be 

directly compared with the Preliminary Electrotypes in Figure 12.7. Since the logs have now 

been included in the MVCA, the GAMLS Mode Assign capability has interpreted a lithology 

for each Electrotype, as shown in the legend of Figure 12.14. (GAMLS Mode Assign is based 

on a well-tested proprietary artificial intelligence algorithm; eGAMLS, 2016). 
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A total of six Electrotypes have been developed in this MVCA. However, it should be noted 

that running additional MVCA may perhaps have resulted in a better separation and mode 

assignment. That of ETc.35, however, is sufficiently robust to illustrate the capabilities of the 

software (with this being the primary purpose). It should be noted that with seven variables 

being clustered, each variables will be driving the separability in multi-dimensional space 

and thus in a multi-dimensional “view” the separation would be more apparent. 

Of the six Electrotypes, three have been interpreted as sandstones, two as siltstones (green) 

and one as mudstone/clay (grey). Note that in Figure 12.14, the colour for ET1_M9_Ss3 is 

displayed as pink in order to enhance its visibility. However, for the depth plot displays (to 

be presented subsequently), the colour of this Electrotype is bright yellow to indicated clean 

sandstone (yellows and oranges are used to indicate sandstone). 

 

Figure 12.14: Final Electrotypes for MVCA model ETc.35 displayed on a log  vs log  
crossplot. ETc.35 used both core and log variables. 

In order to show how the core-derived CLVs relate to wireline log variables, a crossplot of 

log  vs GR is shown in Figure 12.15. Note that the GR axis is inverted in order to show the 

better reservoir quality material to the top right. This figure reflects one of the powers of 

GAMLS, as implemented in the CUSP module, which is that both wireline log and core data 

can be simultaneously clustered and jointly displayed. This facilitates all available data being 

used in the Electrotype classification, and then subsequently permits the prediction of core-

based properties from the wireline logs. 

This plot does not show quite as much separation as is usually achieved when just plotting 

wireline variables, but this is to be expected since the core data has been explicitly 
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permitted to influence the classification. However, it should again be noted that with seven 

variables being clustered, another variable (or indeed several others) will be driving the 

separability in multi-dimensional space (and thus in an imaginary “7D view” the separation 

would be immediately apparent). For example, Figure 12.15 shows how the orange 

Electrotype is reasonably well separated in log  vs GR space although such separation is 

not so apparent in Figure 12.14. 

 

Figure 12.15: Final Electrotypes for MVCA model ETc.35 displayed on a log  vs GR crossplot. 

 Developing Electrotype Representative Pc(Sw) Curves 

In order to be able to later extract Pc(Sw) curves in either uncored wells or for the 

development of Geotype Pc(Sw) curves after upscaling (for Geotype definition and scale, 

see Definitions and Figure 2.2), it is necessary to develop Electrotype-scale Pc(Sw) Rep 

curves based on the Electrotypes defined above. This is done in the Electrotype >> Pc(Sw) 

Extract sub-tab in a directly analogous manner in which Petrotype Rep curves were 

developed in the Petrotype >> Pc(Sw) Extract sub-tab in Section 11.4.1.  

The mean Rep curve (defined by i_Rm; where i = SH A, B, C and D, the four Skelt-Harrison 

parameters) is automatically calculated for each Electrotype by taking the mean of the 

values of the SH A to D parameters of all curves in a given Electrotype. These mean Rep 

curves are shown in Figure 12.16 for the MVCA model ETc.35. The spread of these curves 

across the Pc - Sw space is what may have reasonably been expected from interpretation of 

the core and log data to date (there being no Pc(Sw) laboratory data at the Electrotype scale 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 163 

eGAMLS 

with which to compare the extracted curves). The automatically developed mean Rep curve 

can be improved manually, as will be subsequently discussed. 

 

Figure 12.16: Initial mean automatically calculated Rep curves, by Electrotype, for MVCA 
model ETc.35. The purple line shows the trajectory of CUSP points. 

The developed GAMLS functionality makes it possible to display all Pc(Sw) curves by 

Electrotype, which is necessary in order to be able to successfully develop and refine the 

Rep curves for each. The Pc(Sw) curves for all wireline depths developed in MVCA model 

ETc.35, coded by the six Electrotypes, are shown in Figure 12.17. As with previous figures, 

the purple dots are CUSP points and the blue dots are quality control points. The purple line 

shows the trajectory of CUSP points. Additional plots, by Electrotype are given in the 

Milestone B3 report. 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 164 

eGAMLS 

 

Figure 12.17: Extracted Pc(Sw) curves for all depths with six Electrotypes from MVCA ETc.35. 

The refinement of the Rep curves for each Electrotype is carried out in the Rep curve control 

and display panel. As mentioned above, the process of developing a Rep curve is automated 

to first establish a good approximation based on the mean of all points within a given 

Electrotype. This initial curve is then able to be improved (to enhance representativeness) 

by interpretive manual control. This may entail ignoring outlier curves or slightly modifying 

any (or all) of the SH parameter values. The final build of the Rep curve for ET3_M7_Ss2 

(orange) is illustrated in Figure 12.18. 
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Figure 12.18: Rep curve for orange Electrotype ET3_M7_Ss2 for MVCA model ETc.035 (bold 
dashed line) and upper and lower bounds (thin solid lines). The heavier solid curve is the 

automatically generated mean curve which was used as a guide. The Pc(Sw) curves for every 
wireline depth in this Electrotype are not shown (but refer Figure 12.17). The purple line 

shows the trajectory of CUSP points (with the points themselves not shown here). 

With the Rep curves established for all Electrotypes, it is then possible, once  values have 

been estimated using a GAMLS MVCA, to calculate CUSP points and then extract Pc(Sw) 

curves away from the cored interval in which the Rep curves were developed. This may be 

carried out at the Electrotype scale in either sections of the same well that was not cored or 

in any uncored (but logged) well. Importantly, the Rep curves are also available for use in 

the development of Geotype Pc(Sw) curves after upscaling of Electrotype petrophysical 

properties to Geotype scale. This will be covered in the next milestone. 
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 Saturation Profile Development 

Once a Pc(Sw) curve has been assigned to each depth point down a wireline log, it is then 

possible to develop a saturation profile with depth, Sw(z). The saturation value applies to 

the scale of the wireline log, the Electrotype scale, and thus reflects what the log signals 

have investigated. It may thus be directly compared to a resistivity-based standard wireline 

log analysis for saturation. Having such a core-based independent determination of 

saturation to validate wireline log analysis is of great practical importance. 

 Height Above Free Water Level Determination 

In order to develop the Sw(z) profile, it is necessary to know the depth of the point in 

question in relation to the depth of the Free Water Level (FWL). This is usually expressed as 

a Height Above Free Water Level (HAFWL). GAMLS has been coded to show the Pc(Sw) 

functions in terms of HAFWL, where Pc = 0 = FWL and the ordinate is now in metres (for this 

metric study). 

The fluid densities and gradients required to both determine the FWL and to carry out the 

HAFWL computations are determined from PVT studies of the reservoir and entered and 

stored in GAMLS using the in-built Rock-Fluids module. Currently a representative depth is 

used to obtain the required fluid properties; an enhancement being considered is to 

calculate the densities of the fluids at each and every depth point. 

 Saturation Profile Calculation 

An example of a Pc(Sw) curve expressed as HAFWL is given in Figure 12.19, where the 

individual wireline Pc(Sw) curves were extracted using the Rep curves of Figure 12.18. Once 

a HAFWL is calculated for each wireline log depth, the code then interrogates the Pc(Sw) 

function of that location, expressed as HAFWL, to calculate a saturation value. Using the 

Pc(Sw) developed at every depth, developed “by Electrotype”, ensures an accurate Sw. 

In Figure 12.19 the most favourable depth (highest hydrocarbon saturation; left most curve) 

has Sw = 0.16 when at 50 m HAFWL (red arrows), whereas the least favourable depth still 

has Sw = 0.39 when at 100 m HAFWL (magenta arrows). Considering the central portion of 

the data (horizontal double arrows), when the HAFWL is 10 m, the average Sw is 

approximately 0.54 (dark blue), whereas it takes until 75 m HAFWL in order to reduce the 

average saturation to approximately 0.22. Other Electrotypes will have their corresponding 

ranges. The wide range of possible saturations being illustrated demonstrate the 

importance of having a unique and appropriately classified Pc(Sw) curve for every depth 

point. 
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Figure 12.19: Pc(Sw) curves for depths classified as Electrotype ET3_M7_Ss2 using a HAFWL 
and showing the Sw value corresponding to selected HAFWL (see text for explanation). 

 Saturation Profile Example 

A depth plot associated with an illustrative, assumed FWL of 3516 m is shown in Figure 

12.20 (in practice, the depth of the FWL will be obtained from pressure measurements 

within the reservoir; examples for two other putative FWL heights are given in the 

Milestone B3 report). In Figure 12.20, the first track is the Cumulative Mode Probability 

(CMP) display of the ETa.11 MVCA used to predict the  CLV and hence provides the CUSP 

point (Pc_CU_e) values from which to then extract the Electrotype Pc(Sw) curves. The 

crossplots defining the ETa.11 MVCA were given as Figure 12.7 and Figure 12.8. The 

variability of the material down the profile is apparent, although it will be appreciated from 

the description above that the four modes shown were imposed by the model and came 

from a prior cluster at the Petrotype scale (ex PTb.03), even though the data itself is at the 

Electrotype scale. 

The second track is the CMP plot of the MVCA used to define the final Electrotypes, ETc.35. 

This MVCA model used both wireline log and core data (in the form of CLVs) to develop 

Electrotypes for which GAMLS Mode Assign was used to interpret a lithology. The crossplots 

for ETc.35 were given as Figure 12.14 and Figure 12.15, which refer. With an extra two 
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modes, a different assignment of rock types was generated when compared to ETa.11; 

however, the overall classification is very consistent. It must be appreciated that even 

though the wireline log and core data are now at the same Electrotype scale, they are using 

information extracted from completely different measuring systems so some variation is to 

be expected. Note that the best quality sand is now coloured bright yellow, rather than the 

pink in the crossplots used therein for visibility. 

The third track in Figure 12.20 is the Sw (z) profile that has been developed from the Pc(Sw) 

curve at each depth point (and thus is at a spacing of 0.1524 m). The Swir value at each 

depth, extracted from the Pc(Sw) curve is first shown in green, with light green shading to 

the left representing immovable water. The Sw(z) profile itself is coloured bright blue and is 

shaded in pink to the right, this indicating gas filled saturation. The interval between these 

two curves is shaded light blue, indicating the presence of movable water.  

With the FWL set at 3516 m, a strong transition zone is seen, with only the very top of the 

interval being essentially gas saturated. This outcome was to be expected from the input 

Pc(Sw) curves, but it is the rugosity of the Sw(z) profile, coming from the individual curves, 

which is important. It would now be possible to compare the saturation profiles generated 

here with those from resistivity-based saturation profile modelling if the appropriate 

resistivity logs and water properties were available. Such data was not available, but the 

substantive point is that there is now a systematic and rigorous method to bring saturation-

dependent core data to the correct scale, and in a suitably rugose way, for such a 

comparison. 
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Figure 12.20: CMP and Sw(z) plots for the upper cored interval showing; in Tracks 1 and 2 the 
CMPs from MVCA models ETa.11 (with 4 clustering modes) and ETc.35 (with 6 clustering 

modes, here Electrotypes), and in Track 3 the Swir(z) profile (green) and Sw(z) profile (blue) 
for a FWL of 3516m. 

 Electrotype Data Quality Control 

The same data quality control tools that were implemented in the Petrotype tab have been 

added to the Electrotype tab. Given this similarity and the description in Section 11.4.2, 

these tools will not be reviewed here. However, they are fully documented in the Milestone 

B3 report.  
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 Conclusions for Milestone B3 

All the necessary data manipulation, quality control, and analysis procedures to permit data 

at the core plug scale to be systematically and rigorously upscaled to wireline log scale and 

then prepared for use in the later, larger-scale, Geotype Milestone B4 have been 

implemented in the GAMLS software. 

