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ABSTRACT
In order to protect groundwater abstractions used for drinking water supplies, it is 

necessary to understand contaminant transport processes. In fractured rock aquifers, 

the geometric and hydraulic properties o f the fractures influence transport. Tracer 

tests are commonly used to estimate directly the transport properties o f a fractured 

rock mass. Unfortunately, several o f  the methods used to interpret tracer tests are 

either only appropriate for continuum scales, suffer from problems o f  non

uniqueness or do not adequately describe the transport processes. A novel approach 

is presented as a possible methodology for interpreting tracer breakthrough curves in 

terms o f  fracture geometric and hydraulic properties at sub-continuum scales.

The approach was one o f  forward modelling, starting with a series o f  cases o f  

prescribed fracture networks in a homogeneous permeable medium. The flow field 

and tracer transport were simulated for each case in turn using a 2D finite difference 

numerical code. The fracture angle to the direction o f  the general hydraulic gradient 

and fracture aperture, spacing and pattern were systematically altered from one case 

to the next. Linear and radial flow fields were simulated, allowing results to be 

compared with natural and forced gradient tracer tests conducted in field 

experiments. The linear study was fairly exhaustive for single set patterns and a 

significant exploration was made for two set patterns, but only a pilot study was 

conducted for the radial flow.

Classification schemes were devised for breakthrough curves both 

qualitatively and using principal component analysis (PGA), a multivariate statistical 

technique. These classifications were linked to the fracture pattern properties. 

Trials showed that even under highly simplified and controlled conditions quite 

different fracture patterns produced very similar breakthrough curves, and also 

demonstrated that a single breakthrough curve cannot reveal with any precision the 

fracture geometry. However, since PGA shows that there is a broad correspondence 

between fracture-pattem type and the breakthrough curve, in principle it should be 

possible to identify those types from tracer tests.
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1. Chapter 1

Groundwater flow is an integral part o f  the hydrologie cycle. Groundwater is 

generated by precipitation that falls on the land surface and percolates through the 

soil zone to the underlying aquifer rock. The groundwater flow is driven by gravity 

towards points o f  discharge, for example, natural springs, watercourses and artificial 

abstractions, either for municipal, industrial or agricultural supply. Groundwater is 

susceptible to contamination from point sources, for example, from leaky 

underground storage tanks or improperly lined landfills, and diffuse sources, for 

example, from pesticide application or manure spreading on agricultural land. 

There is therefore a need to protect drinking water supplies and natural habitats 

from point and diffuse source contamination. An essential requirement for success 

in protection is to understand flow and transport processes that govern contaminant 

migration and its attenuation by dispersion. A fundamental problem is that 

properties governing transport are parameterised into a model-dependent ‘constant’ 

such as dispersivity. This entails assumptions about the mechanisms causing 

dispersion and the underlying structure o f the aquifer, which may be unjustified by 

evidence.

The processes o f  contaminant migration are affected by: (1) the contaminant itself, 

that is whether the contaminant is soluble or immiscible, colloidal or particulate, 

conservative or subject to radioactive, chemical or microbial decay or 

transmutation; (2) the interaction o f  the contaminant with the aquifer materials, that 

is whether the contaminant reacts with the aquifer material or undergoes reversible 

or irreversible sorption; (3) the mode o f  introduction o f  the contaminant, that is 

whether the release is from a point source, and if so whether it is from a 

concentrated release in time (an accidental spillage) or from a persistent source 

(leakage), or from a diffuse, and intermittent source from agricultural applications;

(4) the structure o f  the aquifer as a porous medium, that is, the geometric 

arrangement o f  the voids (intergranular pores, fractures, or solutionally enlarged
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voids) o f  different origins, shapes and sizes, and their interconnectedness; and (5) 

the movement o f  the transporting fluid and its variability spatially and temporally.

This thesis describes an investigation o f  the influence o f  aquifer structure on 

contaminant transport at the sub-continuum scale. The main investigatory approach 

is the computer simulation o f  water flow and contaminant transport in 2D through a 

variety o f  simple structures that are representative o f  fractured porous aquifers. The 

aim is to investigate the causal interactions between aquifer structure and the fluid 

flow distribution and the resulting patterns o f  contaminant transport.

At the continuum scale, the scale at which a parameter varies smoothly from place 

to place, classical hydrogeological theory provides an adequate description o f  flow 

and transport, but unfortunately many real world problems are at a sub-continuum 

scale. On the scale o f  several to I Os o f  metres the sub-continuum scale o f  a 

fractured porous aquifer is characterized by a highly heterogeneous and anisotropic 

system o f  fractures and matrix blocks. The fractures have developed as a result o f  

tectonic forces, uplift and erosion and/or dissolution processes. It is not unusual for 

a rock mass to have experienced many stress regimes, under both compressive and 

tensional stresses, resulting in the production o f a geometrically and hydraulically 

complicated network o f  fractures.

Two approaches to modelling the flow and transport in a fractured system are 

commonly used, the continuum approach and the discrete-stochastic approach. 

Adoption o f a continuum approach allows the use o f  the classical equations for 

groundwater hydraulics to determine flow fields and o f advection and dispersion to 

model contaminant transport. However, these equations are only valid when their 

parameters such as hydraulic conductivity, porosity and dispersivity vary smoothly 

across the field o f  interest. The concept that has been proposed to link the 

heterogeneity o f  these properties at a local scale to some supposedly smooth 

variation at a larger scale is the Representative Elemental Volume or the REV. The 

REV is the volume o f  such a size that within it is represented the full range o f  local
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heterogeneity in each parameter. Thus, the REV fully samples the local variance in 

each parameter, so that its overall properties are adequately represented by their 

mean values taken over the whole volume o f  the REV. The size o f the REV 

required to realise this concept in practice is the continuum scale. At larger scales 

there may still be some variation in parameters from place to place, but the variation 

is smooth provided the places considered are separated by distances greater than the 

continuum scale. In other words the REV is representative in that it samples the 

entire local variance o f  the property. However, the REV concept presents problems 

when it is applied to fractured rock. Fracture apertures vary from a few to 1000s o f  

microns, fracture spacing varies from a few cms to 100s m, and fracture length 

varies from a few mms to many kms. So as the volume o f  rock o f  interest is 

increased in size, it is likely that fractures with larger apertures and greater spacing 

and lengths will be encountered, and it is therefore possible that no single scale 

exists that could be regarded as an REV. At least, such a scale, if it exists, may be 

larger than the scale o f  most problems o f  interest.

The discrete-stochastic approach uses statistically generated fracture properties, for 

example, fracture length, orientation and aperture, generated from measurements at 

outcrop. As such it is site specific. There seems to be little consensus on the 

appropriate statistical distribution functions to describe such data, perhaps because 

o f  the complicated stress histories o f  many fractured rocks and the problem o f  

identifying and extracting those sets o f  fractures which are genetically related. In 

addition, fracture truncation and censoring may also affect the choice o f  

distribution. Because a statistical approach is inherent to discrete-stochastic 

modelling, Monte Carlo simulations are sometimes used to produce a statistically 

homogeneous ensemble o f  possible fracture pattern outcomes. There is usually no 

unique fracture pattern and, in many cases, the fracture patterns generated fail to 

capture the true transport processes.

The following section discusses the dominant processes that affect contaminant 

migration in a fractured porous medium. The main attributes o f fracture networics
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that can be thought o f  as possible controls on advective processes in fractured 

porous media (with finite matrix permeability) can be classified into nine distinct 

types: degree o f  connectivity; percolation; fracture to matrix permeability contrast; 

angle o f  fractures to the general hydraulic gradient; fracture spacing or density; 

proximity o f  adjacent fractures (en echelon fracture types); size o f  area o f interest; 

fracture pattern type; and dimension (2D or 3D). Dispersion, due to advection, in a 

fractured porous media is caused by the following:

( 1) variation in the pores and pore throat sizes and the variation in flow velocity 

from the centres to the walls o f  the pores and pore throats. At the fracture network 

scale the matrix behaves as an REV and can be represented as a statistically 

homogenous process and the distribution o f  matrix permeabilities takes a Gaussian 

form;

(2 ) variation in aperture o f  a single fracture with position within the fracture plane, 

influencing the velocity variation with position within the fracture plane;

(3) variation in flow velocity across the fracture aperture, from the centre to the 

fracture walls;

(4) connected networks o f  fractures, or clusters, and alternative pathways, o f  

varying lengths, across the cluster;

(5) advection from fractures into the matrix and from the matrix into fractures.

DifFusional processes, on the other hand, are controlled by the molecular weight and 

size o f  individual contaminant particles, and/or molecules. The relative importance 

o f  diffusional processes is controlled by the degree o f  domination o f  the advective 

processes. Diffusional processes dominate where advective processes are 

negligible. Dispersion, due to diffusion, is caused by the following:

(1 ) diffusion across the fracture width;

(2 ) diffusion from the fractures into the matrix;

(3) diffusion from the matrix into the fractures;

(4 ) diffusion into stagnant areas and/or low flow areas within the fracture;

(5) diffusion into mineralised layers on the fracture walls.
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Contaminant migration is also controlled by chemical and biological processes and 

contaminant-substrate interactions, through contaminant retardation with respect to 

the average groundwater flow velocity by sorption o f  contaminant onto the 

substrate, or through reaction o f  the contaminant with groundwater and/or the 

substrate; and the natural decay o f  the contaminant.

1.1 Scope of Investigation

The scope o f  this investigation is best described by asking four questions:

(1) What effect do simple patterns o f  fracturing in porous media have on transport 

properties?

To answer this question simulations o f  water flow and contaminant transport 

through a variety o f  simple structures with varying geometric and hydraulic 

properties that are representative o f fractured porous aquifers were conducted.

(2) Is it possible to classify the transport properties, for example, into groups with 

similar characteristics?

To answer this question the transport properties were assessed in terms o f forming a 

tracer breakthrough curve for each simulation. The curves were classified according 

to their form, that is, timing and shape, using two methods, a subjective method 

based on graphical representation and an objective method using Principal 

Component Analysis (PCA). The subjective method classifies the curves into 

discrete individual clusters whereas the objective method classifies the curve into a 

continuous series o f  overlapping clusters.

(3 ) Is it possible to relate the transport properties o f each classified group to 

particular fracture patterns, and hydraulic and geometric properties?

To answer this question the fracture patterns, and hydraulic and geometric 

properties responsible for producing each cluster, by the subjective method, and for 

producing sub-sets o f  the overlapping clusters, by the objective method, were 

investigated. The cases that formed membership o f  clusters (whether by subjective
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or PCA methods) were compared to determine whether they showed common or 

distinct structures -  the comparison also made between clusters.

(4) Is it possible to perform the inverse problem and use the tracer breakthrough 

curve classification scheme to infer fracture geometric and hydraulic properties 

from breakthrough curves with unknown fracture characteristics? In addition can the 

method presented be used as a tool to interpret tracer breakthrough curves in terms 

o f  fracture pattern and geometric and hydraulic properties?

To answer this question partially, PCA was used to investigate the range o f  possible 

fracture patterns and hydraulic and geometric properties required to produce a series 

o f  curves for cases not used to construct the PCA.

Fracture geometry and hydraulic properties are a fundamental control on 

contaminant transport and in practice it is difficult to relate the two because aquifers 

are hidden below ground and structures o f voids and their connectedness are 

difficult to visualise, investigate and measure. If the method presented here proves 

to be an effective tool for simple 2D fracture patterns, it may be possible in the 

future to use the same methodology in 3D patterns, that are more realistic in terms 

o f  the fracture hydraulic and transport processes considered. Even a 2D 

interpretation, if  it can be shown to capture important elements o f structure that 

affect contaminant transport, would be an extremely useful tool for the 

interpretation o f  tracer breakthrough curves and the constraint o f  fracture geometric 

and hydraulic properties.

1.2 Experimental Study

In order to be able to use tracer breakthrough curves to classify fractured media and 

transport processes a systematic study has been conducted o f numerically simulated 

flow and transport through idealised fractured porous media. This experimental 

study was designed to investigate the relation between fracture networks and the 

corresponding breakthrough curves produced by flow through such media. To
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reduce the immense complexity o f  the problem a subset o f the possible controls and 

processes was considered and various assumptions were made. The primary 

assumption in this study is that difRjsion is ignored. The justification for this is that 

if  diffusion dominates the frac tu re-matrix exchanges, advection exchange must be 

small by definition, and the ‘best’ model is a Double Porosity one with fractures 

considered as highly transmissive zones with low water storage and the matrix 

blocks considered as immobile zones with high water storage. Provided the fracture 

network is fully connected across the region o f interest, or percolating, the Double 

Porosity model is adequate for the diffusion-dominated, fully connected case. Here, 

advection-dominated exchanges both for percolating and non-percolating fracture 

patterns are considered and so the model used here only considers advecfive- 

dominated transport. All o f  the controls, with the exception o f  dimension and 

length scale, for advective-dominated transport were considered. The simulations 

were conducted in 2D to simplify the problem and because fracture pattern 

characteristics, measured at outcrop are presented as ID scan lines or 2D maps. 

Only the following advective-processes were considered: connected networks o f  

fractures, or clusters, and alternative pathways, o f  varying lengths, across the cluster 

((4) in the list above); and advection from fractures into the matrix and from the 

matrix into fractures ((5) in the list above). The advective effects due to variations 

o f  velocity across a fracture width are negligible compared to the effects o f  matrix- 

fracture advective interaction and a scale was chosen so that advective processes 

due to multiple fracture pathways dominate the effects due to channelling within a 

single fracture plane.

In addition the tracer is assumed to be conservative and non-reactive, that is, 

chemical and biological processes and tracer-substrate interaction are ignored.

The simulations were conducted using a 2D finite difference model called 2DFlow  

(Odling and Webman, 1991), and the fracture network was discretised on a 200 by 

200 node grid, representing an area o f  5 m by 5 m. 2DFlow was used because it is 

capable o f handling extremely large fracture to matrix permeability ratios and
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advective-dispersion is not parameterised in the model but is a direct outcome o f  the 

variability in advection, as mentioned previously.

As explained, fully realistic 3D fracture patterns are geometrically complicated but 

in terms o f  affecting transport, there may be particular architectural features o f  the 

patterns that dominate transport processes. These architectural features are 

geometrically simpler and form the basis for the systematic fracture network 

simulation in this study. The flow and transport were solved, initially, for 

geometrically simple fracture patterns, taking single-set networks first, and then 

progressively for more complex 2-set patterns. For each simulation the advective- 

controls listed above were systematically altered, a tracer breakthrough curve was 

formed and the permeability determined. Over three thousand simulations were 

conducted.

1.3 Interpretation of Experimental Study

The experimental study was interpreted in two ways: (1) using a subjective 

breakthrough curve classification scheme and the simpler 1-set pattems; and (2 ) 

using a quantitative, objective breakthrough curve classification scheme using the 

method o f Principal Component Analysis (PCA) on the entire data set.

The subjective classification was conducted to investigate the relationship between 

the I-set fracture pattems and their tracer breakthrough curves. The method was 

used to generalise the types o f  fracture pattems that produce particular breakthrough 

curves and the types o f  breakthrough curves that can be produced from a fracture 

pattern depending on the controls. The controls here are the fracture pattern and 

hydraulic and geometric properties.

A PCA classification scheme o f  breakthrough curves was devised, to ease the task 

o f linking the breakthrough curve shape to the fracture pattern properties. PCA 

transforms a data set from being partially correlated to being completely
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uncorrelated and in doing so reduces the number o f dimensions required to represent 

the majority o f  the variance in the data. 99% o f the variance can be explained using 

8 dimensions compared with the original 101 variables. The PCA is extremely 

sensitive to the breakthrough curve shape and each curve position is unique in PCA 

space, allowing the curves to be classified into regions on varying scales. PCA was 

used to investigate whether the breakthrough curves o f a particular type were 

formed under similar controls by first classifying the simulated curves according to 

their shape and then relating them to the physical properties that produced each 

breakthrough curve.

Both methods demonstrated that similar breakthrough curves can be produced by 

varied combinations o f  fracture geometric and hydraulic controls, but by using 

permeability as an additional constraint it was found that breakthrough curves that 

are close in principal component space, in terms o f Euclidean distance, result from 

networks with similar fracture characteristics. 1 his finding was encouraging and led 

to the final stage o f the present study, which was an investigation to test whether the 

PCA method could be used to infer correctly the fracture characteristics from tracer 

breakthroughs and permeability.

1.4 Outline of Thesis

Chapter 2 reviews some o f  the important aspects o f fracture geometries properties 

and their influence on flow. Chapter 2 provides a background to the following: the 

origin and form o f  commonly observed real fracture pattems; actual breakthrough 

curves and the problem o f  interpreting them objectively; the ‘classical’ models 

(ADE, Dual-Porosity) and their assumptions; and modelling approaches in which 

(a) the ADE and Dual-Porosity assumptions are abrogated because scale is too small 

relative to the heterogeneities (sub-continuum), and (b) the precise geometiy and 

hydraulic properties o f  the heterogeneities can be specified. Finally Chapter 2 

describes how the investigative approach presented here arises from the history o f  

the subject and from the modelling approaches available.
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Chapter 3 describes 2DFlow: a 2D finite difference, discrete fracture model (Odling 

and Webman, 1991, Odling and Roden, 1997) for flow and transport in fractured 

rocks. 2DFlow is a double-permeability model in which the matrix forms an active 

part o f  the flow and transport system and the interaction between the fractures and 

adjacent rock strongly determines the flow and transport through the entire system.

Chapter 4 describes the design o f  the exploratory (natural gradient) simulations. 

Initially the methodology for the forward modelling simulations is described, and 

the results presented in the form o f  tracer breakthrough curves. Secondly, the forms 

o f  the curves are discussed in terms o f  the fracture pattems and fracture geometric 

and hydraulic properties responsible for producing each curve. As a tool to aid in 

the interpretation, the breakthrough curves are classified using a subjective method.

Chapter 5 describes the use o f  a multivariate analysis o f tracer breakthrough curves 

using the method o f  Principal Component Analysis (PCA). Initially, PCA is 

defined. Secondly, the application o f  PCA to the tracer breakthrough curve 

classification is described. Thirdly the applicability o f the methodology for 

breakthrough curve classification and model identification is assessed using the data 

set produced in Chapter 4, and finally, the methodology is tested on a new data set 

to assess whether the methodology can be used to constrain the geometric and 

hydraulic properties o f  previously un-model led fracture networks.

Chapter 6 describes simulations for a set up that is analogous to a two-well tracer 

test and the results are presented in the form o f  tracer breakthrough curves. Time 

did not allow a full systematic study o f  radial flow tests but because they are 

frequently used to characterise transport properties an attempt was made to partially 

explore the topic.

Chapter 7 is a discussion o f  Chapters 4, 5 and 6 .
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2. Chapter 2

2.1 Review of Flow and Transport through Fractured Media

This chapter highlights some o f  the important properties o f  fractured porous 

media and their influence on flow and transport at shallow levels in the Earth’s 

crust. According to Winberg et al. (2003) ‘identification and interpretation o f  

location/geometry and connectivity o f  conductive structures must use both 

geologic data and hydraulic data in a closely integrated manner.” Winberg et al. 

emphasise that an understanding o f  the fracture geometric and hydraulic 

properties is important in order to gain insight into the connectivity o f  a fracture 

system and the effects o f  fractured rock on fluid flow and tracer transport. The 

connectivity o f  a fracture network is a complicated function o f  the fracture 

orientation, spatial and length distributions, and the fracture density (Odling et 

al., 1999) and the importance that fracture systems have for rock mass properties 

and fluid flow and transport depends on the scale o f  interest (Odling, 1997). On 

the scale o f  individual fractures, aperture, length and orientation are the 

controlling factors for fluid flow and transport, and on the scale o f  fracture 

networks, fracture density, connectivity and network geometry are the 

controlling factors. In summary, there are key geometric properties that control 

flow and transport through fractured porous media and the degree to which each 

property affects flow is highly dependent on the scale o f  interest.

The following describes the outline o f  this chapter. Firstly, types o f  fractures and 

fracture distributions are discussed in terms o f  spacing, length, orientation and 

geometry with particular emphasis on fracture pattems and scale. Secondly, the 

hydraulic and transport properties o f  fractured porous media are discussed with 

particular reference to hydraulic conductivity distributions, fracture connectivity, 

dispersive processes, tracer transport and scale. Sorption processes are not 

discussed because o f  the use o f  a non-reactive tracer in the modelling study. 

Thirdly, the types o f  mathematical and numerical models used to simulate flow  

and transport through fractured porous media are discussed with particular 

reference to analytical, continuum and discrete models. Finally, the aims and

34



approach o f  the research conducted in this project are discussed in the context o f  

the topics that have been reviewed here.

The work in this thesis concerns the study o f  fractures embedded in porous 

media at the sub-continuum scale, and so only considers scales o f  a few metres to 

a tew tens o f  metres. By porous media it is meant that the hydraulic conductivity 

o f  the host rock is considered significant and is essential as a contributing 

component to the overall rock mass conductivity. In fractured rock, fluid flow is 

controlled mainly by system s o f  joints and small faults. Faults are fractures that 

exhibit a significant shear displacement parallel to the fiacture surface (Pollard 

and Aydin, 1988). Although it is recognised that faults may be important for 

fluid flow and transport, only joints are considered here. Joints are opening 

mode fractures formed as a consequence o f  the deformation o f  brittle rock 

masses and form in response to tensile stress in the direction perpendicular to the 

fracture plane and/or internal fluid pressure (Pollard and Aydin, 1988). Joints 

can form during uplift and erosion, by excess fluid pressures, and by thermal and 

chemical action (Berkowitz, 2002). Each joint initiates in a flaw in the rock mass 

and propagates in its own plane perpendicular to the direction o f  the maximum 

tension near the joint front. Joints occur on a wide range o f  scales from micro

joints on the scale o f  mineral grains to ‘master’ joints many kilometres in length. 

The theme o f  this chapter is the effects o f  joint geometry and hydraulic 

properties on fluid flow and tracer transport.

2.2 Some Definitions

Fractures are any planar breaks in a rock mass regardless o f  origin and it is an 

essentially geometric term. Fractures may be truly planar or curved, but 

curvature is not normally acute (radius o f  curvature »  fracture length). They 

may be characterised by properties that include aperture (dimension in direction 

normal to the fracture plane), area (in the plane o f  the fracture), and length (along 

the longest dimension o f  area, or along some other defined dimension such as 

outcrop trace), shape (in the plane o f  the fixture). The geometric properties that 

relate to the plane o f  the fracture are usually desirable in terms o f  single numbers 

(for an individual fracture) such as maximum length, aspect ratio, area etc.
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However, for aperture this is not the case, as it may vary either systematically 

with position in the fracture plane (for example, with distance from the centre o f  

the fracture shape), or randomly. Thus aperture is best described in terms o f  a 

mean value and either a variance (for random variation) or a systematic function 

correlating it to position, or some combination o f  the two.

Joints are particular types o f  fractures, distinguished by the genetically related 

property o f  having been formed by tensional forces normal to the fracture plane. 

Tensional joints form in the 0102 plane when 0 3  is negative (tension) and exceeds 

the tensile strength o f  the rock (where cti, Q2 and cg are the principal stresses and 

a i> a 2 >03 and o \ is vertical as in Figure 2.1a). Joints formed normal to bedding- 

planes or bedding-plane fractures are referred to as Svstematic joints (Figure 

2.2). Cross-joints (Figure 2.2) extend across intervals between systematic joints. 

Shear joints form by compressional forces parallel (or, at acute angles) to the 

fracture plane. At depth 03 is often positive (compression). In this case inclined 

shear faults will form with a direction o f  expansion along 03, where 0;>02  >03 

and 02 is vertical, as in Figure 2.1b. These joints are often related to folding in 

competent strata, especially if  interbedded with more ductile strata. If the total 

strain is large the shear joints will become faults.

(a)

a -

(b)

a

Figure 2.1 (a) and (b) represent the directions of the principal stresses for the 
formation of joints and shear joints, respectively.

36



Multi-Layer Joints

Systematic Joints

Bedding Planes
Cross Joints

Figure 2.2 Schematic diagram showing an idealised ladder type pattern with the 
positions of the systematic, cross and multi-layer joints (bold lines) and bedding 

planes for a stratabound formation. After Odling et al. (1999).

Bcdding-planes (Figure 2.2) are not fractures but discontinuities in sedimentary 

rocks which mark changes in the conditions o f  original sedimentation, for 

example, pauses in sedimentation, or abrupt changes in grain size. They are 

parallel to the general surface o f  sedimentation (that is, approximately horizontal 

at time o f  sedimentation accumulation). Because bedding planes are defined by 

changes in rock properties that affect mechanical strength, they are often the 

locus for strata-parallel or ‘bedding-plane fracture’ formation, and equally often 

form planes o f  points o f  termination in the propagation o f  joints in directions 

normal to the stratification.

Bedding-plane fractures are strata-parallel features formed along sedimentary 

discontinuities in a rock, the sedimentary properties having affected the 

mechanical properties in such a way as to promote fracture formation there. 

They may be tensile joints (promoted by low  tensile strength across the bedding 

planes), or there may be a shear component in their formation. By definition, 

bedding-plane fractures are strata-parallel, but whereas tensile bedding plane 

joints are normally confined to a single stratal horizon, shear fractures may not 

be, and may climb from one horizon to another.
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Stratabound (Figure 2.2) fractures are oriented at high angles (usually roughly 

normal) to bedding planes, and terminate against bedding planes or bedding 

plane fractures. It is this latter property which is essential for considering them 

stratabound. One might go further and say that ’strongly stratabound’ fractures 

rarely extend through more than a single bed (single-laver ioints). whereas 

'weakly stratabound’ fractures extend through several beds (multi-laver joints!  

but tend to terminate against particular bedding planes (Figure 2.2). Strongly 

stratabound situations occur where beds with sharply differentiated mechanical 

properties alternate regularly, for example, shale-limestone or shale-sandstone 

sequences. Weakly stratabound situations are commoner in formations with 

more uniform mechanical properties, or with groups o f  beds possessing similar 

properties alternating with other lithologies (for example, packets o f  sandstone 

separated by shale horizons). In rather uniform rocks such as Chalks 

intermediate stratabound situations occur where bedding plane fractures are 

sparse. Strongly stratabound jointing predominate where bedding planes are 

common. The degree o f  stratabound-ness’ may therefore depend on the timing 

o f  formation o f  strata-parallel and strata-normal joints. If strata-parallel joints 

form first, strata-normal joints will tend to be more strongly stratabound. If 

bedding-plane fractures form later then strata-normal joints may be non- 

stratabound (Figure 2.3). Both relations can be seen in the English Chalk, so 

there may be several generations o f  joint formation.
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Joint cross-cut bedding
Cluster

Joints
Bedding Planes

En echelon overlap
Figure 2.3 Schematic diagram showing an idealised clustered joint pattern with the 
positions of the joints (bold lines) and bedding planes (dots) for a non-stratabound 

formation. Joints form en echelon arrays. After Odling et al. (1999).

A fracture set comprises a series o f  nearly parallel fractures o f  the same type and 

age and it is common tor one particular set to dominate. The properties o f  

fix tu re  sets include their areal and vertical extent, fracture spacing or density, 

and fracture orientation distribution. Fractures o f  the same set form under the 

same tectonic stress field and it is this which accounts for their parallel or sub

parallel orientation (Pollard and Aydin, 1988). Fractures belonging to the same 

orientation set tend not to intersect each other until the fracture density becomes 

extremely high (Odling et al., 1999).

2.3 Joint Geometry

The geometry o f  a joint depends on how it propagated and the nature o f  the 

termination. Joint geometry is a function o f  the structure and mechanical 

properties o f  the j&actured rock mass, loading conditions, and joint interactions 

with neighbouring fractures. The joint pattern formed depends whether the rock 

mass is constructed o f  relatively thin formations (where stratabound networks
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predominate), as commonly observed in many sedimentary rocks, or massive 

formations (where non-stratabound networks predominate), as observed in 

thickly layered sedimentary rocks and hard rock. Stratabound joints are bounded 

top and bottom by bedding plane fractures (or bedding planes) and are commonly 

formed perpendicular to the bedding planes (Long et al., 1996). With bedding 

plane fractures stratabound joints form three approximately orthogonal joint sets 

(for example, Mortimore, 1993). Joint pattems in massive formations are not as 

fully understood and pattems are generally more complex, with fractures 

commonly having less regular spacing and a tendency for joints to form clusters, 

or groups o f  connected fractures. In massive beds random joint pattems develop 

when local folding and faulting have a complicated history. The integration o f  

the joint pattems that develop under these circumstances are difficult or 

sometimes impossible to decipher (Engelder, 1987).

Two important geometric parameters o f  joints within the same set are the spacing 

and the length. Joint spacing and length evolve with time, strain magnitude, 

strain rate, and loading cycle (Wu and Pollard, 1991). Joint spacing is likely to 

correlate with folding intensity (Odling, 1995). Joint spacing and length may 

evolve spatially by selective growth o f  some joints (Pollard and Aydin, 1988). 

For both stratabound and non-stratabound beds there is likely to be the existence 

o f  a final limiting spacing for well developed joint systems (Wu and Pollard, 

1991).

As stratabound joints have regular, constrained spacing and sizes it may be 

possible to define an REV, in terms o f  flow and transport, o f  reasonable and 

practical size. Non-stratabound joints, on the other hand, have a broader range o f  

sizes and definition o f  an REV may not be feasible. The problem o f  defining an 

REV o f  reasonable size is compounded by the fact that stratabound and non- 

stratabound formations are end-members and a real fracture system may have a 

hierarchical structure with stratabound and non-stratabound joints dominating 

within different scale ranges (Odling et al., 1999). The main point here is that 

the formation o f  joint spacing and length is complex and involves many different 

processes varying spatially and temporally. This makes the characterisation o f  

joint pattems extremely difficult.
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2.3.1 Joint Patterns in Stratabound Situations

The strata-normal joint system in strongly stratabound situations is essentially 2D  

(Odling et al., 1999). The 3D fracture system is composed o f  many stacked 

layers, each with its own fracture system. Figure 2.2 is a schematic o f  an 

idealised (stratabound) ladder type pattern showing the relative positions o f  the 

systematic, cross and multi-layer joints and the bedding planes. Note that the 

multi-layer joints cut many layers and that the cross and systematic joints 

terminate at bedding boundaries. The multi-layer joint spacing is larger and less 

regular than the systematic and cross joint spacing. The multi-layer joints are 

shown to be continuous to differentiate them from the single-layer joints but 

depending upon the state o f  stress can terminate anywhere within the rock mass.

Fracture Spacing and Length

Joints orientated perpendicular to bedding planes (Figure 2.2) are often confined 

by the layer boundaries with their height equal to the mechanical layer thickness 

(Helgeson and Aydin, 1991 ; Narr and Suppe, 1991; Bai et al., 2002). According 

to Gross (1993) a 1 ithology-contro 1 led mechanical layer is a unit o f  rock that 

behaves homogeneously in response to an applied stress and whose boundaries 

are located where changes in lithology mark contrasts in mechanical properties. 

The mechanical layering commonly develops as a consequence o f  changing o f  

lithology and is thought to be the reason for uniformly developed joints to form. 

The bedding plane-normal joint length distribution thus tends to be scale limited 

and follows a lognormal distribution. Joint spacing tends to be regular (Odling et 

al., 1999). The joint spacing is likely to depend on the mechanical properties o f  

the sedimentary layer. Many field observations reveal that fracture spacing o f  

vertical joints in layered sedimentary rocks is roughly proportional to the 

thickness o f  the mechanical layer with the ratio o f  spacing to layer thickness 

ranging from less than 0.1 to greater than 10 (Narr and Suppe, 1991; Gross, 

1993; Becker and Gross, 1996; Gillespie et al., 2001; among others). The 

dependence o f  the fracture spacing on mechanical layer thickness holds for both 

tensile and compressional systems (Huang and Anglier; 1989). The joint spacing 

o f  the systematic, and lengths o f  the cross-joints, are likely to be regular and
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follow  similar log-normal distributions (Narr and Suppe, 1991; Pascal et al., 

1997; Odling et al., 1999; Gillespie et al., 2001 ). The lengths o f  systematic joints 

are also likely to be log-normally distributed. In bedded rock the lateral extent o f  

joints is usually far greater than the vertical extent and the lateral extent o f  an 

individual joint can range from a few tens o f  metres to a few hundreds o f  metres 

(Long et al., 1996).

Joint Termination

A study by Bloom field (1996) in the Chalk found that 91% o f  the joints 

terminated against other joints. It is not possible for one joint to cross another 

without deflection or stepping if  the older joint was open at the time. Such a 

crossing is possible if: ( 1) the first set is under a large normal compression, 

resulting in a high resistance to slip in the plane o f  the fractures (Renshaw and 

Pollard, 1994, Gillespie et al., 2001), or (2) the older fractures are infilled by the 

time o f  the younger propagation event. At greater depth, and higher lithostatic 

pressures, the normal stress across the interface between two beds will be higher 

and so will tend to inhibit sliding and to promote propagation o f  a fracture across 

the interface (Gillespie et al., 2001). The measure o f  vertical persistence o f  the 

fractures across a bedding interface is known as the Persistence Ratio (Gillespie 

et al., 2001). The Persistence Ratio aPb is the proportion o f  fractures that cross 

from bed A to bed B relative to the total number in bed A.

There is likely to be a difference in the fracture orientation, density and pattern 

geometry between adjacent mechanical layers (Odling et al., 1999) as a result o f  

mechanical decoupling. The layers can be decoupled mechanically by weak 

adhesion across the bedding planes or by the formation consisting o f  interbedded 

weak and strong layers. This reduces the vertical persistence o f  joints.

System atic Joints

Vertical joints with orientation normal to the bedding are commonly referred to 

as systematic joints (Figure 2.2) (Gross, 1993; Bai et al., 2002). Systematic 

joints are likely to have regular, non-fractal, geometries (Gillespie at al., 1993). 

Bahat (1989) relates different types o f  systematic joints to genetic conditions, 

and suggests that these explain the degree to which each type is stratabound.
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Bahat (1989) differentiates between Single Layer Joints (SLJs) and Uplift Multi- 

Layer Joints (UMLJs) (Figure 2.2). SLJs are considered to be burial joints and 

are formed early in the history o f  the rock and, if  buried to relatively shallow  

depths, tend to arrest at layer boundaries and are often limited to one bed. These 

joints are generally tight and form in orthogonal sets and have a regular spacing 

(Bahat, 1989). UMLJs, on the other hand, form during uplift and erosion and cut 

many layers. The UMLJs have wider openings and irregular spacings, which are 

considerably larger than those for the SLJs.

The UMLJs are non-stratabound, and are likely to be clustered but are located 

alongside stratabound regular spaced joints (Gillespie et al., 2001). In 

comparison to stratabound joints the non-stratabound joints are likely to have 

power-law length and spatial distributions. Non-stratabound joints are discussed 

further in the next section.

Cross-Joints

Cross-joints (Figure 2.2) extend across intervals between systematic joints, 

without cutting across the systematic joints (Hodgson, 1961; Hancock et al., 

1987; Gross, 1993). The cross-joints commonly propagate approximately at the 

midpoints between earlier generations o f  cross-joints since the midpoints 

experience the highest values o f  local tensile stress (Gross, 1993). Sets o f  

orthogonal cross-joints, as one o f  the commonly observed categories o f  cross

joints, systematic joints and bedding planes, typically resemble a ladder-like 

pattern in outcrop (Rawnsley et al., 1992; Gross, 1993; Rives et al., 1994; 

Rawnsley et al., 1998). The cross-joints abut the systematic joints at angles near 

90 degrees and are limited in length by the intervening distance between the 

systematic joints. The presence o f  orthogonal cross-joints could, for example, be 

due to a principal stress rotation o f  90 degrees after the formation o f  the 

systematic joints and before the formation o f  the cross-joints (Rives et al., 1994; 

Bai et al., 2002). This stress rotation may be induced by either local or regional 

mechanisms. Orthogonal cross-joints are likely to be formed during uplift and 

erosion (Bai et al., 2002). Fracture pattems consisting o f  systematic joints and 

cross-joints are generally restricted to the more competent jointing lithologies 

(Narr and Suppe, 1991; Gross, 1993).
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2.3.2 Joint Patterns in non-Stratabound Situations

Greater burial depths favour the formation o f  non-stratabound joints (Figure 2.3) 

under conditions that allow the propagation o f  fractures across bedding 

discontinuities and the consequent development o f  power-law scaling properties 

for spacing. Joints in piassive non-stratabound systems, for example, in a 

granite, are more likely to be random, and the joint spacing and length to follow  

a power-law distribution (Barton, 1996; Odling et al., 1999). The joints are 

likely to terminate at random locations within the rock mass (Gross, 1993). 

According to Gillespie et al. (2001) the different scaling properties o f  

stratabound and non-stratabound joints are attributable to different overburden 

stresses at the time o f  formation. Non-stratabound joints can also be formed 

under conditions o f  uplift. The fracture trace length distributions are likely to 

range over many more orders o f  magnitude than stratabound joints. Non- 

stratabound joints are vertically persistent and their pattems are thought to be 

truly 3D (Odling et al., 1999).

Fracture Length

1 he observed size-frequency distribution o f  natural fracture pattems depends on 

the sampling method used. Fracture pattem property distributions are commonly 

measured in outcrop, for exam ple, from road-cuttings, quarries or wave cut 

platforms as either ID  scan-lines or detailed 2D mapping. Spacings and 

orientations can also be inferred from well logs, a well representing a near

vertical scan-line (Johnson and Dunstan, 1998). Fracture length is commonly 

assumed to follow  a power law size-frequency distribution (for example, Childs 

et al., 1990; Walsh et al., 1991; Scholz et al., 1993; Odling et al., 1999). 

Problems arise with this assumption because: (1) data from a truly exponential 

distribution (Figure 2.4) can mistakenly be assumed to follow a power law by 

using the centre part o f  the log-log plot to fit a power law exponent to the data 

(Borgos et al., 2000); (2) the power-law distribution can mistakenly be classified 

as a lognormal distribution (Segall and Pollard, 1983), although Narr and Suppe 

(1991) found even though the total fracture population may have a power-law 

fracture spacing distribution, the distribution for a single set is more likely to 

follow  a lognormal distribution; and (3) deviation from a power law size-
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frequency distribution is thought to be caused by limited resolution and 

censoring etïects due to the fact that in practice it is not possible to collect spatial 

data over more than two orders o f  magnitude (Odling, 1997; Berkowitz, 2002). 

Limited resolution leads to under-sampling o f  small joints and censoring is the 

term describing inadequate sampling o f  joints that are comparable in size to the 

dimensions o f  the sampling area. Most authors assume that the section o f  the 

observed population affected by resolution has been removed from the sample 

before an analysis is made (Odling, 1997). Corrections for censoring can be 

made using, for example, the Kaplan-Meier method.

I

Power Low

Exponential

Size

Figure 2.4 Data from a truly exponential distribution can mistakenly be assumed 
to follow a power law by using the center part of the log-log plot to fit a power law

exponent to the data

Fracture Clustering

Fractures are observed in 2D  exposures either as relatively isolated structures or 

as en echelon  arrays o f  fractures, a type o f  clustering. Figure 2.3 is a schematic 

o f  an idealised clustered joint pattem showing the relative positions o f  the joints 

and the bedding planes. Note that the joints crosscut the bedding planes, the joint 

sizes cover a wider range than the stratabound joints and spacing tends to be 

clustered. The clustering o f  joints in non-stratabound formations (Gross, 1993; 

Odling, 1992; Olson, 1993; Odling, 1995; Odling et al., 1999; Gillespie et al., 

2001 ) may be caused by, for example, the breakdown or segmentation o f  a parent
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joint (Pollard et al., 1982). A joint that appears as a single, continuous trace on 

an aerial map often consists o f  a series o f  smaller, unconnected en echelon 

fracture traces when viewed at ground level (Odling, 1997). En echelon 

geometry is a typical feature o f  natural fracture systems and reflects the 

mechanics o f  growth o f  these structures (Borgos et al., 2000). Some overlapping 

segments may be physically linked in places by smaller connecting fractures. 

These connecting fractures may be either open or closed. The ratio o f  overlap to 

separation o f  en echelon  fractures typically lies in the interval 1-10 (Gupta and 

Scholz, 2000; Schultz, 2000).

2D  to 3 0

If the underlying population forms a 3D structural network but only a 2D sample 

is analysed, then many fractures will be under-represented in the resulting size- 

frequency distribution (Borgos et al. 2000). A standard method o f  correcting for 

under-sampled distributions is to assume that the sampled fractures derive from a 

population formed by a Poisson point process (for example, Bour and Davy, 

1997; Berkowitz and Adler, 1998), and that the size frequency distribution is a 

power law distribution. In a Poisson point process fracture positions are 

independently, randomly (with uniform probability) distributed in space, and 

fracture length, is independent o f  position. This means that the probability o f  

sampling a fracture depends on its length and not on its spatial position. It also 

implies that the size and position o f  a particular fracture relative to other 

fractures is unrelated. Field observations indicate that these assumptions are 

unrealistic (for example, Bour and Davy, 1999). Deviations from a Poisson point 

process are caused by a non-uniform spatial pattem (clustering) and/or a non

power law size-frequency distribution. If the spatial distribution is not uniform 

but the size distribution is a power law then the difference between the power 

law exponents (that is the difference between the actual and theoretical 

exponents) deviates from those obtained when a uniform spatial distribution is 

considered. In non-stratabound formations fracture clustering is commonplace 

and up-scaling methods that assume a Poisson point process may not be 

applicable.
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If a ID  sample is analysed from a well log, steeply dipping fractures will be 

under sampled relative to the total population o f fractures and relative to the 

number o f  fractures identified in outcrop mapping (Johnson and Dunstan, 1998). 

Sampling from w ells provides information on the fracture spacing, but no 

information on the shapes and dimensions o f  fractures and the connectivity o f  the 

fracture network. To group the fractures into sets care has to be taken to preserve 

the original core orientation and thus to preserve the true fracture trend.

Effects o f  Clustering on Higher Dimensions

If ID  data are extrapolated to two dimensions without considering clustering 

then the relative numbers o f  small-scale fractures will be overestimated in the 

two-dimension distribution, the relative numbers o f  large-scale structures will be 

under estimated, and the size o f  the largest fracture will also be underestimated 

(Borgos et al., 2000). Also the absence o f  any information on spatial correlation 

means that small fractures must be randomly positioned in extrapolation to a 2D  

pattem, whereas in natural pattems they tend to be aligned in en echelon  arrays.

I he same effects occur when extrapolating from 2D to 3D.

Power Law Distribution and Fractal Geometry

A power-law distribution o f  spaces is characteristic o f  fractal geometry (Gillespie 

et al., 2001), that is, scale independent or self-similar geometry. The feature o f  

fractal geometry is that the relative numbers o f  large and small fractures within 

any sized space remains the same at all scales between the upper and lower 

fractal limits (Walsh and Watterson, 1993). For a size-frequency distribution the 

power law exponent is given as -(EH-l), where D is the fractal dimension 

(Gillespie et al., 1993). For a 2D  network, a power law exponent o f -2 .0  implies 

strict self-similarity and the resolution effects at different scales are 

indistinguishable from each other (Odling et al., 1999). For such a system the 

density o f  lines with lengths in a small length interval normalized by the average 

length is a constant. Powers above -2 .0  and below -2 .0  implies fewer large- 

scale joints and fewer small-scale joints, respectively, than in a strictly self- 

similar case. For the strictly self-similar case both the small-scale and large- 

scale joints will play a role in the connectivity. Strictly self-similar distributions, 

though, appear to be more the exception than the rule (Odling, 1997). Odling
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(1997) and Odling et al. (1999) studied Devonian sandstones in western Norway 

and found that only fracture orientation was scale-independent. Trace length 

distribution, fracture density and connectivity and the nature o f  the fracture 

intersections were all found to vary with scale.

2.3.3 Fracture Aperture

The mean fracture aperture and the aperture distribution are two o f  the most 

critical properties in controlling transport (Bloomfield, 1996). The fracture 

aperture is the size o f  the opening measured normal to the fracture wall and the 

nature o f  the contact (o f  opposite fracture walls) is dependent on fracture wall 

roughness (Hakami and Barton, 1990; Vickers et al., 1992). The roughness is the 

measure o f  amplitude deviation from an average trend. Rough (large deviation) 

fractures tend to exhibit a few large areas o f  close contact surrounded by a few  

large channels, whereas smooth fractures exhibit many small areas o f  close 

contact surrounded by a more even distribution o f  small channels (Hakami and 

Barton, 1990). Rough, mismatched fractures show a larger mode and a broader 

distribution o f  apertures than, smooth well-matched fractures.

Besides measuring apertures at outcrop, an in situ  fracture aperture can be 

estimated fmm hydraulic and tracer tests. It is important also to bear in mind that 

as the fracture exposures at outcrop have undergone more stress release than 

fractures at depth the apertures at outcrop do not necessarily represent the 

apertures at depth. The aperture estimated from a hydraulic test is usually larger 

than the aperture o f  a fracture estimated from a tracer test (Yong-Cheol and 

Kang-Kun, 2002 ) due to the presence o f  preferential pathways. If only the larger 

pathways are exploited by flow, then attributing their effects to the whole 

fracture plane gives a certain hydraulic conductivity K, which is smaller than the 

K o f  the conducting parts o f  the fi^cture by a factor p, the proportion o f  area 

covered by the pathways. Conversion to aperture underestimates the true 

pathway aperture by a factor p ‘̂ .̂ When the same is done from tracer tests the 

underestimate o f  aperture is by a factor p. Since p < l, the hydraulic fracture 

aperture estimate is larger.
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Fracture apertures are commonly log-normally distributed (Witherspoon et al., 

1987; Hakami and Barton, 1990) and are likely to be positively correlated with 

fracture length (Odling et ah, 1999). In addition the parameters o f  the assumed 

distribution are likely to depend (for single fractures and between fractures) on 

fracture orientation, the mode o f  fracturing, the stress history o f  the fracture, the 

size scale being considered, spatial position and depth (Neuzil and Tracy, 1981).

The rate o f  flow  through a fracture is veiy sensitive to its ^^erture and according 

to Durham and Bonner (1994) even minor displacements o f  0.5 mm o f  one wall 

relative to the other one can change the fracture flow by five orders o f  

magnitude.

2.4 Fracture Solution Features and Hydraulic Conductivity

Solution features are common in chalk and limestone. The formation o f  solution 

features is controlled by changes in the partial pressure o f  CO2 in ground waters. 

Ground waters with high PCO2 will tend to dissolve CaCOs. In addition, the 

mixing o f  groundwater with different concentrations o f  HCO3’ or PCO2 can 

cause further dissolution (Bogli, 1964). Price (1987) proposed that joints and 

bedding planes that have not undergone dissolution should be known as primary 

fissures. Those joints and bedding planes that have experienced enlargement, 

due to the dissolution process, are known as secondary fissures. Enlarged 

fissures are common in certain parts o f  the Chalk, and high transmissivities 

measured in pumping or hydraulic tests are often attributed to them (Price, 1987). 

Some authors, noting the decline o f  transmissivity o f  the Chalk that occurs when 

water levels decline, suggest that such transmissive fissures are concentrated 

within the zone o f  fluctuation o f  the water table, or in the uppermost 10-25 m o f  

the saturated zone (Price, 1987; Price et al., 1993; Foster and Milton, 1974; 

Headworth et al, 1982). Unpublished studies o f  core logs, down hole logs and 

CCTV suggest that enlarged fissures are found in Chalk at all depths down to at 

least 100 m below the water table (Kachi, 1987; Wootton, 1994). Intense 

fracturing, as a result o f  high pore pressures occurring adjacent to a fault can 

promote development o f  solution cavities (Mortimore, 1993). The intense
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fracturing initiated by high pore pressures is probably not reduced at depth and 

thus provides highly permeable zones right through the Chalk, unlike fracturing 

related to lithology (Mortimore, 1993).

The solution features in the Chalk are laterally extensive with average apertures 

on the order o f  several millimetres (Downing et al, 1993). Apertures, though, o f  

up to several centimetres have either been observed directly or inferred from 

tracer tests. Banks (1995) conducted geophysical and TV logging in the 

Cretaceous Chalk rock o f  Southern England and found that flow in the Chalk 

aquifer is often limited to discrete flow horizons, and that these are often 

macroscopic solution pipes up to several centimetres across. Atkinson and Smith 

(1974) conclude that in order to achieve their observed tracer travel times that 

turbulent flow in an open system o f  fissures widened by solution or conduits 

must be present, whereas Price (1987) reinterpreted their data to suggest that a 

laterally extensive fissure with an aperture o f  several cm might equally be 

responsible.

The primary-flssure component o f  Chalk, can, depending on the frequency and 

degree o f  openness o f  the joints, increase the hydraulic conductivity o f  chalk by 

one to three orders o f  magnitude. The transmissivity can vary from 20 m^.d * to 

in excess o f  1000 m^.d ' depending on how well developed is the secondary 

fissure network (Price, 1987; Lloyd, 1993; Price et al., 1993). Extremely high 

transmissivities may be due to the presence o f  solution pipes or conduits.

2.5 Fundamentals of Hydraulic Properties and Fluid Flow

Matrix Flow

The spatial distribution o f  the matrix hydraulic conductivity is assumed to be 

statistically homogeneous (the spatial variation o f  the hydraulic conductivity is 

insignificant) on the scale o f  most problems and the macroscopic flow can 

therefore be described using Darcy’s Law:

Q = - K A ^
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Where Q  is the discharge in m^.s '

K  is the hydraulic conductivity in m.s'*

A is the cross-sectional area in 

AH/AI is the hydraulic gradient in m.m'*

Fracture Flow

If the aperture variation along a flow path is not large, and the fracture walls are 

not in contact, the flow  is well approximated by parallel plate flow in an opening 

equal to the hydraulic aperture (Iwai, 1976). The reduction o f  a fracture opening 

to a parallel plate model is commonly used (for example, Neuzil and Tracy, 

1981; Odling and Roden, 1991). For parallel plate flow the discharge, g ,  is 

proportional to the cube o f  the separation o f  the channel walls, 6 , commonly 

known as the ‘cubic law’ (Snow, 1965):

„  A'  . A / /  , ^
Q = ’Where K , = —

\2ju A/ 12//

Where Q  is the discharge in m^.s '

Kf is the fix tu re  hydraulic conductivity in m.s ' 

h is the fracture aperture in m 

w is the fracture width in m 

AH/Al is the hydraulic gradient in m.m '

/ /  is the dynamic viscosity in kg.s '.m ' (i.e. Pa.s) 

p  is the fluid density in kg.m'^

^ is the gravitational acceleration in m.s^

Fracture walls are not smooth and planar in reality, resulting in an uneven 

distribution o f  flow velocities within a fracture plane. Thus the aperture o f  a 

smooth parallel plate model with equivalent transmissivity to a real fracture can 

be defined as its hydraulic aperture. The hydraulic aperture is the aperture o f  the 

equivalent parallel plate fracture that gives rise to the same average flow for a 

given hydraulic gradient (Odling, 1997). The hydraulic aperture and the ‘real’ 

mechanical aperture are similar when the aperture is large and the walls are not
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in contact. But as the area o f  contact increases the hydraulic aperture becomes 

increasingly smaller than the mechanical aperture.

For a fractured porous medium flow  can take place within the matrix and the 

fractures. The distribution o f  flow will depend on the spatial distributions o f  

heterogeneities within the rock mass, for example, due to variations in pore sizes 

within the matrix and to variations in fracture orientation, length, density, 

connectivity and aperture. Matrix flow  is likely to be directed to fractures with 

large apertures, especially i f  they are inclined at an angle to the regional gradient. 

In small regions with only a few  fractures the intensity o f  matrix flow  is higher 

for areas where the fracture aperture is small and where adjacent {en echelon 

type) unconnected fractures overlap (Odling and Roden, 1997).

2.5.1 Hydraulic Conductivity and Flow

2D  and 3D

A 2D  fracture network will tend to underestimate the hydraulic conductivity 

compared with a 3D  network (Witherspoon et al., 1987) due to the lower 

connectivity o f  the fracture network in 2D with respect to that in 3D. A 3D  

fracture network will appear to behave more like a continuum (Witherspoon et 

al., 1987). Thus 2D  sections through a 3D jointed rock may present a misleading 

picture unless carefully interpreted. However, many fracture networks are likely 

to have a flow dimension that lies somewhere in between 2D and 3D (for 

example, Karami and Younger, 2003; Van Tonder et al., 2003), and that analysis 

o f  flow in 2D might under certain circumstances be more appropriate.

Stratabound

Stratabound joints can be highly connected due to the orthogonal 3D network o f  

regularly spaced joints. However, a 2D  representation o f  joints normal to the 

bedding plane is likely to be a good approximation o f  the true joint structure and 

connectivity i f  the bedding plane is not open, and does not have a dominant 

control over flow, for example in a shale-limestone sequence. The hydraulic 

conductivity at small-scale is likely to be controlled by the connectivity and
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continuity o f  the 3D  systematic and cross-joint and bedding plane fiacture 

system. At larger scales it is more likely that multi-layer uplift joints will be 

encountered. The hydraulic conductivity at large-scales is likely to be sensitive 

to the fiacture aperture, connectivity, density and continuity o f  the multi-layer 

joints.

N onStratabound

The connectivity o f  a 2D  non-stratabound pattern, as measured at outcrop, is a 

minimum since fiactures unconnected on the surface may be connected at depth. 

On the small scale fractures are likely to be highly connected only in the vicinity 

o f  a fiacture cluster. Due to the random nature o f  the spatial positions o f  the 

clusters the degree o f  connectivity and the fiacture density is likely to vary 

greatly over relatively short distances (Odling, 1995). At larger scales it is more 

likely that ‘master’ joints w ill be encountered. The large joints may connect the 

individual clusters, resulting in either an increase in the degree o f  flow  through 

the network i f  the connecting joint enhances hydraulic conductivity, or a 

decrease in the rate o f  flow  i f  the joint acts as a barrier (to flow), has a low  

hydraulic conductivity or the joint is not continuous (Odling, 1995).

Hsieh and Shapiro (1996) showed that hydraulic properties o f  non-stratabound 

formations are a fimction o f  scale by conducting a series o f  hydraulic tests in a 

fi-actured granite at the Mirror Lake site, USA. They demonstrated firstly, that 

only one to three fiuctures in each well are highly transmissive, and secondly, 

that the few  highly transmissive finctures connect with one another locally to 

form fix tu re  clusters. These highly transmissive fiacture clusters, in turn, are 

connected to one another by fiactures that are comparatively lower in 

transmissivity by several orders o f  magnitude. Witherspoon et al. (1987) 

demonstrated numerically that as the variance o f  the aperture distribution is 

increased (for a fixed fiacture length-aperture correlation) the hydraulic 

conductivity is decreased. The fractures with smaller apertures exert a control on 

the hydraulic conductivity o f  the overall network. The larger fractures 

(equivalent to the fiacture clusters in Hsieh and Shapiro’s work) are rendered 

ineffective at exerting control on the hydraulic conductivity. On the other hand if
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the correlation between the fracture length and aperture is increased (for a fixed 

variance o f  aperture distribution) the hydraulic conductivity is increased.

The efficiency o f  a non-stratabound firacture network for conducting fluid can be 

gauged by the proportion o f  the total fracture trace length that belongs to the 

largest fracture cluster (Odling, 1997). Odling (1995) observed an increase in the 

number o f  clusters and an increase in the proportion o f  the total fracture trace 

length associated with the largest cluster with an increase in the fracture density 

o f  sandstone. Odling observed that as the scale is increased there is a change 

from a situation with a number o f  small to intermediate clusters to a situation 

with one large cluster and many small clusters.

Backbone

When a hydraulic gradient is applied across a fractured area the majority o f  the 

flow takes place along the backbone (Odling, 1995). (The backbone is defined 

as the part o f  the percolating cluster with dead-ends removed. The percolation 

threshold defines whether a cluster percolates or not and is the point at which 

continuous fracture flow can take place between two defined boundaries.) Even 

at high fracture densities, the flow  properties are dominated by the backbone. 

For a fractured porous medium, though, advection is allowed between fractures 

and the matrix, and so non-percolating clusters and dead-ends o f  percolating 

clusters act to enhance the bulk hydraulic conductivity (Odling, 1997).

Fracture Connectivity/Density

The hydraulic conductivity is a function o f  not only the degree o f  fracture 

connectivity but also the fracture density. Large numbers o f  short fractures are 

likely to be less well connected than a few long fractures (Odling, 1997). Odling 

(1997) studied Devonian sandstones in western Norway and found that 

increasing the scale o f  observation resulted in an increase in the fracture density 

but also a decrease in the trace length distribution variance. Odling concludes 

that for small rock volum es, the longer fiactures are well connected and as they 

are the most conductive feature, control the fluid flow. For large volumes.
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however, the longer fractures are not continuous and fluid flow is controlled by 

the smaller fractures.

Continuum Scale

A fractured porous rock behaves like an equivalent porous medium when (1) 

there is an insignificant change in the value o f  the equivalent permeability with 

small changes in scale and (2 ) an equivalent permeability tensor exists which 

predicts the correct flux when the direction o f  the constant hydraulic gradient is 

changed (Long et al., 1982). If a fractured porous medium behaves as an 

equivalent porous medium then 1/K*^, where K is the hydraulic conductivity, 

versus angle to the direction o f  the general hydraulic gradient forms an ellipse 

when plotted on polar coordinates (Bear, 1972, Long et al., 1982; Khaleel, 1989). 

For inhomogeneous fractured media it may not plot as a smooth ellipse. If an 

approximate ellipse is formed then the area o f  interest can be treated as a 

Representative Elemental Volume (REV) and can be modeled using continuum 

techniques but only for scales larger than the REV (Witherspoon et al., 1987). 

The presence o f  an REV implies that the properties o f  an aquifer, for example, 

void size, are distributed such that the spatial average varies smoothly over the 

region o f  interest. A stratabound formation is more likely to have a definable 

REV due to the range limited and regular fracture spacing and length 

distributions. A non-stratabound formation is only likely to have a definable 

REV if  small-scale fractures control the flow.

2.6 Hydrodynamic Dispersion

Advection describes the mean transport rate o f  a non-reactive solute and 

hydrodynamic dispersion describes the macroscopic spreading or variation about 

the mean (Pickens and Grisak, 1981). Hydrodynamic dispersion consists o f  two 

processes, molecular diffusion and mechanical dispersion. The hydrodynamic 

dispersion coefficient is given by the expression D  = Dm + orv", where Dm is 

molecular diffusion, v is the advective velocity and a  is the dispersivity, which 

has units o f  length if  the flow  dimension, «, has a value o f  one.
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For a homogeneous, isotropic porous medium the tracer particles are distributed 

about the centre o f  the tracer plume, with the centre travelling at the average 

linear velocity o f  the groundwater, and the spatial distribution following a 

Gaussian form.

Hydrodynamic dispersion is a macroscopic description o f  the effects o f  a 

microscopic process. A macroscopic process is defined here as a process that 

varies smoothly over the region o f  interest. The velocity, Vx, o f  a tracer particle 

travelling through a fractured porous medium will be affected by: (1) external 

forces acting on the fluid; (2) the intricate geometry o f  the pore and fracture 

system; (3) molecular diffusion caused by tracer concentration gradients; (4) 

variations in the fluid’s properties such as viscosity; (5) changes o f  the tracer’s 

concentration due to chemical and physical properties within the liquid phase; 

and (6) interaction between the liquid and solid phases (Wiest, 1969). The 

matrix consists o f  irregularly shaped pores with randomly distributed sizes and 

orientations creating highly tortuous flow paths. Superimposed on the matrix is 

the heterogeneous network o f  fractures. The tortuous flow paths, fracture surface 

roughness, total or partial closure o f  the fracture, mineral precipitates clogging  

the fracture, mixing at fracture intersections, the fracture to matrix interaction, 

and the velocity distribution across the pore width and fracture aperture cause the 

flow  velocity to vary in magnitude and direction. The varying flow velocities 

cause the fluid to spread in the direction o f  flow, a process known as longitudinal 

dispersion, and perpendicular to flow, a process known as lateral dispersion.

The Advection-Dispersion Equation (ADE) describes the macroscopic behaviour 

o f  tracer undergoing Fickian transport in a fully saturated, homogeneous and 

isotropic media. It has been shown (Bear, 1972) that the dispersion in a porous 

medium is Fickian provided that the fluctuations in microscopic velocity from 

place to place are random. The 1D ADE is given as:

Where C is the concentration o f  the advecting tracer in kg.m'^
2 -1D l is the coefficient o f  longitudinal hydrodynamic dispersion in m s
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t is the time in s

Vx is the advective velocity in m.s’*

jc is the distance in the flow  direction in m

The coefficient o f  longitudinal hydrodynamic dispersion o f  a tracer is defined as 

the spatial distribution o f  a tracer concentration about its centre o f  mass. The 

centre o f  mass o f  the tracer cloud advects with the average groundwater flow  

velocity. The degree o f  dispersion is characterized by the dispersivity 

coefficient, a , and is given as D //v. Dispersivities measured in the Chalk vary 

from a few cm, for laboratory scale measurements, to a little over 100 m, at the 

field scale (Barker, 1993). The ADE concept requires an REV to be defined. At 

certain scales, however, this might not be possible because o f  large local 

variations in flow velocity and hydraulic conductivity.

On the microscopic scale, dispersion results mainly from diffusion and 

microscopic variations in flow velocity and on the macroscopic scale dispersion 

is caused by hydraulic conductivity contrasts within a medium (Schwartz, 1977). 

For a single fracture the dispersion is likely to depend on the fracture aperture, 

the fracture roughness and the type and frequency o f  bridging material within the 

fracture plane (Grisak and Pickens, 1980). For fracture networks dispersion is 

likely to be caused by the presence o f  multiple pathways through the intersecting 

network o f  fractures. The larger the contrast between the permeabilities o f  a 

fractured network the more significant the dispersion (Schwartz, 1977).

Matrix Diffusion

Matrix diffusion (Figure 2.5) is the movement o f  solute under a concentration 

gradient between fractures and matrix and is normally the dominant transport 

process in dual-porosity media. A dual-porosity media is one in which the 

matrix has negligible hydraulic conductivity but accounts for the majority o f  the 

fluid storage, whereas the fractures are highly permeable with little storage 

ed a c ity .
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Matrix

Figure 2.5 Schematic diagram showing hydrodynamic dispersion within a fracture 
and matrix diffusion between the fracture and the matrix. Fracture is idealised as

smooth walled and parallel.

The diffusive flux into the matrix is proportional to the concentration gradient, 

and is related to the aperture size and fracture spacing (Grisak and Pickens, 

1980). For matrix diffusion to dominate the matrix-fracture exchange, advective 

exchange must be very small or zero, a situation only likely to occur in fractured 

porous media if  the fracture networks are very well connected and percolating so 

that they carry almost all the water flux through the region o f  interest. Matrix 

diffusion can be an important process in media with porosities as low as 5% 

(Bodin et al., 2003). The effect o f  the matrix is to provide solute storage, with 

the rate o f  change o f  storage within the matrix related to Pick's second law o f  

diffusion. Pick’s second law is given as:

—  = v ĉ
St

Where C is the concentration o f  the advecting tracer (kg.m"^) 

t is the time (s)

is the rate o f  change o f  concentration (kg.m'^.s'^)
dt

De 'is the effective diffusion coefficient (m^.s’’)
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If the flow only occurs within the fracture the net effect o f  the matrix diffusion is 

to retard the arrival o f  the solute at any point along the fracture. Fracture 

coatings may alter the retardation. Grisak and Pickens (1980) conclude that the 

fracture aperture and thus groundwater velocity would have to be higher than 

most conceivable hydrogeological conditions before the effects o f  matrix 

diffusion are eliminated.

Figure 2.5 is idealised as a smooth walled, parallel plate fracture. In reality the 

fracture surface is not smooth and the walls are not parallel. Figure 2.6 shows 

how diffusion may play a role for transport in the mobile-immobile pore space 

within the fracture with an undulating fracture-matrix interface.

Low Flow Zone
Low Flow Zone

Matrix
Matrix

Diffusion
Diffusion Advecting Solute 

FrontDiffusion
Diffusion

Matrix

Fracture-Matrix Interface lqw Flow ZoneLow Flow Zone

Figure 2.6 Schematic diagram showing the mechanical dispersion within fracture 
and diffusion into and out of low flow zones. Matrix diffusion is not shown.

The tracer particles are not retarded since they remain at all times in the flow  

field. Instead the change in residence time distribution is caused by particles in 

low flow regions diffusing to high flow regions and vice versa. Addison et al. 

(1998) point out that due to the likely presence o f  heterogeneity on all length 

scales migrating tracer is likely to encounter progressively greater dispersion, 

caused by the delay o f  dispersing particles in stagnant zones, turbulence, dead

ends and bottlenecks. This type o f  diffusion process has the effect o f  evening out 

the transit time distribution due to mechanical dispersion (see below) and 

attenuates the tailing o f  a tracer breakthrough curve (Taylor, 1954). This effect 

is most pronounced in a flow field in which the flow is dominated by ID flow
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paths, and advective transport is not dominant, rather than in a complex 

intersecting network, since by definition for diffusional effect to be noticeable 

De> > czv.

Fracture surfaces have been altered in many cases with coatings o f  various clays, 

humic substances and minerals (Abdel-Salam et al., 1995). A fracture coating 

can act to reduce the rate o f  solute diffusion across the fracture-matrix interface. 

Robinson et al. (1997) showed that where a fracture coating is not present the 

fracture to matrix diffusion has a significant effect on tracer retardation. Altered 

fracture surfaces, though, are common place and have been found in ash flow  

tuffs, granite, sandstone, limestone, clay, shale, chalk and halite. Shand and 

Bloomfield (1995) found manganese spots, iron rich clays, needle fibre calcite, 

illite and montmorilIonite clays and detrital grains o f  quartz, barite and gypsum  

on fracture surfaces in the Chalk. The coating formation is also an important 

indicator o f  hydraulically active or historically active fracture surfaces. For 

example, the abundance o f  the manganese spots on marl horizons in the fractured 

Chalk is evidence o f  extensive regional flow. As long as the fracture remains 

hydraulically active the fracture surface will continue to evolve.

M echanical Dispersion

For a homogeneous and isotropic medium the irregularly shaped pores have 

randomly distributed sizes and orientations creating highly tortuous flow paths. 

The tortuous flow paths and the velocity distribution across the pore width cause 

the flow velocity to vary, in magnitude and direction. The mechanical dispersion 

expresses the relative degree to which the average velocities o f  individual 

particles are spread across all possible flow paths. In fractured porous media 

there are two scales o f  mechanical dispersion: the small scale mechanical 

dispersion due to flow  field variations within the fracture plane and the matrix; 

and the large scale mechanical dispersion due to the fracture network imparting a 

highly heterogeneous flow  field. Sparse flow paths and non-random structures 

are likely to enhance the mechanical dispersion and produce non-random 

velocity variations.
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2.7 Fracture Spacing, Connectivity, Flow, Transport and Scale

This thesis describes an investigation o f  the influence o f  aquifer structure on 

contaminant transport at the sub-continuum scale. Stratabound geometry is 

characterised by a 2D /3D  network o f  orthogonal fractures consisting o f  bedding- 

plane fractures and vertical (systematic and cross) joints, and is typically found 

in thinly bedded sedimentary formations. On the other hand, non-stratabound 

geometry is characterised by a truly 3D network o f  fractures, and is typical o f  

massive sedimentary beds or hard rock formations. Non-stratabound fractures 

tend to cluster and form en echelon  arrays. A real fracture network will show  

characteristics o f  both stratabound and non-stratabound geometries. The 

influence o f  fracture geometric properties and scale on flow and transport were 

not directly investigated in the thesis but because o f  their importance a few  

aspects are mentioned here.

On the scale o f  fracture networks the fracture connectivity, degree o f  clustering, 

and linkage between clusters (via fractures or matrix) have a strong influence on 

the variation o f  flow and transport with scale. These geometric properties vary 

for stratabound and non-stratabound networks. The following sections discuss 

how these fracture geometric properties at varying scales affect the flow and 

transport properties o f  fractured porous rock.

Flow and transport do not scale in a similar way. When bulk hydraulic 

conductivity is calculated, the fluid flow is averaged over the whole cross-section 

or region o f  interest. For solute dispersion this type o f  averaging is impossible. 

An REV for flow can be defined as a volume o f  rock whose mean hydraulic 

conductivity does not vary significantly i f  the volume is varied incrementally, 

and which varies smoothly if  the volume is translated through the medium. For 

transport, the hydrodynamic dispersion depends on the variability o f  flow, and 

thus on the variance o f  conductivity, so a transport REV should be defined as one 

in which the variance o f  conductivity does not change significantly under 

incremental expansion o f  the volume, and changes smoothly under translation. 

Since accurate estimation o f  variance always requires larger samples than 

accurate estimation o f  mean, the REV will always be larger for transport than for
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flow. This is especially true for fracture networks with low  fracture densities 

near the percolation threshold, with high fracture aperture variability, and with 

many flow pathways (Bear et al., 1993).

Stratabound Formations

Odling and Roden (1997) conducted 2D simulations o f  flow and transport in 

fractured porous media and concluded that when the matrix is significantly 

permeable, connectivity may play a secondary role in transport to fracture 

orientation and density. They found that disconnected fractures oriented parallel 

to the hydraulic gradient can generate complex breakthrough curves with many 

peaks. A connected fracture system produced smoother breakthrough curves, 

many o f  which resembled those produced by a homogeneous and isotropic 

porous media.

On the scale o f  an individual bed (small scale, several to tens o f  metres) the 

degree o f  fracture connectivity is likely to vary spatially. At larger scales (many 

tens to lOO’s o f  metres) it is likely that the spatial distribution o f  the small scale 

fractures will be uniform and that their connectivity is spatially invariant, but it is 

also likely that more widely spaced joints that cross many mechanical layers will 

be encountered, resulting in an increase in the degree o f  connectivity o f  the joint 

network. The larger, widely spaced fractures, if  open and well connected, will 

tend to control the tracer transport, resulting in an increase in dispersivity with 

scale. Otherwise the smaller (well connected) fractures linking the larger, poorly 

connected and widely spaced fractures will tend to control transport and the 

dispersivity is less likely to increase with scale.

According to Fried (1975) and Gelhar et al. (1979) the degree o f  dispersion as 

measured in the field increases with the scale o f  the experiment. Field 

dispersivities can be several orders o f  magnitude larger than those indicated by 

laboratory tests with similar materials. The magnitude o f  the dispersivity 

measured in the field increases with the scale o f  the experiment. This increase in 

dispersivity with scale may be a direct result o f  the change in the connectivity 

with scale. Although it is also possible that it arises through fitting an ADE 

model to experiments in which other processes, for example, double-porosity
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diffusion, are important. If the fitted model does not include an appropriate 

representation o f  these, then the fitted dispersivity will be larger than the true 

value as a result. Since double-porosity diffusion effects increase with transit 

time more rapidly than do those o f  constant dispersivity dispersion, the field 

dispersion coefficient must increase with scale.

N onStratabound Formations

Tracer transport in non-stratabound formations is sensitive to the degree o f  

fracture connectivity and to the type o f  pathway (major fractures or matrix) 

connecting the clusters. Even though the fracture spacing is (commonly) 

assumed to follow  a power-law distribution and the degree o f  fracture clustering 

to be se lf similar at all scales, transport processes may not, due to the clustered 

nature o f  the fractures, scale in a similar fashion. At the scale o f  a fracture 

network, the flow through the system as a whole is likely to be controlled by the 

transmissivities o f  the pathways joining the individual clusters. The pathway can 

either be a fracture (with variable aperture) or the matrix. If the transmissivities 

o f  the joining pathways have a wide distribution it is the pathways with small 

transmissivities that are likely to control the form o f  a tracer breakthrough curve 

as suggested by Becker and Shapiro (2000). If the transmissivities o f  the joining 

pathways have a limited distribution, and are low, it is the diffusive processes 

that are likely to control the form o f  a tracer breakthrough curve as suggested by 

Garcia-Gutierrez et al. (1997).

In summary flow  and transport processes in fractured porous media are 

controlled by fracture aperture variance, connectivity, density, spatial distribution 

and size and linkage type between the clusters. Transport processes are a 

complicated function o f  the proportion and orientation o f  long, low-density, open 

fractures and the short, high-density fractures present within the rock mass. In 

addition these geometric properties vary with scale and network type 

(stratabound versus non-stratabound). To investigate their effects it is common 

to employ modelling techniques and the following section describes some o f  

those commonly used.
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2.8 Fundamentals of Flow and Transport Modelling

Due to statistically com plex distributions o f  geological heterogeneity and 

multiple length scales in natural porous media, three approaches, in addition to 

analytical models, are commonly used in describing fluid and solute transport in 

natural fractured formations: (1) discrete fracture models, (2) continuum models 

using effective properties o f  discrete grids, and (3) hybrid models that combine 

discrete large features and equivalent continuum grid properties (Lee et al., 

2001). This section describes analytical, continuum and discrete models in a 

general sense and points out some o f  their advantages/disadvantages for the 

modelling o f  flow  and transport in fractured media.

Dual-Porosity M odels

In a dual-porosity model the porous media can act as a storage reservoir for fluid, 

and as a storage/release reservoir for solutes (Berkowitz, 2002). The ratio o f  

dispersion to advection times is o f  the order o f  the Peclet number, defined as 

L v/A  where L is the diffusion length, v is the advective velocity and D  is the 

diffusion coefficient. Diffusion is dominant when the Peclet number for the 

matrix is much less than unity. When this is so the assumption o f  immobile 

matrix water is appropriate and the resulting model is referred to as a dual

porosity model. If the advection rate in the matrix is not negligible then a dual

permeability model is appropriate (Barker, 1993).

Dual Perm eability M odels

In a dual-permeability model the matrix forms an active part o f  the flow and 

transport system. The interaction between the fractures and adjacent rock 

strongly determines the flow and transport through the entire system. This type 

o f  model can account explicitly for the effects o f  individual fractures on fluid 

flow  and solute transport (Berkowitz, 2002). Due to the complexity o f  the flow  

field in dual-permeability models they are normally solved numerically.
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2.8.1 Flow Models

Analytical M odels

Analytical solutions o f  saturated flow  to a well in fractured rock have been 

developed by, for example, Streltsova (1976), Moench (1984) and Barker (1988). 