The code to rigorously upscale the petrophysical properties from the Petrotype (core plug) 

scale to the Electrotype (wireline log) scale has been implemented. The two CLVs,  and , 

at the Electrotype scale have been calculated from the upscaled petrophysical properties 

and then used to predict the third CLV , based on the statistics of the MVCA developed at 

the Petrotype scale. This modelling provides a method of effectively changing scales that 

facilitates the inclusion of Pc(Sw) data. 

The  CLV has been used to extract a defining point on the Pc(Sw) curve for each wireline 

data point, the CUSP point Pc_CU_e. This in turn has been used with the Petrotype Rep 

curves, developed in the previous Milestone B2, to extract (recover) the Skelt-Harrison 

parameters defining the full Pc(Sw) curve at the Electrotype scale. Designing the code to do 

so was a major challenge for this Milestone, but its successful implementation means that it 

is now possible to routinely have correctly scaled Pc(Sw) curves at the Electrotype (wireline 

log) scale and to relate these saturation-dependent curves to wireline log data. 

The CLVs have then been used as variables, along with log data, in a MVCA model to define 

final Electrotypes, for which Representative Pc(Sw) curves at the Electrotype scale have then 

also been developed. These Rep curves will be used later in the workflow (Milestone B4) to 

model the Pc(Sw) response at larger scales (Geotype). 

The Pc(Sw) curves at every wireline data point, now at the Electrotype scale, have been 

used to determine a saturation profile with depth, Sw(z), based on a calculated FWL. 
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13 Milestone B4 - Core to Log to Geocellular Model: Geotype Tab 

Development 

 Introduction 

 Reference 

Curtis, A.A. and Eslinger, E.V., 2016b. Milestone B4 – Core to Log to Geocellular Model: 

Geotype Tab Development. Technical Report for ANLEC R&D Project 7-0311-0128, Sub-

project 7: Multi-scale Reservoir Characterisation - From Pore to Core to Geocellular Model. 

eGAMLS Inc. and FEI Australia, 80 pp. Unpublished. 

 Objective 

The primary objective of Milestone B4 is to develop all the necessary data manipulation, 

quality control, and analysis procedures in 1D within the GAMLS software to ensure data at 

the wireline log scale is consistently upscaled to the geocell scale and then prepared for use 

in an analogous 3D plug-in to a geocellular model (such as Petrel). This Milestone follows 

directly from Milestone B3 in which the wireline log information was classified into 

Electrotypes, a Representative Pc(Sw) curve for each developed, and the dataset prepared 

for upscaling to the geocellular scale. A Geotype is a distinctive grouping of rock at the 

volume of a geocell which exhibits a similarity of variables derived from upscaled wireline 

log data incorporating correctly scaled core data. 

 Milestone B4 Workflow 

That portion of the CUSP workflow that relates to Milestone B4 is set out in Figure 13.1. The 

components (as shown with coloured boxes) and their linkages will be further explained in 

the sections below.  

Given the space constraints of this report, only the most important elements of the 

workflow will be discussed, with the reader being referred to the Milestone B4 report both 

for a more detailed discussion of these and for details of some of the not-so-critical 

outcomes. 
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Figure 13.1: Schematic of that portion of the CUSP Workflow which has been implemented in 
the CUSP >> Geotype tab of GAMLS in Milestone B4 (see Figure 9.1 for full CUSP workflow 

schematic). 

 Upscaling Electrotype Data to Geotype Scale 

 Electrotype Scale Data Available for Upscaling (Fine-scale Data) 

Wireline log data was processed and classified into Electrotypes within the previously 

developed Electrotype tab of GAMLS (see Section 12 above and the Milestone B3 report). 

The petrophysical properties at each point in what now becomes the fine scale grid for this 

milestone (here log scale with 0.1524 m spacing) were estimated using a GAMLS MVCA 

model which related the petrophysical properties at each wireline log location to wireline 

log obtained variables that were continuous along the log. It is now necessary to develop a 

coarse scale grid at the Geotype scale and to upscale the petrophysical properties into this 

before subsequent Pc(Sw) curve development and analysis 

 Upscaling to Geotype Scale (Coarse Scale) 

The upscaling from Electrotype to Geotype involves a volumetric scale change of 

approximately 10,000: i.e., there are approximately 10,000 wireline log investigated 

volumes within the average volume of a 3D geocell. The Upscale module of GAMLS has been 

expanded and updated in order to be able to carry out the necessary change in scale in the 

vertical direction. A number of issues needed to be addressed, as are outlined below. 

13.2.2.1  Automatic Measured Depth to TVDss Correction 

A key consideration in this process is that there is not only a scale change involved, but also 

a change in datum from MDkb (log Measured Depth) to TVDss (True Vertical Depth Sub Sea 

[surface]). Thus the Upscale module was reconfigured so that when any data is drawn from 

the Electrotype tab to perform an upscaling to Geotype scale, it is automatically depth 

corrected to TVDss. This datum change was made possible by the MDtoTVD routine in 

GAMLS which uses the deviation survey taken at the time of drilling the well. The process is 

effectively hidden from the user, so a warning is issued if a user tries to perform the 

upscaling process without a valid MDtoTVD transform having been first established. 
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13.2.2.2  Coarse-scale Grid Definition 

The coarse-scale vertical grid into which the data is to be upscaled is defined by the 

trajectory of the wellbore through the geocells. It is a requirement for later MVCA that the 

petrophysical properties to be upscaled are associated directly with a geocell centre point. 

To this end, the vertical step size is taken from what was used to develop the geocellular 

model. In this study the 1D geocell thickness is taken as a constant 0.80 m, that being the 

layer thickness used in the Petrel model (although the geocell depth can be varied 

independently as required to match a more complex layering). This geocell thickness thus 

results in either five or six wireline data depth points to be upscaled into one geocell. 

13.2.2.3  Upscaled Petrophysical Properties and CLVs 

The petrophysical properties and the CLVs to be upscaled, along with the upscaling methods 

and algorithms, are the same as for the Petrotype to Electrotype upscaling in Section 

12.2.2.3, except that the change is now from Electrotype to Geotype. Consequently the 

description will not be repeated here (the Milestone B4 report also refers).  

 Geotype Tab – Key Aspects of the Geotype Scale Workflow 

Once at the Geotype scale, all operations are covered in the Geotype tab of the CUSP 

module. The various operations are arranged within sub-tabs which are explained below. 

The upscaled data also needs to be first moved into the Geotype tab. 

 Requirement for the Estimation of the  CLV 

The requirement for the estimation (prediction) of the  CLV is still a key part of the 

workflow, but just at a scale larger. The need for, and uses of,  were explained in the 

Electrotype-scale workflow in Section 12.3.1 and apply equally at the Geotype scale.  

  Developing of a Cluster Estimation MVCA Model to Predict  

The upscaled petrophysical data (now at Geotype scale) is first used to calculate a value of 

the  and  CLVs at the Geotype scale. A MVCA model is set up using these and a null value 

for the  CLV which is to be estimated. The MVCA model is initialised by the prior statistics 

method using the MVCA that relates , , and developed at the Electrotype scale. 

Running this MVCA thus permits the prediction of an  value at each geocell centre depth. 

The results will be illustrated subsequently, but first it is necessary to move all data into the 

CUSP>>Geotype tab. 
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 The Geotype >> Calculations, Tools, and Transforms Sub-tabs 

Data is moved into the Geotype >> Calcs table directly from the Upscale module (where the 

“>>” symbol indicates that Calcs is a sub-tab of the Geotype tab). Since multiple Upscale 

models are available, that to be used is selected and imported. In addition, the MVCA model 

used to estimate (predict) the Electrotype  value (as described in the previous section) is 

selected and the predicted values themselves moved into the Calcs table. The Tools and 

Transforms tabs are also similar to those described at the Electrotype scale. Further details 

of the importing of data and the various sub-tabs are given in the Milestone B4 report.  

 The Geotype >> Pc(Sw) Extract Sub-tab 

 Overview the Geotype >> Pc(Sw) Extract Sub-tab 

The Geotype >> Pc(Sw) Extract tab contains the core workflow at the Geotype scale. As the 

name suggests, this tab permits the extraction of a Pc(Sw) curve for each geocell centre 

point and then enables the construction of Geotype-scale Pc(Sw) Rep curves for use later at 

the 3D Geotype scale. The sub-tab also controls the calculation of an Sw value at each 

geocell centre depth (and thus the Sw(z) profile) from the developed Pc(Sw) curve, as will be 

detailed later in the report. As the layout of the sub-tab is similar to the Petrotype and 

Electrotype Pc(Sw) Extract sub-tabs, it will not be discussed in detail here, the user also 

being referred to the Milestone B4 report. 

 Electrotypes used for Extracting Pc(Sw) Curves  

The aim of developing a Pc(Sw) curve at every geocell centre point is ultimately to be able to 

develop an appropriate saturation function for every geocell in a 3D geocellular model. This 

in effect means that each of petrophysical properties, CLVs, and saturation functions (Pc(Sw) 

curves) need to be established at every geocell centre point depth in 1D before a model can 

be developed for use in 3D. 

A secondary, but nonetheless very important, objective of establishing a Pc(Sw) curve at 

every centre point depth is in order to construct a saturation profile with depth, Sw(z), in 

every geocell from which an estimation of fluids-in-place may be obtained. This saturation 

profile is constructed independently of resistivity logs and is thus a vital verification tool. 

The development of Petrotypes and their associated Representative Pc(Sw) curves (Rep 

curves) at the core plug scale and of Electrotypes and their Rep curves at the wireline log 

scale were covered in the Sections 11 and 12 above and in the reports for Milestones B2 and 

B3 respectively (which refer). However, to assist the explanations for this report, Figure 13.2 

shows the Petrotypes for one MVCA model, PTb.40, in the form of a log  - log plot. This 

model was not used in the earlier reports and was developed during further testing of the 
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software and after additional QC of the data. Five generally separated modes, interpreted as 

Petrotypes, were developed. 

 

Figure 13.2: Petrotypes for MVCA model PTb.40 displayed on a log  vs log  crossplot. 

The display for the alternative combination of the three CLVs, log  vs log , is shown in 

Figure 13.3. At this scale all CLV values, including , come from the actual core plug data (, 

as explained previously, must subsequently be predicted at coarser scales; as shown below). 

 

Figure 13.3: Petrotypes for MVCA model PTb.40 displayed on a log  vs log  crossplot. 
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The Petrotypes displayed in Figure 13.2 and Figure 13.3 were then used, along with a trace 

of fine scale log data at a grid spacing of 40 mm, to estimate petrophysical properties at this 

fine scale. These were then upscaled using GAMLS Upscale, as outlined above, to derive 

petrophysical properties at the Electrotype (wireline log) scale. These petrophysical 

properties were then used to calculate the Electrotype-scale CLVs  and . Predicted values 

of  (also termed “estimates”) at the Electrotype scale were then derived using an MVCA 

initialised by the statistics of the MVCA model developed earlier at the Petrotype scale (as 

explained in Section 12, the Milestone B3 report, and in the discussion for Geotypes below). 

Figure 13.4 and Figure 13.5 show the results for the classification of , , and  at the 

Electrotype scale for MVCA ETa.49 using the procedure outlined above. Note that the range 

of the CLVs is considerably truncated in Figure 13.4 and Figure 13.5 for the Electrotypes 

when compared to those for the Petrotypes in Figure 13.2 and Figure 13.3. The GAMLS 

Bayesian-based algorithm, despite its capability with sparse data sets, was not able to 

maintain the grey mode (M2_PT5), there being effectively no data at the Electrotype scale 

following upscaling with which to do so (this effect was observed earlier with the data set 

used for Milestone B3; refer Section 12.4.3). 