A fundamental result o f  these studies is that it is important to understand the flow  

across the fracture surface to understand the flow to a well properly. If flow  in 

the matrix is regional a dual-permeability model is more appropriate and the flow  

across the permeable fracture surface must be taken into account (Berkowitz, 

1998), whereas if  the matrix flow  is only locally important then a dual-porosity 

model is more ^propriate. Analytical solutions are only suitable for solving for 

flow  in single and parallel fractures or for fracture networks that behave as 

Equivalent Porous Media (EPM). More complex fracture network geometries 

are generally analysed by the use o f  numerical models (Berkowitz, 1994).

Continuum M odels

A continuum model is based on the assumption that the properties o f  the 

fractured medium can, on some scale, be defined as a continuum. The 

continuum scale can be defined as the scale at which a parameter varies smoothly 

from place to place. The presence o f  an REV implies that the properties o f  an 

aquifer, for example, void size, are distributed such that its entire local variance 

is sampled at the REV scale or above. The exception being for flow, where the 

mean may be adequately represented but the variance may have been under

sampled. Continuum models are applicable when either the fracture network is 

dense and highly interconnected (neglecting contributions from the host rock) or 

when the interaction between the fracture network and the porous/permeable host 

rock allows sufficient interaction to establish local flow equilibrium.

An approach based on the assumption that an REV exists at a sufficiently small 

scale can be justified i f  a formation contains a dense network o f  highly 

interconnected fractures. If an REV can only be defined at a scale similar to the 

problem o f  interest, as is the case for poorly connected fractures, and/or if  a 

network clearly consists o f  fractures with no characteristic size limit, then the 

REV approach is inappropriate (Berkowitz, 2002).
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If an REV can be defined, or i f  the appropriate scale o f  REV can be chosen, the 

continuum model approach is a powerful tool because the exact fracture 

geometry and hydraulic properties are not required and a fractured volume, 

representing the REV, can be modelled using, for example, a single hydraulic 

conductivity tensor. A Continuum model, though, is only valid for the property 

for which it is defined. A model o f  the hydraulic conductivity distribution will 

not adequately model tracer transport. A Continuum model may not capture the 

true fracture anisotropy, or inhomogeneity, at the REV scale and its effect on 

tracer transport. A much more fundamental problem is that the sub-REV 

properties governing transport must be parameterised into a model-dependent 

‘constant’, such as the dispersivity. This entails assumptions about the 

mechanisms causing dispersion and the underlying structure o f  the aquifer, 

which may be unjustified by evidence. With flow, this is not the case as the 

basic process is not in question.

Discrete M odels

In discrete fracture flow models the geometry o f  the fracture network is included 

explicitly. Full information is therefore required about the fracture geometry and 

hydraulic properties. The distribution o f  hydraulic head is computed throughout 

a fractured region on which a hydraulic gradient has been imposed. Flow in the 

fractures is normally assumed to be laminar and obey the cubic law and flow in 

the matrix is assumed to obey Darcy’s Law. Laminar flow is a suitable 

assumption except where the fracture opening has been substantially enlarged by 

solution to form conduits.

One o f  the factors which controls the accuracy, in terms o f  flow pattern and 

transport, o f  discrete fracture flow models is the degree to which the fracture 

simulations reproduce the natural fracture system ’s connectivity (Odling, 1995). 

In a discrete model deterministic and stochastic methods are used to produce 

fracture patterns. The methods differ in the way the fracture geometry and 

hydraulic properties are created but they are similar in the way the flow field is 

solved for and tracer transport simulated. Because the geometry o f  the 

subsurface is generally unknown, discrete models are normally used
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stochastically. Deterministic and stochastic simulations o f  fracture geometry, 

even when otherwise well-constrained, fail to capture the connectivity o f  natural 

fracture patterns (Bour and Davy, 1999; Odling et al., 1999). For both types o f  

models the background host rock hydraulic conductivity is generated using the 

mean and standard deviation o f  a hydraulic conductivity probability distribution. 

The spatial distribution o f  the background permeabilities can either be generated 

randomly or with a spatial correlation length.

The discrete fracture network is imposed on the host rock. If the fracture 

geometry and hydraulic properties are known, or at least constrained to a large 

extent, then the deterministic method can be used. If the fracture geometry and 

hydraulic properties are not known, as is usually the case, the discrete fractures 

are imposed stochastically and the fracture geometry and hydraulic properties are 

chosen from statistically generated fracture properties, for example, fracture 

length, spacing, orientation and aperture, with distribution parameters derived 

from measurements at outcrop. A statistical description o f  fracture networks is 

possible if: (1) the fracture pattern is uniform in a statistical sense; (2) it is 

possible to obtain a sample that is statistically representative; and (3) the spatial 

distribution o f  a fracture is not too complex. As such the stochastic method is 

site specific. Monte Carlo simulations are used to produce a statistically 

homogeneous ensemble o f  possible fracture pattern outcomes and to evaluate the 

effect on the flow o f  the differences in hydraulic conductivity between the 

simulations o f  the medium (Renard and de Marsily, 1997).

The problem with the stochastic method is that fracture length, orientation and 

spacing give little information about the properties o f  the fracture networks in 

terms o f  the fracture connectivity and types o f  intersections (Odling et al., 1999). 

And when ^ p ly in g  a transport model (see next section for methods) it is not 

possible to predict a unique travel time but rather a probability distribution o f  

travel times is predicted (Tsang and Neretnieks, 1998), because o f  the stochastic 

nature o f  the simulations. Tsang and Tsang (1993) proposed that although it is 

not possible to predict a particular breakthrough curve at a specific location 

because o f  its variation, an average o f  the tracer breakthrough curves over a large 

domain can be taken and if  the averaging domain is larger than the heterogeneity

67



spatial scale, the results are much more stable and are independent o f  detailed 

variability.

The main disadvantages o f  the stochastic method are: (1) that there seems to be 

little consensus on the appropriate fracture property distributions to use, perhaps 

because o f  the complicated stress histories o f  many fractured rocks and the 

problem o f  identifying and extracting those sets o f  fractures which are 

genetically related; (2) fracture truncation and censoring affects the choice o f  

distribution; and (3) it is not possible to predict a unique breakthrough curve at a 

specific location.

An example o f  discrete modeling is the Tracer Retention Understanding 

Experiment (TRUE) Block Scale project (Winberg et al., 2003) which involved 

the modeling o f  groundwater flow and transport at the Àspô Hard Rock 

Laboratory, Sweden. The site is a proposed radioactive waste disposal site. The 

project involved nine international modeling teams using both deterministic and 

stochastic modeling techniques. None o f  the modeling teams were able to 

adequately model the transport processes.

2.8.2 Transport Models

The two most commonly used methods to simulate transport for fractured media 

use either, analytical and numerical solutions to the ADE, or particle tracking, 

using a Random Walk technique. In the ADE the dispersion is parameterised in 

the form o f  the dispersivity or dispersion coefficient. The Random Walk 

technique is only partially parameterised. Both models assume that an REV can 

be defined and a fundamental assumption that macroscopic dispersion is Fickian. 

At the REV scale it is thought that the dispersivity asymptotically approaches 

some constant value, where the macroscopic transport processes converge on 

Fickian behaviour.

Dual-Porosity

The dual-porosity model has been developed for flow and transport in fractured 

rock for single and discrete parallel fractures in a porous matrix by, for example.
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Grisak and Pickens, (1980), Tang el al. (1981), Barker (1982), Sudicky and Frind 

(1982), and Maloszewski and Zuber (1985), where the solute transport through 

fractured media is a combined process o f  advective-dispersive transport within 

the fracture and diffusive (Fickian) transport into and out o f  the adjacent matrix 

block (Figure 2.5). The matrix is commonly assumed to be an infinite slab. The 

fracture aperture controls the fracture velocity and affects the concentration and 

total mass ratios o f  solute transported in the fracture to solute stored in the 

matrix. The solutions take into account some or all o f  the following processes: 

advective transport in the fiacture, longitudinal mechanical dispersion 

(combination o f  mixing in the direction o f  the fracture axis due to the parabolic 

velocity profile and the roughness o f  the fix tu re  walls) in the fiacture, molecular 

diffusion in the fracture fluid along the fracture and into the matrix, adsorption 

onto the fracture surface and adsorption within the matrix, and radioactive decay. 

Barker (1985) introduces the concept o f  the Block Geometry Function to 

investigate the influence o f  the matrix block geometry on transport. Moench 

(1995) considers flow in a radially converging flow field in which blocks are 

spherical.

The analytical solutions, although important to the understanding o f  the 

fundamental phenomena in solute transport (for example, the effects o f  fracture 

aperture, fracture spacing, diffusion rates, matrix porosity, sorption, and fiucture 

coatings) and also necessary for verification o f  numerical methods, suffer from 

the usual limitations o f  initial and boundary conditions plus the restrictions 

imposed by multidimensionality o f  transport (Noorishad and Mehran, 1982). 

Analytical solutions are only suitable for solving for transport in single and 

parallel fractures. The models assume simplistic fracture networks and they do 

not take into account, for example, changes o f  connectivity with scale and so are 

not able to predict scale-dependent dispersivities. Therefore, more complex 

fracture network geometries are generally analysed by the use o f  numerical 

models (Berkowitz, 1994).
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2.8.3 Particle Tracking with the Random Walk Technique

The random walk technique commonly conceptualises transport as the movement 

o f  discrete packets o f  m assless (neutrally buoyant) marked particles across a 

model region. The transport is split into two independent components at discrete 

time steps: (1) an advective component, directly related to a large-scale, 

explicitly characterised velocity field; and (2) a dispersive component, 

representing small-scale velocity distributions. For a finite-difference solution to 

Laplace’s equation the particles are tracked from one cell to another sequentially. 

Although the advective component produces a dispersive effect it is not 

parameterised whereas the dispersive component is modelled by adding a 

random fluctuation drawn from a Gaussian probability distribution. The 

dispersive component is therefore parameterised using the mean and standard 

deviation o f  the Gaussian distribution. The Gaussian distribution is appropriate 

because when random walk theory is applied to a uniform Euclidean system, the 

mean square displacement o f  a particle tracer cloud taking statistically 

independent steps is a linear function o f  time, t and is related to the diffusion 

coefficient, by a ]  = 2K t (Addison et al., 1998). The growth o f  variance can

be generalized for an anomalously dispersing particle cloud and in non-Euclidean 

systems is given by:

~ t

Where is a measure o f  the spread o f  the particle cloud, f is the time and Dw is

the fractal dimension o f  the random walk. If D„,=2 this implies that the square 

displacement o f  the random walk grows linearly with time where K  is the 

constant diffusion coefficient. If the dispersive components are independently 

drawn at each time step, the particle tracking method is equivalent, for an infinite 

number o f  time steps, to the solution o f  the ADE. This type o f  transport is 

characteristic o f  Fickian dispersion. In this regime, the average probability 

density function P (X j)  o f  finding a dispersing particle at point X  at time t is 

given by a Gaussian distribution.
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P { X j )  = —= e x p  
ylA/üKt

where r r = 2 K t  \s the variance o f  the distribution
4/C/ ^

and P(X,t) is proportional to the solute concentration. X is the distance from the 

mean. If is greater or less than 2 then the Gaussian distribution does not 

apply and non-Fickian transport results. For >2 and Dw <2 the diffusion is 

known as anomalous diffusion (Addison et al., 1998).

The particle tracking routine used by MODPATH (Pollock, 1994) does not 

incorporate a random walk component to model small-scale velocity variations. 

Pollock makes the assumption that the small-scale variations are negligible 

compared with the large-scale velocity variations from one fmite-difference cell 

to another. MODPATH does include a linear interpolation method to compute 

the flow field, and thus particle position, at points in between the cells. An 

interpolation method is useful where the cells are large and are on the order o f  

several hundred metres.

The particle-tracking, random-walk method offers a robust alternative if  for 

reasons o f  computational effort discretization requirements cannot be met 

(Kinzelbach, 1990), in that the time o f  simulation is a function o f  the number o f  

particles simulated and not the number o f  the nodes in the domain (Addison et 

al., 1998). According to Kinzelbach the random walk method does not show any 

numerical dispersion in the classical sense. Another advantage is that the 

dispersion tensor does not have to be identified. The random walk method is a 

crude method as far as the estimation o f  local concentrations is concerned. The 

particle-tracking methodology employed by 2DFlow is discussed in Chapter 3, 

Section 3.6.5.

2.9 Tracer Tests

A tracer test involves the injection o f  a marker fluid (or in some cases particles) 

into either a natural or forced gradient flow field and the detection o f  the tracer at 

a point down gradient fix>m the injection. The tracer can be injected into a well, a 

sinkhole or a surface watercourse, and abstracted from a well, a spring or a 

surface watercourse. A tracer test is conducted to estimate the travel time
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between an injection and abstraction point, to estimate dilutions, to establish 

groundwater flow mechanisms (fracture versus inter-granular flow), to measure 

the effective porosity, and to prove connections between recharge and discharge 

points. Common types o f  artificial tracers are dyes, solutes, colloids, dissolved 

gases, isotopes and microbiological tracers. Environmental tracers are 

substances that are widespread in the environment (especially the atmosphere) 

and with a known or deducible constant in groundwater recharge. From these 

properties groundwater’s residence times, mixing, and generalised flow pathways 

can be deduced under favourable circumstances. Examples are ^H, ^̂ Cl and 

other radioisotopes, and persistent manmade substances such as CFCs and SFô.

Two types o f  artificial tracer tests are commonly conducted, natural gradient and 

forced gradient tests. A natural gradient test (for example, Atkinson and Smith,

1974; Barnes, 1999) can be conducted over several metres to many kilometres. 

It involves the injection o f  a tracer into one, or more, wells and monitoring its 

arrival and concentration at one, or more, wells down gradient o f  the injection 

point. Natural gradient tests are time consuming and the down gradient wells 

may not be appropriately positioned leading to low tracer percent recoveries and 

in some cases no detection at all. As such forced gradient radially converging 

flow  tracer tests are commonly used (for example, Becker and Shapiro, 2000; 

Riley et al., 2001 ). A forced gradient tracer test has the advantage o f  controlling 

the flow and thus the recovery o f  the tracer is more likely. The radial tests are 

easier to conduct successfully but interpreting the results is complicated by the 

radial flow. A forced gradient test is suitable for a few metres to several hundred 

metres and involves the pumping o f  a well at a constant rate resulting in a 

radially converging flow  field around the well. A tracer is injected into a well(s) 

located within the cone o f  depression and monitored at the pumped well. The 

injection and pumped w ell must penetrate the same formation. Radial flow tests, 

in conjunction with pump tests, can be used to determine longitudinal 

dispersivity, effective porosity, matrix diffusion, hydraulic conductivity, and 

idealised fracture aperture and spacing o f  individual layers/fi"acture zones. Table

2.1 provides examples o f  natural and forced gradient tracer tests. For each test 

the rock formation, type o f  tracer, type o f  test, distance o f  transport and hydraulic 

gradient are listed.
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Author Year Journal Rock Type Tracer Type Tracer Test Distance Head Gradient

Atkmson and Simh 1974 Quart J Eng Hydrol Cretaceous Chalk Rhodanune WT Natural Oadient 7750 0.00162

Gamier et al 1985 J o f Hydrol Senonian chalk *H^0.1, and uranine Radial 10.22 not given

Skikon and Wheeler 1988 J o f Applied Bacteriology L'nconfined Cretaceous c h a l Senratia .Maicescens bact. Forced gradient 122 not given

Enterobacter cloacae bact. 366

KI2 Escheikha cob bact. 366

(all 3 in each test)

Gustafsson and Anderson 1991 J. of Hydrology not given Uianine Radial 440 0.0041

Uranine 168 0.031

Iodide 189 0.022

A nano G acid 155 0.052

Price et al 1992 Proc Instn Civ Cretaceous Chalk Photine CU Natural Gradient 3000 0.003

Seiratia Maicescens bact.

E coh. Bact.

Newton 1993 Leeds. MSc Tiiassic Sandstone Fluorescein Natural Gradient 43-345 not given

Banks et al. 1995 Quart. J Eng Hydrol Cretaceous Chalk Fluorescein Natural Oad.. Conduit 4700 0.0036

Ward and WiHianK 1995 BOS, Report W D/95/7 Cretaceous Chalk Fluorescein and photine CU Natural (kadient 40 and 3100 not given

Uoyd et al. 1996 Quart J Eng. Hydrol L ncoh ümestone Fluorescein Radial. Single Fissure 7 0.003

Amino GAcid Radial Single Fissure 6 0.003

Fluorescein Radial Single Fissure 3 0.003

Rhodamine WT Radial Single Fissure 2 0.003

Ptak and Schmid 1996 J o f Hydrol Crystalline Fluorescein and Rhodamine WT Radial 8.9 not given

Fluorescein and Rhodamine WT Radial 12.8 not given

Gateia-Guticirez et a l 1997 J ofCont. Hydrol Crystalline Uranine Radial 20 not given

DTPA

deuterium

Jardine et al. 1999 Wat. Res. Res. Shale Br, He. Ne Natural up to 35 m 0.06

Park et al 1997 J ofCont. Hydrol Granite ’H20 Radial I not given

Bames 1999 Quart. J. Eng Gcol Northern Ireland Chalk Fkiorescein lOOg Natural (kad.. Conduit 2000 0.0275

Natural Grad., Conduit 1360 0.0368

Natural Qad., Conduit 3616 0.0304

Natural Grad.. Conduit 1540 0.0455

Becker and Shapiro 2000 Wat. Res. Res. CiystaUme ^H:O.NaBr, PFBA Radial 36 not clear

Weak Dipole 36 not clear

Meigs and Beauhemn 2001 Wat. Res. Res. CiystaUme Benzoic acids and Iodide Radial II to 42.9 0.3 to 3.7

Streetly et al 2002 Quart. J. Eng. Hydrol Triassic Sandstone Fluorescein. Amino, bromide Radial 5 not given

Fluorescein. Amino Radial 5



2.9.1 Interpretation of Tracer Tests

Field tracer experiments give rise to a variety o f  tracer breakthrough curves 

showing distinct characteristics which can be classified into four general types: 

Fickian (Gaussian); backward tailed; bimodal and multimodal (Figure 2.7). A 

fifth type, forward tailed, uni-modal, occurs very rarely. The Fickian type curve 

is typical o f  a hom ogeneous and isotropic formation characterised by a single 

hydrodynamic dispersivity. The other types are thought to arise from flow in 

more heterogeneous formations.

Flow do non-Fickian breakthrough curves arise? All o f  these curves are 

frequently presented as ‘deviations’ from the Fickian model for homogeneous 

porous media as described by the 1D ADE, assuming that the centre o f  the mass 

o f  the tracer plume moves with the average fluid velocity, and that dispersion 

behaves macroscopically as a Fickian diffusive process (Berkowitz and Braester, 

1991), with the dispersivity being assumed constant in space and time 

(Kosakowski et al. 2001). Kosakowski et al. argue that the ADE is an 

inappropriate model due to the underlying Fickian assumptions, and the fact that 

non-Fickian behaviour is common. For a homogeneous and isotropic medium 

the dispersivity is constant and is a function o f  the macroscopic fluid velocity. 

For inhomogeneous media the dispersivity is not likely to be constant (Berkowitz 

and Braester, 1991). The asymptotic value o f  the dispersivity is related to 

statistical properties o f  the medium resulting in the dispersivity being a function 

o f  both time and distance traveled. The approach to the asymptotic dispersive 

condition is slow  and significant non-Fickian transport can occur early in the 

process and the mean transport process only becomes Fickian for large distances 

o f  travel. Spatial variation in hydraulic conductivity and distance affects the size 

o f  the dispersivity and the development o f  the ultimate dispersivity respectively 

(Gelhar et al., 1979; Smith and Schwartz, 1981 ; Nordqvist et al., 1992; Nordqvist 

et al., 1996).

The Fickian ^proach uses dispersivity as a parameterisation o f  local 

inhomogeneities in the flow field that arise due to such factors as spatial 

variations in pore sizes and viscous shear within pores. It is intrinsic in this
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‘classical’ approach that the inhomogeneities be small with respect to the region 

o f  interest. Possibly the variety o f  non-Fickian breakthrough curve types could 

result from situations in which this is not true, for example, inhomogeneities in 

hydraulic conductivity fields may be similar in spatial scale to the region o f  

interest. Fractures are a common example. In fact the rate at which a tracer 

plume spreads is rarely constant and, as mentioned dispersive behaviour often 

changes with time and/or distance travelled by the plume (Gelhar et al. 1992). 

This is especially true in fi^ctured porous media, where flow can take place both 

through the fine-scale pore network (matrix) and through the fractures, which if  

greatly more permeable than the matrix will tend to act as channels. The 

following examples o f  tracer tests fix>m the published literature are typical o f  

non-Fickian behaviour in fractured porous media. It is usual to normalise the 

concentration axis with respect to the input tracer mass. In Figure 2.7, though, 

the concentrations have been scaled to the peak concentration and this is because 

the curves are only being used to demonstrate the difference between the uni- 

modal, bi-modal, multi-modal and backward tailing curve characteristics. The 

time has been scaled to the time for the arrival o f  the peak.

Figure 2.7a is a breakthrough curve from a forced gradient tracer test conducted 

in the Triassic sandstone aquifer o f  Liverpool, UK (Streetly et al. 2002). The test 

was conducted over a distance o f  5 m. There are two distinct peaks, at 2 days 

and at 23 days, with smaller multiple peaks occurring throughout the duration o f  

the test. The breakthrough curve is an example o f  multiple peaks and backward 

tailing behaviour.

Figure 2.7b is a breakthrough curve from a weak-dipole gradient tracer test 

conducted in the crystalline bedrock at the Mirror Lake site, N ew  Hampshire, 

USA (Becker and Shapiro, 2000) consisting o f  relatively less densely fractured 

pelitic schist which is intruded by more densely fractured granite. The test was 

conducted over a distance o f  36 m. There is one broad peak and the 

breakthrough curve is skewed towards late time (or large pumped volume). For 

reasons explained later, Becker and S h ^ iro  conclude that it is unlikely that the 

tailing was caused by a purely diffusive transport mechanism and is likely to be
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as a result o f  fracture flow channelling. This breakthrough curve is an example 

o f  backward tailing behaviour.

Figure 2.7c is a breakthrough curve from a natural gradient tracer test conducted 

in the Cretaceous Chalk aquifer. Northern Ireland (Bames, 1999). The test was 

conducted over a distance o f  1540 m with a head gradient o f  45.5 m/km. There 

are two distinct peaks, a large peak at 25 hours and a smaller peak at 80 hours. 

The curve shows that little dispersion occurs within the aquifer, suggesting to the 

author that the flow occurs along discrete conduits rather than through a fracture 

network. The breakthrough curve is an example o f  bi-modal behaviour.

Fractured Sandstone  
5 metres 

A Radial Flow

Multiple peaks

Backward tailing

2 3 4
Rekïtive Time: t/(fime to max)

Uni-modal

Fractured Crystalline 
metamorptiic rock 
36 metres 
Weak dipole flow

Backward tailing

1.04 d
3 5 7 9

Relative Time: t/(tlme to max)

Karstic Ctialk 
2000 metres 
Naturai Gradient

(J
Bi-modal

I
3.3 d

0
0 62 43 5

Relative Time: t/(time to max)

Figure 2.7 Examples of tracer breakthrough curves from (A) sandstone, (B) 
granite and (C) karstic chalk. Breakthrough curves show multi-modal (A), uni- 

modal (B), bi-modal (C) and backward tailing behaviour (A,B). The real time for
the peaks are given in days.
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Many authors have attributed backward tailing, as seen in Figures 2.7a and 2.7b, 

to the diffusion o f  mass from the relatively mobile fluid in the fractures into the 

relatively immobile fluid in the rock matrix, that is, due to matrix diffusion, 

(Grisak and Pickens 1980, Tang et al. 1981, Sudicky and Frind 1982, Moench 

1995, Park et al. 1997). Others have attributed the tailing to the diffusion o f  

mass into stagnant zones along the fracture wall (Raven et al. 1988), or into low  

flow  regions associated with small-aperture spaces within the fiacture channel 

(Abelin et al. 1991, Kunstmann et al. 1997). Diffusion rates can only be reliably 

measured in the laboratory but the values determined do not necessarily represent 

the rates in situ. Winberg et al. (2003) demonstrate how difficult it is to fit in situ 

tracer breakthrough curves using laboratory determined diffusion rates. Winberg 

et al. found that in order to fit in situ data to modelled data unreasonably high 

values o f  diffusion were required. Their report concludes that the laboratory 

conditions do not reflect in situ conditions.

Bi-modal or multi-modal peaks, often in combination with backward tailing, as 

seen in Figures 2.7a and 2.7c, have been attributed to preferential flow paths 

(either flow channelling or alternative pathways) (Neretnieks et al. 1982, Cacas 

et al. 1990, Neretnieks 1993, Nordqvist et al. 1996, Park et al. 1997, Tsang and 

Neretnieks 1998). Preferential flow is an example o f  a mechanical dispersive 

process. It is important to understand the effects o f  preferential pathways 

because they determine the effective porosity, transport velocities and, for the 

case o f  flow channeling, the contact area between fracture surfaces. The contact 

area in turn controls the amount o f  sorption and diffusion into the matrix. 

Preferential flow paths give rise to a fast rise and a long tail in a breakthrough 

curve (Tsang and Neretnieks, 1998). Preferential flow paths are observed at all 

scales in fractured rocks and occur on the cm to the km scales (Tsang and 

Neretnieks, 1998). There are two types o f  preferential flow paths: flow  

channelling through a fracture plane with a variable aperture distribution, caused 

by fracture closure under stress; and alternative flow pathways between different 

fractures and especially between narrow regions o f  enlarged fracture apertures 

formed at the intersection o f  two fmctures (Yong-Cheol and Kang-Kun, 2002). 

In a channelled flow  system tracer is likely to be transported through a limited
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number o f  channels. Even a well-connected network can exhibit sparse 

preferential flow paths (Smith and Schwartz, 1984; Tsang and Tsang, 1987; 

Tsang et al., 1988; Margolin et al., 1998). A well-connected network can appear 

to be near the percolation threshold, i f  the distribution o f  fracture conductivities 

is sufficiently broad and a few  pathways have a high flux and span the region o f  

interest. This is aided by the fact that the flux is proportional to the fracture 

aperture, b, cubed so that a 10-fold variation in b leads to a 1000-fold variation in 

the flux. The distribution o f  fracture conductivities and the degree o f  fiacture 

network connectivity are the two controlling factors for preferential pathways 

(Berkowitz, 2002). The early time bi-modal peaks are likely to be caused by 

solute following a few  highly permeable flow paths. Tailing is likely to be 

caused by a concentration o f  flow  towards the wider and thus more permeable 

fractures and by a high variance in fracture aperture, and thus fracture 

conductivity.

Kosakowski et al. (2001) point out that it is the interaction (or mixing) o f  solute 

between high velocity flow paths and low velocity regions that often leads to 

non-Fickian transport behaviour. The question o f  the relative importance o f  

matrix-diffusion-dominated- to flow-channelling-dominated- transport arises, 

and the importance o f  the relative velocities between the high hydraulic 

conductivity fractures and the low  hydraulic conductivity matrix. Winberg et al. 

(2003) show that the size o f  the tracer injection volume may have a control on 

whether transport is diffusive or advective dominated. For a small source area 

the breakthrough curve is less likely to have multiple peaks or substantial 

changes under small variations o f  the flow field and the transport is likely to be 

diffusive dominated. A small source area is analogous to injecting a tracer 

directly into a percolating fracture. For a large source area multiple peaks are 

common and transport is likely to be advective dominated. A large source area is 

analogous to injecting a well-m ixed tracer across the entire length o f  a well.

In strongly heterogeneous formations multi-tracer experiments should be 

performed with conservative tracers with varying diffusion coefficients in order 

to help interpret tracer breakthrough curves and to determine rock and transport 

properties. To investigate the importance o f  matrix diffusion multiple tracers
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with varying rates o f  molecular diffusion were used by, for example, Garcia- 

Gutierrez et al. (1997), Jardine et al. (1999) and Becker and Shapiro (2000). The 

separation o f  the breakthrough curves suggests that the transport is dependent 

upon molecular diffusion. According to Becker and Shapiro (2000) the most 

commonly cited field evidence o f  matrix diffusion is an extended tail on a single 

tracer breakthrough curve. In a rock such as chalk, where the matrix porosity is 

typically between 20% and 45%, matrix diffusion plays an important role in the 

dispersion o f  a tracer, as shown by Gamier et al. (1985), who conducted field 

experiments in a fractured chalk and found a clear separation o f  the breakthrough 

curves for different tracers with different diffusion coefficients.

It is well known that molecular diffusion does occur in crystalline rock, as shown 

by Birgersson and Neretnieks (1990), who conducted an in situ diffusion 

experiment in a granitic rock. The porosity o f  a crystalline rock, however, is so 

small it is considered negligible and as a result is unlikely to play such a major 

role, compared with chalk, in mass transfer on the time scale o f  tracer tests. 

Becker and Shapiro (2000) conducted a multi-tracer experiment in a fractured 

crystalline bedrock and found that there was no clear separation o f  the 

breakthrough curves especially at late time implying that the backward tailing 

was not caused by any purely diffusive transport mechanism. Becker concludes 

that it is more likely that channelling is the controlling mechanism in tracer 

behaviour. Garcia-Gutierrez et al. (1997) also conducted multi-tracer 

experiments in fractured crystalline bedrock at the El Berrocal site, Spain, but 

found a clear separation o f  the breakthrough curves and concluded that diffusion 

into the crystalline rock is playing an important role. Becker and Shapiro 

pumped for approximately 23 days over distance o f  36 m. Garcia-Gutierrez et 

al., on the other hand, pumped for 50 days over a distance o f  20 m. The flow rate 

is nearly five times greater for Becker and Shapiro than for Garcia-Gutierrez et 

al. The flow rate controls the tracer travel time and thus the time available for 

tracer to diffuse into the matrix or other low hydraulic conductivity zones and so 

Becker and Shapiro may not have observed diffusion because o f  the shorter test 

time. According to Becker and S h ^ iro , though, it is the presence o f  low  flow  

regions that exert control on the tracer migration and the backward tailing is 

likely to be due to advective and not diffusive processes. Becker and Shapiro
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also found that the backward tailing changes proportionally with the rate o f  

advective transport, implying that the observed extended breakthrough tailing is 

an expression o f  a non-Fickian hydrodynamic transport process. In addition the 

matrix porosity and fracture aperture affect the mass o f  tracer that can be 

diffused into low  hydraulic conductivity zones. Large fracture apertures and low  

matrix porosities will tend to increase the characteristic time required for 

diffusion to affect tracer migration significantly.

2.10 Aims of this Study and Originality of Work

Section 2.9.1 shows that tracer tests are commonly used to estimate transport 

properties o f  a fractured rock mass. Unfortunately the methods used to interpret 

tracer tests are either only appropriate for continuum scales, suffer from 

problems o f  non-uniqueness or do not adequately describe the transport 

processes. The formation o f  the hydrogeological conceptual model at Aspo 

(Winberg et al., 2003), in particular the fracture network connectivity and 

transmissivity variation, involved the use o f  extensive tracer and hydraulic tests. 

However, the flow and transport modeling at Aspo failed to adequately model 

transport processes. To date there is no reliable method for modelling fractured 

media at sub-continuum scales, mainly due to the poor understanding o f  the 

relationship between fracture geometry and flow and transport. The studies by 

Becker and Shapiro (2000) and Winberg et al. (2003) highlight the need to: (1) 

develop our understanding o f  the effects o f  fracture geometric and hydraulic 

properties on the form o f  a tracer breakthrough curve; and (2) to use tracer tests 

as a way o f  defining (or at least restricting) the fracture pattem conceptual model.

A novel approach is presented as a possible methodology for interpreting tracer 

breakthrough curves in terms o f  fracture geometric and hydraulic properties. The 

method is presented as a systematic study o f  the effects o f  aquifer structure o f  

fractured porous media on flow  and transport. More specifically the fracture 

structures considered are characteristic o f  stratabound and non-stratabound 

networks. These include bedding-plane, en echelon, and discontinuous fractures, 

and fracture connectivity. Other fracture and hydraulic characteristics considered 

are: fracture spacing, length and density; fracture to matrix transmissivity
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contrast; and orientation o f  the fractures to the direction o f  the regional hydraulic 

gradient (sorption and diffusion are not considered). It is hoped that the method 

will reduce the problem o f  non-uniqueness by adding further constraints to the 

aquifer structure and to reduce uncertainty in the modelling o f  flow and transport 

through fractured porous media.

The following chapter summarises the flow and transport model, 2DFlow  

(Odling and Webman, 1991 ; Odling and Roden, 1997).
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3. Chapter 3
3.1 Description of the 2DFIow model

This thesis describes an investigation o f the influence o f  aquifer structure on 

contaminant transport. The main investigatory approach was the computer 

simulation o f  water flow and contaminant transport in 2D through a variety o f  

simple structures that were chosen to represent situations found in fractured porous 

aquifers. 2DFlow, a 2D finite difference, discrete fracture model (Odling and 

Webman, 1991) for flow in fractured rocks was used to simulate the flow field and 

tracer transport using an advection-biased, random walk technique. This technique 

was essentially that employed by Odling and Roden (1997), but the experimental 

approach o f the thesis is much wider and more systematic than Odling and Roden’s 

pioneering study. This chapter describes the technical aspects o f using 2DFlow, 

together with extensions developed for this study. Results are described and 

analysed in later chapters.

3.1.1 Flow Description

Darcy’s law is an empirical law that describes 1D, laminar flow through a porous 

medium. Darcy’s Law is expressed as:

Q = -K A  —

where Q  is the discharge m^.s '

K  is the hydraulic conductivity m.s '

A is the cross-sectional flow area m̂

H  is the hydraulic head m 

L is the distance in the direction o f  flow m
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the hydraulic gradient [-] 

and the Darcian velocity, q, = Q/A

2DFlow incorporates a number o f arbitrary conventions which require explanation. 

The following describes how the flow expression used in the model differs from the 

expression given above. The hydraulic conductivity, K, is related to the intrinsic 

permeability. A:, by the expression:

K = ^ k

where p  is the fluid density in kg.m'^

^  is the gravitational acceleration in m.s ■2

fj. is the dynamic viscosity in kg.s '.m * (i.e. Pa.s)

The effective permeability ke is given as the ratio o f  the intrinsic permeability (k) to 

either the average matrix permeability kav when the matrix is permeable, or to the 

average fracture permeability when the matrix is impermeable.

The hydraulic head, / / ,  can be expressed in units o f  pressure using H =p/pg  (for 

horizontal flow).

Therefore, the effective Darcian velocity is given by, ^  (1)
fj. AL

Where —  is the hydraulic gradient in pressure units or kg.m'^.s  ̂(Pa m ')
AA

ke is the effective permeability in m^.m  ̂

p  is the dynamic viscosity in kg.s '.m ' 

qe is the effective Darcian velocity in m '.s ‘

83



2DFlow uses the n o t a t i o n f o r  the hydraulic gradient. Therefore it is referred to

as the pressure gradient throughout the thesis but is actually an effective
AL

hydraulic gradient, expressed in pressure units (assuming horizontal flow). In 

addition heads are referred to as pressures in the thesis, so that constant head 

boundaries are referred to as constant pressure boundaries, and a head drop is 

referred to as a pressure drop.

2DFlow fixes the pressure gradient equal to 1 kg.m’̂ .s'̂ . Recalling that the pressure 

gradient is in fact the hydraulic gradient expressed in units o f pressure, the pressure 

gradient is related to the hydraulic gradient by Ap=pgAh.

And —  = pg —  , if  —  = 1 kg.m'^.s'^, and pg  = 1000 kg.m  ̂ x 9.81 m.s'  ̂
AI. AI. AI. ^

Then the hydraulic gradient is approximately equal to 10^ metres/metre.
AL

2DFlow was originally set up with an assumed dynamic viscosity o f  1 kg.s'*.m *.

The effect o f  u= 1 kg.s '.m ’ is to rescale and by a factor equivalent to the
AL AL

true viscosity. Groundwater, though, has a viscosity o f approximately 1.3x10'^ 

kg.s ’.m ', a value suitable for a UK groundwater at a temperature o f  10°C, and 

consequently the model was changed to include a viscosity term.

The flows are normalised with respect to the matrix permeability (a 2DFlow 

convention) and thus flow and time are in units o f m'*.s ' and m^.s, respectively. 

The conversion from real to model time and permeability are developed in the 

chapter. The following table summarises the real world units and the corresponding 

2DFlow units:
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Real World Notation
Real

World 2DFIow Notation 2DFIow

Intrinsic Permeability k m' Effective Permeability he m^.m ^
Average Matrix Permeability
Kav m̂ Average Matrix Permeability kav m̂

Hydraulic Head H m Effective Hydraulic Head P kg.m ' .s'̂

Dynamic Viscosity // 1 -1 -1 kg.m .s Dynamic Viscosity /j. kg.m '.s '

Length L m Length L m

Porosity ne [-] Porosity He [-]

Darcian Velocity q -1m.s Effective Darcian Velocity qe m '.s '

Real Time tr s Effective Time (Model Time) Uod m .̂s

Effective matrix bond time tm m .̂s

Effective matrix bond time tf m^.s

Model Dimension S m Model Dimension S m

Number o f  Nodes N [-1 Number o f Nodes N [-]
Table 3.1 Units of real world and 2DFIow units.