It is the petrophysical properties data relating to the Electrotypes developed here which is 

then to be upscaled to the Geotype scale. 

 

Figure 13.4: Electrotypes for MVCA model ETa.49 displayed on a log  vs log  crossplot. 
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Figure 13.5: Electrotypes for MVCA model ETa.49 displayed on a log  vs log  crossplot. 

Depth plots showing Cumulative Mode Probability (CMP) and GAMLS Beds plots for both 

the Petrotypes and Electrotypes developed above are given in Figure 13.6 (on separate 

plots, but hung on a common formation top; in core depth for Petrotypes and log depth, 

MDkb, for Electrotypes). An additional alternative Electrotype classification, ETb.50, is 

shown which was derived with the inclusion of wireline log data as a validation step (the 

Electrotype colours are different, but of similar hues except for the best sand). These plots 

show the probability of mode assignment and bed assignment at every core plug or every 

wireline depth point. 
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Figure 13.6: CMP and Beds Plots for the upper cored interval (left 8 tracks) and lower cored 
interval (right 8 tracks) showing Petrotype MVCA model PTb.40 (core depth) derived using 5 

clustering modes and Electrotype MVCA models ETa.49 and ETb.50 (log depth, MDkb) 
derived using 4 and 7 clustering modes, respectively, all hung on a common formation top. 

 Estimating the Geotype-scale Eta () CLV  

Once the Geotype-scale values of  and  have been calculated from the upscaled 

petrophysical properties, a MVCA using these variables is developed to estimate the 

Geotype scale  CLV. This model is initialised using the statistics of the Electrotype-scale 

MVCA model ETa.49 (outlined above) which relates , , and . The output from this 

model, GTa.55, is shown in Figure 13.7 and Figure 13.8, where the developed Geotypes are 

called Preliminary since the Geomodelling Facies from the geocellular model have yet to be 

considered. The Preliminary Geotypes shown are necessarily coloured the same colour (and 
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have the same mode number) as the constituent Electrotypes in the ETa.49 model that was 

used to initialised the GTa.55 model. The range of values for each of the CLVs is altered from 

those of Figure 13.4 and Figure 13.5 for Electrotypes, this being an outcome of the upscaling 

of the underlying petrophysical properties. 

 

Figure 13.7: Preliminary Geotypes for model GTa.55 displayed on a log  vs log  crossplot. 

The crossplot of log  vs log  is given in Figure 13.7. At this scale, all the values of  have 

been estimated using the GTa.55 MVCA model. The ranges of CLV values for each mode at 

this scale are not much further contracted to those for the Electrotypes; however the data 

points in the end member gold and brown Geotypes are relatively far sparser, indicating the 

central tendency brought about by the upscaling from Electrotype to Geotype. 
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Figure 13.8: Preliminary Geotypes for model GTa.55 displayed on a log  vs log  crossplot. 

 Comments on the Prediction of Eta () – The CUSP Assumption 

The comments made in Section 12 regarding the CUSP assumption, which equates rock 

volumes at different scales using the similarity of CLVs, apply equally when moving from 

Electrotype to Geotype. The reader is referred to Section 12.4.4 for details. 

Before considering the Geotype scale further, it is instructive to see the crossplots of the 

various CLVs from different scales plotted on the equally sized axes. This is done in Figure 

13.9 for log  vs log , where the red squares are of one order of magnitude and of the 

same physical size, and thus show the contraction of data towards the centre as a 

consequence of the upscaling process. 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 181 

eGAMLS 

 

Figure 13.9: MVCA models defining Petrotypes (MVCA PTb.40), Electrotypes (MVCA ETa.49), 

and Geotypes (MVCA GTa.55) (top to bottom) displayed on log  vs log  crossplots of 
similar size (red squares are one order of magnitude of each variable). 
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 Extracting Pc(Sw) Curves at Every Geocell Centre Depth along the 

Wellbore 

Extracting Geotype-scale Pc(Sw) at every geocell centre depth using Rep curves follows the 

same procedure as in extracting Electrotype-scale curves (see Section 12.4.5). Thus the 

workflow will not be repeated here and just the final outcome with Geotype scale curves is 

shown in Figure 13.10. The Milestone B4 report gives the full procedure. 

 

Figure 13.10: Extracted Pc(Sw) curves for all depths (all four Preliminary Geotypes) for MVCA 
GTa.55 (developed from Rep curves of MVCA ETa.49). Purple dots show the CUSP points and 

the purple line shows the trajectory of these points. Blue dots are quality control points. 

As a consequence of the Geotype-scale Pc(Sw) curves having been extracted from different 

underlying Electrotypes, there is a distinct change in the shape of the curves when 

transitioning from left to right as one moves through the various colours. This change of 

shape is a direct function of the differing underlying Rep curves for each Electrotype. Several 

interesting figures comparing the Pc(Sw) curves at all scales are presented in the Milestone 

B4 report. 
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 Developing Final Geotypes using Bed Filtered Wireline Data 

Having extracted the Pc(Sw) curves at every centre point depth, it is now necessary to 

classify these curves into final Geotypes that are developed using either “bed filtered” 

wireline data or “geomodelling facies” from the geocellular model. This classification is 

carried out by developing a MVCA model that jointly clusters data using initialisation from 

one or the other of these sources. 

“Bed filtering” is a concept implemented in GAMLS which uses the probability of assignment 

at each wireline log data point to group a running sequence of variably mode assigned 

points into a larger unit of the most probable mode (eGAMLS, 2106). Basically it is a thin bed 

amalgamation techniques that relies on the probability of mode assignment at each wireline 

depth. The aim of bed filtering is to produce units of a common Geotype that corresponds 

to the layering of the geomodel. (In fact, bed filtering may be used to help decide on 

geomodel layer thickness).  The method does not necessarily (and usually won’t) result in a 

different number of modes after bed filtering when compared to the initial MVCA outcome, 

but may be used to reduce the number if only one or two relatively thin beds of a particular 

mode remain at the end of the process. 

“Geomodelling facies” (or in the geomodelling sphere often just “facies”) are the rock types 

that the geomodeller has recognised in the well that are then distributed in 3D throughout 

the geomodel. Thus a “geomodelling facies” has the requirement that it must relate to a 3D 

geometrical object that is capable of being distributed, using geostatistics, in a 3D sense. If 

such have been used, then these may be entered into GAMLS and used to set the Geotypes 

in the 1D CUSP >> Geotype sub-tab.  Since the geomodel had yet to be finalised (see next 

section), the Bed filtering method was used. 

The output from one such Geotype classification model, MVCA GTb.60, using five modes 

and after bed filtering, is shown in Figure 13.11 and Figure 13.12. In this model, there are 

268 geocell centre points over the interval of interest in the wellbore and these are bed 

filtered into 101 beds containing the five assigned Geotypes. (Note that the actual mode 

probabilities do not change during bed filtering, only the assignment to Geotypes).  Figure 

13.11 shows a log  - log  plot annotated with the modes, now interpreted as final 

Geotypes, from the GTb.60 MVCA. Figure 13.12 is the corresponding log  - log  plot. The 

final Geotypes may be compared with the Preliminary Geotypes in Figure 13.7 and Figure 

13.8.  Note that the ellipses have less overlap in the GTb.60 case as a consequence of bed 

filtering. 

Five Geotypes have been developed in the GTb.60 MVCA, however, it should be noted that 

running additional MVCAs may perhaps have resulted in a better separation and mode 

assignment. However, that of GTb.60 is sufficiently robust to illustrate the capabilities of the 
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software (with this being the primary purpose). In Figure 13.11, the five Geotypes are 

spread relatively evenly across the log  - log  space. Such an interpretation should of 

course tie in with the depositional model used to develop the geomodelling facies. 

 

Figure 13.11: Final Geotypes for MVCA model GTb.60 on a log  vs log  crossplot. 

The log  vs log  of Figure 13.12 is generally similar to the log  - log  crossplot, in that 

the  CLV also shows a good separation across its range. There is some overlap of the  

values across modes, but overall the separation is as good as is usually seen for reservoir 

rocks. Notwithstanding, the implication is that there will be some overlap of the Pc(Sw) 

curves that have been extracted when these are subsequently shown by Geotype. 

 

Figure 13.12: Final Geotypes for MVCA model GTb.60 on a log  vs log  crossplot. 
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The Pc(Sw) curves for MVCA GTb.60 were previously obtained as part of developing the 

Preliminary Geotypes using MVCA GTa.55, as was detailed in Section 13.4.3. These may now 

be assigned to the final GTb.60 Geotypes shown in Figure 13.11 and Figure 13.12 above. 

These newly assigned Pc(Sw) curves are shown in Figure 13.13 . 

 

Figure 13.13: Extracted Pc(Sw) curves for all geocell centre points classified by final 
Geotypes, as developed in MVCA GTb.60. The figure shows the CUSP points (purple dots), 

with the purple line showing the trajectory of such points.  The blue dots are QC points.  

 Developing Geotype Representative Pc(Sw) Curves 

In order to be able to later extract Pc(Sw) curves in either upscaled uncored wells or for the 

development of Geotype Pc(Sw) curves within the 3D geomodel, it is necessary to develop 

Pc(Sw) Rep curves based on the Geotypes defined above. This is done in the Geotype >> 

Pc(Sw) Extract sub-tab in a directly analogous manner to that in which Electrotype Rep 

curves were developed in the Electrotype >> Pc(Sw) sub-tab, as explained in Section 12.4.7 

and in the Milestone B3 and B4 reports. The final Rep curves are shown in Figure 13.14. 
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Figure 13.14: Rep curve for all five Geotypes for MVCA model GTb.60 (bold dashed line) and 
upper and lower bounds (thin solid lines). The purple dots are the CUSP points for each Rep 

curve, with the purple line showing the trajectory of such points. 

With the Rep curves established for all Geotypes it is then possible, when moving forward in 

the workflow, to use the curves in either uncored wells at the Geotype scale or for the 

development of Geotype Pc(Sw) curves within each geocell using the Petrel 3D plug-in (refer 

Milestone B5). In such cases, once  values have been estimated using the appropriate 

GAMLS MVCA with prior statistics, CUSP points may be calculated and then Pc(Sw) curves 

extracted.  

 Saturation Profile Development 

Once a Pc(Sw) curve has been assigned to each blocked well centre point depth down the 

wellbore, it is then possible to develop a saturation profile with depth, Sw(z). The saturation 

value now applies to the vertical volume of investigation of the upscaled (blocked up) 

wireline log. i.e. it is at the Geotype scale and thus correctly reflects the petrophysical 

properties contained across the geocell vertical depth. As this process is exactly the same as 

for the Electrotype scale, only the results will be presented (with details being given in 

Section 12.5 and the Milestone B3 and B4 reports). 
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 Saturation Profile Example 

A depth plot associated with an assumed FWL of 3516 m MDkb, being 3467.3 m TVDss, is 

shown in Figure 13.15 (this is the same FWL used in the Electrotype example). The first track 

is the Cumulative Mode Probability (CMP) display of the GTa.55 MVCA used to predict the  

CLV and hence provide the CUSP point (Pc_CU_g) values from which to then extract the 

Geotype Pc(Sw) curves. The crossplots defining the GTa.55 MVCA were given as Figure 13.7 

and Figure 13.8. The variability of the material down the profile is apparent, although it will 

be appreciated from the description above that the four modes shown were imposed by the 

model and came from a prior cluster at the Electrotype scale (ex ETa.49), even though the 

data itself is at the Geotype scale. 

The second trace is the CMP plot of the MVCA used to define the final Geotypes, GTb.60. 

This MVCA model used both wireline log and core data (in the form of CLVs) to develop 

Geotypes for which GAMLS Mode Assign was used to interpret a lithology. The crossplots 

for GTb.60 were given as Figure 13.11 and Figure 13.12, which refer. With an extra mode, a 

somewhat different (“finer”) assignment of rock types was generated when compared to 

GTa.55; however the overall classification is very consistent, with the better quality material 

now being broken into two Geotypes. 

The third trace in Figure 13.15 is the Sw (z) profile that has been developed from the Pc(Sw) 

curve at each geocell centre depth (and thus is at a spacing of 0.8 m). The Swir value at each 

depth, extracted from the Pc(Sw) curve is first shown in green, with light green shading to 

the left showing immovable water. The Sw(z) profile itself is coloured bright blue and is 

shaded in pink to the right, this indicating gas filled saturation. The interval between these 

two curves is shaded light blue, indicating the presence of movable water.  

With the FWL set at 3467.3 m TVDss, a strong transition zone is seen, with only the very top 

of the interval being close to gas saturated. This outcome was to be expected from the input 

Pc(Sw) curves and the previous work at the Electrotype scale, but it is the rugosity of the 

Sw(z) profile, coming from the individual curves, which is important. It is now possible to 

compare the saturation profiles generated here with those from at the Electrotype scale, as 

is done below. 
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Figure 13.15: Bed and Sw(z) plots for the upper cored interval showing; in Tracks 1 and 2 the 
Beds from MVCA models GTa.55 (4 clustering modes) and GTb.60 (5 clustering modes), and 

in Track 3 the Swir(z) profile (green) and Sw(z) profile (blue) for a FWL of 3467.3 m TVDss 
(3516.0 m MDkb). The smallest Bed is that of the geocell size, 0.80 m. 

Of real interest and importance is the similarity of the Sw(z) profiles at each of the 

Electrotype and Geotype scales. The geocell centre point spacing is by design much coarser 

than the wireline log data point spacing (0.80 m versus 0.1524 m); however, the saturation 

predictions with depth remain robust. A comparison is presented in Figure 13.16 for three 

equivalent FWLs (3800.0, 3550.0, and 3516.0 m MDkb for the Electrotypes on wireline log 

depth, and 3748.3, 3501.1, and 3467.3 m TVDss for the Geotypes in True Vertical Depth), 
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each shown hung on the same formation top. Whilst there are the obvious and expected 

differences in rugosity, the saturation results are very similar. These results indicate that the 

workflow used to move to the Geotype scale is robust and appropriate to now extend into 

3D in a geocellular model. 

 

Figure 13.16: Bed and Sw(z) plots for the upper cored interval for Electrotypes (left, log depth 
in MDkb) and Geotypes (right, in TVDss). These show; in Tracks 1 and 2 the CMP or Beds 
from MVCA models, and in Tracks 3, 4, and 5 the Swir(z) profile (green) and Sw(z) profile 

(blue) for three FWL positions shown on a common datum (see text for detail). 

 

 Geotype Data Quality Control 

The same data quality control tools that were implemented in the Petrotype and 

Electrotype tabs have been added to the Geotype tab. Given this similarity and their 

documentation in the Milestone B2 and B3 reports, these tools will not be further discussed 

here. Notwithstanding, it should be noted that significant coding to implement the tools was 

undertaken; this being based on the importance of the QC tools to achieve good Geotypes. 

Outcomes at the Geotype scale are shown in the Milestone B4 report. 

 Electrotypes  Geotypes 
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 Conclusions for Milestone B4 

All the necessary data manipulation, quality control, and analysis procedures to permit data 

at the wireline scale to be consistently upscaled to geocell scale and then prepared for use 

in the later 3D Geotype Milestone B5 have been implemented in the GAMLS software. 

The code to rigorously upscale petrophysical properties from the Electrotype (wireline log) 

scale to the Geotype (geocell) scale has been implemented. The two CLVs,  and , at the 

Geotype scale have been developed from the upscaled petrophysical properties and then 

used to predict the third , based on the statistics of the MVCA developed at the 

Electrotype scale. This modelling provides a method of effectively changing scales that 

facilitates the inclusion of saturation-dependent data. 

The  CLV has been used to extract the defining CUSP point on the Pc(Sw) curve for each 

geocell centre point depth. This in turn has been used with the Electrotype Rep curves, 

developed in the previous Milestone B3, to extract (recover) the SH parameters defining the 

full Pc(Sw) curve at the Geotype scale. The successful implementation of the Electrotype to 

Geotype code means that it is now possible for the first time to have rigorously upscaled 

Pc(Sw) curves at the Geotype scale. 

The CLVs have then been used as variables, along with log data, in a MVCA model employing 

bed filtering to define Geotypes, for which Pc(Sw) Rep curves at the Geotype scale have 

then also been developed. These Rep curves will be used later in the workflow (Milestone 

B5) to model a Pc(Sw) curve within every geocell of a 3D Petrel geomodel. 

The Pc(Sw) curves at every geocell centre point depth, have been used to determine 

saturation profiles with depth, Sw(z), based on three specified free water levels. These 

profiles compare very well with those derived at the Electrotype scale. 

The significance of being able to accurately predict saturation profiles at the Geotype scale 

cannot be overstated. Whilst a saturation profile at a given time/state may be upscaled, the 

importance of being able to develop saturation profiles over time and space from a properly 

upscaled and predictive Bayesian-based Pc(Sw) model is a major advance. 
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14 Milestone B5 - Core to Log to Geocellular Model: GAMLS CUSP 3D 

Geotype Plug-in for Petrel 

 Introduction 

 Reference 

Curtis, A.A. and Eslinger, E.V., 2016c. Milestone B5 – Core to Log to Geocellular Model: 

GAMLS CUSP 3D Geotype Plug-in for Petrel. Technical Report for ANLEC R&D Project 7-0311-

0128, Sub-project 7: Multi-scale Reservoir Characterisation - From Pore to Core to 

Geocellular Model. eGAMLS Inc. and FEI Australia, 138 pp. Unpublished. 

 Objective 

The primary objective of Milestone B5 is the development of a GAMLS CUSP Plug-in for 

Petrel to provide the capability to construct consistently scaled capillary pressure curves and 

predict water saturation in every geocell of a 3D geocellular model. This Milestone follows 

directly from Milestone B4 in which wireline log data was upscaled to geocell scale and 

classified into Geotypes in 1D, a Representative Pc(Sw) curve for each developed, and the 

dataset prepared for movement to a 3D geocellular model. 

 Milestone B5 Workflow 

That portion of the CUSP workflow that relates to Milestone B5 is set out in Figure 14.1. The 

components (as shown with coloured boxes) and their linkages will be further explained in 

the sections below. The workflow for Milestone B5 is shown in conjunction with that for the 

earlier Milestone B4 to illustrate the similarity of the workflows in 1D and 3D despite the 

different software required for their implementation.  

Given the space constraints of this report, only the most important elements of the 

workflow will be discussed, with the reader being referred to the Milestone B5 report both 

for a more detailed discussion of these and for details of some less critical aspects. 
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Figure 14.1: Schematic of that portion of the CUSP Workflow which has been implemented in 
the 1D CUSP >> Geotype tab and the GAMLS CUSP 3D Geotype Plug-in for Petrel being 

implemented in Milestone B5 (see Figure 9.1 for full CUSP workflow schematic). In the figure, 
CLV = Characteristic Length Variable, GT = Geotype, and Crv = Pc(Sw) Curve. 

 Construction of the Geomodel Framework in Petrel 

The construction of a 3D geocellular model involves the development of three constituent 

sub-models; the structural framework, the rock type (“facies”) model, and the petrophysical 

properties model. This section gives a brief account of the construction of the geomodel 

structural framework in the Petrel software application. The construction of the 3D 

geomodel was quite time consuming; however, as the actual building of the model is not 

the main thrust of the project, only sufficient detail of the model construction to permit 

later understanding will be detailed in this final report (with greater detail being in the 

referenced Milestone B5 report). 

 Overview of the Modelled Field 

The field being used as the case study, the May field, is a siliciclastics field that has five 

logged wells, as is shown in Figure 14.2. As indicated with the light blue polygon, the portion 

of the field to be modelled is approximately 4 km long (North-South) and 1.5 km wide (East-

West), although the full extent of the field is somewhat larger. The thickness of the reservoir 

to be modelled is approximately 200 m. The May Field was chosen for the case study both 

because of the suitability of data available to illustrate the GAMLS CUSP Plug-in for Petrel 

and, importantly, it being analogous to the West Wandoan field in the Surat basin, the 

target of one of the ANLEC R&D-supported CO2 Sequestration Demonstration projects. The 

May-2 well is that which has been used to develop the data to test and illustrate earlier 

milestone reports. Details of the wireline log data available in each of the five wells, May-1 

to May-5, is given in the Milestone B5 report.  
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Figure 14.2: Plan view of the May field showing the location of five wells. 

 Development of Horizon Tops in Wells 

As a consequence of horizon data not being available for the field, it was necessary to 

develop horizon surfaces from well derived horizon tops. In addition to the two major 

formation boundaries, Top_R and Top_S, five intermediate tops were picked in the “R” 

formation. This results in six zones within the “R” formation for ongoing geocellular 

modelling. The tops are displayed on a well section in Figure 14.3 which shows the wells on 

TVDss datum and hung on the Top_R formation. Note that the May-4 and May-2 wells are 

highest in the formation, with the May-3 well then being considerably down-dip in relation 

to them. 
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Figure 14.3: Wireline log data, GR, RHOB, and NPHI, for each of the five wells of the May 
field shown in TVDss depth. The wells are hung stratigraphically on the Top_R formation 
(purple) as reference depth, with five intermediate horizon tops identified before the next 

major formation at Top_S (bright blue).  

 Construction of Horizon Surfaces from Well Tops 

Horizon surfaces were constructed using the formation tops for each horizon in all of the 

five wells. This was done by using the geostatistical tools in Petrel to build horizons from 

point (here well top) data. Details are provided in the Milestone B5 report. An example of 

one surface, that of the Top_R horizon, is shown here as Figure 14.4. 

The resulting surfaces were generally quite smooth and thus perhaps not completely 

realistic, however, the results were quite suitable for software testing purposes. Although all 

surfaces are generally conformable, there is a variation in formation thickness across the 

reservoir extent. It is from the seven surfaces which were modelled that the 3D geocellular 

model is to be constructed. 
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Figure 14.4: Oblique view looking down on the Top_R horizon surface from the West. The 
contour interval is 25 m and the vertical exaggeration factor is 2. 

 Model Framework Construction (3D Grid) 

The 3D geocellular model grid, or model framework, was constructed using the modelling 

tools within Petrel. The grid spacing was set to be a regular 50 m in each of the X and Y 

directions, as is shown in Figure 14.5 for the top of the grid (Top_R). The gridded surfaces 

for each horizon are a coarser (50 m) gridded representations of the more finely gridded 

horizon surfaces (10 m) developed in the previous section. In the simple grid, all of the grid 

pillars are vertical and there are no faults. Although this may not be the optimal grid 

configuration to model the reservoir, it is more than satisfactory for use in software 

demonstration. 

The geocells in the 3D grid have their origin in the upper-most cell at the top left of Figure 

14.5. Grid cells are then referenced in terms of I, J, and K indices, where I moves laterally 

from West to East, J from North to South, and K vertically from top to bottom. Thus for this 

3D grid, I goes from 1 to 35, J from 1 to 75, and K from 1 to 410 (following the addition of 

the vertical layering described below). 
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Figure 14.5: Plan view of the top of the 3D grid of the May field geocellular model (Top_R).  

The layering of the grid was inserted with the Petrel Layering panel within Petrel. The 

layering was set at 0.80 m to conform with that used in the upscaling of the wireline logs to 

geocell dimensions in the GAMLS CUSP Geotype tab, as detailed in Section 13.2.2.2 above 

and in the Milestone B4 report. The layering was specified to follow the top surface of each 

zone and the smallest cell thickness was set as 0.10 m. In all, the number of K indices was 

410, which are best shown in a vertical slice as is presented in Figure 14.6 (for I Index 22, 

which passes through the May-2 well). There is no vertical exaggeration and so the true 

aspect ratio of the formation is apparent (most other views have a vertical exaggeration 

factor of 2). 