For a unit volume o f isotropic and homogeneous porous media and assuming the 

law o f conservation o f mass, and for steady-state flow, the flow through a 3D 

saturated porous medium is described using the Laplace equation:

dx‘ ay dz-
=  0

The partial differential equation that describes steady-state flow in a 2D 

homogeneous and isotropic medium is expressed as:
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d^H d^H .

The partial differential equation that describes steady-state flow in a 2D 

heterogeneous and anisotropic medium is expressed as:

d x d x

d  
+ --- =  0

For given boundary conditions the 2D Laplace equation can be solved for by, for 

example, graphical techniques (flow net analysis), analytical techniques and by 

numerical techniques. Finite difference techniques are commonly used for 

complicated boundary conditions and heterogeneous permeability distributions. 

The finite difference formulation can be determined using Darcy’s Law and the 

continuity relationship. Alternatively it can be derived from expansion o f  the 

governing partial differential (above), with neglect o f all but the first order terms. 

Classic finite difference methods are based on a discretization o f the continuum that 

makes up the region o f  flow. In the discretization the region is divided into a finite 

number o f  blocks, each with its own hydrogeologic properties, and each having a 

node at the centre at which the hydraulic head is defined. If the hydraulic 

conductivities between two adjacent blocks are different the harmonic mean is 

taken.

Figure 3.1 shows such a set up. A mass balance is conducted for each block. Due 

to the conservation o f  mass the flows to the centre node sum to zero.

qj + Q2 + qs + g4 = 0

And assuming Darcian velocity and blocks represented by square regions:
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■y, = -  ; q 2
A:, +^0 L

Ikjk^ Hj  -  H q

2̂ + Ao ^

q 3  =  —
2k,k.  H , - H ,   ̂ 2A,Ao / / , - / /

A3 +Aq
;^4  =  -

A4 +Ao

The continuity equation becomes:

2A,Ao H , - H ^  ^ Ik^k^ H ^ - H ^  ^ 2k,k^ H , - H ^  ^ I k X  ^ 4 ~ ^ o  _ q

A, + Aq 1  A2 ^Ag L A3 + Aq L A4 + Aq L

H 4^K 4

K3 .
H3

q 3

X

H 2® K 2

ql Kl

L

Figure 3.1 Finite difference block centred nodes.

If the system is homogeneous and isotropic then the hydraulic conductivities are 

equal:

This is the classic finite difference equation approximation for Laplace’s Equation.
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Both natural gradient and radial flow can be simulated numerically in a 2D model 

depending on the boundary conditions. The following section describes the 

boundary conditions used in this study.

2DFlow takes an alternative approach and uses a conductance mesh system where 

each node is connected to another node by a bond. Each bond has an associated 

conductance. At each grid node (Figure 3.2) conservation o f  mass is assumed, and 

the sum o f  the flows through the four grid bonds to which it is connected is set to 

zero. The conductance in a bond parallel to the x-direction is kAx, likewise it is kAy 

in a bond parallel to the y-direction, where k is the intrinsic permeability. Ax and 

Ay are equal and are fixed and thus drop out o f  the finite difference formulation.

P3 K3

Node

Element

P4

K4

K1
PO

K2

I  ’
P2

. PI

Figure 3.2 Schematic of node pressures and effective bond permeabilities.

This condition o f  local conservation o f  flow results in the following set o f linear 

finite difference equations for all grid nodes:

Assuming the conservation o f  mass, velocities are Darcian, and all bonds having the 

same length but different effective permeability:

 ̂ P \ -  Po .  ̂ _  ê2 P2 -  Po<7,  -----------------: , ̂ 2----------------- ;----
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,, _  P y - P o  _  *.4 Pa -  Po

Converting the effective permeabilities kei, Ki ,  kes and ke4 to ki  ̂A2, ks and k4 is not 

trivial matter and could only be accomplished by solving a set o f linear equations.

The continuity equation becomes:

(po -  Pl)kel + (po -  P2)ke2 + (po ~ P3)ke3 + (pO ~ P4)ke4 = 0 (2)

Rearranging gives the finite difference formulation used by Odling and Webman for 

nodes within the boundaries:

p,k„ +

+*.2 +*r4

where po to p4 are the pressures at grid nodes and k| to L* are the permeabilities 

assigned to grid bonds connected to the node. The set o f  linear equations is solved 

for the pressure field away from the right and left boundaries (where pressure is 

fixed) from which the flow in each grid bond can be obtained.

If the hydraulic heads in pressure units are converted to hydraulic heads in head 

units and the permeabilities are assumed uniform then the finite difference 

formulation reduces back to:

//,)

Figure 3.3 shows a schematic diagram o f  the model boundary conditions and the 

direction o f  the general pressure gradient (effective hydraulic gradient). The model 

is a square region. The right and left boundaries are constant pressure boundaries at 

effective heads o f Head 2 and Head 1, respectively. The right boundary is at the
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higher pressure (effective head) and so the general direction o f the pressure gradient 

is from the right to the left boundary. The top and bottom boundaries can either be 

periodic, impermeable, linear or constant head. The periodic boundary wraps the 

model creating a cylinder so that a node on the upper boundary is the same as a 

node on the lower boundary with the same x co-ordinate and vice versa. Thus flow 

(or a transported particle) that leaves a periodic boundary at the top will reappear at 

the bottom o f  the model in the same x- position. The impermeable boundary is a no 

flow boundary. The linear boundary forces a linear head drop along the top and 

bottom boundaries. Only the periodic and impermeable boundaries were used in 

this study, reasons for which will be explained later.

TtmcmAJbMkm
t Impenneable or Periodic Boundary

Heodl
Bnk Flow Dinctfon

Heod2

InqMrmeable or Periodic Boundary

Figure 3.3 Schematic diagram of the model boundary conditions and general flow
direction. Head 2 > Head 1.

Figure 3.4 shows a schematic diagram o f  the model boundary conditions and radial 

flow towards a well. The radial flow lines shown are for a homogeneous and 

isotropic medium. An abstracting well can be positioned at any node within the 

grid. The well node is assigned a fixed pressure (effective head). Head 3, which can 

be either greater or less then the local pressure without a well present. Thus, 

abstraction or recharge can be simulated. It is not possible to specify the discharge 

through the well, however. An additional complication is that 2DFlow cannot deal
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with negative pressure values, so that for simulations involving a well the values o f  

the boundary pressures Head 1 and Head 2 were raised while preserving the 

pressure gradient (effective hydraulic gradient) between them. Head 3 could then 

be at any positive, non-zero value.

lYwerAbstnotiao
I Inq)cnneable or Periodic Boundary I

Head 1 Head 2

Figure 3.4 Schematic of the model boundary conditions and general flow direction for 
radial flow. The radial flow lines are for a homogeneous and isotropic medium.

For completeness the linear finite difference equations for the left, right, top and 

bottom constant head boundaries are as follows:

Left Hand Boundary -  Constant Head Boundary

The left hand boundary is set at a pressure o f  zero so equation (2) becomes:

Po
p,k,. + +  p̂ ke4

* „  +  * .2  +  * ,3  +

B/g/jt Hand Boundary -  Constant H ead Boundary

The pressure at the right hand boundary is equal to the number o f nodes in the x- 

direction, N, (this implies a unit pressure gradient).
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So equation (2) becomes:

+ P2ke2 + ^3^.3 + P4^.4
Po

ke\ +^e2 +^^4

Top Boundary -  No Flow Boundary

The ‘up’ vertical bond permeability is set to zero, so equation (2) becomes:

P A x + P;*,2 + P3*,3 
+ *,2 +

Note: It is not standard practice to make the boundary bond permeability equal to 

zero but rather to make the vertical bond permeabilities and heads either side o f the 

boundary to be the same, thus forcing a zero gradient as the grid becomes infinitely 

dense. In this case equation (2) would become:

 ̂ -»-2A^2+^e3

Bottom Boundary -  No Flow Boundary

The ‘down’ vertical bond permeability is set to zero, so equation (2) becomes:

„ Pl^.l + P3*.3 + P4^e.
Po =

ke\ +^.3

Similarly if  the head gradient across the boundary was set to zero equation (2) 

would become:

_ . eA

k e \ ^ k . + 2 k ^ ^
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3.1.2 Representing Fractures and Matrix

The flow through a 2D homogeneous and isotropic medium has been described so 

far, but the simulations conducted here are o f flow through fractured porous media. 

Simplified 2D fracture patterns were discretised onto a regular square grid. Figure

3.5 is an example o f  such a synthetic pattem.

Figure 3.5 A 2-set ladder type fracture pattern.

The fractures and matrix are represented explicitly. A fracture is regarded as a ID, 

smooth walled channel in which flow is assumed to be laminar and for which 

Darcy’s Law for fluid flow can be applied. For laminar flow, the velocity profile is 

parabolic with velocity proportional to the head gradient and inversely proportional 

to the fluid viscosity and the discharge is proportional to the cube o f the crack width 

(Hagen-Poisseuille Law). The fracture aperture is not the physical width o f the 

fracture but an effective width, termed the hydraulic aperture as explained in 

Chapter 2 (Section 2.8). The hydraulic aperture is the aperture o f the theoretical, 

smooth, parallel walled fracture that has equivalent permeability to a real, rough 

walled, highly variable aperture fracture. Both the fractures and the rock matrix are 

discretised on a rotatable regular square grid, while ensuring that the connectivity o f  

the fracture network is preserved. Up to 1000 by 1000 grid nodes and their 

associated grid bonds can be used. Grid bonds are assigned permeabilities
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representative o f  either fractures or rock matrix. The rock matrix can be envisaged 

as a porous medium such as sandstone or a chalk, or a highly dense network o f  

connected small-scale fractures in a crystal line rock such as granite, where the 

fracture spacing is much smaller then the bond length. 2DFlow is suitable, for the 

project described here, because it is capable o f coping with very high permeability 

contrasts that arise between fractures and embedding porous medium.

3.2 Model Essential Features

Model Dimensions

Figure 3.6 shows the model dimensions.

200,200

l ength in Metres (S)

Figure 3.6 Model dimensions.

An arbitrary co-ordinate system must be specified for the fracture pattem. In this 

example the co-ordinates o f  the bottom left and top right hand comers are (0,0) and 

(200,200), respectively. The model dimension, S, must also be specified. This is 

the real length o f  the model in metres. If 200 by 200 nodes are discretised onto the 

model, then for a length o f  5 m, the distance between each node will be 0.025 m.
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Rotation

The fractures can be rotated through any angle with respect to the x-direction o f  the 

grid, that is, the general pressure gradient. The fractures are rotated relative to a 

fixed grid. The problem with rotation in general is that areas o f  the region may 

become fracture sparse, as in Figure 3.7. Either the areal extent o f the fracture 

pattem has to be much larger than the grid area, and the whole grid rotated, or the 

largest rotatable square (LRS) has to be used (Figure 3.8). The fractures are rotated 

before they are discretized and so the discretized dimensions o f  the model are not 

altered. To rotate the fractures the model grid origin is shifted from the bottom left 

hand comer o f the model grid to the centre o f the grid, and the fractures are rotated 

about the new origin. After rotation the origin is shifted back to its original 

position.

Figure 3.7 Rotated fracture pattern showing that if the largest rotatable square is not 
used regions of the grid become fracture sparse, especially at the corners of the grid.
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I.argcM Ritlalablc Square

Figure 3.8 The largest rotatable square.

3.2.1 Matrix Effective Permeability

The matrix bond permeabilities are chosen from a lognormal distribution. The 

average permeability and the standard deviation o f  (natural) log permeabilities are 

specified by the user. The log-normal distribution o f  matrix permeabilities is 

determined by forming a normal distribution o f  the log permeabilities through a 

range o f  8 standard deviations, i.e. +/- 4 standard deviations. The permeability 

cumulative distribution function (PCDF) is then formed from the normal 

distribution, and random values chosen from the PCDF, before finally converting 

the log values to a log-normal distribution by taking the exponential o f  each value. 

The matrix permeabilities are then normalised with respect to the average 

(geometric mean) matrix permeability forcing the average effective permeability to 

have a value o f  1 m^.m A distribution o f matrix permeabilities is required so that 

the form o f  the tracer breakthrough curve, for tracer travelling through pure matrix 

only, follows a spatially normal distribution, as observed in real tracer tests 

conducted in homogeneous and isotropic media. If a constant matrix permeability 

were used plug flow would occur.
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The effective Darcian velocity (Section 3.1.1, equation 1) across a matrix bond is

given by, .
H AL

3.2.2 Fracture Effective Permeability

A fracture bond consists o f a fracture embedded within a matrix bond. This ensures 

that it is not possible for two parallel fractures to be adjacent to one another. Figure 

3.9 is a conceptual model o f a fracture bond.

S/N

Matrix

f a c tu r e  A per l i i rc .  b

Matrix

Î
S/2N-b/2

Fracture

Figure 3.9 A fracture bond consists of a fracture embedded within a matrix bond. S, 
N and b are the sample size, the number o f nodes and the fracture aperture,

respectively.

In 2DFlow a discretised fracture inclined to the x-axis consists o f a series o f stepped 

horizontal and vertical fracture bonds. This has the effect o f increasing the fracture 

length. Figure 3.10 shows how a fracture length may vary. L% and Ly can be 

regarded as the cumulative distance travelled. The change in fracture length has to 

be taken into account when solving for flow, and a convenient way to do so is to 

adjust the fracture aperture creating an effective fracture aperture. The correction
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for the aperture due to the discretization process can be calculated as follows 

(Noelie Odling, 2000, Personal Communication):

Figure 3.10 The length change o f a fracture due to the discretization process.

0  is the angle o f  the line segment from the x-axis 

L is the fracture length in metres 

b is the fracture aperture in metres

co s#  = sin #  =

L. = LcosO L. -  Ls\nO

L* = + Ly = L cos#  + L sin #  = Z,(cos# + s in # )

From the cubic law (Snow, 1965), that is, for a smoothed walled, parallel plate 

fracture:

Fracture permeability, kf
12

F low through a fracture o f  length L, Q = — —  b —  = — —  —
// 12 L /u \ 2  L

Let b* be the fracture aperture o ff , =Ljr + Ly
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Flow through fracture o f  length L*, Q* = —- — b* ^  = —- — ^
// 12 I  // 12 L

Flow through L and L must be equal,

,  *3 I 3

121*  121

*3

12(cos^ +sin^)L 12L

Therefore for a plane, parallel fracture with smooth walls, the correction for the 

fracture aperture to compensate for an increased fracture length due to the 

discretization process is given by:

6* = 6(cos^ + sin^)'^

The permeability for fracture bonds with a permeable matrix can then be calculated 

in the following way:

1 6^ 1 b^{cos0 + sin0) àp
Flow through fracture, Q.  = --------= -------------------------------

^  M \2 p  12 L

S is the size o f  the whole grid in metres 

N  is the number o f nodes

Flow through matrix, —  ~ b  
N

Ap
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where is the matrix permeability in m^, and

S * .
 b is the width o f  the matrix in the fracture-matrix node in metres
N

Qm = N
-6 (co s^ 4 -sin ^ y ^ Ap

L

kf
R = —  where k . =  —  

 ̂ 12

\2R

Summing flows in matrix and fracture:

C?,
1 b^{cos6-\-s\nO) ^ 1

S
N

-/>(cos^ + sin^)'^^

12 \2R
Ap
L

Cross-sectional area
N

Therefore the combined permeability, k, =
S Ap

And normalising the permeability with respect to the average matrix permeability:
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or

=^ ^ [/? (cos^  + s in ^ )-(c o s^  + sin^)'^^]+l (3)

This is the permeability o f  a fracture bond normalised with respect to the matrix 

permeability for the case when the matrix is permeable. If S, b and kav are given in 

units o f  metres then will have units o f  m^.m that is, dimensionless.

The effective Darcian velocity, qe, along a fracture bond with a permeable matrix is 

given by.

1
9 , = - -

Nb
 ̂ {r {cos0  + sin ^ ) -  (cos^ + sin )+1

AL

For the case when the matrix is impermeable,

= — —  (cos^ + sin^) (4)
// S

and the permeability is normalised with respect to the average fracture permeability.

3.23 Bulk Effective Permeability

For simulations using ‘natural gradient’ boundary conditions, 2DFlow calculates the 

bulk permeability. The same normalisation is used for bulk permeability, as for 

individual cells, and the permeability values used in this study are the normalised 

ratios and not the absolute combined fracture and matrix permeability values. 

Because the pressure gradient is unity, the bulk permeability is formed by summing 

the horizontal bond flows across the outflow boundary and dividing the sum by the 

number o f  nodes. These horizontal bond flows are calculated by multiplying the 

pressure gradient across the bond by the permeability for that bond.
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3.3 Permeability Verification

The model was tested with geometrically simple fracture patterns, and an 

impermeable matrix to see whether the bulk permeability determined numerically 

was the same as the value determined analytically.

From equation (4) and for a fracture parallel to the direction o f  the pressure

.. , , Nb gradient, ;

The pressure gradient across the model is 1 and from Darcy’s Law the effective 

Darcian velocity, through the fracture is:

hN Ap
p  S AL

For an impermeable matrix and one fracture the bulk flow is equal to the flow 

through the fracture normalised with respect to the number o f  nodes, and is given 

by:

1 8 0 x 1 0 - ' X200 , 1  , . .  .  . _q = - x ---------------------X 1X = 1.6X 10 m s ; for a fracture aperture o f  80
1 5 200

microns, a model area o f  5 m by 5m.

For a pressure gradient o f  1 and a fluid with unit viscosity, qe also corresponds to 

the effective bulk permeability o f  the system.

The numerical and analytical bulk permeabilities were compared for a series o f  

fracture patterns (Figure 3.11) and the results are given in Table 3.2. The only 

quantities that change for each pattern are the length o f  the fracture and the number 

o f  fractures. Table 3.2 shows the permeability differences that are accounted for by 

these changes.
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Numerical Analytical

Network Angle. ° Bulk kg, Bulk kg, ^
Single Parallel 0 1.60x10® 1.60 xIO®
Single Rotated at 44.4° 44.4 1.14 xIO® 1.14 xIO®
Two Parallel Rotated at 30° 30 3.20 xIO® 3.20 xIO®
Three Parallel Rotated at 30° 30 2.27 X 10 ® 2.29 xIO®
Three Rotated Cross at 30° 30 2.78 xIO® 2.78 xIO®

Table 3.2 Comparing the numerically calculated bulk permeability with the 
analytically calculated permeability for some geometrically simple fracture patterns.
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(i)
Single Parallel

(ii)
Single Rotated at 44.4

(iii)

Two Parallel Rotated at .10 degrees

(iv)

Three Parallel Rotated at 30 degrees

(V)

Three Rotated Cross at 30 degrees

Figure 3.11 (i) Single-parallel; (ii) Single 44.4° rotation; (iii) Two-parallel 30° 
rotation; (iv) Three-para I lei 30° rotation; (v) Three-cross fracture 30° rotation. 

Pattern was used to compare the numerically calculated bulk permeability with the 
analytically calculated bulk permeability.
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3.4 Permeability Reproducibility and Number of Nodes

The general problem here is that o f  finding the most economical number o f  nodes 

while preserving accuracy. A fully connected percolating orthogonal 2-set pattern 

and an en echelon pattern (Figure 3.12) were used to test the effect o f the number o f  

nodes on the bulk permeability.

F.n Fxhclon F ru tlu rc

Fully Connected Pcreoluling Fracture

Figure 3.12 An en echelon and a fully connected percolating fracture pattern used to 
investigate the effect o f node number o f bulk permeability.

The fully connected pattern was rotated at 45° to the direction o f the general 

pressure gradient. A fracture aperture o f 80 microns and impermeable boundaries
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were used for both models. The node number was varied from 100 to 800 nodes. 

The bulk permeability values for the en echelon and connected patterns were similar 

regardless o f the node number (Table 3.3).

Node
Number

k e

Connected m .̂m ^
k e

Unconnected m .̂m ^
100 57.429 9.683
200 55.585 9.496
400 56.562 9.422
600 55.923 9.397
800 55.994 9.359

Table 3.3 Table showing how the bulk permeability varies with node number for two 
pattern types, a fully connected percolating and an echelon fracture pattern.

The question o f  which node number to use arises. The most economical number o f  

nodes that provided acceptable accuracy was 200, a value also used by Odling and 

Webman (1991 ).

3.5 Model Architecture

The various sub-codes o f  2DFlow are run in a series o f steps (Figure 3.13) 

summarised as follows:

STEP I : Create Fracture Pattern.

Use Fracdist.exe or Parenechelon.exe. The output is the fracture end-point co

ordinates using arbitrarily chosen dimensions. Fracdist.exe and Parenechelon.exe 

were written by the author and are discussed in more detail in Appendix a, and the 

code is given in Appendix d and e.

STEP 2: Check Intersections (Odling and Webman, 1991).

Read fracture end point co-ordinates and determine fracture intersection types and 

location using Intfrac.exe. The output is a list o f the co-ordinates o f  the fracture 

intersections and the type o f  intersection. The intersections can either be T-, Knee- 

or Cross- Junctions.
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STEP 3: Rotate Fractures.

Rotate fractures relative to the general direction o f the pressure gradient if needed 

using Parenechelon.exe (OPTIONAL). The output is the rotated fracture end-point 

co-ordinates using the arbitrarily chosen dimensions chosen in STEP 1.

STEP 4: Discretize Grid (Odling and Webman, 1991).

Change fracture end point co-ordinates from continuous scale to discrete scale 

suitable for finite difference modelling using Sqrgrid.exe. The co-ordinates o f  the 

end points are now node positions. Ensure connectivity o f  fracture network is 

preserved. The output is a discretized grid with the nodal fracture and matrix 

positions required for flow calculation.

STEP 5: Solve for Flow Field (Odling and Webman, 1991).

Allocate permeability to bonds between nodes, either matrix permeability or 

fracture permeability, and solve for flow field and determine bulk permeability 

using Perflo_open.exe. The output is a pressure field distribution. The solver uses a 

conjugate gradient method written specifically for 2DFlow.

STEP 6: Apply Particle Tracking (Odling and Roden, 1997).

Conduct particle tracking on the flow field created in STEP 5 using 

Partac_open.exe. The output is a histogram o f  particle arrival times or the tracer 

breakthrough curve.

The STEPS are discussed in greater detail in Appendix a. Figure 3.17 shows the 

input files, executables and output files are highlighted in red, blue and black, 

respectively. Appendices d through f  are referred to in Appendix a. The Fortran 

code was written by the author.
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Dist.inp 

STEP 1
____________ y À________________________
Fracdist.exe Parenechelon.exe

Intfrac.in
u
Frac.in

Intfrac.exe STEP2

Par.inph— I Frac.out I Frac.intf Sqrgrid.inp

Parenechelon.exe
STEP 3

Sqrgrid.exe STEP4

Gridtotil.dot Perflo open.inp

Perfio op en .exe STEPS

Portqcopen.inp Flowgrid.dat Free s.dot

Portae o oen.exe STEPS

Tracer Breakthrough Curve
Figure 3.13 Dependency diagram of steps required to set up and run a model.

108



3.6 Particle Tracking Routine (PTR)

The tracer transport (Odling and Roden, 1997) uses an ad vect ion-biased, random 

walk particle tracking technique. Each particle is released at a specified node and 

its movement is tracked through the fracture network. The following sections 

describe the essential features o f the PTR. A general description o f the PTR 

algorithm is given in Section 3.11

3.6.1 Natural Gradient Tracer Test Boundary Conditions

To model a natural gradient tracer test, particles are released across the entire inflow 

boundary (Figure 3.3) and the arrival o f  the particles is monitored at the entire 

outflow boundary. The model was initially set up to only allow for a constant mass 

injection boundary, that is, an equal number o f  particles are injected at each node, 

irrespective o f  the type o f  bond (fracture or matrix bond) or flow rate. The constant 

mass boundary is analogous to a situation in which there is no vertical flow in a 

vertical well into which tracer has been injected at a constant concentration 

throughout the water column. The PTR was subsequently altered (by the author) to 

test the effects o f  using a constant concentration injection boundary.

3.6.2 Constant Mass Versus Constant Concentration Boundary

The constant concentration boundary is crudely analogous to the condition where 

vertical flow does occur in a well in which tracer tends to flow towards the more 

permeable flow horizons. For a constant concentration boundary the number o f  

particles released at each node is proportional to the flow rate across each associated 

bond. The constant concentration boundary was formed by: summing the horizontal 

inflows at the injection boundary, normalising the flows with respect to the sum, 

and multiplying each normalised flow by the total number o f particles injected.

Figures 3.14 to 3.19 compare the two types o f  injection for the range o f  fracture 

patterns defined in Chapter 4 (Section 4.1.1). They show that the type o f  injection
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boundary can make a substantial difference to the size o f  the peak height o f the 

tracer breakthrough curve, especially where fractures were fully percolating, but that 

the form o f  the breakthrough curve is not altered. In the remainder o f the study a 

constant mass injection boundary was used.

100000
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0
Î
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0.5 15 2 35 3 35 4 5 50 1 4

Time

Figure 3.14 Pattern A. Comparing the breakthrough curves for a constant mass and 
a constant concentration injection boundary. L: Large Spacing, S: Small Spacing
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Figure 3.15 Pattern B. Comparing the breakthrough curves for a constant mass and 
a constant concentration injection boundary. L: Large Spacing, S: Small Spacing
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Figure 3.16 Pattern C. Comparing the breakthrough curves for a constant mass and 
a constant concentration injection boundary. L: Large Spacing, S: Small Spacing
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Figure 3.17 Pattern D. Comparing the breakthrough curves for a constant mass and 
a constant concentration injection boundary. L: Large Spacing, S: Small Spacing
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Figure 3.18 Pattern E. Comparing the breakthrough curves for a constant mass and 
a constant concentration injection boundary. L: Large Spacing, S: Small Spacing
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Figure 3.19 Pattern F. Comparing the breakthrough curves for a constant mass and a 
constant concentration injection boundary. L: Large Spacing, S: Small Spacing
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3.63 Radial Flow Tracer Test Boundary Conditions

To model a radial flow tracer test a well is positioned within the model, that is, a 

particular node is classified as a boundary with fixed pressure, the pressure being 

below the natural pressure field. Particles are released from any node up gradient o f  

the well and the time o f  arrival monitored at the well. The PTR was modified (by 

the author) so that the arrival o f  particles was monitored at the four adjacent nodes 

to the well node, increasing the diameter o f  the well to approximately 0.1 m. Well 

diameters are commonly within the range o f 0.05 m to 0.15 m.

3.6.4 Time and the Tracer Breakthrough Curve

The time to move from one node to another depends on the value o f the 

permeability assigned to the bond in between. The permeability is greater if the 

bond represents a fracture. For a fracture bond the time also depends on the 

aperture o f  the fracture. It is assumed that if a particle is within a fracture bond that 

all the transport takes place within the fracture. The time to move from one node to 

another is calculated in the following way:

waterEffective time to cross matrix bond,/ =

Effective time to cross fracture bond,/^ =

water m 

'̂Mwatur f

Where

— is the bond length in m
N

S  is the size o f  the grid in m 

N  is the number o f  nodes

Mwater is the Water viscosity = 1.3x10  ̂kg.s '.m ' (Fetter, 1994) 

/imod is the model viscosity = 1 kg.s '.m ' 

qe is the effective Darcian velocity in m '.s ' 

n/is  the fracture porosity [-]

Urn is the matrix porosity [-]
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/yand tm are in units o f m .̂s

All transport takes place through the fracture in a fracture bond. This is based on 

the assumption that even for small apertures the flow through the fracture is far 

greater than the flow through the matrix (Odling and Webman, 1991; Odling and 

Roden, 1997).

To take into account the effects o f  the partial contact o f  fracture walls, due to 

compressive stresses, a fracture porosity term has to be included. l-« / is the 

proportion o f  fracture area for which the opposite walls are in contact, that is, the 

aperture is zero.

In addition the time o f  travel depends on the pressure gradient across and the size o f  

the model. A pressure gradient o f  1 kg.m .̂s  ̂ and an area o f 5 m by 5 m were used 

in this study. If a larger or smaller pressure gradient or spatial scale, S, were used 

the time would vary accordingly.

The flow code assumes a viscosity o f  1 kg.s‘*.m *. In order to include a viscosity 

suitable for UK ground waters at a temperature o f  10°C the viscosity term is 

introduced, purely for convenience, in the particle tracking code.

The model times presented in the thesis are model time units unless otherwise 

stated. To convert the model time into real time two corrections to the model time 

must be made. Firstly, the model was mistakenly written with water viscosity in 

units o f  g.s ’.m '. Conversion to SI units o f kg.s '.m ' should have been used so the 

model time should be divided by 1000. Secondly, the time calculated here is the 

time for a particle to move across a fixture or a matrix bond with the permeability 

o f  each bond normalised with respect to the matrix permeability. The model time 

should also be divided by the average matrix permeability. If all input units are in 

metres then time will have units o f  seconds. The following equation describes how 

to convert the model time, /mod» in m^.s to real time, /r, in seconds:
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f —

'  1000)t

A model time o f  I m .s, a matrix permeability o f 10 m̂  and a hydraulic gradient 

o f 10^ [-], corresponds to a real world time o f  lO’̂  seconds or 31710 years. With a 

hydraulic gradient o f  10^ and a matrix permeability o f 10 m̂  (typical for a 

sandstone) the real world travel time is 10* seconds or 3.2 years.

3.6^ Advection-Biased, Random Walk Technique

The PTR uses an advection-biased, random walk technique. Each particle is 

released across the inflow boundary (Figure 3.3) sequentially. Each particle moves 

from node to node in a step o f  fixed distance equal to the grid bond length. A total 

time that the model is run for is given in the input file. A particle stops moving 

once a boundary, or the total time, has been reached, whichever come first. At each 

node the particle has a choice o f four directions to take (Figure 3.20). The direction 

a particle takes can be determined using two methods, a ‘maximum" method and a 

dispersive method. The maximum method ensures that a particle will follow the 

direction o f  maximum flow. The dispersive method allows for particles to follow 

any direction, with probability proportional to the flow in that direction.

The dispersive method sums the outflows at each node, that is, the flows away from 

the node. Each outflow (Figure 3.20) is then normalised with respect to the sum to 

give a probability that a particle will move in a particular direction. The dispersive 

method allows for matrix-fracture interaction to take place, especially when the 

fractures are at high angles to the direction o f  the general pressure gradient or the 

fracture aperture is small. It is the mixing at bond intersections that makes this 

method a random walk.
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General Pressure Gradient Direction

Node 

— Bond

-► Flow Direction

Figure 3.20 Outflows from central node.

Flow 4

Flow 1Flow 3

Flow 2

The dispersive method has been used in this study. The dispersive method is 

considered more realistic than the maximum method because if two flow directions 

have similar flows it is possible, in reality, for a particle to follow the direction with 

the lower flow, and the maximum method does not allow for this. This means that a 

particle is capable o f  moving from a fracture node to a matrix node and from one 

fracture to another fracture.

There are two important scenarios in terms o f  fracture-to-matrix and fracture-to- 

fracture interaction. Firstly if a particle is on a fracture node there may be two 

possible directions to take, it could either continue along the fracture or move into 

the matrix. If the fracture has a small aperture (or the fracture is inclined at a high 

angle to the general direction o f the pressure gradient) and thus a small flow rate 

exists between fracture nodes, and its flow rate is on the same order o f  magnitude as 

the flow rate between the fracture node and an adjacent matrix node, it is likely that 

the particle will leave the fracture and move into the matrix. Secondly, if a particle 

is within a fracture and finds itself at a fracture intersection, it could either continue 

along the present fracture or move into the intersecting fracture.
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3.7 Model Dispersion

There are three mechanisms o f  dispersion in the model: (a) the dispersion caused by 

particles moving mainly within the heterogeneous matrix; (b) particles interacting 

continually between the fracture and matrix, a mixing process; and (c) particles 

moving mainly within the fractures. The spread within any particular tracer 

breakthrough curve peak is due to the frequent fracture to matrix interaction, or due 

to transport mainly within the matrix. The presence o f more than one major peak is 

due to particles taking different routes because o f the presence o f  the fracture 

network.

The PTR allows for three types o f  advective-dispersive behaviour within a fracture. 

Either: (I) a particle can move with the average linear velocity; (2) the velocity o f  a 

particle is randomly chosen from a velocity profile before it enters the fracture and 

the velocity remains constant until the particle exits the fracture; or, (3) a new 

particle velocity is chosen for each step made until the particle exits the fracture. 

Odling and Roden (1997) showed that (2) and (3) have little effect on the 

breakthrough curve when compared with the effects due to the matrix-fracture 

interaction and so method (1 ) has been used throughout the study.

In addition the majority o f  network studies assume complete mixing at fracture 

intersections. The particle tracking code assumes that for laminar flow the particle 

residence time within an intersection is sufficient for mass from an inflow bond to 

diffuse across all the streamlines within the intersection allowing the outflow to 

have a uniform concentration. Similarly it can also be argued that complete mixing 

occurs across the fractures over significant travel distances and where fracture flow 

is low.

Dispersion within the matrix arises entirely from the variation in the matrix 

permeability. This is analogous to a matrix with varying pore, and pore throat, 

sizes, creating tortuous flow paths o f  various speeds. The result is a distribution o f
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particle arrival times and the breakthrough curve having a Gaussian form (in space 

and not time).

3.7.1 Forming the Tracer Breakthrough Curve

The user specifies the time for which the model is allowed to run. The time is split 

(coded by the author) into a fixed number o f time bins, for example, for a model 

time o f  5 m^.s, and one hundred bins, each bin represents a travel time o f  0.05 m^.s. 

If a particle reaches an outflow point, either the outflow boundary or a well, before 

the total time is used up the arrival time is recorded and the particle is placed within 

the appropriate time bin. The tracer breakthrough curve is thus a histogram o f  

particle arrival times. One hundred time bins were used in all o f  the experiments 

with duration chosen so that the peak o f  the Gaussian breakthrough curve from the 

matrix always occurred in the same time bin, for comparison purposes, and because 

one hundred time bins also produced a smooth Gaussian curve.

3.7 Jl Number of Nodes and Tracer Breakthrough Curve

A series o f  experiments was set up to assess the effect o f  varying the number o f  

nodes on the tracer breakthrough curve. A model with matrix only was used. The 

node numbers used were 100, 200, 400, 800 and 1000. Figure 3.21 shows how the 

tracer breakthrough curve varies for each node number. Also included in Figure 

321 is the arrival time for the model when the standard deviation o f  (natural) log 

permeabilities o f  the matrix is zero, that is, the arrival time for plug flow. During 

plug flow there is no dispersive front and all particles travel with the same velocity.
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Figure 3.21 Graph showing how the breakthrough curve for a matrix only model 
depends on the node number. The arrival time for plug flow represents continuum

behaviour.

As the node number is increased both the peak arrival time and concentration 

increases, with the 1000 node model converging on the arrival time and 

concentration for plug flow. The 1000 node model represents the case when the 

matrix permeability is behaving as a continuum. The amount o f right tail skew 

decreases as the node number is increased, indicating that the tracer dispersion is 

decreasing. The breakthrough curves were modelled using CXTFIT (Toride et al., 

1999). CXTFIT uses an inverse modelling procedure to fit breakthrough curves to 

solutions o f the Advection-Dispersion Equation. The input file is shown in 

Appendix b. Table 3.4 shows the dispersivity, given by the dispersion, D, divided 

by the velocity, v, does decrease, from a dispersivity o f 0.077 for 100 nodes to a 

dispersivity o f 0.0101 for 1000 nodes, for fitted v. Two types o f  fits were used, the 

velocity was fixed and the dispersion was fitted or both parameters were fitted; 

either way the dispersivity decreases as the node number is increased. All the fits 

gave values o f over 0.99. A series o f tests were designed to try and find out why 

the form o f  the breakthrough curve was changing.
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V fitted V fixed

Node
□(fitted for 

v(fltted) [ U T ]  (v(fitted)) [L]
Dispersivity

[T']
v(fixed)

[UT]
□(fitted for 

(v(f!xed)) [L]
Dispersivity

rr']
100 2.029 • 0.1553 0.07654 2.17 0.2022 0.071567

200blocked 1.969 0.1172 0.059523 2.076 0.1432 0.056455
200 1.954 0.08215 0.042042 2.059 0.1012 0.039898
400 1.926 0.04367 0.022674 1.99 0.0494 0.021945
800 1.906 0.02368 0.012424 1.96 0.02673 0.012082
1000 1.903 0.01929 0.010137 1.93 0.02009 0.009995

Table 3.4 Fitted parameters and dispersivities using CXTFIT.

Figure 3.22 shows how the dispersivity varies with the number o f  nodes.
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Node Number

Figure 3.22 The variation of dispersivity with the number of nodes for transport
through the matrix only.

TEST 1 :

Test I was conducted to investigate whether the change in dispersivity was caused 

by the decrease in spatial heterogeneity o f matrix permeability associated with 

models with larger numbers o f nodes. A 200-node model was discretized using the 

matrix permeability distribution but the nodes were grouped (coded by the author) 

into blocks so that four adjacent nodes were given the same permeability for their 

bonds, the vertical and horizontal bonds not having the same values. The blocked
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system should have a matrix permeability heterogeneity similar to the 100-node 

model. Figure 3.21 shows the 100, 200 and 200blocked breakthrough curves. The 

200blocked curve lies in between the 100 and 200 curves and shows that the 

increase in heterogeneity caused by blocking does indeed partially explain the 

differences between the 100 and 200 node breakthrough curves. The difference 

between the 100 node model and the 200blocked model may be due to the partial 

correlation o f  the permeability field in the 200blocked model and the uncorrelated 

permeability field in the 100 node model.

TEST 2:

Test 2 was conducted to investigate whether the change in dispersivity was caused 

by the lognormal distribution o f  matrix permeabilities. The matrix permeability 

distribution is a lognormal distribution, and so is skewed towards the higher 

permeabilities, and it may be that, due to the random choice o f matrix permeability, 

it is more likely that, with fewer nodes, higher permeabilities are chosen. To test 

this a normal matrix permeability distribution was used instead o f  the lognormal 

distribution for 100, 200, 400, 800 and 1000 node models (Figure 3.23). The 

breakthrough curves formed with a normal distribution are different from those 

formed with a lognormal distribution, because in order to avoid negative matrix 

permeabilities a mean o f  10 was used, instead o f  1, with +/- 4 standard deviations 

(no negative values allowed). The dependence, though, o f  the breakthrough curve 

on the node number remains, that is, the effect is due purely to the number o f nodes 

and the exact form o f  the permeability distribution has little effect on it.
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Figure 3.23 Graph showing how the breakthrough curve for a matrix only model 
depends on the node number. Matrix permeability chosen from a normal distribution.

TEST 3:

To test the possibility o f  errors in the code used to generate the lognormal 

distribution o f matrix permeabilities, an alternative code was used. The two gave 

identical results for the distribution o f log-permeability values (Figure 3.24). The 

alternative code was GASDEV (Appendix c) taken from Press et al. (1992). 

Breakthrough curves formed for the 100- and 200- node models using GASDEV 

were also very similar to those produced by the Odling code (Figure 3.24), with the 

same differences due to node number. It was concluded that the method o f  

generating permeability values in the Odling code was correct and that the effect o f  

varying the node number lay elsewhere.
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Figure 3.24 Comparing the matrix permeability normal distribution produced by the
gasdev function and the Odling code.

Figure 3.25 shows the tracer breakthrough curves using 100 and 200 nodes and the 

Gasdev and the Odling routines to determine the lognormal distribution. Although 

there are slight differences for the 100 node models, the difference between the 100 

and 200 still exists.

Odling: 100 

Gasdev: 100 

0cling:200 

Gasdev:200

Figure 3.25 Comparing the breakthrough curves produced by the gasdev function 
and the Odling code for 100 and 200 node models.
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Conclusions from TESTS 1-3:

Test I suggests that the explanation o f the node number effect lies in the 

‘graininess’ o f the model. Each node is assigned a matrix permeability 

independently, but with fewer nodes it is more likely that the nodes with higher 

permeabilities, that is, with higher than average permeabilities, are close to one 

another creating ‘rapid’ flow pathways through the system. As the number o f  nodes 

is increased it is more likely that there will be nodes with lower than average 

permeabilities between the high permeability nodes thus removing the ‘rapid’ flow 

pathways. Therefore, for the matrix to behave as a continuum it is necessary to use 

at least 1000 nodes. Schwartz (1977) found that particle distributions more closely 

approach a Gaussian form with an increase in the number o f  nodes and an increase 

in the range o f the permeability distributions. Increasing the number o f  

permeability bonds reduces the probability that low or high conductivity bonds will 

be clustered, making the heterogeneities smaller in scale.

It was therefore decided to use 200 nodes for several reasons: (1 ) the computer time 

involved in using 1000 nodes was too large; (2) the bulk permeability only varies 

slightly with varying node numbers; (3) the purpose o f this study was to assess the 

transport behaviour caused by fmcture-matrix and fracture-fracture interactions; and 

(4) Odling and Roden (1991) also used 200 nodes.

3.73 Comparing Numerical with Analytical Arrival Time

If particles are injected directly into a continuous fracture, as shown in Figure 3.26, 

under natural gradient conditions, the arrival model time determined numerically 

should be the same as that determined analytically.
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Direction o f  general hydraulic gradient

Particle Injection Point

Fracture

Particle Monitor Point

Figure 3.26 A parallel, continuous, ftilly percolating fracture used to determine the 
arrival time, both numerically and analytically, of particles Injected directly Into the

fracture.

A standard deviation o f log (normal) permeabilities o f zero for the matrix was used 

to remove any possible matrix-fracture particle interaction (for the special case o f  a 

fracture parallel to the general direction o f  the pressure gradient). One thousand 

particles were injected into the fracture on the inflow boundary. The total time and 

the bin number were adjusted so that the arrival time o f  the particles could be 

measured. A total model time o f 10  ̂ m .̂s was used. The particles were monitored 

at the intersection o f  the fixture with the outflow boundary. From equation (3) in 

Section (3.2.2) and if the fracture is parallel to x then:

For a 200 by 200 grid o f  area 5 m by 5 m and a matrix permeability o f  10 m̂  and 

a fracture aperture o f  100 x 10^ m.
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200x100x10^(100x10^)2 .

 5-------------

= 3334 m .̂m'  ̂= the normalised fracture bond permeability.

The pressure gradient across the model is 1. Therefore from Darcy’s Law, the flow 

through the fracture is:

= k̂  where AL is the fracture bond length, 
AL

9 ,= 3 3 3 4  m '.s ' .

Because there is no dispersion within a fracture, tracer particles move as plug flow 

within a fracture. The time for particles to reach the outflow boundary is thus given 

by:

him,
t f =  x200 (there are 200 nodes)

(I

p = 1.3X 10^ kg.m '.s * 

nf= 0.7

J 0 0 x l 0 - x l . 3 x l 0 - 2 x 0 . 7 ^ ^ ^ ^ ^ ^ ^ ^ , ^ „ ^ , ^
’  3334

This is the exact time calculated numerically. Converting the time to real time 

units:

5 .5x10^  
h  = ,5 seconds

= 5.5 X 10‘ seconds or 64 days for a hydraulic head gradient o f 10'

126



A hydraulic gradient o f  10 is on the low side, a hydraulic gradient is more likely to 

be on the order o f 10'̂ :

-2= 5.5 X 1 O'* s or 0.63 days or 15 hours for a hydraulic head gradient o f 10

3.7.4 Matrix Permeability and the Tracer Breakthrough Curve

To investigate the effect o f  altering the average matrix permeability on the bulk 

permeability, a 2-Set ladder type fracture network was simulated using four 

scenarios.

Scenario 1 has an average matrix permeability o f  1 x 10 ‘̂  m̂

Scenario 2 has an average matrix permeability o f0 .5x  10 m .̂

Scenario 3 has an average matrix permeability o f  2x 10 m .̂

Scenario 4 has average vertical and horizontal bond matrix permeabilities o f I x 10'*̂  

m̂  and 2x  10 m ,̂ respectively. The permeabilities were normalised with respect to

the average ‘vertical’ permeability.

The simulations were run for fracture apertures o f 40 and 100 pm. The results are 

summarised as follows:

Scenario
Average Matrix 
Permeability

Bulk Permeability 
m^ 100 pm

Bulk Permeability 
m̂ , 40 pm

1 1.00x10'^® 8.35 X 10 ’® 4 xIO ’®
2 5.00x10"'® 6.27 x IO ’® 2 .9 3 6 x 1 0 ’®
3 2.00x10'’® 1.11 x I O ’̂ 5.458 X 10 ’®
4 1.00x10’® 1 x I O ’̂ 4.497 X 10 ’®

Table 3.5 The effect of altering the matrix permeability on the bulk permeability. 
Note that these are not effective perméabilités.

Table 3.5 shows that by halving (Scenario 2) and doubling (Scenario 3) the average 

matrix permeability the bulk permeability is roughly reduced by a factor o f 1.3 and 

increased by a factor o f  1.3, respectively. Table 3.5 also shows that if the horizontal 

average permeability is doubled (Scenario 4) the bulk permeability lies between 

Scenarios I and 3.
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In conclusion, changing the average matrix permeability does alter the bulk 

permeability. As discussed in Section 3.4.2 the fracture and matrix bond 

permeabilities are normalised with respect to the average matrix permeability. For 

consistent results the model requires that the average matrix permeability always be 

given the same value.

Figures 3.27 and 3 2 8  show the breakthrough curves for scenarios 1 to 4 with a 

fracture aperture o f 40 and 100 pm respectively.
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Figure 3.27 The effect of varying the average matrix permeability on the tracer 
breakthrough curve with a fracture aperture, b, of 40 pm for scenarios 1 to 4
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Figure 3.28 The effect of varying the average matrix permeability on the tracer 
breakthrough curve with a fracture aperture, b, of 100 pm for scenarios 1 to 4

Figures 3.27 and 3.28 show that altering the matrix permeability can have a 

substantial affect on the breakthrough curves when the fracture aperture is small, for 

example, 40 pm and that the matrix permeability must not be altered. The two 

peaks in Figure 3.28 are examples o f  large-scale dispersion. The peaks are a result 

of the particles taking distinctly different flow paths.

3.8 Sum m ary o f C hapter 3

Chapter 3 provides a general overview o f the construction o f the flow and transport 

models within 2DFlow. Initially the flow equations are described in finite 

difference form taking boundary conditions into account, followed by a discussion 

on the representation o f fractures and matrix, with particular reference to their 

respective permeabilities. The important point being that the permeabilities are 

normalised with respect to the matrix permeability (a 2DFlow convention). This 

causes the dimensions o f the model units to differ from the real world units. Table 

3.6 summarises the model input units and Table 3.7 summarises the model output 

units.
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Parameter Input Units
Model Dimensions S m
Fracture Aperture nm
Average Matrix Permeability m̂
Total Model Time m^.s
Angle of Rotation degrees

Table 3.6 Model input units.

Parameter Output Units
Effective Bulk Permeability 
Effective Time (Model Time)

m .̂m  ̂
m .̂s

Table 3.7 Model output units

Various tests were conducted to see whether the flow model behaved in an expected 

manner, for example, by comparing the bulk permeabilities o f  grids with different 

node numbers and by comparing the simulated bulk permeability to analytical 

solutions for simple fracture configurations.

Finally the particle tracking routine is described, with particular reference to how 

the breakthrough curve is formed, the effects o f  a constant concentration versus 

constant mass injection boundary, and converting model time to real world time. 

Tests were conducted to assess the effects o f  node number and matrix permeability 

on the form and timing o f  the tracer breakthrough curve, and to compare the 

simulated to analytical arrival times for a pure matrix case and for a single parallel 

(to the x-axis) fracture.
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4. Chapter 4

Chapter Four describes the design and results o f  the exploratory simulation study. 

Firstly the methodology for the forward modelling simulations is described, and the 

results presented in the form o f tracer breakthrough curves. The full data set is 

presented on a CD at the back o f the thesis, but only a sub-set o f  the tracer 

breakthrough curves is included in the discussion. The forms o f  the curves are 

discussed qualitatively in terms o f  the fracture patterns and fracture geometric and 

hydraulic properties responsible for producing each curve. As a tool to aid in the 

interpretation, the breakthrough curves are classified using a subjective method.

4.1 Methodology for Natural Gradient Simulations

Odling and Roden (1997) conducted a series o f  transport simulations on a simple en 

echelon fracture pattern, and on an unconnected and a connected natural fracture 

pattern, measured from outcrop from a shale and sandstone formation respectively. 

Odling and Roden conclude that for a fractured porous medium connectivity may 

play a secondary role to fracture orientation and density. In this study, Odling and 

Roden’s approach has been developed further by systematically altering the fracture 

network and hydraulic properties o f  simple simulated fracture patterns in order to 

investigate the relationship(s) between fracture aperture, spacing (or density), and 

angle to the direction o f  the pressure gradient on unconnected and connected 

fracture patterns.

In this work a series o f  simulation experiments was conducted across a square 

region with a tracer injected evenly along the cells o f  the up-gradient boundary and 

the breakthrough monitored across all the cells o f the down-gradient boundary. This 

set-up is analogous to either a two-well tracer test in the vertical plane or flow 

between two adits, or ditches, under a natural gradient in the horizontal plane. Table

2.1 (Chapter 2) provides several examples o f  two-well tracer tests. As far as the 

author is aware tracer tests between two adits have not been conducted. The closest
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comparable situation in the literature is a tracer test between a vertical borehole and 

an adit. Tracer tests are used to characterise the transport properties at sites for 

proposed underground nuclear waste repositories, such as in the Stripa mine, 

Sweden (Olsson and Gale, 1995), and these types o f tests frequently involve the 

study o f tracer migration in the horizontal plane where the tracer is injected into a 

vertical borehole and is abstracted from a horizontal adit.

An equal number o f  tracer particles were injected at each node, irrespective o f  the 

type o f node (fracture or matrix node), that is, a constant mass injection boundary 

was used. The constant head condition imposed on the boundary ensures that 

locally all flow is perpendicular to the boundary. The top and bottom boundaries 

were periodic in some simulations and impermeable in others. A periodic boundary 

was used to reduce the influence o f  impermeable upper and lower boundaries on the 

flow field for the continuous and en echelon fracture patterns (see below). For the 

continuous and en echelon cases the fractures were wrapped, that is, the fracture 

ends were positioned so that a fracture end leaving the model on the upper boundary 

was at the same x-coordinate as a fracture end entering the model on the lower 

boundary, to ensure that fracture continuity was maintained. Particles leaving the 

upper boundary re-appeared at the same horizontal position on the lower boundary 

and vice versa.

Effect o f Periodic Boundary on Flow Field and Form o f Breakthrough Curve

Insert-Figure 1 shows the effect o f  the change in the top and bottom boundary 

condition (periodic to impermeable) on the form (shape and timing) o f  the tracer 

breakthrough curve for a Pattern E (Section 4 .11) type network with a fracture 

aperture o f 100 pm. Insert-Figures 2 to 5 are the corresponding flow fields. Insert- 

Figures 2 and 3 show the flow field change with a pattern rotation o f  45°, and Insert- 

Figures 4 and 5 with a rotation o f  67.5°. Forcing the top and bottom boundaries to 

be impermeable acts to reduce the fracture flow both towards and away from the 

boundaries, as indicated in the figures by the more uniform colour variation at the
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top and bottom boundaries. Insert-Figure 1 shows that changing the boundary 

condition from periodic to impermeable causes the breakthrough curves to shift 

significantly to the right, a reduction in the peak breakthrough height and an 

increase in dispersion. The general shape o f the curve is not altered.
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Insert Figure 1. Breakthrough curves for flow fields shown in Insert Figures 2-5.
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Insert Figure 2. Flow field for Pattern E rotated by 45° - Impermeable boundary
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Insert Figure 3. Flow field for Pattern E rotated by 45° - Periodic boundary
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Insert Figure 4. Flow field for Pattern E rotated by 67.5° - Impermeable boundary
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Insert Figure 5. Flow field for Pattern E rotated by 67.5° - Periodic boundary
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4.1.1 Model Construction and Fracture Patterns

The models were constructed in a series o f  steps. A 5 m by 5 m statistically 

homogeneous porous medium (uncorrelated and isotropic) was discretised onto a 

grid o f 200 by 200 nodes, which was the minimum size at which the bulk 

permeability did not vary significantly with node numbers (see Chapter 3). An 

average matrix permeability was chosen, in this case a permeability o f 10^  ̂ m ,̂ 

which is a typical value for the Chalk (Allen et al., 1997). The matrix permeability 

for each node was chosen from a log-normal distribution o f matrix permeabilities, 

with a standard deviation o f (natural) log permeabilities o f  0.57, a value close to that 

for the Chalk matrix (J Bloomfield, British Geological Survey, personal 

communication). Limestone and Sandstone permeabilities are slightly higher and 

lie within the range 10 to 10 m̂  (Freeze and Cherry, 1979; Odling and Roden, 

1997).

Simple fracture patterns were superimposed on the porous medium. The fracture 

patterns were either initially generated over the entire grid area and the largest 

rotatable square was chosen, or generated over an area much larger than the grid 

area and the whole square chosen, in order to avoid a lower fracture density close to 

the boundaries o f  the flow domain for the flow and transport simulations (Figure 

4.1). For un-rotated patterns the largest rotatable square was also used for 

comparison purposes. The fracture patterns were then discretised onto the regular 

square grid o f 200 by 200 nodes.
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Figure 4.1 Pattern generated in square region or over a large region.

The seven types o f  patterns that were used as a basis for simulations are described in 

turn in the following paragraphs and illustrations (Figures 4 2  to 4.8). In all cases 

where fractures intersected the top and bottom boundaries a periodic boundary 

condition was used.

Each pattern was varied by rotation to the x-axis o f the grid, at 0°, 22.5°, 45° and 

67.5°, using apertures o f 10, 40, 100, 350 and 1000 pm. The aperture was uniform 

for each simulation. Patterns A to D were based on uniform spacings o f single sets 

of fractures, with either continuous traces or en echelon pattems. Likewise, for 

Pattems A to D, standard spacings o f 0.3125,0.625, 1.25 and 2.5 m were employed.
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For en echelon pattems, different spacings and overlaps were generated. Pattern B 

is a uniformly spaced en echelon single set fracture pattern with small overlap 

formed by transforming a Pattern A network, with an Overlap-to-Separation ratio, 

0/S, of 1 and Separation, S, o f 0.1 m. Pattern C is a uniformly spaced en echelon 

single set fracture pattern with large overlap. The en echelon O/S ratio is I and the 

separation, S, is 0.5 m.

Figure 4.2 Pattern A: A uniformly spaced continuous single set fracture pattern.

Figure 4.3 Pattern B: A uniformly spaced en echelon single set fracture pattern with
small separation.
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Figure 4.4 Pattern C: A uniformly spaced en echelon single set fracture pattern with
large separation.

Pattern D (Figure 4.5) is a uniformly spaced, discontinuous, single set fracture 

pattern with varying coverage along the trace o f each fracture. The varying 

coverage was simulated by randomly choosing locations along the fracture length 

using a link-list technique (described in Appendix a and e), thus disallowing overlap 

and replication o f the short fracture segments. 25% and 75% fracture coverage were 

simulated with 100% representing a continuous fracture. To exploit the random 

element in this pattern, ten pattems were generated for each spacing, and then 

rotated.
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Figure 4.5 Pattern D; A uniformly spaced varying coverage single set fracture
pattern.

Whereas Pattern D used random location o f segments along uniformly spaced 

fracture traces. Pattern E takes randomisation a stage further. The spacing o f  

fracture traces is now randomised as well. The varying coverage along each trace 

was simulated by randomly choosing segment locations as for Pattern D, with 25% 

and 75% coverage. The trace-normal position o f each fracture was also chosen 

randomly. Figure 4.6 is an example using 75% coverage. Simulations were run 

using 5, 10, 20 and 30 fracture traces, corresponding to fracture densities (defined as 

the actual fracture length per square metre) o f 0.75, 1.5, 3 and 4.5 m W . For each 

fracture spacing ten randomly generated pattems were simulated.
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Figure 4.6 Pattern E: A random vertical spacing and random horizontal spacing
fracture pattern.

The randomisation o f  individual fractures along a trace that was employed for 

Pattems D and E allowed the lengths o f fractures to vary, subject only to the 

requirement that overall coverage be 25% or 75%. Pattern F, by contrast, was 

generated using fracture segments with fixed length but random location along each 

trace. Figure 4.7 is an example. Coverages o f  I, 10 and 50% were simulated. 

These coverages are percentages o f  the total trace length. 1, 10 and 50% coverage 

corresponds to fracture densities o f 0.34, 1.96 and 3.4 m/m .̂

Figure 4.7 Pattern F: A random location fracture pattern with fixed fracture length.
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[ Pattern G (Figure 4.8) is a 2-set ladder type fracture pattern. The first set is chosen 

from the variety in Pattern E, with 75% coverage, and minimum fracture spacing 

(30 fractures), onto which a randomly chosen second set was superimposed. 

I Simulations were run for five randomly chosen first set pattems and for each first 

set pattern five randomly chosen second set pattems. For each simulation three 

situations with different fracture densities were investigated: when the pattem is just 

non-percolating; when the pattem is just frilly percolating; and when the pattem is 

fully percolating and well connected. In addition Pattem G was rotated by 90°.

l I Î j j I ' 1 Û L

Figure 4.8 Pattern G: A 2-set ladder type non-percolating fracture pattern.

The variations o f aperture, angle, spacing and randomisation which have been 

described for Pattems A to F are thought to comprise an adequate and systematic 

sample o f  the range o f  possibilities for single-sets o f  fractures embedded in a porous 

, media. The 1920 1 set cases modelled represent a huge expansion o f the two cases 

of single set fractures simulated by Odling and Roden (1997). Their pioneering 

study also examined one natural, percolating multi-set fracture pattem. In the 

present study, Pattem G was generated to provide artificial analogues to Odling’s 

and Roden’s single natural pattem.
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4.1.2 Comparison of Patterns A to G with real Fracture Geometries

Though greatly simplified, the artificial pattems just described capture some o f  the 

features o f natural pattems. Pattems A, D, E and F could be considered to represent 

either bedding planes or Joints depending on whether the plane o f  the 2D model is 

considered as being perpendicular to bedding (fractures are bedding planes) or in the 

plane o f the bedding (all the fractures are joints). Pattems B and C have greatest 

similarity to single sets o f  vertical joints so that the 2D model plane may be 

considered as being in the plane o f the bedding. Pattem G might represent either 

bedding planes and joints or two sets o f  vertical joints depending on whether the 

plane o f  the 2D model is considered as being perpendicular to bedding (fractures are 

bedding planes and joints) or in the plane o f the bedding (fractures are joints). For 

each pattem the aperture, spacing (or density), and orientation with respect to the 

direction o f  pressure gradient, were systematically altered.

4.13 System for alteration of Parameters

The permeability o f  a fracture node is described using the cubic law and so by 

varying the fracture aperture the bulk permeability o f the fracture system is also 

systematically varied. The apertures used were 10, 40, 100 and 1000 pm, which 

correspond to fracture-bond to matrix-bond permeability ratios o f  4.33 (m^W), 

2.14x10^ (m^/m^), 3.3x10^ (m^/m^), and 3.3x10^ (mVm^). The maximum fracture 

aperture that the model could solve for, with fully percolating fracture pattems 

(Pattem A and G), was 350 pm and this value was used instead o f  1000 pm, giving 

a fracture-bond to matrix-bond permeability ratio o f  1.43x10^ (m^/m^). Below 10 

pm the model behaves as if  no fracture network is present. 1000 pm is somewhat 

less than the upper limit o f fracture apertures as actually observed in Chalk, granite 

and sandstone outcrops and borehole logs. Reeves (1979) reports Chalk apertures o f  

500 to 40000 pm and Bloomfield (1996) reports Chalk apertures o f 500 to 20000 

pm although he points out that only 10 to 20% o f  enlarged bedding plane fractures 

have high flow rates. These large apertures may have been enhanced by dissolution 

of the Chalk matrix. Patsoules and Cripps (1989) report Chalk micro-fractures with
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apertures between 100 and 600 |xm and Bahat (1989) reports Chalk apertures o f  a 

few mm or less. Johnson and Dunstan (1998) provide detailed logs o f forty 

boreholes in igneous rock and schist. The majority o f  the fractures have apertures o f  

5000 pm or less. Fracture apertures range from a few microns to several thousand 

microns. In order for the flow model to converge there is a limit on the maximum 

fracture aperture, which depends on the matrix to fracture permeability contrast. 

For a matrix permeability o f  1 xlO '̂  m  ̂ the fracture aperture limit is 350 pm for a 

facture that joins the inflow and outflow boundaries. Larger fracture apertures can 

be modelled using 2DFlow (Chapter 3, Section 3.1) if  the matrix permeability is 

increased. The model dispersion caused by fracture to matrix interaction is a 

function o f  the matrix to fracture permeability contrast and not o f  the absolute 

values for the fracture permeability. The full range in permeability contrast that can 

be handled by the code has been explored and exploited in the simulations.

To take into account the effects o f  the partial contact o f  fracture walls, due to 

compressive stresses, a fracture porosity o f  70% was assumed which corresponds to 

the contact area found under relatively low normal stresses (Vickers et al., 1992) as 

expected in shallow ground waters. A matrix porosity o f  20% was used. Chalk 

matrix porosity ranges from 20% to 50% (Price, 1987; Lloyd, 1993; Bloomfield, 

1996).

The angles used, between the fracture pattems and the direction o f the general 

pressure gradient (x-axis), were 0°, 22.5°, 45° and 67.5°. In addition, a rotation o f  

90° was used for Pattem G. In order to force the continuous and en echelon 

fractures to overlap at the top and bottom boundaries the spacings allowed varied 

slightly depending upon the angle o f rotation.
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4.1.4 Fracture Density

F o r  Pattems A, B, C and D the fracture spacings o f 2.5 and 0.3125 m correspond to 

fiacture densities o f  0.6 m/m^ and 3.4 m/m^. Fracture density is defined here as the 

fracture trace length per unit area. For pattems E and F the fracture density varied 

fiom approximately 0.34 m/rn to approximately 4.5 m/m^.

The fracture spacing for the first set o f  pattem G was not varied and was fixed at 4.5 

ra/m̂ . The spacing o f  the second set was varied. The number o f  active flow cells, 

or the Connectivity Index (C.I.), gives the fracture density o f the backbone 

(Appendix f). A C.l. o f  0 active flow cells corresponds to a non-percolating pattem, 

whereas a C.l. o f  up to approximately three thousand active flow cells corresponds 

to a just percolating pattem, and a C.l. o f  three to six thousand active flow cells 

corresponds to a well connected and fully percolating fracture pattem. Each cell is 

0.025 m in length. Therefore 0 to 6000 active cells corresponds to a backbone 

fracture density variation o f  4.5 to approximately 6 m/m^.

The crystalline rock at Stripa has fracture spacings on the order o f  1-3 m (Nordqvist 

et al., 1996). Chalk fracture spacing varies from a few cm ’s (or less) up to 10 m 

(Bahat, 1989; Bloomfield, 1996; Younger and Elliot, 1996). The fracture spacing 

range used in this study is similar to the ranges found in both hard and sedimentary 

rock.

To simplify the analysis each parameter was given a classification number. The 

input parameters (fracture aperture, angle, spacing and C.l.) are summarised for 

each pattem in Table 4.1 and 4.2. For example, for Pattem A the apertures 10, 40, 

100 and 1000 pm have classification numbers 1 ,2 ,3  and 4, respectively.
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Pattem Aperture Angle
1 2 3 4 5 0 1 2 3 4

urn um nm um urn °
A 10 40 100 - - 0 22.5 45 67.5 -

B 10 40 100 1000 - 0 22.5 45 67.5 -

C 10 40 100 1000 - 0 22.5 45 67.5 -

D 10 40 100 1000 - 0 22.5 45 67.5 -

E 10 40 100 1000 - 0 22.5 45 67.5 -

F 10 40 100 1000 - 0 22.5 45 67.5 -

G 10 40 100 - 350 0 22.5 45 67.5 90

Table 4.1 Aperture and Angle input parameters.

Pattern Spacing Connectivity Index C.l. C.l
1 2 3 4 C.l.=0 0 to «3000 3000 to «6000

just non just well connected
percolating percolating percolating

m/m^ m/m^ m/m^ m/m^ m/m^ m/m^ m/m^
A 0.6 1 1.8 3.4 - - -

B 0.6 1 1.8 3.4 - - -

C 0.6 1 1.8 3.4 - - -
D 0.6 1 1.8 3.4 - - -

E 0.74 1.5 3 4.5 - - -

F 0.34 2 3.4 - - - -

G - - - - C.l.>4.5 4.5<C.I.<«6 C.l.«6

Table 4.2 Spacing and Connectivity Index input parameters.

4.1.5 Are Simulations at Continuum Scales for Flow and Transport?

As discussed in Chapter 2 a fractured porous rock behaves like an equivalent porous 

medium for flow when (1) there is an insignificant change in the value o f the 

equivalent permeability with small changes in scale and (2) an equivalent 

permeability tensor exists which predicts the correct flux when the direction o f  the 

constant hydraulic gradient is changed (Long et al., 1982). If a fractured porous 

medium behaves as an equivalent porous medium then 1/K‘̂ ,̂ where K is the 

hydraulic conductivity, versus angle to the direction o f  the general hydraulic 

gradient forms an ellipse when plotted on polar coordinates (Bear, 1972, Long et al..
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1982; Khaleel, 1989). For inhomogeneous fractured media it may not plot as a 

smooth ellipse. If an approximate ellipse is formed (and point (1 ) above is satisfied) 

then the area o f  interest can be treated as a Representative Elemental Volume (REV) 

and can be modeled using continuum techniques (Witherspoon et al., 1987). To test 

whether in the case o f  the well-connected and percolating type G pattem shown in 

Figure 4.9, the permeability was calculated for every 15° o f  rotation for four 

different grid sizes (node numbers), 50 (Figure 4.10i), 100 (Figure 4.1 Oii), 150 

(Figure 4.10iii) and 200 (Figure 4.1 Oiv). For each simulation 1/K̂ '̂ ^̂  was plotted 

against the angle to the x-axis and fitted to an ellipse. The plot shown in Figure

4.1 Oi has a poor fit whereas the plot shown in Figure 4.1 Oiv has a good fit to an 

ellipse. There is only a minor difference between the fits shown in Figures 4.10iii 

and 4.10ÎV. Figure 4.10 suggests that the flow behaviour is approaching that o f an 

REV and that 200 nodes are sufficient to treat Pattem G as an equivalent porous 

medium. Thus, simulations using Pattem G are at a scale which may be close to the 

continuum scale for flow, but are probably still substantially below the continuum 

scale for transport.

The question o f the relation o f  the simulation area to continuum scale cannot be so 

easily settled for the single-set pattems, however (Pattems A to F). These show 

extreme anisotropy with respect to flow, so that the ellipse test is difficult to apply. 

Nevertheless, a 5 x 5 m area and 200 nodes is probably near the continuum scale for 

these pattems as far as flow is concemed, but well below the continuum scale for 

transport.
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Figure 4.9 Pattern used to test whether the well connected and percolating 2-set
patterns approach an REV.
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Figure 4.10 Plots of l/K l/2  against angle and fitted ellipses for grid sizes of 50 (i), 100
(ii). ISO (ill) and 200 (iv).
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Figure 5.10 (cont.) Plots of l/K l/2  against angle and fitted ellipses for grid sizes of 50

(i), 100 (Ü). 150 (iii) and 200 (iv).
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4.1.6 Methodology for Numerical Experiments on Chosen Patterns

For each simulation the flow code was first used to calculate the flow field and to 

determine the bulk permeability in the direction o f  the general pressure gradient. To 

generate a tracer breakthrough curve one thousand particles per node were released 

at every node on the up-gradient boundary, that is, 199,000 particles in all. This was 

sufficient to ensuring the identification o f  the main peaks in the breakthrough curves 

and to give reproducible results. The particles were monitored at their exit, that is, at 

the whole outflow boundary, to provide breakthrough curves in the form o f  numbers 

of particles arriving within short, predetermined time intervals. One hundred and 

one time bins were used in all o f  the experiments with width chosen so that the peak 

of the Gaussian breakthrough curve fiom the matrix always occurred in the same 

time bin and to ensure a smooth breakthrough curve. The total model time was set 

at 5 m ŝ (Note: Model time units are explained on in Chapter 3, Section 3.6.4).

42 Natural Gradient Simulations -Presentation of Full Results

The simulation data is given in the CD at the back o f the thesis. The file is called 

rawdata.xls. 3119 models were simulated and results from each are listed along one 

row o f the file. Table 4.3 shows two examples.

Pattern Type Model # Angle Spacing Aperture Bulk Kx10"* Numbers of particles 
arriving in each bin 

timeO.. ..timelOO
B 1 1 1 1 10104 0 0
G 2 1 5288 3 1012438 90251 0

Table 4.3 Examples of entries of rawdata xls data set.

The first column describes the pattern type. The second column is a model 

identifier or label. The entries for angle, spacing and aperture are indices that are 

explained in Tables 4.1 and 4.2. For Pattern G the number o f  active flow cells are
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used instead o f the spacing. The number o f active flow cells corresponds to the 

active flow cells when the matrix permeability is set to zero and so does not include 

fracture dead-ends. The number o f active flow cells is analogous to the backbone o f  

the fracture pattern. The bulk permeability is in units o f m̂  xlO^. The remaining 

columns timeO to time 100 are the bins forming the tracer breakthrough curve, each 

bin representing 0.05 model time units.

4,3 Discussion of Results

The forward modelling exploratory study is presented in the form o f tracer 

breakthrough curves or histograms o f particle arrival times. The discussion is 

separated into three parts. Part one consists o f  two detailed examples o f how the 

geometric and hydraulic properties o f  a fracture pattern can be used to explain the 

form o f a breakthrough curve. Part two presents the forms o f  the curves and 

highlights some o f  the geometric and hydraulic properties responsible for producing 

each curve. As a tool to aid in the interpretation o f  the breakthrough curves they 

have been classified using a subjective method in part three.

43.1 The relationship between the flow field, tracer transport and 
tracer breakthrough curve: Example 1

This example is o f  a single en echelon fracture. It shows firstly how the geometric 

and hydraulic properties can be used to explain the form o f  a tracer breakthrough 

curve, and secondly the effect an en echelon type fracture has on the flow and 

transport behaviour.

The fracture pattern is shown in Figure 4 .1 1 and the flow field with an aperture o f  

100 pm in Figure 4.12. A close up o f  the flow field in the vicinity o f  the fracture is 

shown in Figure 4.13.
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en echelon frac tu re

Figure 4.11 En Echelon fracture pattern.

F L O W

O.Oh + OO ?.Oi£-OI 7 .5 t:-O l i.Oh+(M
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Figure 4.12 Flow field for En Echelon fracture pattern. The arrows give the direction 
of the flow field. SI and S2 are the positions of the separations and P is the position of 

parallel flow. A l, B l, A2, and 82 are the flow regions in between SI, S2, P and the
boundaries.
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Figure 4.13 Close up of flow field for En Echelon fracture pattern. The arrows give 
the direction of the flow field. SI and S2 are the positions of the separations and P is

the position of parallel flow.

In Figures 4.12 and 4.13 the dark blue corresponds to an area with low flux density. 

The light blue, to yellow to red areas correspond to regions o f progressively higher 

flow. SI and S2 correspond to the first and second en echelon fracture separations 

and P to the position in which flow vectors are parallel to the x-axis across the 

whole model. The top and bottom boundaries are impermeable. Figure 4.13 is a 

close up o f the flow field around the en echelon fracture in Figure 4.11. The 

direction o f the flow field is indicated using black arrows. The arrows are all o f the 

same length and thickness and so represent the direction but not the flux, the latter 

being indicated by the colour. Figure 4.14 represents the corresponding pressure 

field. Note that the pressure gradient across the model is not uniform but that strong 

local transfers o f  flow from one en echelon fracture segment to the next, which 

generate semi-circular patterns o f flow centred on S 1 and S2 (Figure 4.13).
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Figure 4.14 Pressure field for En Echelon fracture pattern. High pressure is indicated 
in red and low pressure is indicated in light blue. SI and S2 are the positions of the 

separations and P is the position of parallel fiow.

By setting a time limit for particle tracking, and plotting the locations o f  particles at 

the end o f the time, it is possible to obtain snapshot pictures o f particle 

concentration. Three snapshots illustrating transport through this system are shown 

in Figure 4.15, for times o f 0.5, 2 and 3 model time units.
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(A) Snapshot t=0.5
F L O W

(B) Snapshot t=2
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(C ) Snapshot t=3
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Figure 4.15 Snapshots of particle transport for Pattern E, with an angle of 45° to the 
direction of the general pressure gradient, spacing 3, and aperture 100 mm. (A) 0.5

m \s, (B) 2 m \s (C) 3 m \s
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The particles that move within the fracture are transported rapidly to the outflow 

boundary and cannot be seen in any o f the snapshots. The particles shown are those 

which have been transported mainly within the matrix. In Figure 4.15 dark blue 

regions represent areas with few particles and light blue to green to yellow to red 

represent areas with progressively higher particle concentrations in numbers per 

cell. The scale is linear and is relative to the maximum concentration.

The corresponding tracer breakthrough curve is given in Figure 4.16. The snapshot 

times 0.5,2 and 3 are highlighted.

Particles injected adjacent to fracture, follow curved fiow 
patbi in matrix and re-enter fracture

Bulk matrix fiow

0.5

Time
Particles injected into fracture

Particles injected adjacent to fracture, follow curved fiow 
patti in matrix and flow adjacent to fracture

Figure 4.16 Tracer breakthrough curve for en echelon fracture.

There are three distinct peaks and a backward tail. The point o f injection dictates 

which peak a particle belongs to and so the discussion is split into three main parts, 

for those particles that are injected directly into the fracture, adjacent to the fracture 

and far away from the fracture. To aid the discussion Figure 4.12 has been divided 

into four regions, A l, B l, A2 and B2. These sections refer to the areas in the
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vicinity o f the fracture. The flow and transport patterns o f  each section are 

discussed and related to the breakthrough curve in Figure 4.16.

Injection into Fracture

The initial arrival in the first time bin is o f  particles that were injected directly into 

the fracture. It can be seen from Figure 4.13 that flow in the matrix in Section Al 

diverges away from the fracture. Thus the fastest transit will be made by particles 

that remain in the fracture throughout section A l, cross the matrix o f  transfer zone 

SI by a short, direct route, and remain in the second fracture segment throughout its 

length. These early arrivals must also cross the matrix at S2 directly and remain 

within the third, final fracture segment throughout its length. The small spread in 

transit times o f  these early arrivals is due to variations in the exact paths taken 

across the transfer zones SI and 82, plus possible delays for a few particles which 

enter the matrix adjacent to one o f the fracture segments very briefly, before 

returning to the fracture again. (This last possibility arises from the heterogeneity o f  

the matrix and the probabilistic mode o f  division o f  particle paths when moving 

between cells.)