Note that with I=35, J=75, and K=410, there are 1,076,250 potential geocells within a regular 

3D grid. However, given that some of the corners of the rectangular plan view were omitted 

from the final grid (see Figure 14.5) and that quite a number of the cells truncate in the K 

direction, then there are a resultant 639,735 active cells. 
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Figure 14.6: Close up of the vertical slice of the 3D geocellular grid for I Index 22, coloured 
with the cell height (yellow 0.80 m). The bands within the slice of other colours show the 
residual cells of other dimensions at zone boundaries. There is no vertical exaggeration. 

 Incorporation of Geotypes in 3D 

The next major step in the construction of the 3D geomodel is the development of a rock 

type or “facies” model within the 3D framework. In the GAMLS CUSP module, rock types at 

geocell scale were developed in the Geotype tab and were termed Geotypes. These 

Geotypes now need to be brought from GAMLS CUSP into Petrel. 

 Transfer of Geotypes from Prior GAMLS Analysis of Model Well 

The Geotypes of MVCA GTb.60 for the May-2 well, shown in Figure 13.11 and Figure 13.12 

in Section 13 above, were entered into Petrel as a discrete log variable in what is known in 

GAMLS as a Sedimentological Initialisation (Sedi Init) log. This log is shown in Track 4 in 

Figure 14.7 (from Petrel) following the GR and RHOB wireline logs presented earlier, with 

the Geotypes directly corresponding to those from GAMLS. These Geotypes were then 

assigned to the individual geocells along the wellbore (the “blocked up” well) within Petrel 

(Track 5). No upscaling is required as the Geotypes are already at geocell scale. 
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Figure 14.7: For the May-2 well: TVDss Depth track, wireline log data GR and RHOB (Tracks 2 
and 3), and Beds plots showing Geotype MVCA GTb.60 from GAMLS, first as a Sedi Init log 

(Track 4) and then in individual geocells (“blocked well”, Track 5). 

 Translation of Prior Geomodelling Facies into Geotypes 

To this point in the workflow, Geotypes have only been determined in the May-2 well using 

GAMLS. However, a rock typing was available from a previous study (by a third party) which 

covered all five wells and this was therefore used to ascribe Geotypes across all wells, as is 

described in detail in the Milestone B5 report. These Geotypes were called CJS_as_GT and 

are displayed as blocked wells in a 3D format in Figure 14.8. 
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Figure 14.8: Geotypes CJS_as_GT, developed from the GAMLS MVCA GTb.60 in the May-2 
well, for each of the five wells of the May field. 

 Distribution of Geotypes in 3D using Geostatistics 

The geostatistical functionality of Petrel was used to distribute the Geotypes from the 

blocked up wells throughout the 3D geomodel. This was done by zone, using the Geotype 

proportions derived from the five wells in each zone (refer Figure 14.8 above). The 

algorithm used was Sequential Indicator Simulation and the variogram was set to give a 

slight North-South trend to the data. The same variogram was used for each zone. 

The distributions of the Geotypes of CJS_as_GT within the 3D model are shown in Figure 

14.9 and Figure 14.10. The first figure shows an oblique overhead view of one slice of the 

geomodel for K Index 6 in Zones 1. The Geotypes are seen to honour those at the blocked 

wells and move away under the influence of the applied variogram. Figure 14.10 is for the 

vertical slice with I Index 7, at the front of the model (when viewed from the west) near the 

May-1 and May-3 wells. The nature of the layering is readily apparent in both the areal and 

vertical sections. Note that the vertical exaggeration (VE) is set at 2 for both figures. 
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Figure 14.9: Areal distribution of Geotype CJS_as_GT for K Index 6 (with VE=2). 

 

Figure 14.10: Vertical distribution of Geotype CJS_as_GT for I Index 7 (with VE=2). 
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 Basic Petrophysical Properties Distribution in 3D 

Having developed rock types (here Geotypes), throughout the 3D grid, the next major 

modelling step is to ascribe basic (static) petrophysical properties (porosity, permeability, 

and surface area) to every geocell. This is both a standard geomodelling step and also 

necessary for the subsequent calculation of the CUSP-related CLVs which are based on these 

petrophysical properties. 

The algorithm used was a Gaussian random function simulation, with the associated 

variogram, for simplicity, being the same as for the Geotypes. In addition to the settings 

above, the simulation of each of permeability and surface area was carried out with a trend 

based on the porosity (with a positive correlation being used for permeability and a negative 

one for surface area, as calculated from the blocked wells). As this as a standard modelling 

procedure, it will not be further detailed here, but rather reference should be made to the 

Milestone B5 report. The final distribution of one property, porosity, is given in Figure 14.11 

and Figure 14.12 to illustrate the type of results achieved (using the same views as the 

Geotypes given immediately above). Additionally, Figure 14.14 shows the vertical slice for 

permeability (for the same section as the porosity). The Geotype distributions are added to 

these figures as a smaller insert in order to show the inter-relation of the petrophysical 

property with Geotype. 

 

Figure 14.11: Areal distribution of Geotype scale porosity for K Index 6 (with VE=2). 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 202 

eGAMLS 

 

Figure 14.12: Vertical distribution of Geotype scale porosity for I Index 7 (with VE=2). 

 

Figure 14.13: Vertical distribution of Geotype scale permeability for I Index 7 (with VE=2). 
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 The GAMLS CUSP Plug-in for Petrel 

Until this point of the report the workflow has been entirely implemented in either the 

GAMLS CUSP module or in the licenced Petrel 3D geomodelling application. Going forward, 

the workflow has been designed to be carried out in a new plug-in for Petrel, the GAMLS 

CUSP 3D Geotype Plug-in. 

A plug-in to Petrel is a separate piece of executable code designed to work as an adjunct to 

the main Petrel application. It is built within the Ocean Framework of Schlumberger, the 

licensor of Petrel, and is written in the .NET coding language. Code is implemented to permit 

the plug-in to be called at the same time Petrel is opened, so that the plug-in is available 

seamlessly within the Petrel interface. 

 Design and Layout of the GAMLS CUSP Plug-in 

The GAMLS CUSP Plug-in has been designed as far as is possible to mirror that of the GAMLS 

CUSP >> Geotype tab. This tab was the focus of Milestone B4 (which report refer). There 

must necessarily be some differences in the actual implementation, dictated by either the 

limitations of plug-in construction or the need to have the interface have the look and feel 

familiar to a Petrel user. 

The layout of the GAMLS CUSP Plug-in interface is given in Figure 14.14. The button to 

invoke the GAMLS CUSP control tab is highlighted with a red dashed rectangle in the upper 

right. Upon clicking this button, the interface highlighted with the larger red rectangle 

appears. The eight implemented functional “CUSP Panel” options are given with name and 

icon, these being grouped into four workflow-related groups, as is common throughout the 

Petrel interface (the design of the icons have yet to be finalised). 

The actions upon selection of each of the CUSP Panels in this interface will be discussed 

below as they are first used, and the resulting workflow outcomes then described. However, 

it is also useful to summarise the purpose of each CUSP Panel at this point. 
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Figure 14.14: The GAMLS CUSP Plug-in Interface for functional CUSP Panel selection shown 
within the main interface of the Petrel geomodelling software. 

 

GAMLS CUSP Workflow Summary (by CUSP Panels from left to right in Figure 14.14) 

1. GAMLS Data Entry 

a. Prior Statistics – Enters and stores the Prior Statistics of the MVCA that was 

used to determine the Geotypes within GAMLS CUSP, 

b. 1D Rep Curves – Enters and stores the Pc(Sw) Rep curves developed at the 

Geotype scale within GAMLS CUSP. 

2. Characteristic Length Variables 

a. Calculate CLVs – Calculates the  and  CLVs for every active geocell within 

the 3D grid using basic petrophysical properties entered into Petrel, 

b. Eta CLV Prediction – Predicts the  CLV using the  and  CLVs and the 

previously entered Prior Statistics. 

3. Pc(Sw) Curves 

a. Calculate CUSP Point – Calculates the CUSP point, Pc_CU, using  and the 

porosity for every active geocell, 

b. SH Param Calculation - Calculates the four SH parameters defining the 

Pc(Sw) curve using the CUSP point and the Rep curves for the assigned 

Geotype, 

c. Export SH Params - Controls the export of the SH parameters to the GAMLS 

CUSP >> Geotype tab for plotting and QC. 

4. Geocell Saturation 

a. Saturation Calculation and Display - Calculates and displays Sw based on 

the Pc(Sw) curve and the HAFWL for every active geocell within the 3D grid. 
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 Calculation of Characteristic Length Variables 

With the distribution of the basic petrophysical properties into every active cell of the 

geomodel completed, these may then be used to calculate the CLVs. This is done in two 

stages using the CUSP Panels described above; first the calculation of the  and  CLVs 

from the basic petrophysical properties and then the prediction (estimation) of the  CLV 

from a MVCA employing all three variables. These steps of the workflow are directly 

analogous to those employed within the GAMLS CUSP module, as described in previous 

milestone reports. 

 Calculation of the Omega () and Kappa () CLVs in 3D 

Details of the procedures used, the CUSP Panels employed, and a range of results are given 

in the Milestone B5 report. The calculated Geotype scale CLV values for all the active cells in 

the 3D grid are shown in the log  vs log  crossplot of Figure 14.15, with the data shaded 

by the Geotypes of CJS_as_GT. An insert at the upper left of the figure shows the Geotypes 

for May-2 as originally brought into Petrel from GAMLS from MVCA GTb.60, here labelled 

GT_GTb_60, and which were previously given in Figure 13.11. A study of both figures shows 

that the replication of the Geotypes across the CLV space is reasonably consistent, although 

there are some issues with several Geotypes, particularly Geotype 5. Given the limitations in 

both “facies” modelling and petrophysical modelling undertaken for demonstration 

purposes, this was to be expected. 

The calculated values of  and  were considered more than adequate to go on and further 

develop and test the workflow. The 3D distributions of the calculated  CLV at the Geotype 

scale are given in Figure 14.16 and Figure 14.17. These figures show the oblique overhead 

view of the geomodel for K Index 6 near the top of the model and the vertical slice with I 

Index 7 near the May-1 and May-3 wells. Inserts from the corresponding Geotype 

distributions are included to show the inter-relation of CLV with Geotype. Additional 3D 

slices, including those for the  CLV, are shown in the Milestone B5 report. 
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Figure 14.15: Geotypes from MVCA model CJS_as_GT displayed on a log  vs log  
crossplot, with an insert of those from Geotype MVCA GT_GTb_60 from GAMLS. 

 

Figure 14.16: Areal distribution of the Geotype scale  CLV for K Index 6 (with VE=2). 
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Figure 14.17: Vertical distribution of the Geotype scale  CLV for I Index 7 (with VE=2). 

 Prediction of the Eta () Characteristic Length Variable in 3D 

The Geotypes used in the GAMLS CUSP module were predicted by developing a MVCA in the 

GAMLS Clusters routine between all three CLVs that were established after upscaling to the 

Geotype scale (as detailed in the Milestone B4 report). The MVCA used in this case was that 

of GTb.60, the Geotypes from which were entered into Petrel earlier as GT_GTb_60. 

It is now necessary to bring into Petrel the actual statistics of the GTb.60 MVCA for use in 

estimating the  CLV. These statistics (the “Prior Stats”), contain the co-variance matrix of 

the MVCA along with associated metadata. It was fist necessary to amend the GAMLS 

Clusters module in order to be able to export the Prior Stats from GAMLS in a format that 

could be read into Petrel. Then a CUSP Panel was coded to implement the import of the 

Prior Stats into Petrel. The data is stored as a general variable in the Input tab of the Petrel 

software and is then readily available for future use. 