Injection Adjacent to Fracture

The en echelon pattern causes a large flow and a steep pressure gradient across the 

two separations shown by 81 and 82. The influence o f  these can be seen in the flow 

field within the surrounding matrix (Figures 4.12 and 4.13) with a circular pattern o f  

flow lines around each separation. As 81 is approached from the inflow boundary 

(in section A l)  the flow lines diverge away from the fracture and converge on the 

fracture on the opposite side o f  81 (in section B l). Particles that are injected near 

the fracture will follow this near-circular flow path around 81, and will flow into the 

fracture to the left o f  81 (in section B l) and then directly to the outflow boundary, 

as observed in the snapshot for t=0.5 (Figure 4.15 A). The arrival o f  these particles 

constitutes the second peak which starts at t=0.5 and finishes at t=2. This is an 

example o f  the heterogeneity forcing flow concentration on high-permeability 

regions.
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At t=3 the backward tailing commences and is a result o f those particles which 

flowed around SI but did not flow into the fracture at P (between sections Bl and 

A2), but followed the divergence o f  flow in section A2 before arriving at the 

outflow boundary (via section B2), as observed in the snapshots for t=2 and t=3. 

Those particles arriving after t=3 (Figure 4.15C) belong to two groups. Some were 

injected within the middle one third o f the inflow boundary, and have been retarded 

by slower than average flow velocities and/or larger than average path lengths 

caused by the divergent-convergent flow patterns round SI and S2. The second 

group can be seen in times 2 and 3. They have flowed via the matrix from injection 

in the top and bottom third o f the inflow boundary. As the snapshot at t=3 makes 

clear, the second group will leave the model before the last o f  the first group.

Injection Far Away from the Fracture

The band o f particles lying parallel to the y-axis, and present in the upper and lower 

parts o f  the flow field, in Figure 4.15A represent those which have flowed through 

the matrix without being significantly influenced by the distorted flow field around 

the fracture. The arrival o f  the bulk o f  these particles commences at or just after t=2 

(Figure 4.15B). These particles are transported within the matrix only. The broad 

range o f  arrival times is a result o f advective dispersion due to the distribution o f  

matrix permeabilities.

The above example shows that there is a clear relationship (in such a simple system) 

between the fracture geometric and hydraulic properties and the tracer breakthrough 

curve. It also demonstrates the effect o f  having a relatively small separation 

between overlapping fractures. The high flow rate set up across the en echelon 

separations allows a discontinuous fracture to form a pathway o f relatively fast flow 

and transport, even though the fracture is not continuous. These fast flow pathways 

through the matrix between en echelon fractures will from now on be referred to as 

transfer zones.
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4.4 The relationship between the flow field, tracer transport and 
tracer breakthrough curve: Example 2

Example 2 is o f  a set o f  continuous fractures at 67.5° to the general flow direction 

(Figure 4.17). It demonstrates the effects o f  fracture-matrix interaction on the flow 

field and transport behaviour, as well as providing a second instance o f  how the 

fracture geometry can be related to the form o f the breakthrough curve through an 

understanding o f  the flow field. The flow field for a continuous fracture pattern 

rotated by 67.5° to the x-axis with an aperture o f  40 pm is shown in Figure 4.18. A 

close up o f the flow field is shown in Figure 4.19.

Continuous Rotated

Figure 4.17 Continuous fracture pattern rotated by 67.5° to the x-axis.
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Figure 4.18 Flow field for continuous fracture pattern rotated by 67.5° to the x-axis. 
The arrows give the direction of the flow field. FI, F2 and F3 are the three sections of 

the fracture and C l, D l, C2 and D2 are the flow regions in between each fracture
section and the boundaries.

Figure 4.19 Close up of flow field for continuous fracture pattern rotated by 67.5° to 
the x-axis. The arrows give the direction of the flow field. FI, F2 and F3 are the three

sections of fracture.
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Colour coding o f  flow intensity is the same as before. The black arrows show flow 

vector direction but are plotted for every fifth cell. FI, F2 and F3 correspond to the 

three sections o f the fracture. The fracture is continuous and so the top and bottom 

boundaries are periodic, a configuration which produces low transit times for only a 

few particles (see below). Figure 4.20 below represents the pressure field and 

shows that the pressure gradient across the model is uniform in both directions. 

This is due to the relatively high angle o f the fracture to the general pressure 

gradient.

Flow

(D CD

Figure 4.20 Pressure field for continuous fracture pattern. High pressure is indicated 
in red and low pressure is indicated in light blue.
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Figure 4.21 Snapshots of tracer plume migration at model times of (A) 0.1 m \  (B) 0.5
m \  (C) 1 m̂ s and (D) 2 m ŝ.

Figure 421 shows snapshots o f tracer positions at model times 0.1, 0.5, 1 and 2 

m ŝ. The particles are injected across the entire inflow boundary and are monitored 

across the entire outflow boundary. Because o f the use o f periodic boundaries this
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corresponds to injection along the inflow boundary, but monitoring along a longer 

section of the outflow boundary, when the model is ‘wrapped.’ The particles move 

from the right hand boundary to the left hand boundary. The majority spend very 

little time in the fractures. The migrating particles have all been transported within 

the matrix for at least part (in many cases, most) o f each particle’s journey to its 

position in the snapshot. Dark blue regions represent areas with few particles and 

light blue to green to yellow to red represent areas with progressively more particles 

on a linear scale o f  relative concentration.

The tracer breakthrough curve is given in Figure 4.22 with the pure matrix case 

shown for comparison. The snapshot times 0.1, 0.5, 1 and 2 are highlighted. A 

frequency plot o f  particle arrival ‘position’ along the outflow boundary is given in 

Figure 423. The model has a y-dimension o f 200 nodes and these are binned into 

blocks of ten with the mid-point o f each bin plotted in Figure 4.23. Bin 0-10 with a 

mid-point value o f 5 corresponds to the particles arriving at the bottom left hand 

comer o f the model. The fracture crosses the outflow boundary at the co-ordinate 

0,141, and the distinct peak in the bin centred on node 145 reflects the fact that 

around 65,000 particles (33% of those injected) leave the model via this fracture (or 

through the matrix very close to it).

10000

4000

Matrix Curve

Fracture Curve

Particles injected into fracture Particles traveing nnainly in matrix

Figure 4.22 Tracer breakthrough curve for continuous fracture.
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Figure 4.23 Particle arrival positions along outflow boundary.

The breakthrough curve in Figure 4.22 has only one distinct peak, but has the same 

general form as the breakthrough curve for the pure matrix case. Figure 4.18 has 

been divided into four sections. C l, D l, C2 and D2. These sections refer to the flow 

areas in between the fracture sections FI, F2 and F3 and the boundaries. In the 

following discussion the flow and transport patterns o f each section are discussed 

and related to the breakthrough curve given in Figure 4.22. The en echelon fracture 

example has three distinct peaks and the onset and end o f each peak can be 

characterised in terms o f the transport time, whereas the continuous fracture 

example does not and so the timing o f the different flow and transport processes for 

the continuous fracture example is not discussed. But similarly to Example 1 the 

discussion is divided according to the injection location.

Injection into FI

The initial arrival in the first time bin is due to particles arriving that were injected 

directly into the fracture FI in section Cl and were transported entirely through the 

fracture. This pattern is made possible by the periodic construction for the upper
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and lower boundaries. However, very few travelled entirely within the fracture and 

as a result the early arrivals are small, only about 100 per time bin. Most o f the 

1000 particles injected directly into the fracture must have travelled only a short 

distance along FI before being advected into the matrix o f section Dl and possibly 

C2. The snapshot for t=0.1 (Figure 4.21 A) shows a faint cloud o f  such particles 

adjacent to FI, on its down gradient side, within D l .

Injection above FI into Section C l

Figure 4 2 IB shows that particles that were injected above FI in section Cl were 

transported through the matrix until FI was reached. Some o f these particles passed 

directly through FI into section D l, but the majority were transported along FI in 

the direction o f  the outflow boundary. Some o f  the particles only travelled a small 

distance within FI and re-entered the matrix, in section D l, at some point along the 

length o f FI. This transport pattern was repeated through D l, F2, C2 and F3 

(Figure 4.21 C) until the outflow boundary was reached.

Particles that reach the top boundary in F 1 re appear at the bottom boundary in F2 

(Figure 4.21 B). These particles either continued to migrate along F2 or migrated 

into the matrix in section C2. The particles that reached the top boundary in F2 re

appeared at the bottom boundary in F3 (Figure 4.21C). Likewise, these particles 

either continued to migrate along F3 or migrated into the matrix in section D2 until 

the outflow boundary was reached (Figures 4.21 C and D).

Injection below FI into Section D l

Figure 4 .2IB shows that particles that were injected below FI in section Dl were 

transported through the matrix until F2 was reached. Some o f  these particles passed 

directly through F2 into section C2 (Figure 4.21 C), but the majority were 

transported along F2 in the direction o f  the outflow boundary. Some o f the particles 

only travelled a small distance within F2 and re-entered the matrix, in section C2, at 

some point along the length o f F2. This transport pattern was repeated through C2, 

F3 and D2 (Figure4 .2ID).
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Particles that reached the top boundary in F2 re-appeared at the bottom boundary in 

F3 (Figure 4.21C). These particles either continued to migrate along F3 or migrated 

into the matrix in section D2 until the outflow boundary was reached.

The presence o f  the fracture causes the breakthrough curve to shift to earlier time 

and the continual fracture-matrix interaction causes the breakthrough curve to have 

increased dispersion relative to a pure matrix model (Figure 4.22). Figure 4.23 

shows that the fracture has a strong influence on the transport because about one 

third o f the particles arrive at the outflow boundary either within the fracture itself 

or adjacent to the fracture. The largest peak in Figure 4.23 is between nodes 140 

and 150 and the fracture terminates at the outflow boundary at node 141. 33% o f  

the total particles released arrived between nodes 140 and 150. Figure 4.20 shows 

the pressure distribution. The uniform decrease in pressure from the right to the left 

hand boundary indicates that the fracture has a uniform influence on the flow and 

transport across the model region.

The modal travel time is 1.8 model time units (36 bins), compared with 2.5 units (50 

bins) for pure matrix flow. The arrival o f 100 particles within the first time bin 

indicates that transport directly along the fracture F1-F2-F3 is very fast, but also that 

over 90% o f the 1000 particles that were directly injected into FI must have left the 

fracture and entered the matrix. From comparison o f  the times o f  the two peaks (for 

model and pure matrix) it may be estimated that modal particles in the model have 

pathways through the matrix which are roughly 70% o f the length o f  the modal 

pathway in the pure matrix model. If matrix velocities are similar in both cases, this 

implies that about 30% o f  the net transport along the x-direction o f the model takes 

place in fractures, and 70% in the matrix. This acceleration o f the overall advection 

rate is due entirely to high transport velocities within the fractures, at a high angle to 

the regional flow.
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The spread or dispersion o f particle arrival times is added to by fracture-matrix 

interaction compared with the pure matrix ca§e. Fracture flow velocity is 

approximately 80 times faster (determined by inspecting the flow field) than the 

matrix flow. This relatively low ratio o f  velocity is caused by the high fracture 

orientation with respect to the direction o f the general pressure gradient and the 

small fracture aperture o f 40 pm. A fracture aperture o f 40 pm and a matrix 

permeability o f  1x10 m̂  correspond to a fracture to matrix permeability contrast 

of approximately 214 (m^/m^). Since flow within the matrix is generally parallel to 

the x-axis, the enhanced dispersion must be due to the variation among particles in 

the distance travelled along the fractures before being refracted into the matrix. 

This effect may be expected to diminish with wider fracture apertures and larger 

permeability contrasts between the fractures and matrix.

4.4.1 Breakthrough Curve Classification

The two examples described above demonstrate contrasting relationships between 

the fracture geometric and hydraulic properties and the tracer breakthrough curve. 

In order to be able to describe and explain how the variety o f  breakthrough curves 

are controlled by fracture patterns and apertures it is useful to classify breakthrough 

curves using a simple scheme. The following section describes a subjective method 

of breakthrough curve classification, using as a database the 3119 curves generated 

from the fracture patterns A-G.

The classification scheme presented here is subjective and as such has been kept as 

simple as possible. The method is crude but was deemed useful in order to (a) 

identify relationships between the breakthrough curve shape and the geometric and 

hydraulic properties and (b) to simplify the discussion. Many curve shapes were 

produced with a systematic transition from one curve form to another, but five 

classes were identified as being typical. Figure 4.24A shows the generalised form 

of the five distinct classes. Figure 4.24B provides examples o f  simulated 

breakthrough curves with some transitional cases. Type 1 is a matrix-like curve.
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Type 2 is a forward tailed matrix-like peak. Type 3 is a bi-modal curve with early 

breakthrough and peak plus a matrix-like peak at later time. Type 4 is an L-shaped 

curve with very early breakthrough but with a rise to the peak and backward tailing. 

Type 5 is an example o f  an L-shaped curve with breakthrough and peak in the first 

few time bins and backward tailing. Types 4 and 5 are similar but distinguished on 

whether the peak occurs in the first one or two time bins, or not. It was deemed 

important to make the distinction because they are commonly produced by Pattern B 

and Pattern A networks, respectively.

(A)

Type 1 Type 2 Type 3 Type 4 Type 5

(B)
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Figure 4.24 A: generalised form of the five distinct classes. B: examples o f simulated 
breakthrough curves with some transitional cases.
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4.4 J  Hydraulic, geometric and fracture pattern properties and the 
breakthrough curve

The following graphs are examples o f  the simulated breakthrough curves for each 

fiacture pattern. They demonstrate the relationships between varying fracture 

spacing (or the Connectivity Index, Section 4.14), aperture and angle to the pressure 

gradient and the form o f  the tracer breakthrough curve. When the spacing is varied 

the aperture and angle are fixed to 100 pm and 45°, respectively. When the aperture 

is varied the angle and spacing are fixed to 45° and Spacing 3. For pattern G a 

percolating and well-connected pattern was used. When the angle is varied the 

spacing and aperture are fixed to Spacing 3 and 100 pm, respectively. For patterns 

with a random component (D-G) only one example is given. The forms o f  the 

curves are discussed in terms o f the Type Curves they subjectively resemble, the 

hydraulic and geometric properties, and the flow and transport processes for each o f  

the patterns (A to G) in turn. Flow fields and transport snapshots are given where 

appropriate to clarify the explanations.

Guide to reading Sections 4.2.3 to 4.4.10

These sections are long but necessary. I suggest the reader tackle the sections by 

looking at the diagrams and the breakthrough curves and seeking explanation from 

the text, if necessary, and/or reading the summaries at the end o f  each section and 

the overall summary in section 4.4.10 and work backwards from there.
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4.43 Pattern A 
Variation of Spacing
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Figure 4.25 Pattern A. Effect of fracture spacing on the breakthrough curve form.

Figure 425 shows that as the fracture spacing is decreased from Spacing 1 to 

Spacing 4 Pattern A produces Type 5 curves, though with a subsidiary peak or 

shoulder in some. The subsidiary shoulder is shifted to the left and away from the 

breakthrough curve for the pure matrix case. As the spacing is decreased a larger 

proportion o f particles spend less time in the matrix and more time being transported 

within the fractures resulting in the shift to the left, an increase in the height of 

initial breakthrough peak and a decrease in overall dispersion. The flow fields for 

Spacing 1 and Spacing 4 are shown in Figures 4.26 and 4.27, respectively. In 

Figure 426  the intensity o f flow is dominated by the single (wrapped) fracture (red 

colour), whereas in Figure 4.27 no single fracture dominates the flow intensity 

(yellow colour). Adding more fractures adds very little distortion to the matrix flow 

field. For an aperture o f 100 pm and a percolating pattern there will always be an 

initial, rapid first arrival because o f the high fracture-to-matrix permeability contrast 

(3.3x10  ̂ m .̂m' )̂, which allows a high proportion o f particles to remain within a
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fracture once they have entered it. The second peak, or shoulder, is produced by 

particles travelling within the matrix between fractures. For large spacing the 

proportion o f  total pathway length that occurs within the matrix is much increased, 

as is the variability o f  this proportion and the variability o f absolute distance 

travelled in the matrix. This causes greater overall dispersion, broadening the 

secondary peak. For Spacing 1, some particles injected in the middle o f the right 

hand boundary may travel almost the entire distance within the matrix.
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0.0E-\-00 2.5E-0I 5.0E-0I 7.5E-01 Y.OE+Ot

minimum flow  = 2.616E-01 maximum flow  = L669E+03

Figure 4.26 Flow field for Pattern A, with spacing 1, aperture 100 pm and an angle of 
45° to the direction of the general pressure gradient
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Figure 4.27 Flow field for Pattern A, with spacing 4, aperture 100 pm and an angle of 
45° to the direction of the general pressure gradient.
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Pattern A: V ariation  of A pertu re
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Figure 4.28 Pattern A. Fracture aperture and the breakthrough curve form.

Increasing the fracture aperture from 10 pm to 100 pm causes the breakthrough 

curve to shift to the left with respect to the pure matrix case (Figure 4.28). As the 

aperture is increased the particles that are initially transported within the matrix but 

then migrate into a fracture are more likely to remain in the fracture. For small 

apertures the distance that particles traverse in the fracture is relatively small, and 

the net effect is merely to shift the matrix curve slightly to the left. Apertures o f 40 

pm and more are large enough to allow many particles to complete their journey 

within a fracture once they have entered it. Thus, these patterns show a 

breakthrough in the first time bin. Dispersion is increased for 40 pm presumably 

because o f significant variation in distance travelled within the fracture, but 

decreases significantly for the 100 pm aperture. The flow fields for apertures o f 40 

and 100 pm are shown in Figures 4.29 and 4.30, respectively, showing that as the 

aperture is increased there is no distortion o f the direction o f  the flow vectors.

174



Finally, the centre fracture joins the inflow to the outflow boundary limiting the 

fracture aperture size.
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Figure 4.29 Flow field for Pattern A, with aperture 40 pm and spacing 3 and an angle 
of 45° to the direction of the general pressure gradient.
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Figure 4.30 Flow field for Pattern A, with aperture 100 pm and spacing 3 and an 
angle o f 45° to the direction of the general pressure gradient

76



Pattern A: Variation of Angle
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Figure 4.31 Pattern A. Fracture angle and the breakthrough curve form.

Increasing the angle o f the fracture with respect to the general pressure gradient 

from 0° (Type 3) to 67.5° (Type 4) causes the breakthrough curve to shift to the left 

with respect to the pure matrix case (Figure 4.31). For the 0° curve there are 

relatively fewer particle interactions between the fracture and matrix because the 

fractures are parallel to the direction o f  the general pressure gradient. There are 

therefore two distinct types o f flow pathways (Figure 4.32). Particles that migrate 

mainly within the matrix correspond to the peak that coincides with the pure matrix 

case, whereas particles that migrate mainly within the fractures correspond to the 

initial arrival at early time. Since the number o f particles with short transit times 

(<0.5 model time units) is approximately 37,000, which is much larger than the 

7000 particles injected directly into the fractures, there must be considerable 

‘capture’ o f particles from the matrix adjacent to the fractures. As the angle is 

increased the fractures extend across the general transport o f  fluid in the matrix, 

increasing their capture o f  particles. Because the fractures have an aperture o f 100
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|im and are percolating, the particles that are initially transported within the matrix 

but then migrate into a fracture are likely to remain in the fracture until their journey 

is complete. This results in the shift o f the second peak o f  the breakthrough curve to 

the left and the increase in the height o f the initial breakthrough and the decrease in 

the dispersion, at higher angles o f rotation.
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Figure 4.32 Flow field for Pattern A, 0° of rotation to the direction of the general 
pressure gradient, with aperture 100 pm and spacing 3. There are two distinct flow 

regimes: the horizontal flow within the matrix and along the fractures.
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Summary for P a tte rn  A

Pattern A shows a general tendency to produce curves o f  Type 4 or 5 when 

apertures are large and the angle o f rotation is high. In situations where a high 

proportion o f  transport is through the matrix curves are o f Type 3 (for low angles o f  

rotation but large apertures) or even Type 1 (45° but small apertures).

4.4.4 Pattern B

Pattern B: Variation o f Spacing
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Figure 4.33 Pattern B. Effect of fracture spacing on the breakthrough curve form.
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Figure 4.34 Flow field for Pattern B, with spacing 3, aperture 100 pm and an angle of 
45° to the direction of the general pressure gradient There are high flow rates across 

the transfer zones. The transfer zones add to bi-modal behaviour.

The efTect o f decreasing the spacing in Pattern B is broadly similar to that in pattern 

A (compare Figure 4.33 with 4.25), but the Pattern B curves are o f Type 3 and 4, 

rather than Type 5 as is the case with Pattern A. Figure 4.33 shows that decreasing 

the fracture spacing from Spacing 1 (Type 3) to Spacing 4 (Type 4) causes the 

breakthrough curve to shift to the left. The reasons are the same as for the 

corresponding shift shown by Pattern A, but for the en echelon fractures in Pattern B 

some transport in the matrix is assured, across the transfer zones. For an aperture o f  

100 pm, and a small en echelon separation, there is always a rapid first arrival
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because o f high flow rates across the transfer zones. The presence o f  a peak at early 

time (Type 4 curves) may be due to a variety o f  pathways with different transit 

times within the transfer zones, as well as to particles travelling within the matrix 

between separate fractures. Figure 4.34 shows the influence o f the transfer zones on 

the flow field (cf. Figures 4.26 and 4.27). Circular flow patterns around transfer 

zones can be clearly seen, and these will produce a peak in transit times at < 0.5 

model time units, just as in Example 1 above. As the fracture spacing is decreased 

dispersion decreases (larger peaks and smaller spread), but the dispersion is always 

greater than for corresponding cases o f Pattern A (Figure 4.25), due to the effect o f  

the increased heterogeneity in the flow field caused by the transfer zones.

Pattern B: Variation o f Aperture

b=100

Figure 4.35 Pattern B. Fracture aperture and the breakthrough curve form.
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Figure 4.36 Flow field for Pattern B, with spacing 3, aperture 40 pm and an angle of 
45° to the direction of the general pressure gradient There are high flow rates across

the transfer zones.

The effects o f aperture are very similar in Pattern B to those in Patten A. Figure 

4.35 shows that increasing the fracture aperture from a fracture aperture o f 10 pm 

(Type 1) to 1000 pm (Type 5) shifts the breakthrough curve to the left, presumably 

for the same reasons as discussed above. Dispersion is slightly greater for Pattern 

B, again probably due to the en echelon transfer zones (cf. Figures 4.35 and 4.28). 

The effect o f the transfer zones on the flow field for an aperture o f 40 pm can be 

seen by comparing Figure 4.36 with Figure 4.29, which clearly shows the increase 

in the distortion o f the matrix flow field.
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pattern B: Variation of Angle

Figure 4.37 Pattern B. Fracture angle and the breakthrough curve form.

Figure 4.37 shows that increasing the angle o f the fractures with respect to the 

general pressure gradient from 0° to 67.5° has a more complicated effect than in the 

case for Pattern A. Though both o f Type 3 for 0° rotation the Pattern B curve has a 

smaller initial breakthrough. Instead o f the Pattern A feature o f a second peak with 

transit time equal to the pure matrix (Figure 4.31), the Pattern B curve (Figure 4.37) 

has a matrix-like peak with a much smaller transit time o f about 0.6 model time 

units. This difference must reflect the influence o f transfer zones in distorting the 

field of flow and speeding up the average flow velocity within the matrix. With the 

fractures non-parallel to the general gradient, there is a tendency towards greater 

matrix flow as the angle o f rotation increases. At low angles, the fractures 

effectively capture matrix flow and channel it towards the left hand boundary, 

producing a Type 4 curve. An angle o f 45° produces a second peak with transit time 

of 0.3 model time units, reflecting a more important role for matrix flow. For the 

highest angle o f rotation, 67.5°, the breakthrough curve is Type I but with backward
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tailing, and a main peak similar to that o f the 0° case. Thus flow within the fractures 

is most important at low rotation angles, and decreases for both zero and high 

rotations.
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Figure 4.38 Flow field for Pattern B, with an angle of 22.5° to the direction of the 
general pressure gradient, spacing 3, and aperture 100 pm. The matrix flow field 

distortions around the transfer zones are pronounced.
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Figure 4.39 Flow field for Pattern B, with an angle of 67.5° to the direction of the 
general pressure gradient, spacing 3, and aperture 100 pm.

The Pattern A curves (Figure 4.31) show a decrease in dispersion (larger peaks and 

less spread) with increasing angle to the general pressure gradient, whereas Pattern 

B (Figure 4.37) shows the opposite relationship. For Pattern B, as the angle is 

increased, the curves shift to the right and the dispersion increases, that is, the peak 

heights are reduced and the curves have more spread. This is likely to be due to the 

fact that as the angle is increased the vortices of flow around the transfer zones 

affect a smaller proportion o f the total flow across the model. This is shown in 

Figures 4.38 and 4.39, which are the flow fields for angles o f 22.5° and 67.5°,
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respectively. The matrix flow field distortions are not as pronounced at 67.5° and 

there is a corridor o f undisturbed matrix flow aoross the middle part o f the model. 

This must introduce a greater variety o f transit times, including longer transit times 

for particles within this corridor, and thus greater overall dispersion, as well as the 

tailing seen in the breakthrough curve for 67.5° (Figure 4.37).

Summary for Pattern B

Pattern B flow fields show an increased heterogeneity compared with the 

corresponding field for Pattern A due to the presence o f the transfer zones between 

the en echelon separations. Likewise the Pattern B breakthrough curves show 

increased dispersion. Flow within the fractures is most important at low rotation 

angles, and decreases for both zero and high rotations. This is likely to be due to 

the fact that as the angle is increased the vortices o f flow around the transfer zones 

affect a smaller proportion o f  the total flow across the model. Pattern B shows a 

tendency to produce curves o f  Type 4 with a secondary peak.
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4.4.5 Pattern C

Pattern C: Variation of Spacing
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Figure 4.40 Pattern C. Effect of fracture spacing on the breakthrough curve form.

Comparing the effects o f spacing between Pattern C (Figure 4,40), Pattern B (Figure 

433) and Pattern A (Figure 4.25), it is clear that the effects o f the transfer zones in 

Pattern C are similar to those o f Pattern B, but more pronounced. Figure 4.40 shows 

that decreasing the fracture spacing from Spacing 1 (Type 3) to Spacing 3 (Type 4) 

shifts the breakthrough curve to the left, but the resulting curves nevertheless lie to 

the right of their Pattern B counterparts, which in turn are to the right o f their 

counterparts in Pattern A. Dispersion is also greater than in Pattern B (Figure 4.33). 

These differences may be attributed to the larger en echelon offsets and greater 

overlap in Pattern C than in Pattern B, which decreases the effectiveness o f the 

fractures as channels for flow, and increase the contribution o f flow within the
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matrix to the travel time o f all particles, thus increasing dispersion and shifting the 

corresponding curves rightwards compared with Pattern A and B.

Pattern C: V ariation o f A perture
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Figure 4.41 Pattern C. Fracture aperture and the breakthrough curve form.

The same effects as for spacing can be seen for aperture when comparison is made 

between Pattem C and Patterns A and B. Figure 4.41 shows that increasing the 

fracture aperture from 10 pm (Type I) to 1000 pm (Type 4) causes the breakthrough 

curve to shift to the left, but each curve lies to the right o f the corresponding one for 

Pattern B (Figure 4.35). There will only be a rapid first arrival (in the initial time 

bin) if the fracture aperture is large enough, which is shown here to be about 40 pm. 

The larger en echelon separation results in a smoothing out o f  the bi-modal peaks 

seen at large apertures, and a reduction in the number o f  particles arriving in the first 

time bin compared with Pattem B (Figure 4.35). This is presumably due to the 

fractures in Pattern C having less continuity compared with the fractures in Pattern 

B, with reduced efficiency o f the transfer zones to rapidly transmit fluid. This
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ensures that, on the scale o f the model, the low permeability regions exert a greater 

influence, in terms o f particle arrival time and dispersive transport, resulting in the 

smoothing out o f  the breakthrough curves and a reduction in the importance o f very 

short transit times.

Pattern C: V ariation o f A ngle
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Figure 4.42 Pattern C. Fracture angle and the breakthrough curve form.

Pattern C (Figure 4.42) exhibits the same complex relationship o f breakthrough 

curve to angle o f rotation as Pattern B. For the parallel to the regional gradient 

(angle 0°) the breakthrough curve is very similar to that for Pattern B (Type 3). 

Angles 22.5° and 45° are o f Type 4 for both patterns, but those for Pattern C have 

lower initial breakthrough in time bin one, and a relatively larger and more 

dispersed peak between t=0.1 and t=0.3. These features continue the trend o f the 

differences in corresponding curves between Patterns A and B. Again as the angle 

is increased the effect o f the distorted flow field around the transfer zones is 

diminished.
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Summary for Pattern C

The effects o f the transfer zones in Pattern C are similar to those o f Pattern B, but 

more pronounced. The larger en echelon separation results in a smoothing out o f  

the bi-modal peaks, and a reduction in the number o f particles arriving in the first 

time bin compared with Pattern B, resulting in increased dispersion and a shift of the 

corresponding curves rightwards compared with Pattern A and B. Pattern C shows 

a tendency to produce curves o f Type 3 and 4.

4.4.6 Pattern D 

Pattern D: Variation o f Spacing

Figure 4.43 Pattern D. Effect of fracture spacing on the breakthrough curve form.
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Figure 4.44 Pattern D. Fracture patterns for breakthrough curves given in Figure
4.43.

In Pattern D the fractures are formed along straight traces, but with incomplete 

coverage (25 or 75%) on each trace, and uniform spacing between traces. Figure 

4.44 shows examples o f  75% coverage for all four Spacings. Thus, there are no en 

echelon transfer zones in the pattern. However, Figures 4.46 and 4.47 show that 

transfer zones to occur, between the ends o f fractures belonging to the same traces, 

and that these display the same characteristic circular patterns o f  flow lines as do the 

en echelon transfers o f Patterns B and C. In addition there are zones in which flow 

is transferred between traces. In these the local flow vectors tend to be aligned at 

high angles to the regional gradient, just as in the central parts o f the en echelon
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transfers. However, although the flow directions are greatly perturbed in both these 

types o f zones compared with the pure matrix case, the flux density is not so much 

changed, as demonstrated by the predominance o f  blue colour in matrix cells on 

Figures 4.46 and 4.47. The general effect o f Pattern D on matrix flow therefore, is 

to delay transport across transfer zones, and thereby render the fractures less 

effective as channels for rapid transport than in the continuous or en echelon cases 

of Patterns A to C. A further effect, relevant for non-zero angles o f  rotation is that 

Pattern D (and E to G) has an impermeable top and bottom boundary and its 

fractures are not wrapped, reducing the fracture continuity.

These effects are apparent in Figure 4.43, which shows that decreasing the fracture 

spacing from Spacing 1 (Type 1) to Spacing 4 (Type 4), causes a progressive shift 

of the breakthrough curve to the left. The reduction in fracture continuity in this 

pattern results in a smaller shift in the breakthrough curves to the left for decreasing 

fmcture spacing when compared to the same breakthrough curves for Pattern C (cf. 

Figure 4.40). Pattern D also has a larger number o f short fractures with greater areal 

coverage than for Pattern C, producing greater matrix flow disturbance than in 

comparable cases in previous patterns. This accounts for the greater dispersion seen 

in this pattern.

As the number o f fractures is increased and the fracture spacing is reduced, the flow 

intensity along the length o f the fractures is increased, reducing the flow intensity 

within the matrix. There also comes a point at which the fractures are close enough 

to set up transfer zones between them. Figures 4.47 and 4.48 show regions o f  local 

flow with flow directions in the opposite direction to the general pressure gradient. 

Particles become temporarily ‘trapped’ within these retardation zones, resulting in a 

decrease in the percent recovery relative to the matrix recovery times. The 

retardation zone concept is re-introduced in the section on the discussion o f results 

for Pattern E.
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(A) Spacing 1
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Figure 4.45 Flow field for Spacing 1 model Pattern D.
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(B) Spacing 2
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Figure 4.46 Flow field for Spacing 2 model Pattern D.
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(C ) Spacing 3
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Figure 4.47 Flow field for Spacing 3 model Pattern D.
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(D) Spacing 4
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Figure 4.48 Flow field for Spacing 4 model Pattern D.
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Pattern D: Variation of Aperture
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Figure 4.49 Pattern D. Fracture aperture and the breakthrough curve form.

Figure 4.49 shows that increasing the fracture aperture from 10 pm (Type 1) to 1000 

pm (Type 4) also causes the breakthrough curve to shift to the left with respect to 

the pure matrix case. This is the same effect as seen in previous patterns, but it is 

not as large (Figures 4.28, 4.35 and 4.41). The 10 pm curve is virtually identical to 

the pure matrix case, showing how small local increases o f  permeability effect 

transport when the fractures are parallel to the general flow. The 100 and 1000 pm 

curves are also almost identical indicating that the corresponding increase in 

permeability has little effect. The flow fields for apertures o f 100 and 1000 pm are 

shown in Figures 4.50 and 4.51 respectively, and they show that the flow vector 

directions and the relative fracture flow magnitudes are similar between these two 

cases. On the scale o f the model the low permeability regions are the main 

controlling factor in terms o f particle arrival time and dispersion, with their 

importance decreasing at intermediate apertures.
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Figure 4.50 Flow field for Pattern D, with an angle o f 0° to the direction of the general 
pressure gradient, spacing 3, and aperture 100 pm. The flow and tracer transport are 

controlled by the low permeability regions in between the fractures.
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Figure 4.51 Flow field for Pattern D, with an angle of 0° to the direction of the general 
pressure gradient, spacing 3, and aperture 1000 pm. The flow and tracer transport 
are controlled by the low permeability regions in between the fractures. Increasing 

the aperture (cf. Figure 4.50) has little effect on the flow field vector directions and the
magnitude of the fracture flows.
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Pattern D: Variation of Angle

12000

10000

I'€ 8000

o

& 8000

z

2000

0 as 1 1.5 2 2 5 3 3.5 4 4.5 5

Time

Figure 4.52 Pattern D. Fracture angle and the breakthrough curve form.

Figure 4.52 shows that increasing the angle o f the fracture with respect to the 

general pressure gradient from an angle o f  0° (Type 3) to 67.5° (Type 1) causes the 

breakthrough curve to shift to the right with respect to the breakthrough curve for 

the pure matrix case. It was suggested for Patterns B and C that the shift o f the 

curves to the right is due to diminished effectiveness o f transfer zones in connecting 

fractures and forming zones o f preferential rapid transport as the angle is increased. 

The same relationship is also observed for Pattern D confirming the idea that the 

Pattern B and C transfer zones have less o f a distorting effect on the matrix flow 

field as the angle is increased. In addition because o f the wider transfer zones in 

Pattern D fractures the particles are more likely to leave the fracture somewhere 

along its length than at its down gradient tip and to spend more time migrating in the 

matrix when compared with Patterns A, B and C. This accounts for the slower 

transport and greater dispersion in these curves compared with corresponding
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examples for previous patterns. Figures 4.53 and 4.54 show snapshots o f tracer 

positions at model times o f  0.1, 0.5, 1 and 2 rĥ s for rotations o f 45° and 67.5°, 

respectively. The particle concentration scales are not linear but logarithmic. The 

snapshots in Figure 4.53 show more ‘structure’ than the snapshots in Figure 4.54 in 

which the particles are more disperse. For a fixed aperture particles are more likely 

to leave a fracture inclined at a higher angle to the direction o f  the general pressure 

gradient and form a more diffuse particle distribution. It is noted that in both cases 

there is a tendency for particles to be retained in slow moving ‘paths’ near the right 

hand boundary. The slow migration o f  particles out o f these patches and into faster 

moving regions o f flow probably accounts for the tailing seen in the corresponding 

curves on Figure 4.52, in which arrival rates for times greater than 3.5 model time 

units are greater than for the pure matrix case.
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Figure 4.53 Snapshots of particle transport for Pattern D, with an angle of 45° to the 
direction of the general pressure gradient, spacing 3, and aperture 100 pm. a, b, c and 

d are at model time units of 0.1,0.5,1 and 2 m ŝ.
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Figure 4.54 Snapshots of particle transport for Pattern D, with an angle of 67.5° to the 
direction of the general pressure gradient, spacing 3, and aperture 100 pm. a, b, c and 

d are at model time units of 0.1, 0.5,1 and 2 m ŝ.
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Summary for Pattern D

Transfer zones occur between the ends o f fractures belonging to the same traces, 

and these display the same characteristic circular patterns o f flow lines as do the en 

echelon transfers o f  Patterns B and C. Because o f  the wider transfer zones in 

Pattern D fractures the particles are more likely to leave the fracture somewhere 

along its length than at its down gradient tip and to spend more time migrating in the 

matrix when compared with Patterns A, B and C. The general effect o f  Pattern D on 

matrix flow is to delay transport across transfer zones, and thereby render the 

fractures less effective as channels for rapid transport than in the continuous or en 

echelon cases o f  Patterns A to C. Pattern D also has a laiger number o f  short 

fractures with greater areal coverage than for Pattern C, producing greater matrix 

flow disturbance than in comparable cases in previous patterns. This accounts for 

the greater dispersion seen in this pattern. Particles become temporarily ‘trapped’ 

within retardation zones, resulting in a decrease in the percent recovery relative to 

the matrix recovery times. On the scale o f the model the low permeability regions 

are the main controlling factor in terms o f particle arrival time and dispersion, with 

their importance decreasing at intermediate apertures. Pattern D shows a tendency 

to produce curves o f  Type 3 and 4.
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4.4.7 Pattern E

Pattern E: Variation of Spacing
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Figure 4.55 Pattern E. Effect of fracture spacing on the breakthrough curve form.