The next step in the workflow is one of the most important, in that it requires the linkage of 

the GAMLS application to Petrel. Several small files were placed in the disc drive of the 

computer running the two applications which in essence first points the Petrel software to 

where the GAMLS software is to be launched, then provides the metadata for a GAMLS 

MVCA run in the GAMLS Cluster module, and finally launches the GAMLS run. The small files 
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are positioned before calling the CUSP Panel which calculates the  CLV. Full details of the 

process are given in the Milestone B5 report. 

The calculated value of  are shown for four of the five wells in Figure 14.18. The values are 

shown alongside those for  and , with  trending with the other two CLVs as would be 

expected. Although the three CLVs all have the unit of length (in nm), they are derived from 

completely independent source data and hence the absolute values will be different. 

Notwithstanding, they are intentionally defined such as to all be high for good quality 

reservoir material and low for poorer quality reservoirs. 

 

Figure 14.18: , , and  CLV values in the May-4, May-2, May-3, and May-5 wells; TVDss 

Depth and Geotype CJS_as_GT (Tracks 1 and 2), calculated and  (Tracks 3 and 4), and 

predicted from the Prior Stats of GT_Gtb_60 (Track 5). 

The calculated Geotype scale  CLV values for all the active cells in the 3D grid can also be 

shown in a log  vs log  crossplot, as is presented in Figure 14.19. Again the data is shaded 

by the Geotypes of CJS_as_GT. An insert at the upper left of the figure shows the Geotypes 

for May-2 as originally brought into Petrel from GAMLS, GT_GTb_60, which were previously 
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given in Figure 13.12. A study of both figures shows that the replication of the Geotypes 

across the CLV space is reasonably consistent, although there are again some issues with 

several Geotypes, particularly Geotype 5. Given the limitations in both “facies” modelling 

and petrophysical modelling mentioned above and the results observed for  and , this is 

not unexpected. Notwithstanding, the calculated value of  was considered sufficiently 

reliable to continue with the development and testing of the workflow. 

 

Figure 14.19: Geotypes from MVCA model CJS_as_GT displayed on a log  vs log  
crossplot, with an insert of those from Geotype MVCA GT_GTb_60. 

The 3D distributions of the calculated  CLV at the Geotype scale are given in Figure 14.20 

and Figure 14.21. These figures show the oblique overhead view of the geomodel for K 

Index 6 and the vertical slice with I Index 7 near the May-1 and May-3 wells. Inserts from the 

corresponding Geotype distributions are again included to show the inter-relation of the  

CLV with Geotype. Additional detail and 3D slices are shown in the Milestone B5 report.  
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Figure 14.20: Areal distribution of the Geotype scale  CLV for K Index 6 (with VE=2). 

 

Figure 14.21: Vertical distribution of the Geotype scale  CLV for I Index 7 (with VE=2). 
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 Construction of a Pc(Sw) Curve in Each Geocell 

The calculation of the  CLV in every geocell was the precursor to the development of 

saturation-dependent data, here Pc(Sw) curves in each. Again the workflow in 3D in Petrel is 

directly analogous to that in the GAMLS CUSP module; first a CUSP point is established for 

each geocell and then this is used to calculate SH parameters which define the Pc(Sw) curve. 

 Calculation of the CUSP Point from the Eta () CLV 

The CUSP point is a capillary pressure value defined on a Pc(Sw) curve by positioning a user-

controlled normalising line to locate the curve in Pc - Sw space. The GAMLS plug-in CUSP 

Panel used to establish the CUSP point, Pc_CU, in each active geocell, as well as additional 

plots, are detailed in the Milestone B5 report. 

To better understand the range of the CUSP point for each Geotype, a crossplot of log  

versus log Pc_CU, shaded by the Geotype CJS_as_GT, is given in Figure 14.22. This does 

indeed show the range of Pc_CU by Geotype, but also highlights the inconsistency of some 

of the data, as already discussed, for several of the Geotypes. However, this is a case study 

data issue and not a GAMLS plug-in problem (in fact the plug-in helps in the QC of the data). 

 

Figure 14.22: Crossplot of log  vs log Pc_CU, shaded by Geotypes from CJS_as_GT. 

A 3D distribution of the calculated Pc_CU at the Geotype scale is given in Figure 14.23. This 

figure shows the now familiar oblique overhead view of the geomodel for K Index 6. An 
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insert from the corresponding Geotype distribution is included to show the inter-relation of 

Pc_CU with Geotype. Additional detail and 3D slices are shown in the Milestone B5 report. 

 

Figure 14.23: Areal distribution of the Geotype scale Pc_CU values for K Index 6 (with VE=2). 

 Calculation and QC of Skelt-Harrison Parameters 

The CUSP workflow calls for the use of previously calculated Pc(Sw) Rep curves to construct 

Pc(Sw) curves for every Geocell. The Geotype scale Rep curves themselves are a 

specification of the Pc(Sw) curve for each Geotype in terms of SH parameters. These were 

previously calculated in the Geotype tab of the GAMLS CUSP module from MVCA GTb.60 

and are shown in Figure 13.14 (refer Section 13.4.7 and the Milestone B4 report). 

The Rep curves now need to be moved into Petrel. The Geotype tab in GAMLS was therefore 

upgraded to permit the export of the Rep curves in a format in which they could be brought 

into Petrel. The subsequent import of the Rep curve into Petrel was made possible by the 

coding of another file import GAMLS CUSP Panel, as is shown in Figure 14.14 and detailed in 

the Milestone B5 report. 

The method for calculating the Skelt-Harrison (SH) parameters is 3D is identical to that 

employed in 1D in the GAMLS CUSP module and documented in the Milestone B4 report 

(which refer). The 3D SH parameter calculation is carried out using a specifically designed 

CUSP Panel in the GAMLS CUSP Plug-in. The calculated values of each SH parameter (A to D) 

are shown for three of the five wells in Tracks 4 to 7 of Figure 14.24. The values are shown 

alongside those for the CUSP point, Pc_CU, in Track 3 and are seen to follow the trend of 
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Pc_CU, as is to be expected. More detailed analysis of the SH parameters is given in the 

Milestone B5 report. 

 

Figure 14.24: Skelt-Harrison Parameters in the May-4, May-2, and May-3 wells; TVDss Depth 
and Geotype CJS_as_GT (Tracks 1 and 2), Pc_CU (Track 3), and SH parameters A, B, C, and D 

(Tracks 4 to 7). 

Two 3D distributions of the SH_A parameter at the Geotype scale are given in Figure 14.25 

and Figure 14.26. These figures show the oblique view of the slice of the geomodel at K 

Index 6 and the vertical slice at I Index 7. The corresponding Geotype distributions are 

shown as inserts. 3D distributions for the other SH parameters are given in the Milestone B5 

report. 
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Figure 14.25: Areal distribution of the Geotype scale SH_A parameter for K Index 6 (VE=2). 

 

Figure 14.26: Vertical distribution of the Geotype scale SH_A parameter for I Index 7 (VE=2). 
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 Display and QC of Pc(Sw) Curves 

The capability of Petrel with regard to the plotting of multiple sets of array data, such as 

numerous Pc(Sw) curves, was discovered to be very limited. It was thus necessary to export 

the calculated Pc(Sw) curves to GAMLS CUSP and to adapt and extend a routine already 

built within CUSP >> Geotype in order to be able to display such curves efficiently and to 

permit QC. As a consequence, a capability to initially sample vertical traces of data out of 

the 3D grid was required. It would be ineffectual to try to transfer and store all 639,735 

Pc(Sw) curves since in practice only several hundred sampled curves can be meaningfully 

displayed at any one time. 

In order to demonstrate the implemented plotting and QC functionality, three sites have 

been selected in three quite different regions of the 3D model. Within the general region 

(North, mid, South), these sites were chosen at random and are shown in Figure 14.27. The 

property shown is the SH_A parameter for the upper layer of geocells. The vertical trace, 

consisting of 410 geocell Pc(Sw) data sets, was exported for each of the three sites. The data 

sets for each of the three sites were imported into a specially designed new sub-tab in the 

GAMLS CUSP >> Geotype tab, details of which are given in the Milestone B5 report. 

 

Figure 14.27: Plan views of the three vertical trace sites in the 3D grid for export of geocell 
Pc(Sw) data sets from Petrel to GAMLS CUSP. The SH_A parameter for K=1 is depicted. 

Data from the three sites was analysed extensively, both with all Geotypes together and by 

individual Geotype, and at one or at all sites. The derived Pc(Sw) curves for Geotype 2 at all 

sites and for Geotypes 1 and 3 at Site 3 are presented in Figure 14.28 and Figure 14.29. 

Additional plots, and a comparison to the underlying Rep curves, are given in the Milestone 

B5 report. 
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Figure 14.28: Pc(Sw) curves from all three sites of the 3D grid for Geotype 2 (beige), plotted 
in the GAMLS CUSP >> Geotype tab. The purple dots are the Pc_CU values for each curve and 

the purple line is the CUSP point trajectory. 

 

Figure 14.29: Pc(Sw) curves from Site 3 of the 3D grid for Geotypes 1 (yellow) and 3 (orange), 
plotted in the GAMLS CUSP >> Geotype tab. The purple dots are the Pc_CU values for each 

curve and the purple line is the CUSP point trajectory. The blue dots are QC points. 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 217 

eGAMLS 

 Determination of Water Saturation throughout the 3D Model 

One of the main reasons for constructing Pc(Sw) curves for every geocell is that these then 

permit the rapid and accurate determination of saturations throughout the 3D gridded 

reservoir. This is a two-step process; first the height above the free water level of each 

geocell has to determined and then this is used in conjunction with the Pc(Sw) curve for the 

geocell to calculate the water saturation (and by inference the gas saturation). 

 Calculation of Height Above Free Water Level 

The concepts of both a Free Water Level (FWL) and the Height Above Free Water Level 

(HAFWL) were introduced and their calculation described in earlier sections and the 

Milestone B3 and B4 reports (which refer). The FWL for the May field has been calculated in 

GAMLS and is at the depth of 3803.0 m TVDss. Petrel has inbuilt functionality which permits 

a FWL surface (called a “contact” surface in Petrel terminology) to be constructed from a 

specified FWL value. It also then has the capability of calculating a HAFWL property for each 

geocell given this FWL surface. The 3D distributions of the calculated HAFWL are given in 

Figure 14.30 and Figure 14.31. These figures show the oblique overhead view of the slice of 

the geomodel for K Index 369 (now nearer the reservoir base) and the vertical slice for I 

Index 7. 

In each view, the FWL surface (GWC in Petrel) is also shown in red. Note that the colour 

template for the HAFWL property has been set with variable colours from 0 to 100 m above 

FWL, with blue for 0 m or less and solid red for values equal to or greater than 100 m. The 

100 m limit was chosen as this may be considered the practical approximate limit of the 

capillary transition zone for the Geotypes of this study. 
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Figure 14.30: Areal distribution of the HAFWL for a FWL of 3803.0 m for K Index 369 (VE=2). 
The colour range spans from blue <= 0 to red => 100 m. The FWL is shown as a red surface.  

 

Figure 14.31: Vertical distribution of the HAFWL for a FWL of 3803.0 m for I Index 7 (VE=2). 
The colour range spans from blue <= 0 to red => 100 m. The FWL is shown as a red surface. 
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 Calculation and QC of Sw in each Geocell 

With a Pc(Sw) curve (in the form of SH parameters) and a HAFWL in each geocell, it is now 

possible to calculate the saturation of the cell. A CUSP Plug-in Panel has been designed and 

implemented to do this. The procedure is the same as it is in 1D in GAMLS, as is outlined in 

earlier sections and detailed in the Milestone B3 and B4 reports. The saturation is calculated 

as a water saturation, Sw, with the gas saturation in this study (and for work with CO2) being 

the complement. 