Pattern E (Figure 4.55) and Pattern D are similar except that the fracture spacing is 

random for Pattern E, causing the fracture traces to (randomly) cluster. There is no 

formal clustering o f the fractures, but due to the random nature o f  the positioning of 

the fractures clustering occurs. The ‘clustering’ o f the fractures in Pattern E creates 

areas of the model that are sparsely fractured in comparison to Pattern D. Figure

4.56 shows that decreasing the fracture spacing from 5 fractures in 5 m (Type 2) to 

30 fractures (Type 3) causes the breakthrough curve to shift progressively to the left. 

This is because the main flow paths become clustered as the fracture spacing is 

reduced. Adding fractures also causes the overall bulk permeability to increase 

resulting in the shift o f  the curves to the left. The Pattern E curves show lower peak 

height and greater dispersion than corresponding Pattern D curves (Figure 4.43).
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The difference between the Pattern D and Pattern E curves is likely to be due to the 

clustered nature o f the Pattern E fractures' and the effect o f increasing the 

importance o f matrix flow on the flow field. This is discussed further in the 

following paragraphs.

5 frucmres lO/nuturri;

lOfhuiwvs JOfrtM-UM

\  O

\ \

\ \

Figure 4.56 Pattern E. Fracture patterns for breakthrough curves given in Figure
4.55.
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The percent recoveries o f the breakthrough curves and bulk permeabilities may 

provide insight into the differences between Patterns D (Figure 4.43) and E (Figure 

4.55). The percent recoveries are for a model time o f 5 m^.s, corresponding to the 

time for 97% o f  the particles to be recovered for a model with matrix only:

The percent recoveries for Patterns D and E are shown in Table 4.4.

Pattern D Bulk Pattern E Bulk
Spacing % recovery Permeability Spacing % recovery Permeability

sp1 90.12 1.2238 5fractures 97.47 1.2483
sp2 98.46 1.3941 lOfractures 89.56 1.8391
sp3 89.47 2.5365 20fractures 77.2 2.379
sp4 68.31 3.1829 30fractures 92.2 2.5633

Table 4.4 Table of tracer breakthrough percent recoveries and bulk permeabilities for
Patterns D and E with varying spacing.

Table 4.4 shows that Pattern D has an initial increase in recovery with a reduction o f  

the spacing. The increase is likely to be due to the increase in bulk permeability. 

There then follows a decrease in the percent recovery from approximately 98% to 

68% with a corresponding increase in bulk permeability.

Table 4.4 shows that Pattern E has a general decrease in the percent recovery and 

then a final increase fi-om approximately 77% to 92%. Similarly to Pattern D, the 

Pattern E flow fields have transfer zones. The decrease in percent recovery is likely 

to be due to the increase in the number o f these zones as the fracture spacing is 

reduced. Figure 4.56 shows that the fixture patterns for 10 and 20 ifactures have a 

single fi*acture which roughly traverses the model area, from the top left to the 

bottom right hand comers, whereas the 5 and 30 fracture patterns do not. If a 

percolating fracture is present the majority o f the flow intensity will occur across its 

length, providing a rapid pathway for the particles and reducing the flow throughout 

other regions o f  the model. The reduced flow acts to ‘retard’ those particles not
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migrating within the percolating fracture. Even though the fractures in Patterns D 

and E are not percolating, the 5 fracture and 30 fracture models are the only models 

not to have a fracture which provides a region o f high flow intensity between the 

bottom right and the top left hand comers o f  the model. As a result the 30 fracture 

model has one o f the highest percent recoveries.

The bulk permeability is initially higher for Pattern E than Pattern D and this is 

likely to be due to Pattern E having more fractures. But as the fracture spacing 

decreases further the bulk permeability for Pattern D becomes larger than that for 

Pattern E, even though Pattem E still has more fractures than Pattern D. The bulk 

permeability for Pattern E is likely to be lower than that for Pattern D because o f  the 

clustering o f the fractures. The addition o f  a fracture to a cluster will have more 

effect on enhancing the permeability o f the cluster than the bulk permeability o f the 

entire model.

To summarise, the difference between the Pattern D and Pattern E curves is likely to 

be due to the clustered nature o f  the Pattern E fractures. As the fracture spacing o f a 

discontinuous fracture network is reduced the percent arrival is likely to decrease 

because o f  retardation zones set up between the close fractures. If a fracture 

connects the inflow and outflow boundaries the majority o f  the flow will be 

restricted to that fracture, resulting in large areas with low flow and transport rates. 

A uniform fracture distribution has a larger effect on the bulk permeability than a 

clustered fracture distribution.
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Pattern E: V ariation of A pertu re
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Figure 4.57 Pattern E. Fracture aperture and the breakthrough curve form.

The effects o f aperture in Pattern E are very similar to those for Pattern D. Figure

4.57 shows that Pattern E curves have a higher dispersion for large apertures when 

compared with Pattern D (Figure 4.49). This is probably due to the clustered nature 

of the fractures in Pattern E. The clustering of fracture traces increase the 

heterogeneity o f  the system and thus increase the dispersive nature o f the transport. 

Figure 4.58 shows snapshots o f tracer positions at model times o f 0.1, 0.5, 1 and 2 

m^s for Pattern E, a rotation o f 45° and an aperture o f 100pm. The particle 

concentration scale is logarithmic. Comparing these snapshots with the equivalent 

for Pattern D (Figure 4.53) it can be seen that the particle distributions for Pattern E 

are more difftjse, especially for snapshots at 0.1 and 0.5 m .̂s, which accounts for the 

greater dispersion o f the first peak on the breakthrough curves for Pattern E.
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Figure 4.58 Snapshots of particle transport for Pattern E, with an angle of 45° to the 
direction of the general pressure gradient, spacing 3, and aperture 100 pm. a, b, c and 

d are at model time units of 0.1, 0.5,1 and 2 m^s.
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Pattern E: Variation of Angle
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Figure 4.59 Pattern E. Fracture angle and the breakthrough curve form

Figure 4.59 shows that increasing the angle o f the fracture with respect to the 

general pressure gradient from an angle o f 0° (Type 3) to 67.5° (Type 1) causes the 

breakthrough curve to shift to the right and to more closely resemble the curve for 

the pure matrix case. As with Patterns B, C and D, Pattern E shows an inverse 

relationship between decreasing tailing and increasing angle to the pressure 

gradient, alongside the shift o f the curves to the right. The differences between 

Figures 4.59 and 4.52 are likely to be due to the (random) clustered nature o f Pattern 

E.

Summary o f  Pattern E

Patterns E and D are similar except that the fracture spacing is random for Pattern E, 

causing the fracture traces to (randomly) cluster. The Pattern E curves show lower 

peak height and greater dispersion than corresponding Pattern D curves. This is
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probably due to the clustered nature of the fractures in Pattern E. The clustering of 

fracture traces increases the heterogeneity o f the system and thus increases the 

dispersive nature o f the transport. The addition o f a fracture to a cluster will have 

more effect on enhancing the permeability o f the cluster than the bulk permeability 

of the entire model. A uniform fracture distribution has a larger effect on the bulk 

permeability than a clustered fracture distribution. As the fracture spacing o f a 

discontinuous fracture network is reduced the percent arrival is likely to decrease 

because o f retardation zones set up between the close fractures. Pattern E shows a 

tendency to produce curves o f Type 3 and 4.

4.4^ Pattern F

Pattern F: Variation o f Spacing (Fracture Density)
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Figure 4.60 Pattern F. Fracture spacing and the breakthrough curve form

Figure 4.60 shows that increasing the fracture density from 1% (Type 1) to 50% 

(Type 3) causes the breakthrough curve to shift to the left and dispersion to increase.
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These effects are probably due the increase in heterogeneity coupled with an 

increase in the bulk permeability. The fractures for Pattern F are relatively short 

with respect to the fractures for Patterns D and E. The short fractures dominate the 

flow and transport locally but do not exert a global influence on the flow and 

transport across the entire model area. This may account for the more matrix-like 

character of the Pattern F breakthrough curves.

Pattern F: Variation o f Aperture

b=1000

Figure 4.61 Pattern F. Fracture aperture and the breakthrough curve form

As with previous cases increasing the fracture aperture from 10 pm (Type 1) to 

1000 pm (Type 4) causes the breakthrough curve to shift to the left. Increasing the 

aperture results in an increase in the dispersion and tailing. The curves in Figure 

4.61 are similar to the curves for Patterns D (Figure 4.49) and E (Figure 4.57). As
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with Patterns D and E there is a limit to the effect the aperture has on the 

breakthrough curve, as the 100 and 1000 pm curves are similar.

Pattern F: Variation o f Angle
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Figure 4.62 Pattern F. Fracture angle and the breakthrough curve form

As with Patterns B, C, D and E, Pattern F shows an inverse relationship between 

decreasing tailing and increasing angle to the pressure gradient, and a shift o f  the 

curves to the right. Figure 4.62 shows that increasing the angle o f the fracture with 

respect to the general pressure gradient from an angle o f 0° (Type 4) to 67.5° (Type 

1) causes the breakthrough curve to shift to the right with respect to the 

breakthrough curve for the pure matrix case. Even though the Pattern F fractures 

are shorter than the Pattern D and E fractures, they have a greater spatial coverage 

and no fracture joins (or nearly joins) the inflow to the outflow boundary. No single 

fracture thus controls the flow and transport, resulting in a more even distribution o f  

the flow field strength across the model area (Figure 4.63) and the more peaked
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fracture-like Type 4 curves for low angles compared with Pattern D (Figure 4.52) 

and E (Figure 4.59).
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Figure 4.63 Flow field for Pattern F, with an angle of 45° to the direction of the 
general pressure gradient, 50% coverage, and aperture 100 pm. There is a more even 

distribution of the flow strength compared with Pattern D (Figure 4.48)

Summary o f Pattern F

The fractures for Pattern F are relatively short with respect to the fractures for 

Patterns D and E. The short fractures dominate the flow and transport locally but do 

not exert a global influence on the flow and transport across the entire model area.
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This may account for the more matrix-like character o f the Pattern F breakthrough 

curves. As with Patterns B, C, D and E, Pattern F shows an inverse relationship 

between decreasing tailing and increasing angle to the pressure gradient, and a shift 

o f the curves to the right. Pattern F shows a tendency to produce curves o f Type 1 

and 4.

4.4.9 Pattern G

Fracture G: Variation o f Fracture Connectivity
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Figure 4.64 Pattern G. Fracture connectivity and the breakthrough curve form

Pattern G is a two set pattern with much greater fracture density than almost all o f  

the single set patterns. The breakthrough curves have a very different character 

from most other patterns, being all Type 5, with long tails but little in the way o f  

subsidiary peaks.
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Figure 4.65 Fracture pattern and flow field. Just non-percolating. No percolating
pathways.
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Figure 4.66 Fracture pattern and flow field. Just percolating. One percolating
pathway.
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Figure 4.67 Fracture pattern and flow fîeld. Percolating and well connected. Many
percolating pathways.

Figure 4.64 shows that increasing the fracture connectivity from non-percolating to 

percolating and well connected causes the breakthrough curve to increase in initial
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peak height and the dispersion to decrease. In the non-percolating model the 

fracture density is high enough for the fractures to form en echelon type separations, 

resulting in high flows across the transfer zones. For the non-percolating model 

there are only two dominant pathways (Figure 4.65). Particles that are not injected 

into or adjacent to these fractures become ‘trapped’ in regions o f the model with 

very low flows. Increasing the number o f fractures so that the network becomes just 

percolating results in a continuous pathway (Figure 4.66) from the inflow to the 

outflow boundary, resulting in an increase in the peak height o f  the initial arrival. 

There are likely to be several dominant pathways but retention o f particles in 

retardation zones persists in the model. Increasing the connectivity so that the 

network becomes well connected results in a dramatic increase in the number o f  

percolating pathways (Figure 4.67). These multiple pathways are more evenly 

distributed across the model region when compared with the non-percolating and 

just percolating cases, resulting in a large increase in the peak height and a large 

decrease in the dispersion. As the connectivity o f  the network increases the 

heterogeneity o f  the fracture system decreases, and retention in slow moving regions 

ceases to be an important phenomenon.
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Pattern G: Variation of Aperture
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Figure 4.68 Pattern G. Fracture aperture and the breakthrough curve form

Figure 4.68 shows that increasing the fracture aperture from 10 pm to 350 pm 

causes the breakthrough curve to shift to the left and change from Type 1 to Type 5. 

The curves are similar to the curves for Patterns A (Figure 4.28) and B (Figure 

4.35). The increase in aperture results in a decrease in the dispersion and an 

increase in the peak height. Although the curves for Patterns A, B and G are similar 

the percent recovery o f particles for Pattern G is much lower than for Patterns A and 

B because the there are many areas o f the matrix with very low flows, in which 

particles become delayed.

221



Pattern  G: V ariation of Angle

00000

Figure 4.69 Pattern G. Fracture angle and the breakthrough curve form

Figure 4.69 shows that increasing the angle of the fracture with respect to the 

general pressure gradient from an angle o f 0° (Type 5) to 67.5° (Type 5) has little 

effect on the form o f the breakthrough curve but does act to decrease the peak 

height. The rotation o f 90° produces a distinctly different curve. The dominant 

(first set) set is now normal. The pattern is no longer percolating. The change to a 

more matrix-like Type 3 curve, with reduced peak height is likely to be due to this 

reduction in percolation. The more gradual reduction in peak height for rotations o f  

0° to 67.5° does not reflect a loss o f percolation, but must instead be due to 

declining connectivity o f the network in the general direction o f  flow.
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Summary of Patten G

Increasing the connectivity so that the network becomes well connected results in a 

increase in the number o f percolating pathways. These multiple pathways are more 

evenly distributed across the model region when compared with the non-percolating 

and just percolating cases, resulting in a large increase in the peak height and a large 

decrease in the dispersion. Although the curves for Patterns A, B and G are similar 

the percent recovery o f particles for Pattern G is much lower than for Patterns A and 

B because the there are many areas o f the matrix with very low flows, in which 

particles become delayed. Increasing the angle of the fracture with respect to the 

general pressure gradient from an angle o f 0° to 67.5° has little effect on the form o f  

the breakthrough curve. The rotation o f 90° produces a more matrix-like Type 3 

curve, with reduced peak height is likely to be due to this reduction in percolation.

4.4.10 Summary of Forward Modelling: Flow and Transport

In general, decreasing the fracture spacing, increasing the angle o f the fractures to 

the general pressure gradient, or increasing the fracture aperture results in a shift o f  

the curve form from a matrix flow dominated curve (Type 1) towards a fracture 

flow dominated curve (Type 5). The shift is accompanied by a decrease in 

dispersion, (or an increase in the main peak height and a reduction in the spread o f  

the curve), and a shift to earlier time.

For a network with a small angle to the general pressure gradient and a small en 

echelon separation (Pattern B) high flows are set up across the transfer zones, 

resulting in early breakthroughs. The transfer zones increase the heterogeneity o f  

the flow field resulting in the breakthrough curves being more dispersed than for the 

1-set percolating fractures (Pattem A). Increasing the angle to the general pressure 

gradient results in a shift o f  the curves to later time and an increase in the dispersion 

(that is, a lower peak height and an increase in the spread o f the curve). For larger 

angles the effect o f  the transfer zone becomes increasingly diminished and the
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fractures begin to behave as though they are discontinuous, resulting in particles 

being more likely to leave the fracture along its length or at its down-gradient tip 

and to form Type 1 curves. For larger separations (Pattern C) the dispersion is 

greater and the breakthrough curves tend to be smoother.

For the discontinuous fractures (Patterns D to F) the shift from a matrix flow (Type 

1 ) to a fracture flow dominated curve (Type 4 and 5) is not as pronounced as for the 

percolating, or nearly percolating, fractures o f  Patterns A to C. The low flow 

regions o f the matrix in between the fractures exert control over the bulk flow and 

transport processes. The fractures only tend to affect the flow field in their 

immediate vicinity. Short fractures and greater spatial coverage results in no single 

fracture dominating the flow, causing the flow to be more evenly distributed across 

the model area and the formation o f well-developed fracture flow dominated curves 

(Type 4). Increasing the aperture has less effect on the form o f  the curve than for 

the percolating patterns. There is a limit to the effect o f  the fracture aperture on the 

form o f  the breakthrough curve and Type 5 curves are rarely formed. Increasing the 

angle to the general pressure gradient results in a similar change in the form o f  the 

curve as for the en echelon case. Increasing the angle increases the likelihood o f  

particles to either leave the fracture somewhere along its length or at the down 

gradient fracture tip resulting in the formation o f Type 1 curves.

Clustering o f  the fractures increases the likelihood o f retardation zones being set up. 

Particles become temporarily trapped within these zones and the percent recovery of 

particles, in the time given, drops. If a fracture joins the inflow to the outflow 

boundaries the majority o f the flow will occur along the fracture length resulting in 

low flows across other regions o f the model, especially within the matrix. This also 

results in a decrease in the particle percent recovery. A uniform fracture distribution 

has a larger effect on the bulk permeability than a clustered fracture distribution. 

The addition o f a fracture to a cluster will have more effect on enhancing the 

permeability o f the cluster than the bulk permeability o f the entire network. 

Clustered fractures act to increase the heterogeneity o f the flow field and thus
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increase the dispersion o f the breakthrough curves but they do not necessarily 

change the curve shape or Type.

For percolating, 2-set patterns (Pattern G) most o f  the curves have a large initial 

early breakthrough and are o f Type 4 or Type 5. Increasing the fracture 

connectivity causes an increase in the peak height and a decrease in the flow field 

heterogeneity, resulting in a decrease in the dispersion. A non-percolating network 

may behave, in terms o f flow and transport, like a percolating network if  narrow 

transfer zones are set up between large near-percolating clusters o f fractures. The 

majority o f  the flow occurs along the percolating fi’acture(s) and so large areas o f  

the model have extremely low flows, resulting in low particle percent recoveries. 

When the dominant fracture set is either parallel or normal to the general pressure 

gradient the form o f  the breakthrough curves are Type 5 and Type 3, respectively. 

The orientation o f the more continuous (facture set to the general pressure gradient 

can have a large impact on the form o f the breakthrough curve. There is a decrease 

in the peak height with increase in angle due to the reduction in the connectivity o f  

the network in the general direction o f flow.

4.5 Subjective Breakthrough Curve Classification Scheme

The forward modelling exercise has shown that there is a close relationship between 

the (facture pattern, the (facture geometric and hydraulic properties and the form of  

the tracer breakthrough curve. A subjective classification was conducted on the 

breakthrough curves produced by 1-set patterns with uniform spacing (Pattems A to 

D), to investigate whether it is possible to: (1) classi(y the transport properties into 

groups with similar characteristics; (2) to fiirther investigate the relationship 

between the 1 -set (facture pattems and their tracer breakthrough curves; and (3) to 

relate the transport properties o f each classified group to particular (facture pattems, 

and to hydraulic and geometric properties. The method was used to generalise the 

types o f (facture pattems that produce particular breakthrough curves and the types 

of breakthrough curves that can be produced from a fracture pattem depending on
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the controls. The following section describes this method and presents the results 

and discussion.

The tracer breakthrough curves for Pattems A, B, C and D were classified 

subjectively using the generalised breakthrough curve Types (Figure 4.24). Only 

these pattems were used because their fracture spacings are uniform and 

comparable. All breakthrough curve cases were subjectively classified into one o f  

the five Type curves. Figures 4.70,4.71 and 4.72 show how the breakthrough curve 

type varies across an orthogonal variable space defined by the fracture aperture, 

spacing and angle. The data is arranged into a three-dimensional array, representing 

aperture, spacing and angle, and each dimension contains four elements, each 

containing a number to represent the type o f breakthrough curve that is produced by 

that combination o f  factors. The cube has been separated into vertical slices to 

emphasise how the type curve changes throughout the space.
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Figure 4.70(A-B). Type curve positions for fracture patterns A and B in spacing,

aperture and angle space.
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Pattern D 25%
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Figure 4.72(D25%). Type curve positions for fracture pattern D with 25% coverage in
spacing, aperture and angle space.

Models that were not run have NA entries.

4.5.1 Subjective Classification Discussion

Pattem A:

Pattem A is capable o f producing the complete range o f type curves. Generally, 

high apertures produce Type 3, 4 and 5 curves and low apertures produce Type 1 

and Type 2 curves. There is some variation with angle, as the angle is increased 

from zero to 67.5° the curve type for large apertures change from Type 3 to Type 4 

or 5, this effect being more pronounced for large fracture spacings. As the angle is 

increased more o f the fracture becomes available for transport at early time. 

Because the fractures are percolating once a particle enters a fracture it is likely to 

remain in the fracture, especially if the fracture has a large aperture.
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Pattem B:

Pattem B shows broadly similar variation o f breakthrough curve types to Pattem A, 

except when the angle is at 67.5°. It is the large flows across the transfer zones that 

produces rapid transport through the intervening matrix and allows Pattem B models 

to produce Type 4 and Type 5 curves. At 67.5° the direction o f the en echelon 

overlap is at the greatest angle to the direction o f the general pressure gradient and 

the flow rate across the transfer zone is not as pronounced as in the models with 

smaller angles o f rotation, and so the majority o f the 67.5° curves are o f Type 1 or 

Type 3. At high angles it appears that the fractures tend to non-percolating fracture 

behaviour. As the fracture angle is increased, the particles are more likely to either 

leave the fracture somewhere along its length or at the down gradient tip o f  the 

fracture.

Pattem C:

The en echelon overlap is large for this pattem and the rate o f flow across the 

transfer zones is smaller in comparison to that in Pattem B. As a result the curves 

have ‘difllise flow’ characteristics (i.e.. Type 1 or Type 3), which result from the 

higher proportion o f  transit time spent in the transfer zones in this pattem. For the 

smallest fracture spacing Type 4 curves can be produced.

Pattem D 75% Coverage:

The majority o f the curves are either o f Type 1 or are transitional forms. Many o f  

the transitional curves have an initial rapid rise, indicative o f fracture-dominated 

transport, but the first arrival occurs at relatively late time when compared with 

Pattems A and B, which is due to the non-percolating nature o f  the fractures. All o f  

the curves show a matrix-dominated aspect to transport, and the degree to which the 

matrix controls the transport increases as the angle to the direction o f the general 

pressure gradient increases resulting in greater proportions o f Type 1 curves. As 

with Pattem B this is due to the non-percolating nature o f  the fractures and the
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increased likelihood that particles either leave the fracture somewhere along its 

length or at the down gradient tip o f the fracture.

Pattem D 25% Coverage:

All o f  the curves are o f Type 1. The peak arrival times are shorter than for the 

purely matrix case. The fractures increase the bulk permeability o f the system but 

do not greatly influence the regional flow pattem.

A second way to summarise the results is to take each type o f  breakthrough curve in 

tum, and itemise the conditions that may give rise to it:

Type 1 :

Type 1 curves are produced when the bulk permeability o f a fracture pattem is 

similar to the bulk permeability o f  the purely matrix case, for example, due to the 

fractures being small in length or highly angled to the direction o f the general 

pressure gradient. Pattems that are non-percolating with a high angle to the general 

pressure gradient are likely to produce Type 1 curves. These include en echelon 

type pattems with a small separation.

Type 2:

Type 2 curves are similar to Type 3 curves in that they are an intermediate between 

Type 1 and Type 4 and Type 5. Type 2 curves are produced when the fractures are 

non-percolating with small apertures and parallel to the direction o f the general 

pressure gradient. These short, small aperture fractures enhance the permeability 

locally resulting in some particles being transported relatively more rapidly when 

compared with the purely matrix case. The rapid arrival results in an extended 

forward breakthrough curve tail. The bulk permeability is greater than for the 

purely matrix case resulting in a shift o f Type 2 curves to earlier time.
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Type 3:

A substantial proportion o f the particles, giving rise to this bi-modal curve type, 

travel mainly in the matrix. Those that travel mainly within a fracture arrive in the 

first peak and those particles that travel mainly within the matrix arrive in the later 

peak with a transit time, in many cases, similar to that o f the pure matrix case. Type 

3 curves are intermediate in their shape between Type 1 (‘matrix-dominated’) and 

Types 4 and 5 (‘fracture-dominated’). In terms o f  the geometric properties o f  

fractures, this transition from curve Type 1, though 3 to 4 and 5 can be produced by 

progressively changing critical parameters such as spacing and aperture in a wide 

variety o f  single set pattems.

Type 4:

A substantial proportion o f the particles travel mainly in the fractures. The peak 

does not occur in the first time bin because o f the non-percolating nature o f the 

fractures. Bi-modal behaviour can occur for Type 4 curves, the first peak 

corresponding to particles travelling mainly within the fractures and the second peak 

corresponding to particles travelling in between fractures. Bi-modal behaviour is 

likely to occur when the fracture spacing is small and, for the case o f percolating 

fractures, the angle to the pressure gradient large. Type 4 curves can be produced 

by en echelon fracture pattems or by discontinuous fractures but with extensive 

fracture coverage. The transfer zones o f the en echelon fractures (Pattem B) 

increases the heterogeneity o f the flow field and consequently adds to the bi-modal 

behaviour. Pattem D produces Type 4 curves but the first arrival may not occur in 

the first time bin, due to flow being forced through the matrix between fractures 

because o f their non-percolating arrangement.

Type 5:

A substantial proportion o f the particles travel mainly in the fractures. The peak 

occurs in the first time bin because o f  the percolating nature o f the fractures. Type 5 

curves can be produced by percolating or some en echelon fracture pattems, for 

example, an en echelon pattem with small overlap and a small angle to the general
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pressure gradient. Type 5 curves are typical o f transport within a fracture- 

dominated system. Similarly to Type 4 curves. Type 5 curves can produce bi-modal 

behaviour.

4.5.2 Conclusions from Simulations and Subjective Classification

The forward modelling exercise and the subjective classification scheme shows that 

there is a complex relationship between the fracture pattem, the fracture geometric 

and hydraulic properties and the form o f the simulated tracer breakthrough curve. 

The forward modelling has shown that 1-set pattems produce the frill range o f Type 

curves, and that for each pattem it is the combination o f  the fracture aperture, 

spacing and angle that dictates the form o f the curve, and not necessarily the pattem 

type. In contrast the 2-set pattems produce a more restricted range, the majority 

being o f Type 4 or Type 5. The reason for the 2-set pattems having a restricted 

range o f curve types is probably due to the choice o f  the dominant fracture set. A 

dominant fracture set with less coverage (less than 75%) is likely to produce more 

Type 1 and Type 3 curves, however, this possibility could not be tested because o f  

shortage o f  time available.

It has been shown that it is also possible to classify the transport properties, in terms 

of the form o f  the tracer breakthrough curve, and to relate the transport properties o f  

each classified group to particular combinations o f fracture pattem with hydraulic 

and geometric properties. The subjective classification scheme has shown that the 

combination o f  properties forming a particular breakthrough curve is not necessarily 

similar between different fracture pattems. It is has not been possible to classify the 

transport properties into clear-cut groups, as initially postulated, with similar 

geometric and hydraulic characteristics. However, the classification scheme has 

proved useful as a tool to generalise the types o f  fracture pattems that produce 

particular breakthrough curves and the types o f breakthrough curves that can be 

produced from a fracture pattem depending on the other controls.
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The modelling study shows that 2D fractured porous media can produce a large 

variety o f  tracer breakthrough curves, including two pattems rather commonly seen 

in field data - the backward tailed uni-modal type (Type 4 and Type 5) and the 

Gaussian (Type 1). It has been shown that these types o f curves can be produced 

using very simple fracture pattems with a range o f hydraulic and geometric 

properties, that is, fracture spacing and aperture, bulk conductivity and fracture 

angle. The degree and form o f the non-Gaussian behaviour for a particular curve is 

produced by three mechanisms o f dispersion, that is, the dispersion caused by 

particles moving mainly within the matrix, and/or particles interacting continually 

between the fracture and matrix, and/or particles moving mainly within the 

fractures. The small-scale dispersion, that is, the spread within any particular peak, 

is due to the frequent fracture to matrix interaction, and this can be observed in all o f  

the Type curves. The large-scale dispersion, that is, the presence o f  more than one 

major peak, is due to particles taking different routes through the fracture network. 

Type 3 curves are an example.

Tailing behaviour was observed by Becker and Shapiro (2000) and could be shown 

not to be due to diffusion because different tracers (with large differences in 

molecular weight and therefore diffusion coefficients) showed the same tailing. 

Becker speculated that this might be due to two different scales o f fractures being 

present - fine fi'actures forming a ‘matrix’ and wider-spaced fi-actures. The 

simulated models have produced breakthrough curves commonly observed in field 

tracer tests and confirm the findings o f  Becker and Shapiro while also 

demonstrating that only simple 2D fracture pattems may be required. Moreover, the 

subjective classification scheme shows that the different types o f  breakthrough may 

be characteristic o f  particular sets o f conceptual models for heterogeneities.

4.6 Scale of Interest

The modelling study has been conducted on the sub-continuum scale, whereas real 

tracer tests are conducted on many scales from a few metres to many kilometres. 

An important question to ask is what effect scale has on the form o f the tracer
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breakthrough curve. The model area is 5 m by 5 m. If the length scale is changed 

and the fracture pattem is scale altered (relative scale not altered) the breakthrough 

curve will simply move along the time axis and the form o f the curve will not 

change. Conversely, if  the relative spacing scale is altered both the shape and the 

timing o f the breakthrough curve will change.

The next question to ask is what features o f a particular fracture pattem are 

important, in terms o f transport processes, at a given scale o f interest. It may be that 

very different fracture geometric and hydraulic properties are important at different 

scales. Therefore instead o f trying to up-scale or down-scale observations, for 

example, from the laboratory scale to the field scale, it may be necessaiy to isolate 

and identify which properties are important at controlling the transport processes at 

each individual scale. For example, on the scale o f a few to several tens o f metres, a 

single fracture set, such as Pattern A, may control the flow and transport processes. 

On the scale o f  several hundred metres, however, a fracture network such as Pattem 

E, may exert control. It has been shown that both pattems can produce similar 

breakthrough curves but the geometric and hydraulic properties required to do so 

can be very different. In addition the tailing and dispersion in Pattem A are 

controlled by the fractures, whereas the tailing and dispersion in Pattem E are 

controlled by the matrix. This clearly demonstrates that an understanding o f flow 

and transport at one scale does not necessarily significantly improve understanding 

of the same phenomena at another scale.

Odling (1995, 1997) conducted a detailed study o f  sandstone fracture network 

pattems at vaiying scales and found that the network geometry, especially the 

fracture spatial density and the variance o f  the fracture length distribution, changes 

with scale. She found that as the scale increases the spatial density also increased 

while the fracture length variance decreased. As shown here a network o f many 

short fractures with a few long fractures will behave very differently, in terms of 

flow and transport, to a network with many short fractures. For a network with a 

few long fractures and many short fractures the flow and transport will be controlled
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by the long fractures. This is equivalent to Pattem A, whereas for a network with 

only short fractures the flow and transport will be controlled by either how 

connected the short fractures are or how permeable the matrix is in between them. 

This is equivalent to, for example, Pattem E. Becker and Shapiro (2000) conclude 

that because they observed no diffrisional processes the form o f the breakthrough 

curves must be controlled by mechanical dispersion. They suggest that the 

backward tailing is due to low permeability regions, in between more permeable 

regions, producing a tailing effect on the flow and transport. This scenario is 

analogous to the processes occurring in Pattem E.

On the other hand the flow and transport processes might be similar at different 

scales. For example, at small scales Pattem A could represent a series o f short, 

closely spaced fractures imbedded within a matrix on the scale o f a few centimetres 

to a few metres. At large scales it might represent a series o f long, widely spaced 

fractures embedded within a fine network o f  micro-fractures on the scale o f  several 

tens to hundreds o f  metres. The model length scale can simply be changed allowing 

for the change in fracture spacing and fracture to matrix permeability contrast. The 

length scale change represents a linear translation o f the breakthrough curve along 

the time axis.

Stochastic models o f fracture networks aim to capture statistical descriptions o f each 

network. There seems to be little consensus on the appropriate distributions to use 

for the various fracture properties (length, aperture etc), perhaps because o f  the 

complicated stress histories o f many fractured rocks and the problem o f identifying 

and extracting those sets o f fractures which are genetically related. According to 

Odling et al. (1999) formations are rare in which all the fractures are stratabound, or 

all are through going. These are ideal end-member cases o f  a hierarchical structure, 

with stratabound and non-stratabound fractures dominating within different scale 

ranges, complicating our ability to describe the fracture pattem statistically. In 

addition, as the volume o f rock o f interest is increased in size, it is likely that 

fractures with larger apertures and greater spacing and lengths will be encountered.
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and therefore it is possible that no single scale exists that could be regarded as an 

Representative Elemental Volume.

Not only is it difficult to meaningfully apply a statistical description to a fracture 

network at scales below the REV, but it has also been suggested that many o f the 

fractures may not be needed in order to describe transport through a fractured 

porous media (Odling, 1995; Berkowitz, NERC Micro to Macro Geological Society 

Presentation, 2003). Indeed, the flow and transport simulations presented here 

demonstrate that tracer breakthrough curves similar to those observed in real tracer 

tests, can be formed by imposing simple fracture pattems on a homogeneous porous 

matrix. For percolating pattems, the flow properties are dominated by the backbone 

(Odling, 1995), even at high fracture densities, and the dead-ends and non-spanning 

clusters, although they enhance the bulk permeability, have an influence on the flow 

and transport that is secondary to that o f the backbone (Odling, 1999).

As has been demonstrated the orientation o f the fractures with respect to the general 

pressure gradient and the type o f  separation can have a large influence on the 

transport, and the identification o f  the main water conducting fractures may be more 

important for determining transport processes than trying to describe the fracture 

network in detail. The direct method o f  fracture geometric and hydraulic property 

characterisation is not, at the present time, possible and so an alternative indirect 

approach to interpreting tracer breakthrough curves has been devised and is 

described in the next section and more fully in Chapter 5.

4.7 Model Identification

The forward modelling exercise has shown that the processes controlling transport 

through fractured porous media depend on the fracture pattem, and fracture 

geometric and hydraulic properties. A large library o f  tracer breakthrough curves 

has been formed with each breakthrough curve having an associated fracture pattem 

with its specific geometric and hydraulic properties. In practice a Hydrogeologist
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usually knows little about the fracture pattem and the geometric and hydraulic 

properties because these are hidden within any rock volume o f interest. The only 

information that is available may be a tracer breakthrough curve and a permeability 

value from a pump test. Attempts are made to interpret breakthrough curves using 

analytical techniques and parameter estimation by inverse modelling in order to 

estimate, for example, effective porosities and dispersivities. The technique, 

though, is generally restricted to simple ID cases and suffers from the usual 

problems o f model appropriateness and non-uniqueness. It has also been argued 

that existing numerical methods o f  modelling flow and transport through fractured 

systems are also fraught with difficulty and uncertainty. The next chapter describes 

a new, novel approach that constrains the model identification problem by 

comparing tracer breakthrough curves to the library o f  simulated curves, and using 

the method o f Principal Component Analysis finds which curves are most similar in 

terms o f shape and timing. Each simulated breakthrough curve has associated 

geometric and hydraulic properties. The method enables general statements to be 

made about the types o f fracture pattem and hydraulic properties that might have 

produced that breakthrough curve. Though presently very much applicable only to 

simulated examples, this method has potential as an alternative tool that can be used 

to reduce uncertainty in the modelling o f  flow and transport through fractured 

porous media, at least under flow and tracer injection conditions similar to those 

simulated
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5. Chapter 5
5.1 Methods of Multivariate Analysis of Tracer Breakthrough Curves

This Chapter describes the multivariate analysis o f  tracer breakthrough curves using 

the method o f Principal Component Analysis (PCA). After a description o f the 

basic principles o f  PCA, its application to the tracer breakthrough curve 

classification is described. The value o f the method as a technique for breakthrough 

curve classification and model identification is assessed using the data set produced 

in Chapter 4. Finally the methodology is tested on a new data set to assess whether 

it can be used to constrain the geometric and hydraulic properties o f  previously un

modelled fracture networks.

The methodology presented here is based on a system o f  cause and effect. The 

causes are the fracture geometric and hydraulic properties and the effects are the 

simulated tracer breakthrough curves and bulk permeabilities. The breakthrough 

curve is the primary effect and the bulk permeability the secondary effect. The 

method classifies the breakthrough curves according to their shape and so the 

classification is based on the primary effect. The purpose o f this chapter is to test 

whether the breakthrough curves classified into similar groups have associated 

causes (fracture geometric and hydraulic properties) with similar properties, and to 

see whether the methodology can be used in a predictive manner using a series o f  

Test Cases.

5.1.1 Principal Component Analysis (R-Mode)

PCA is a multivariate statistical technique used to reduce the number o f variables in 

large data sets (data compression) and as an aid to interpreting their behaviour. 