A frequency distribution of the resultant saturations is shown in Figure 14.32. This shows 

clearly the proportion of the reservoir that is either close to or below the FWL, in that here 

Sw = 1. The remainder of the reservoir has a saturation governed by both Geotype and 

elevation, and as such forms a generally log-normal distribution. Additional analysis on the 

Sw frequency distribution under different scenarios was undertaken and is described in the 

Milestone B5 report. 

 

Figure 14.32: Frequency plot of Sw in all Geocells of the 3D grid with FWL = 3803.0 m. 

The saturation in each geocell can also be plotted against the depth in TVDss (shown as an 

elevation in Petrel). Such a plot is given in Figure 14.33 for a random sub-sample of the 

639,735 active grid cells and for which the data has been shaded by Geotype, CJS_as_GT. 

The depth shown covers only approximately 100 m above the FWL (which is the same value 

used to colour the HAFWL data in Figure 14.30 and Figure 14.31). This depth range was 

chosen in order to highlight the effect of the different Pc(Sw) curves across the transition 

zone. The effect of the Geotype controlled Pc(Sw) curves can be clearly seen. As a visual 

check on the validity of the result, the Rep curves used in their calculation are given across 

the same depth range in the inset at the top right. 
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Figure 14.33: Crossplot of Sw vs Depth in a sub-sample of all 3D grid cells shaded by Geotype 
over a depth range of approximately 100 m above the FWL of 3803.0 m. 

An alternative way of viewing the Pc(Sw) curves from the 3D model is to plot the data by 

Geotype within Petrel as is shown in Figure 14.34 for Geotype 3 (orange) by way of example. 

The Rep curves for the Geotype MVCA that was used to construct the 3D Pc(Sw) data shown 

are shown as an insert in the top right. This method of viewing the Pc(Sw) curves may be 

seen as a sampling of them within Petrel. Here a single sample is drawn from each of the 

639,735 curves at different depths (for each here, the HAFWL) and displayed, after sub-

sampling, in a Sw versus Depth plot. 

Whilst there is a considerable spread in the curves occasioned from the assumptions made 

when constructing the 3D geocellular model (and which was catered for by the upper and 

lower bounds to each Rep curve), it is clear that the 3D Pc(Sw) curves that have been built 

follow the central trend of the Rep curves quite well. Note that the upper and lower bounds 

of the Rep curves of Geotype 3 were not so tightly bound to the Rep curve itself as is the 

case for some other Geotypes, so the greater spread of data is to be expected in the 

Geotype 3 case of Figure 14.34. 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 221 

eGAMLS 

 

Figure 14.34: Crossplot of Sw vs Depth in a sub-sample of Pc(Sw) curves for Geotype 3 over a 
depth range of approximately 100 m above the FWL of 3803.0 m. 

One final comparison can be made of the calculated 3D Pc(Sw) curves as they are critical in 

driving the reservoir saturation. This is done in Figure 14.35, which shows a mosaic of three 

sets of data for Geotype 1. Here the top plot is that of the Rep curves, the middle plot is that 

of the Pc(Sw) curve from Site 1 at I=15, J=8 from the implemented GAMLS CUSP >> Geotype 

QC tool; and the lower plot is that of Sw values sampled by Petrel from the 149,212 geocells 

of Geotype 1.  The overall similarity of the data is apparent. 
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Figure 14.35: Crossplot of Sw vs Depth for Geotype 1 using data from Rep curves (top), full 
curves extracted from Site 1 (centre), and sampled from all curves by Petrel (lower), all over 

a depth range of approximately 100 m above FWL. 
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 Comparison to Classical Wireline Log Analysis Results 

It was possible to make one additional check of the data. Along with the porosity and 

permeability data from the five well petrophysical data set used in Section 14.4 above, there 

was also a log containing Sw values. Unfortunately this was clipped to only show what was 

apparently interpreted to be the good gas pay intervals along the wellbore. However, the 

log, here called SW_GW_pay, could be plotted, after upscaling, to compare with the data 

developed in this workflow. Since the SW_GW_pay log was derived entirely from classical 

resistivity-based wireline log analysis, the saturation estimates provide a very useful 

validation of the saturations obtained here, at least for the better quality Geotypes. 

In Figure 14.36, the Sw values of the blocked wells of the case study are crossplotted versus 

the upscaled SW_GW_pay data and shaded by Geotype CJS_as_GT. There are only a limited 

number of data points as there were only a limited number of pay sections in the five wells 

to upscale. The data is, as explained, dominated by the better quality Geotypes, but the 

overall trend is very pleasing in that it confirms that the saturations derived in the wells 

from the CUSP workflow match those from an independent method. 

 

Figure 14.36: Crossplot of the Case Study Sw vs Upscaled SW_GW_pay (log derived Sw), 
shaded by Geotype CJS_as_GT.  

The saturation outcome from each method is also displayed in the well section of Figure 

14.37 for four of the five wells. Following the Depth and the Geotype tracks, the CUSP point 

values, Pc_CU, are given because this point has a determining influence on the calculated 
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saturation. The fourth track is that of the saturation derived in this workflow with a FWL of 

3803.0 m, and the next the saturation from the earlier log-based resistivity data introduced 

above. The final narrower track is that of the HAFWL based on the FWL at 3803.0 m and 

coloured over the first 100 m from blue to red. The effect of the transition zone in May-3 is 

readily apparent, with just a slight effect being noticeable at the base of the May-5 well. 

 

Figure 14.37: Saturation outcomes in the May-4, May-2, May-3, and May-5 wells; TVDss 
Depth and Geotype CJS_as_GT (Tracks 1 and 2), Pc_CU (Track 3), Case Study Sw (Track 4), 

Log-based Sw (Track 5), and HAFWL for a FWL of 3803.0 m (Track 6). 

The 3D distributions of the calculated water saturation, Sw, are presented below in Figure 

14.38 and Figure 14.39. These figures show the oblique overhead view of the slice of the 

geomodel for K Index 369 (now nearer the reservoir base) and the vertical slice for I Index 7. 

As previously, these views are presented along with inserts from the corresponding Geotype 

distributions, CJS_as_GT, to show the inter-relation of the saturation values with Geotype. 

There is a pleasing consistency in this regard. 
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Figure 14.38: Areal distribution of geocell Sw for FWL 3803.0 m (in red) for K=369 (VE=2). 
The FWL is shown as a red surface. 

 

Figure 14.39: Vertical distribution of geocell Sw for FWL of 3803.0 m (in red) for I=7 (VE=2). 
The FWL is shown as a red surface. 
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In order to further examine the distribution of Sw, Figure 14.40 shows a zoom of the vertical 

slice at I Index 7 near the May-3 well with Geotype CJS_as_GT as the property. The identical 

viewpoint is shown again in Figure 14.41, but with saturation as the displayed property. 

 

Figure 14.40: Zoom of distribution of Geotypes for FWL of 3803.0 m (red line) for I=7 (VE=2). 

 

Figure 14.41: Zoom of distribution of geocell Sw for FWL of 3803.0 m (red line) for I=7 (VE=2). 
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By moving back and forward between these two figures with the different properties, an 

appreciation of the influence of the Geotype on the saturations developed in the transition 

zone may be obtained. In Figure 14.41 there is a noticeable blue green tinge to the geocells 

along the FWL and at the top right of the reservoir (as depicted) in the poorer quality 

Geotypes located there. Clearly, in a 400 m deep, dipping reservoir, the transition zone will 

not have any greater impact; however, in a flatter, shallow reservoir with a greater 

abundance of poorer Geotypes, the effects will be considerably more pronounced. 

 Conclusions for Milestone B5 

The framework for a geocellular model in which to test the GAMLS CUSP 3D workflow was 

successfully constructed in Petrel. The framework was relatively simple, having been 

constructed from well tops picked in just five wells. The completed 3D grid consisted of 35 x 

75 x 410 geocells, but after trimming, contained a total of 639,735 active cells. Six zones 

were implemented in order to control the distribution of rock types and, later, petrophysical 

properties. 

Rock types at the geocellular scale, Geotypes, were moved from GAMLS CUSP, where they 

were successfully calculated in the previous milestone, into Petrel. These were derived for 

just one of the five wells, so previously developed rock types (“facies”) were used to 

successfully assign Geotypes to all wells. These were then distributed in 3D using a Petrel 

geostatistical algorithm. 

A data set developed earlier for the five wells was used, after normalising to the GAMLS 

results, to assign basic petrophysical properties to all wells. These properties were then 

upscaled to geocell scale and distributed in 3D using the properties modelling capabilities of 

Petrel. A fit-for-purpose 3D geocellular model was thus made available for the testing of the 

GAMLS CUSP Plug-in. 

The implemented plug-in was first used to calculate the  and  CLVs throughout the full 

geomodel. These in turn were used to predict the third CLV, , using a coded link to the 

GAMLS Clustering module. This process required the importing from GAMLS of the Prior 

Statistics of the MVCA that was used to initially establish the Geotypes. The GAMLS CUSP 

Plug-in thus provides for the estimation of  in all geocells of the 3D grid. 

The  CLV was then used to calculate the CUSP point of the Pc(Sw) curves for every geocell 

in the model in order to be able to then calculate the four Skelt-Harrison (SH) parameters 

which defined the Pc(Sw) curve in each. The calculation of the SH parameters was based on 

Pc(Sw) Rep curves that were established at the Geotype scale in GAMLS CUSP in the 

previous milestone. The GAMLS CUSP Plug-in permitted the importation and ready use of 

the Rep curves within Petrel. 
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The Petrel software was used to build a Free Water Level (FWL) surface from that 

established previously in GAMLS and this in turn was used to construct a Height Above FWL 

(HAFWL) property. With the Pc(Sw) curve and the HAFWL established for every geocell, the 

GAMLS CUSP Plug-in was then used to calculate the water saturation in each. Like all 

properties, this was able to be displayed in 3D in Petrel where it was clear that a transition 

zone was successfully implemented above the FWL.  

Upon the completion of Milestones B1 to B4, it was then possible to move Petrotype (plug 

scale) static and dynamic properties through Electrotypes (wireline log scale) to Geotypes 

(geocell scale) in GAMLS, this all being in 1D in the purposed designed, new CUSP module. 

With the completion of Milestone B5, and as described in this report, it is now possible to 

populate the Geotype scale static and dynamic properties into all geocells of a 3D 

geocellular model using the GAMLS CUSP Plug-in for Petrel. 
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15 Conclusions and Future Studies 

The specific conclusions for each milestone were presented at the end of the respective 

sections above and reference to them may be made.  Some more general summary 

conclusions are given below, followed by several suggestions for future work. 

 General Conclusions 

With the successful completion of both Component A and B of the project, the objective of 

this multi-scale reservoir characterisation project to translate petrophysical properties 

obtained at the pore scale through for use in a geocellular model of the reservoir has been 

met.  The properties comprised not just the basic or static petrophysical properties such as 

porosity, permeability, and surface area, but also the saturation-dependent properties of 

capillary pressure.  The necessary and unifying concept for the whole project was the 

adoption of a consistent approach to the multiple scale changes involved.  The five CSEPU 

steps; Classification, Selection, Evaluation, Propagation, and Upscaling were used at every 

scale change to secure a robust suite of petrophysical properties at each coarser scale, 

culminating in that of the Geotype within a 3D geocellular model. 

Work at the finer scale in Component A has resulted in a significant advance in the way 

rocks may be classified using tomographic images as the classification tool.  Variables that 

characterise the morphology of the imaged rock now lead to a robust rock typing.  The 

classification can then be used to propagate petrophysical properties determined on fine 

scale samples into the larger volumes of coarse scale volumes from which they were taken.  

The properties can then be upscaled into a single data set to characterise the coarser scale 

volume.  This CSEPU directed workflow was applied to determine upscaled properties in 

both core plugs and whole core. 

Component B continued with the CSEPU approach to move petrophysical properties from 

core plugs, through wireline logs, to a geocellular model.  At each scale change the material 

was successfully classified and the petrophysical properties then propagated throughout the 

coarser scale before upscaling.  It is now possible to populate the Geotype scale static and 

dynamic properties into all geocells of a 3D geocellular model using the GAMLS CUSP Plug-in 

for Petrel.  Saturation profiles within both wells and the 3D geocellular model can now be 

determined and then be compared to those from classical wireline analysis.  These 

outcomes represent a major advance, in that at each stage of this multi-scale process, all 

data was consistently classified and appropriately upscaled before advancing to the next 

scale. The capabilities underlying the complete workflow have been embedded in a specific 

module of the GAMLS software and a plug-in which are available to ANLEC R&D affiliates. 
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Taken together, the two components of this study have significantly advanced how accurate 

modelling of CO2 movement within reservoirs being used for sequestration can be 

undertaken. 

 Further Studies 

There are several distinct areas in which there is scope for additional work.  Two have been 

brought forward already as potential projects for ANLEC R&D funding, whilst two others are 

referenced here for future consideration. 

The first builds on the large number of available data sets from laboratory, outcrop, log, and 

geological data available from CTSCo’s West Wandoan-1 well and proposes to build a 

continuous  multi-scale geological description of the well and a library of accurate, rock 

type-based static and dynamic reservoir properties, up to the single geocell scale. 

Generating this library requires one to build a more rigorous multi-scale workflow that 

incorporates heterogeneity information from pore to individual geocell scales and captures 

the impact of heterogeneous structures on the flow behaviour at the physical scales that are 

not resolved in the geocell scale grid. This library will generate improved static and dynamic 

reservoir properties at the individual geocell scale and ultimately offer greater confidence in 

the dynamic simulation of the extent and impact of the injected greenhouse gas stream.  

The project, ‘’Multiscale static and dynamic modelling of Precipice Facies”, proposes three 

parallel components: 

 Building an integrated geological description and calibrated static and 

dynamic property database from pore to whole core scales on a continuous 

100 m of core from the West Wandoan-1 well. 

 Create a library of discrete rock type-based, single geocell scale models and 

their associated static reservoir properties. 

 Develop dynamic reservoir solvers that honour the physics of dynamic flow 

and geological heterogeneity at scales up to the reservoir grid block scale. 

A second area for possible future work within Component A relates to implementing an 

improved method in DRA-scale studies of Propagating saturation-dependent properties 

determined in fine-scale sub-regions into the full coarse-scale volume, before their eventual 

Upscaling.  This would entail using the CUSP assumption, as employed in Component B of 

this project, in the sub-regions of the full volume of tomographic images.  The  and  CLVs 

would be determined and then used to predict  and hence a CUSP point in each untested 

sub-region.  Pc(Sw) curves for every sub-region would then be developed from Rep curves 

developed in the tested fine-scale regions.  The details of a project in this area are yet to be 



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 231 

eGAMLS 

fully developed; however, it is considered that a successful outcome would enhance the 

robustness of saturation-dependent properties in the coarser scale volume, be it core plug 

or whole core. 

The GAMLS CUSP workflow of Component B can be extended to two key areas, the first of 

which has already been brought forward to ANLEC R&D as a potential project.  This first area 

extends the CUSP workflow to link with seismic.  The CUSP methodology recognises 

“Seistypes” and the classification of seismic data, its relation to wireline logs, and the use of 

both to place high quality dynamic data into geocellular models based on seismic data is 

quite feasible.  A project has been scoped, designed, and costed to implement such a 

linkage; the “Seismic-Log Integration for the Prediction of Upscaled Well Log Responses and 

Petrophysical Properties (including Saturation-dependent Properties) in 3D Seismic 

Volumes”, or the “Seismic-Log Integration and Prediction” project for short.  It is believed 

that its implementation would represent a significant advance for CO2 sequestration 

projects and should be pursued as rapidly as possible. 

The second possible area for future work arising from Component B relates to the largest 

and final scale, the reservoir flow simulation scale. In most instances, the geocellular model 

needs to be upscaled one more time to the flow simulation scale (in limited cases, flow 

simulation can be carried out on the geocellular model, but this is rare).  The CUSP 

methodology also similarly contains “Simtypes” and the workflow has been designed to be 

extended for one more round of the CSEPU approach.  i.e. to provide Simtypes for reservoir 

flow simulation.  However, notwithstanding the prior design considerations, a formal 

project proposal has yet to be generated. 

Support for the two proposals that have already been brought forward to ANLEC R&D would 

be welcomed in each case by FEI Australia and eGAMLS, respectively. 
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 GAMLS Software Application 

Overview of GAMLS 

GAMLS (Geologic Analysis via Maximum Likelihood System) is a multipurpose computer 

program for the geoscientist/engineer (geologist, reservoir engineer, petrophysicist, log 

analyst,…..).  The basic process performed is a multi-variate clustering analysis.  Also, 

predictions can be made using the relationships developed within a clustering analysis.   

Although any kind of numerical data can be clustered, the GAMLS interface has been built 

with the assumption that the primary type of data to be analysed will be wireline well data 

(electric well logs) plus data obtained from well cores (whole cores or core plugs).  Examples 

of the types of data that can be clustered, in addition to well logs, include: core gamma ray, 

CT attenuation, rock inorganic chemistry, oil geochemistry, X-ray diffraction data, acoustic 

impedance data, and seismic attributes.  Different types of data can be included as variables 

within the same clustering run.  For instance, well log data, XRD data, and attenuation data 

could be included in the same run.   

Finally, there is no depth-dependence or nearest-neighbour effect built into the clustering 

logic.  This means that samples do not need to be depth-related.   

GAMLS analyses are based on clustering and prediction methods that incorporate the 

following: 

 Bayesian-based maximum likelihood principles,  

 probabilistic assignment to modes (m clustered groups),  

 a particular n-dimensional model (n variables) being utilised to achieve a solution, 

 the ability to cluster without training (unsupervised clustering), 

 the ability to initialize a clustering run using a training set (supervised clustering), 

 the ability to cluster using a large number of variables, 

 the ability to cluster using a large number of modes (clusters), 

 the ability to cluster using datasets with much missing or very sparse data, 

 the ability to cluster many wells within the same run (multi-well clustering), and 

 the ability to predict missing parameters in "test" wells based on the clustering 

statistics of "model" wells. 

GAMLS develops a generalized multi-dimensional solution that results in an n-dimensional 

relationship for each mode (clustered group).  It is important to appreciate that GAMLS is a 

model-based multi-variate cluster analysis tool which uses Bayesian maximum likelihood 

principles and is thus not related to neural net or self-organising map types of analyses. 
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What using GAMLS Accomplishes 

GAMLS does the following: 

 Analyses digitised wireline well log data, plus core data if it exists. 

 Clusters datasets into modes (= clusters = rock types = Electroclasses = Petroclasses) 

using a model-based, maximum likelihood system wherein each sample is assigned 

to each mode with a fractional probability (mode probability assignment).  

Therefore, samples (depths) assigned to the same cluster will have similar well log 

character. 

 Permits correlation of rock units between wells. 

 Generates graphics (plots) and tables that show the relationships among variables 

for each mode. 

 Permits predictions of missing data using the statistical relationships computed 

during a previous clustering run. 

 Incorporates data editing and normalisation features.  Therefore, GAMLS can be 

used as a utility tool to “clean up” data prior to processing. 

GAMLS Concepts 

Clustering  

Clustering is the grouping together of rocks (at digitised depths) that have similar log and/or 

core signatures.  The number of groups is determined by the user and the log tools (or other 

variables) to use is determined by the user.  In this way, the user has much control on the 

output. 

Although geologists commonly cluster rocks into “good pay”, “marginal pay”, and “no pay” 

by using “cut-offs” on a porosity log or resistivity log, it is difficult to impossible for the 

human brain to account for, and explain, all of the fluctuations that commonly occur in a 

multi-tool logging run.  GAMLS does a unique type of non-linear multi-variate analysis to 

permit all (or some) of the log and/or core variables to be used in making decisions. 

Whereas a geologist or engineer might make use of a 2D plot, GAMLS provides a multi-

dimensional analysis where the number of dimensions is equal to the number of log tools 

and other variables that are used.  In this way, complex relationships can be rigorously and 

repeatedly examined in a consistent manner and the results interpreted and applied.  

Ultimately, the geologist/engineer is still the decision maker; GAMLS is only a tool. 

GAMLS clusters the digitised depths into groups that are termed “modes”.  Modes are 

comprised of samples that have similar variable values.  If all of the variables are log tool 

values, then each mode is comprised of depths that have similar log tool values.  A mode 

can be envisioned as a rock type at whatever scale the data being clustered is at.  Each 
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mode is comprised of one or more layers or beds.  In a given 100 foot (30 m) vertical 

sequence that is divided into four clusters (modes), the modes would be called modes 1, 2, 

3, and 4.  If mode 1 (or rock type 1) is comprised of 8 different beds in this interval, then the 

user knows that the log tool signatures are similar in each of these 8 beds, and different 

from the log tool signatures that characterise the other three modes. 

GAMLS computes a Mode Probability Assignment (MPA) for each mode at each depth.  If a 

depth very strongly fits into a given mode, then the MPA for that mode at that depth is 1.0.  

However, the MPA might be only 0.7 for that mode, which means that the remaining 

probability (0.3) is assigned to one or more of the other modes.  The sum of the MPA values 

for each depth is 1.0.  In this manner, the “strength of fit” into a given mode (rock type) is 

computed by GAMLS.  The mode probability assignments that are the result of these 

computations are sometimes called “fuzzy” probabilities.  Such “fuzzy” probabilities are 

entirely appropriate for classifying rocks, since rocks can be considered to be mixtures of 

ideal end-member rock types.  Gradational contacts and beds that are averages of end-

member beds can be readily identified by examining the MPA values. 

The freedom for the user to vary the number of modes permits one to examine a given 

interval and either “break out” only a few (i.e., low mode number) rock types or to examine 

detail by “breaking out” many (i.e., high mode number) rock types. 

Prediction 

Prediction permits any of the variables that have been used in the clustering step to be 

predicted using the other variables as independent variables.  In the clustering step, the 

relationships among the variables (co-variances) are determined and “saved” as the 

“statistics” of clustering.  These statistics can then be applied to the same samples used in 

the clustering (internal prediction test), or to other samples (i.e., other depths) in the same 

well or to another well (external prediction tests), provided that the same independent 

variables exist in the “model” interval or well as in the “test” interval or well. 

Examples of variables that can be predicted are permeability, cementation exponent, a 

missing log tool, productivity index, CT attenuation, and net sand.  In order for a reasonable 

prediction to be possible, there must be enough empirical data (e.g., laboratory measured 

core permeability values) so that the n-dimensional correlation between the log tools 

(independent variables) and the value to be predicted (dependent variable) can be made by 

GAMLS.  Compared with neural net and SOM systems, GAMLS is particularly powerful in 

that it: (1) requires little training relative to non-model based systems;  and (2) is extremely 

flexible in its ability to use databases with much missing data (without the need to 

interpolate, extrapolate, or estimate the values of the missing data).  This latter point is of 
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particular relevance when it comes to working with core data, which is invariably quite 

sparse when compared to log data. 

Correlation 

Correlation (between wells) is best done by clustering two or more wells within the same 

cluster run so that like modes identified in each well have similar log characteristics.  Then, 

the beds for each mode may be visually correlated among wells in the usual manner by the 

user.   

 

  



    

 

Multi-scale Reservoir Characterisation – From Pore to Core to Geocellular Model Page 240 

eGAMLS 

 Classification and Upscaling of Saturation-

dependent Properties (CUSP) Workflow Schematic 

 

 

Figure B1: Schematic of the Classification and Upscaling of Saturation-dependent Properties 
(CUSP) Workflow showing ANLEC R&D Sub-project 7 Component B Milestones.  In the figure, 

CLV = Characteristic Length Variable, GT = Geotype, and Crv = Pc(Sw) Curve. 

 

 