PCA depends upon the fact that the variables in a data set are usually partially or 

strongly correlated and it transforms that data set into an uncorrelated one, defined 

by a new set o f measurements, the principal components. The first principal 

component is such that the projections o f the given points onto it have maximum
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variance, the second principal component has the maximum variance subject to 

being orthogonal to the first, the third principal component has the maximum 

variance subject to being orthogonal to both the first and second components etc. 

(Gnanadesikan, 1977). The principal component co-ordinates are weighted 

according to the amount o f the total variance that they describe (Daultrey, 1976). 

The following is a conceptual description o f PCA. For an in-depth mathematical 

description, the reader is referred to Hotelling (1933).

5.1.2 Definition of Covariance and Correlation Matrices

(From Gnanadesikan, 1977)

If the elements o f F = ( y i , y 2 y—>yp)  denote the p co-ordinate variables.

If F is n X p  matrix, where n is the number o f  objects and p  is the number o f  

variables, the sample mean o f the data set is defined as:

where yp is the column average for each variable 

n is the number o f objects 

and 1 is a unit row vector

The sample covariance matrix, S, is defined as:

S = s, ^ = - ^ ( y - Ÿ ) { y - Ÿ )
n — 1

where, Sij is the covariance between variables / andy, and F^ is the transpose o f F.

The covariance matrix measures the tendency o f  variables to co-vaiy, and is the 

average o f the products o f  the deviations o f variables from their means. The divisor 

% («-7)is used rather than n to correct for the fact that F is itself an estimate. If a

variable 1 and a variable 2 increase together then stj > 0 ; if variable 1 decreases 

when variable 2 increases Sÿ < 0 ; and if variable 1 and variable 2 are independent.
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then Sij=0. su is the variance o f variable /. The covariance matrix provides a way to 

measure distance that is invariant to linear transformations o f a data set.

The Pearson linear correlation coefficient, r,y between and is given by:

(J.
-1 <r i j <+\

where is the covariance and o}/and(% are the variances. The matrix o f elements, 

rij is the correlation matrix, JÎ, which can be decomposed to:

where ^  is a pxp  diagonal matrix whose /**' diagonal element is 1/ - / ^  for 

/=1,2 ,

The correlation matrix is simply the covariance matrix o f  the standardised data set. 

The correlation coefficient for two correlated variables is also equivalent to the 

cosine o f the acute angle {0) between two vectors, intersecting at the data average. 

The vectors define (Hotelling, 1933) the elliptical contours o f equiprobability 

corresponding to the density surface o f  a joint bivariate normal distribution (Figure 

5.1).
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Contour of equiprobability

y,

Figure 5.1 The correlation for two variables, yi and yz, may be visualised as the cosine 
of the acute angle, q, between two vectors, VI and V2, intersecting at the data average

(y , , ^ 2  ), which define the contours of equiprobability of a bivariate normal 
distribution. After Daultry (1976).

5.13 A Geometric Interpretation of PCA

The inverse o f the sample covariance can be used in the following form:

The matrices being transformed must be invertible, allowing c to be invariant with 

respect to any non-singular linear transformation. For non-negative values o f c the 

equations define a family o f concentric ellipsoids in the /^-dimensional space o f y  

(Figure 5.1). The principal component transformation is the projections o f the 

variables onto the principal axes o f  this family, or the Principal Component Scores. 

Figure 5.1 illustrates the idea for the two-dimensional case. The original co

ordinates (>̂ ,,>̂ 2) ^re transformed by a shift o f origin to the sample mean (y^,y2 \
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given as and y 2 in Figure 5.1, followed by a rigid rotation about this origin onto 

the principal component co-ordinates PCi and PC2. PC2 is orthogonal to PC|. The 

third principal component, PC3 , if  plotted would protrude out o f the plane o f the 

paper, and would be orthogonal to both PC; and PC2.

Figure 5.2 shows how the first two principal components, PCI and PC2, are 

oriented relative to the variables o f the data set,_y/ and

X
P C I

X

X

7,

Figure 5.2 The first principal component (PCI) is such that the projections of the 
given points onto it have maximum variance among all possible linear co-ordinates, 
the second principal component (PC2) has the maximum variance subject to being 

orthogonal to the first, etc. After Gnanadesikan (1977).

5.1.4 An Algebraic Interpretation of PCA

Test Book Definition

The following is a textbook definition o f PCA by Gnanadesikan (1977). Principal 

component analysis involves finding the eigenvalues and eigenvectors o f the sample 

covariance matrix. There exists an orthogonal matrix, A  (by definition A^A=l),
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such that S = AÀA'‘ , where A is a diagonal matrix with diagonal elements ci,

C2, .....   Cp, which are the eigenvalues or the variances o f the principal components.

The eigenvalues are real and positive. The columns o f A  are the eigenvectors ai, 

62 XZp The Principal Component Scores, PC (the co-ordinates o f  the objects on 

the principal component axes) are defined by:

p c  = (f -F)^
(PC is a matrix o f object co-ordinates in principal component space)

The trace o f S  equals the trace o f  that is, the amount o f  variance is not lost after 

the transformation and rotation, and all the data is recoverable. The sample 

covariance between the / th and j  th principal component co-ordinates is zero 

{À(ij)=0% since a/ and aj, for j \  are orthogonal, resulting in the principal 

component scores being uncorrelated.

Application o f  PCA to the Breakthrough Curve

PCA was carried out on a data set o f n objects (model simulation results) and p  

variables (time bins). Each tracer breakthrough curve, the object, was produced 

from a fracture model and constructed from a histogram o f  particle arrival times, in 

which each arrival time or bin number is a variable. For each model simulation 

there are 101 time bins and so there are 101 variables. The purpose o f using PCA 

here was to reduce the dimensionality required to describe the shape o f  each 

breakthrough curve and to group, or classify, each curve according to how its shape 

is described, using the reduced number o f  dimensions.

The correlation matrix is commonly used when the variables o f  a data set have 

varying units and ranges. The correlation matrix should be used if it is desired that 

each variable should have the same weighting regardless o f its numerical 

magnitude. PCA is used here to classify tracer breakthrough curves based on their 

shape, so a time bin with a large range o f particles should have a larger weighting
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than a time bin with a small range o f particles. Also, the units o f each time bin do 

not vary. The covariance matrix was therefore more appropriate to use.

I have written the following detailed description o f PCA to clarify the textbook 

definition, clarify the application to breakthrough curves, and to enable 

manipulation o f the method outside o f statistical software packages;

If the number o f time bins equals B, then b=l,2 ,3 ... ,B

If the number o f cases (or realisations) equals /?, then r=^l,2,3... ,R

The original data set Y  o f binned concentrations and the mean over the realisations 

Y are:

' ^ 1 1 C ,2 C ^
( —

2  • • C B

Cjx C 2 2 Cji f ^  B

y  = • • * Y =

•• > C '2  . . • •  ^ B  J

b and r represent the bin number and realisation number, respectively 

Let the centred data set

(d » dx2 dxB 'dxx d  Rx

dn dj2 diB d\2 ^22 .. dĵ 2
S o (T -F )  = • • • and ( Y - Y f  = • • •

k̂ r\ d  R2 •• R̂B > \d\B diB •• duB j

245



And by definition, S = ŝ j = — —( f  -  f J  ( f  -  f )
n — 1

R-1 is used here because the data set is a sample o f  the population.

Where S  =

*̂ 11 *̂ 12 • •  ^

21 *̂22 "* ** ^

\^Bl B̂2

IB

2B

. .  S BB y

For example, 

1
•Sii —

i ? - l

and

St't —
/ ? - l (^11^12 ^21^22 ••• ^ R \ ^ R 2  ) ~ 21

In general:

Let fl/be an eigenvector o f S with corresponding eigenvalues A/ ;

Sa^aiXi

For distinct eigenvalues A, and Àj the eigenvectors are orthogonal and assuming the 

eigenvectors are normalised:

at^/=Sÿ
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If we vjvxiQ A =(ai,a2,,... ,aB) then this orthonormality can be written as

A A ^ I

And the eigenfunction can be written as SA = A X , or, in full:

Stt St

S o u  A Û f o i  û t r

0^2 ' « i l «12 •• « IS p l l 0 0 0 0  "

Ü22 ûiB «21 «22 •• •• « 2 S 0 ^22 0 0 0

- • 0 0 0 0

0 0 0 0

Qb2 ^BB ) V«gl «B 2 «S S  ) I  0 0 0 0 X bB j

Let row vector, c, represent any breakthrough curve (including the realisations) and 

let d  represent the central curve such that

d -  c - c

where c is a row o f  matrix Y

We can expand d  in terms o f the eigenvectors:

/ = !

d Oj = ^  ttj = Pj (since Ui<i/=ôÿ)
/ = i

So any breakthrough curve can be written:

1=1 /=!
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Note that we can approximate c by taking a limited number o f terms:

/ = i

In particular, we can consider the original realisation data: 

(Y - y )  = (flf;, ̂ 2 >•••» )

and express the principal components for the realisations as 

PC = {PCi,PC2, ... ,PCb) = {di,d2, ... ,dB) {a 1,0 2 ,... ,ub) 

qxPC = (Y  - Y ) A  

or, in full:

'PC»
PC»

PC,2
PC22

.. P C , /

2̂1

d̂ 2
dj2

\̂B
djB «21

«12
«22

«Itf

B\ PC,2 .. .. PC^g ; R̂2 •• R̂B J<«ai «g2 •• «m )

5.13 PCA Using the Package S-Plus

The S-Plus^*  ̂ (Insightftil Corp., 2002) software package is a statistical and graphical 

representation tool. The fiinctions in S-Plus are written in a language called S 

(Becker and Chambers, 1988). The S code in the Appendices was adapted from 

code written by Professor Richard Howarth, University College London. The S- 

Plus function princomp calculates the covariance matrix and the principal 

component scores. Each step o f the algorithm is described as follows and is 

discussed in more detail in Appendix g:

248



Step 1

The data is centred, that is, the column averages are subtracted from each variable. 

This has the effect o f  placing the origin at the average for the whole data set.

Step 2

The covariance matrix o f the centred data is calculated.

Step 3

The eigenvalues and eigenvectors o f the covariance matrix are determined.

Step 4

The centred data set is multiplied by the matrix o f eigenvectors to give the principal 

component scores.

A plot o f  the magnitude o f the eigenvalues as a function o f principal component 

number, traditionally known as the ‘scree plot’ gives an estimate o f how many 

principal components are required to explain the majority o f  the variance in the data. 

Figure 5.3 shows an example o f  a scree plot. The cumulative percentage o f the 

eigenvalues provides a quantitative method o f estimating how many principal 

components are required to provide a satisfactory approximation to the full variation 

in the data (Appendix h).
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Figure 53  An example of a hypothetical scree plot.

5.1.6 Visualizing Breakthrough Curves in Principal Component Space

S-Plus can be used to visualize how the breakthrough curve shape varies according 

to its position in principal component space (Appendix i). A subset o f the total 

number of objects, or models, can be chosen, and the breakthrough curve for each 

model can be superimposed on its positions in principal component space.

Figure 5.4 shows an example o f how the breakthrough curve shape can vary in 

principal component space. This figure is for demonstration purposes only, and is 

presented to show how S-Plus can be used to qualitatively classify the breakthrough 

curves. A 2D principal component plot usually consists o f a series of points in the 

plane o f two principal components. Each point represents a particular object. In 

Figure 5.4 each object has been replaced by its corresponding breakthrough curve. 

The breakthrough curves, plotted on the basis o f  the first two principal components, 

can be grouped into three distinct regions, blue, red and green. The green represents 

matrix flow dominated curves, corresponding to Types 1 and 2 (Chapter 4, Section

4.3.3); the red represents intermediate (between matrix and fracture) flow curves, 

corresponding to Type 3; and the blue represents the fracture flow dominated 

curves, corresponding to Types 4 and 5.
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Principal Component 1

Figure 5.4 Example of how S-Plus can be used to determine how breakthrough curves 
position themselves in principal component space.

5.1.7 Comparing Properties of Nearest Neighbour Breakthrough 
Curves in Principal Component Space

Each model is positioned in principal component space according to the shape o f its 

tracer breakthrough curve (cf. Figure 5.4), and each model has associated fracture 

geometric and hydraulic properties. To test whether the nearest neighbours to a 

chosen model in principal component space have similar geometric and hydraulic 

properties and whether PCA can be used to classify the breakthrough curves, the 

Fortran code PCAanalysis.f (Appendix]) was written.

Either a random model simulation or a specific simulation can be chosen. The total 

number of models simulated, the number o f nearest neighbours, and the number of 

dimensions,/?, are chosen as the basis o f measurement. The distances between each 

model and the chosen model are determined by calculating the Euclidean distance o f
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each model to the new origin. The hydraulic and geometric properties, and 

corresponding tracer breakthrough curve are then extracted for each o f the nearest 

neighbours. The effect o f the algorithm used to calculate the principal component 

scores was investigated. It was found that the relative positions were invariant to 

the algorithm used.

5.1.8 Predicting Position of Test Case Breakthrough Curve in Principal 
Component Space

A breakthrough curve produced by a previously un-modelled fracture pattern is 

referred to here as a Test Case breakthrough curve. There are two approaches to 

classifying additional breakthrough curve data using PCA, either: (1) the 

breakthrough curves are added to the original data set and a new covariance matrix 

is determined; or (2) the original data set is considered to be definitive, giving a 

fixed set o f orthogonal functions in terms o f which any further function can be 

determined as a linear sum with coefficients representing the principal components. 

In this study the second method is used. The algorithm used essentially consists o f  

the following steps:

Step 1

A matrix o f the additional breakthrough curves is formed. The variables o f the new 

data set are the same as the variables for the original data set.

Step 2

The new data set is centred by subtracting the average o f each variable.

Step 3

The centred data is multiplied by the matrix o f  eigenvectors to give the predicted 

scores.

The method used is described in more detail in Appendix k.
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The purpose o f predicting the position o f a Test Case breakthrough curve in 

principal component space is to test whether PCA (using permeability as an 

additional constraint) can be used to reduce the number o f  possibilities o f fracture 

spacing, aperture, angle o f rotation to the general pressure gradient, and the pattern 

responsible for producing the curve. This is done by identifying the causes (fracture 

geometric properties) among the nearest neighbours (on the basis o f Euclidean 

distance) ‘most like’ the causes o f  the Test Case. The procedure is explained in 

more depth in section 5.4.

5.1.9 Objective breakthrough curve classification scheme using the 
method of Principal Component Analysis (PCA)

The Scree plot for the data set presented in Chapter 4 is given in Figure 5.5 in which 

the entire variance is explained using the first 20 principal components; the 

eigenvalues for components o f 20 and greater are essentially zero, indicating the 

very large amount o f  redundant information in the data.

‘''> n n  11 n  i n ) i i i i i  i j i i  1 1 1 i n 111 n  n  111 n  n  i n  i n  11 n  111 n 1111  n j 1 11 11  i n  m i  n  n n  n

20 40 60

Principal Com ponent Number

80 100

Figure 5.5 Scree plot for data set
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The cumulative percentage o f the variance accounted for by the principal 

components is given in Table 5.1.

Principal Component Cumulative Percent
PC 1 48.90
PC 2 73.77
PC 3 85.55
PC 4 92.14
PC 5 94.93
PC 6 97.08
PC 7 98.18
PC 8 98.90
PC 9 99.29

PC 10 99.53
PC 11 99.69
PC 12 99.78
PC 13 99.85
PC 14 99.89
PC 15 99.91
PC 16 99.93
PC 17 99.94
PC 18 99.95
PC 19 99.95
PC 20 99.96

Table 5.1 Cumulative percentage o f variance accounted for by principal components.

According to the Scree plot and the cumulative percentage the majority o f the 

variance is explained using the first 2 principal components, over 98% is explained 

using the first 7 principal components and 99.96% o f the data is explained using the 

first 20 principal components. The time required to calculate the nearest neighbours 

is not greatly affected by the number o f principal components and so the first 20 

components were used. For demonstration purposes only the first two principal 

components are used to show how the breakthrough curves are positioned in 

principal component space. Figure 5.6 shows the shape o f the first four 

eigenvectors. Although the first four eigenvectors do not (individually) resemble a 

‘typical’ breakthrough curve their linear combination does (Figures 5.7 and 5.8).
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Figure 5.6 The first four eigenvectors accounting for 92.14% of variation.
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Figure 5.7 shows the distribution o f the 3119 simulations in principal component 

space, using the first two principal components only. In addition there are ten plots 

showing how the linear combination o f the first two eigenvectors varies across the 

space. The curves on the left resemble Type 5 (Chapter 4, Section 4.3.3) and the 

curves on the right resemble Type 1 and 3. Figure 5.7 demonstrates that the 

combination of the first two eigenvectors (Figure 5.6) can be used to distinguish 

breakthrough curves with different form (timing and shape).

g
I

«?

to
6 J

40 100

0 40

0 40

0 40 100 0 40 100

0 40 100 0 40 100 0 40 100

-lO '̂S -8*1 OM -6*1 OM -4*1 OM -2*1 OM

Principal Component 1

I
2*1 OM

Figure 5.7 Distribution of 3119 simulations in principal component space using first 
two principal components only. In addition ten linear combinations of the first two

eigenvectors are superimposed.

Figure 5.8 shows that the linear combination o f the first four eigenvectors (with 

coefficients representing the principal components) can be used to re-construct a 

Type 1&5 (Chapter 4, Section 4.3.3) breakthrough curve (Section 5.1.4). The 

combined effect o f each term is shown. The re-constructions demonstrate that a 

large proportion o f the original data can be recovered using the first four principal 

components.
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Figure 5.8 Re construction of Type 1&5 curves. Type 1 Shown. PCI, PC2, PC3 and 
PC4 are 20961, -17855, -14668 and -11519, respectively. T1 corresponds to Term 1

etc.
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Figure 5.8 (cont.) Reconstruction of Type 1&5 curves. Type 5 shown. PCI, PC2, 
PC3 and PC4 are -18790, -654,88,1738, respectively. T1 corresponds to Term 1 etc.
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Figures 5.9 to 5.28 show how the form o f  the tracer breakthrough curves varies in 

principle component space for the first two principal components only. The 

distributions are given separately for each fracture Pattern A to G (Chapter 4, 

Section 4.1.1) and for each angle, 0°, 22.5°, 45°, 67.5° and 90°, except for patterns 

A, B and C where the curves for all angles are on the same diagram. For clarity the 

curves are normalised with respect to their peak height and coloured in order to be 

able to distinguish between curves with peak heights below 5000 (black), between 

5000 and 10000 (blue), between 10000 and 30000 (red) and above 30000 (green). 

For each pattern the positions o f the curves in the part o f the principal component 

space covered by the local data set are given.

The figures demonstrate that: (1) as the angle o f rotation to the direction o f the 

general pressure gradient is increased for non-percolating fractures (Patterns D, E 

and F) the form o f the breakthrough curves becomes progressively more restricted; 

(2) only the percolating and 2-set fractures have curves with the highest peak arrival 

(Patterns A and G); (3) the percolating or near-percolating 1 -set fractures (Patterns 

A, B and C) tend to produce the entire range (1-5) o f  Type curves as demonstrated 

here by the fact that the breakthrough curves cover a large majority o f the principal 

component space; and (4) the 2-set fractures (Pattern G) tend to produce a more 

restricted range o f  breakthrough curves with the majority falling into the Type 4 and 

5 categories.

Figures 5.9, 5.10 and 5.11 show how curves with similar form are positioned in 

similar regions o f the principal component space for Patterns A, B and C, 

respectively. The patterns produce the entire range (1-5) o f Type curves (Chapter 4,

4.3.3), as demonstrated here by the fact that the breakthrough curves cover a large 

majority o f  the principal component space. The curves in the bottom right hand 

comer are Type 1 and the curves in the bottom left hand comer are Type 5. There is 

a transition from Type 1 to Type 3 to Type 4 to Type 5 from the bottom right to the 

bottom left hand comers. The curves with particular peak heights are grouped 

together. Pattem C does not produce curves with the largest peak heights because
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the fractures are non-percolating and the en echelon separation is large as was 

shown in Chapter 4, Section 4.4.5.

Pattern A

-60000 -40000 -20000 0 20000

Principal Com ponent 1

Figure 5.9 Form of Pattern A tracer breakthrough curves in principal component 
space. Peak heights below 5000 (black), between 5000 and 10000 (blue), between 

10000 and 30000 (red) and above 30000 (green).

Pattern B

S.

-40000 -30000 -20000 -10000 0 10000 20000

Principal Com ponent 1

Figure 5.10 Form of Pattern B tracer breakthrough curves in principal component
space. Peak heights below 5000 (black), between 5000 and 10000 (blue), between

10000 and 30000 (red) and above 30000 (green).
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P atte rn  C
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-20000 -10000 0 10000 20000

Principal C om ponent 1

Figure 5.11 Form of Pattern C tracer breakthrough curves in principal component 
space. Peak heights below 5000 (black), between 5000 and 10000 (blue), between 

10000 and 30000 (red) and above 30000 (green).

Figures 5.12 to 5.23 show how curves with similar form are positioned in similar 

regions o f the principal component space for Patterns D, E and F for each angle o f  

rotation with respect to the direction o f the general pressure gradient. 0°, 22.5°, 45° 

and 67.5° degrees o f rotation have a more restricted range o f Type curves, as 

demonstrated by the clustering o f the breakthrough curves in the top right hand 

comer, the majority falling into the Type 2 and 4, I and 4, I and 4 and I categories, 

respectively (Chapter 4, Section 4.4). Patterns D, E and F do not produce curves 

with the largest peak heights because the fractures are non-percolating, as shown in 

Chapter 4 (Sections 4.4.6, 4.4.7 and 4.4.8). The curves in Figure 5.15 cover a 

slightly smaller region than the curves in Figure 5.14. Increasing the angle o f  

rotation to the direction o f the general pressure gradient causes a reduction in the 

range o f possible breakthrough curves and also a reduction in the size o f the region 

covered by the curves. Increasing the angle o f rotation reduces the effect o f  the 

fractures on the flow field and the breakthrough curves are more likely to be similar 

for changes in fracture spacing and aperture as shown in Chapter 4 (Section 4.4.6).
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P atte rn  D

-20000 0 10000 

Principal C om ponent 1

20000

Figure 5.12 Form of tracer breakthrough curves in principal component space for 
Pattern D with zero rotation. Peak heights below 5000 (black), between 5000 and 

1 0 0 0 0  (blue), between 1 0 0 0 0  and 30000 (red).

-10000 0 10000 20000

Principal C om ponent 1

Figure 5.13 Form of tracer breakthrough curves in principal component space for 
Pattern D with 22.5° rotation. Peak heights below 5000 (black), between 5000 and 

10000 (blue), between 10000 and 30000 (red).
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Principal C om ponent 1

20000

Figure 5.14 Form of tracer breakthrough curves in principal component space for 
Pattern D with 45° rotation. Peak heights below 5000 (black), between 5000 and 10000

(blue), between 1 0 0 0 0  and 30000 (red).

L

10000 15000 

Principal C om poneni 1

20000

Figure 5.15 Form of tracer breakthrough curves in principal component space for 
Pattern D with 67.5° rotation. Peak heights below 5000 (black), between 5000 and 

10000 (blue), between 10000 and 30000 (red).
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Pattern E

ô
I

0-10000 10000 20000

Principal C om ponent 1

Figure 5.16 Form of tracer breakthrough curves in principal component space for 
Pattern E with zero rotation. Peak heights below 5000 (black), between 5000 and 

1 0 0 0 0  (blue), between 1 0 0 0 0  and 30000 (red).

1

-10000 0 10000 20000

Principal C om ponent 1

Figure 5.17 Form of tracer breakthrough curves in principal component space for 
Pattern E with 22.5° rotation. Peak heights below 5000 (black), between 5000 and 

10000 (blue), between 10000 and 30000 (red).
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5000 10000 15000 20000

Principal C om ponent 1

Figure 5.18 Form of tracer breakthrough curves in principal component space for 
Pattern E with 45° rotation. Peak heights below 5000 (black), between 5000 and 10000

(blue), between 1 0 0 0 0  and 30000 (red).

I
s  ■

10000 15000 20000

Principal C om ponent 1

Figure 5.19 Form of tracer breakthrough curves in principal component space for 
Pattern E with 67.5° rotation. Peak heights below 5000 (black), between 5000 and 

10000 (blue), between 10000 and 30000 (red).

Figures 5.20 to 5.23 show bi-modal behaviour in the grouping o f the curves. The 

groups converge when the angle to the direction o f the general pressure gradient is 

increased. Plots o f the first principal component with higher numbered components
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still show the same separation. It is therefore likely to be due to the variation in 

fracture density and aperture.

Pattern F

a

-5000 0 5000 10000 15000 20000
P rm dpal C om ponent 1

Figure 5.20 Form of tracer breakthrough curves in principal component space for 
Pattern F with zero rotation. Peak heights below 5000 (black), between 5000 and 

1 0 0 0 0  (blue), between 1 0 0 0 0  and 30000 (red).

0 5000 10000 15000 20000
Pnnctpal C om ponent 1

Figure 5.21 Form of tracer breakthrough curves in principal component space for
Pattern F with 22.5° rotation. Peak heights below 5000 (black), between 5000 and

10000 (blue), between 10000 and 30000 (red).
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Figure 5.22 Form of tracer breakthrough curves in principal component space for 
Pattern F with 45° rotation. Peak heights below 5000 (black), between 5000 and 10000

(blue), between 10000 and 30000 (red).

16000 18000 20000 22000
Principal C om ponent 1

Figure 5.23 Form of tracer breakthrough curves in principal component space for 
Pattern F with 67.5° rotation. Peak heights below 5000 (black), between 5000 and 

10000 (blue), between 10000 and 30000 (red).

Figures 5.24 to 5.28 show how curves with similar form are positioned in similar 

regions o f the principal component space for Pattem G for 0°, 22.5°, 45°, 67.5° and 

90° rotation with respect to the direction o f the general pressure gradient,
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respectively. As with Patterns A, B and C the breakthrough curves for Pattem G 

cover the entire region o f the principal component space. The majority o f the 

curves fall into the Type 4 and 5 categories. Many o f the curves have the highest 

peak breakthrough.

Pattern G

Ik

-60000 -40000 -20000

Principal Com ponent 1

20000

Figure 5.24 Form of tracer breakthrough curves in principal component space for 
Pattern G with zero rotation. Peak heights below 5000 (black), between 5000 and 

10000 (blue), between 10000 and 30000 (red) and above 30000 (green).
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Figure 5.25 Form of tracer breakthrough curves in principal component space for
Pattern G with 22S° rotation. Peak heights below 5000 (black), between 5000 and

10000 (blue), between 10000 and 30000 (red) and above 30000 (green).
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Figure 5.26 Form of tracer breakthrough curves in principal component space for 
Pattern G with 45° rotation. Peak heights below 5000 (black), between 5000 and 

10000 (blue), between 10000 and 30000 (red) and above 30000 (green).
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Figure 5.27 Form of tracer breakthrough curves in principal component space for 
Pattern G with 67.5° rotation. Peak heights below 5000 (black), between 5000 and 

10000 (blue), between 10000 and 30000 (red) and above 30000 (green).
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Figure 5.28 Form of tracer breakthrough curves in principal component space for 
Pattern G with 90° rotation. Peak heights below 5000 (black), between 5000 and 

10000 (blue), between 10000 and 30000 (red) and above 30000 (green).

5.1.10 Summary o f Variation of Breakthrough Curve Form in Principal 
Component Space

Figures 5.9 to 5.28 show how the form o f the tracer breakthrough curves varies 

according to its position in principal component space. The figures demonstrate 

that: (1) as the angle o f rotation to the direction o f the general pressure gradient is 

increased for non-percolating fractures the form o f the breakthrough curves 

becomes progressively more restricted; (2) only the percolating and 2-set fractures 

have curves with the highest peak (green colour); (3) the percolating and en echelon 

1 -set fractures tend to produce the entire range (1-5) o f Type curves as demonstrated 

here by the fact that the breakthrough curves cover a large majority o f the principal 

component space; and (4) the 2-set fractures tend to produce a more restricted range 

of breakthrough curve shapes with the majority falling into the Type 4 and 5 

categories.
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5.2 Testing PCA as a breakthrough curve classification scheme

The tracer breakthrough curves for all the models were classified objectively using 

PCA. To test whether PCA is a suitable method for the breakthrough curve 

classification ten examples (Test Models) are given. For each example the ten 

closest models, in terms o f Euclidean distance, to a randomly chosen model from 

the data set are given. The exercise was carried out to: (1) test whether the closest 

model(s) share breakthrough shape (primary effect) with the Test Model; (2) test 

whether any o f the models have similar geometric properties (causes); and (3) to 

compare the permeability (secondaiy effect) o f  the Test Model to the model with the 

most similar geometric properties. Categories for the angle to the pressure gradient, 

fracture spacing and aperture, permeability and pattem type are listed in Tables 5.2 

and 5.3. Figure 5.29 shows the decision process.

Whef BSie fimnmidbllly Coiilioil?

Figure 5.29 Flow diagram showing decision process for determining the closest model 
to the randomfy chosen model, in terms o f breakthrough curve shape, and assessing if 

their geometric and hydraulic properties are similar.

Table 5.4 compares the geometric and hydraulic properties for each o f the closest 

ten models to model 542 (chosen randomly). The model number can be used to 

locate each model in Rawdata xls. The distance is the Euclidean distance from each 

of the models to model 542. Figure 5.30 shows the breakthrough curves for the five 

closest models. All the curves have a similar shape and so none are discarded. 

Model 542 is highlighted in Table 5.4 (grey shading) and in Figure 5.30 (line with 

symbols). Table 5.4 shows that model 539 has the most similar geometric

271



properties and is the closest model in principal component space. The permeability 

contrast between model 542 and model 539 is 0.2 m /̂m .̂ Other models that also 

have veiy similar geometric properties and permeability are 543 (second closest) 

and 541 (seventh closest).

The closest neighbours in PCA space to another nine Test Models (2224, 1553, 978, 

1226, 2334, 1199, 252, 2417 and 2621) are described in Tables 5.5 to 5.13 and 

Figures 5.30 to 5.39, respectively. The positions o f  the closest models, in terms o f  

breakthrough curve shape, and their corresponding geometric and hydraulic 

properties, are summarised in Table 5.14.

Pattem Aperture Angle
1 2 3 4 5 0 1 2 3 4

um urn um nm nm * ° °
A 10 40 100 - - 0 22.5 45 67.5 -

B 10 40 100 1000 - 0 22.5 45 67.5 -

C 10 40 100 1000 - 0 22.5 45 67.5 -

D 10 40 100 1000 - 0 22.5 45 67.5 -

E 10 40 100 1000 - 0 22.5 45 67.5 -

F 10 40 100 1000 - 0 22.5 45 67.5 -

G 10 40 100 - 350 0 22.5 45 67.5 90

Table 5.2 Fracture aperture and fracture angle to the direction of the general 
pressure gradient parameters and corresponding physical values.

Pattem Spacing C.l. C.l. C.l
1 2 3 4 C.l.=0 0 to «3000 3000 to 6000

just non- just well connected
percolating percolating percolating

m/m^ m/m^ m/m^ m/m^ m/m^ m/m^ m/m^
A 0.6 1 1.8 3 - - -

8 0.6 1 1.8 3 - - -

C 0.6 1 1.8 3 - - -

D 0.6 1 1.8 3 - - -

E 0.74 1.5 3 5 - - -

F 0.34 2 3.4 - - - -

G - - - - C.l.>4.5 4.5<C.I.<6 C.l.«6

Table 5 3  Fracture spacing and Connectivity Index (Chapter 4, Section 4.1.4) 
parameters and corresponding physical values.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
542 2 3 2 1.7893 0 D
539 2 3 2 1.9891 2701.53 D
543 2 3 2 1.7012 2959.15 D

3054 4 0 2 2.4118 3508.79 G
3108 4 0 2 1.914 432331 G
1040 2 1 4 1.5079 4494.6 E
1103 2 3 2 2.0251 4593.93 E
541 2 3 2 1.7975 4658.63 D
1099 2 3 2 2.0487 4702.58 E
818 1 2 2 1.6492 4911.2 D
546 2 3 2 1.6916 4979.58 D

Table 5.4 Geometric and hydraulic properties of the ten closest models in principal
component space to model 542.

aooo

model 5427000

model 5390000
model 543-§ i

S. model 30544000
"S

I
z

model 3108

 model 10402000

1000

0 0.5 1 1.5 2 2 5 3 3.5 54 4.5

Time

Figure 5.30 Breakthrough curves of five closest models to model 542.
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Model# Angle Spacing/C.1. Aperture Permeability Distance Pattern
2224 1074 25.5563 G
2223 1 0 3 21.6805 4184.15 G
2259 1 524 5 745.074 5558.06 G
2001 0 0 3 33.7504 5868.58 G
2008 0 1158 3 43.5505 6204.69 G
2487 2 0 3 19.6924 6317.57 G
2260 1 655 5 747.247 6317.84 G
2467 2 469 3 23.7064 6340.34 G
2460 2 0 3 19.4379 6945.39 G
2488 2 0 3 20.7435 7020.77 G
2996 4 4009 5 1543.31 7044.66 G

Table 5.5 Geometric and hydraulic properties of the ten closest models in principal
component space to model 2224.

20000

model 222410000

 model 222314000

12000I
S.
o

!

 model 2259

model 2001

model 20086000

model 2487
2000

20.5 1 1.5 2.5 3 3.5 45 50 4

Time

Figure 5.31 Breakthrough curves of five closest models to model 2224.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
1553 1.191 0
1583
1613
1552
1581 
1551
1582 
1615 
1746 
1776 
1612

1.1928
1.1702
1.1525
1.1301
1.1289
1.1539
1.1482
1.1543
1.1556
1.1347

193.611
1900.49
2268.02
2312.66
2338.72
2385.44
2438.83 
2445.3

2480.83
2669.83

Table 5.6 Geometric and hydraulic properties of the ten closest models in principal
component space to model 1553.
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8000 model 1553
7000

model 1583
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 model 1613
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Figure 5.32 Breakthrough curves of five closest models to model 1553.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
978 1.2872 D
359 0 4 2 1.3072 1473.99 D
358 0 4 2 1.3092 1577.94 D
1537 0 4 2 1.2885 164529 E
1919 3 3 2 12548 1732.15 F
362 0 4 2 1.3119 1764.74 D
987 3 4 2 12859 1825.86 D
190 0 4 4 1.3368 1927.46 D
361 0 4 2 1.3327 1956.53 D
197 0 4 4 1.3369 1968.24 D

2882 4 3649 1 1.217 1998.19 G

Table 5.7 Geometric and hydraulic properties of the ten closest models in principal
component space to model 978.
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model 97810000

model 359
8000

model 358I
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Figure 5.33 Breakthrough curves of five closest models to model 978.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
1226 3 1 2 1.0612 0 E
1186 3 1 4 1.0601 800.44 E
1142 3 1 3 1.0561 809.534 E
1230 3 1 2 1.0472 1439.62 E
711 1 2 1 1.0398 1443.78 D
1412 0 3 1 1.0486 172726 E
1233 3 1 2 1.062 1729.82 E
2886 4 0 1 1.0244 1748.83 G
727 1 2 3 1.0588 1754.59 D
419 0 3 1 1.0589 1754.83 D
1234 3 1 2 1.064 1786.99 E

Table 5.8 Geometric and hydraulic properties of the ten closest models in principal
component space to model 1226.

model 1226

 model 1186
10000

model 1142
’€
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o
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2000

41.5 2.5 30.5 1 2 3.5 4.5 50
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Figure 5.34 Breakthrough curves of five closest models to model 1226.
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Model# Angle Spacing/C.I. Aperture Permeabilitym^/m^ Distance Pattern
2334 524 6.7245 G
2326 1 350 2 62784 2360.81 G
2337 1 884 2 6.6233 2738.63 G
2335 1 655 2 6.8867 2961.82 G
2569 2 0 2 5.0536 3275.95 G
3086 4 4436 2 7.0721 4018.41 G
3053 4 4293 2 7.8189 4063.84 G
2329 1 917 2 6.8708 4693.17 G

40 3 4 3 8.1292 4874.35 B
2568 2 0 2 4.7598 490321 G
2111 0 3686 2 8.6528 5131.94 G

Table 5.9 Geometric and hydraulic properties of the ten closest models in principal
component space to model 2334.

18000

model 2334

model 232612000

s model 233710000

o

!

 model 23358000

model 25698000

model 30864000

2000,
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Time

Figure 5 J 5  Breakthrough curves o f five closest models to model 2334.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
1199 3 2 4 1.2959 0 E
227 0 2 4 2.6733 3781.13 D
309 0 2 3 2.5851 5275.74 D
776 1 2 4 1.9263 8370.41 D
935 3 4 4 1.4034 8562.8 D
1210 3 3 4 1.3605 868029 E
732 1 2 3 1.8971 8876.86 D

2712 3 0 3 3.0673 922736 G
226 0 2 4 2.0108 9532.54 D
452 2 2 4 1.8446 10063.8 D
455 2 2 4 1.5556 10151.9 D

Table 5.10 Geometric and hydraulic properties of the ten closest models in principal
component space to model 1199.

model 1199

model 227
3600

model 309
3000

model 776
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*
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Figure 536  Breakthrough curves of five closest models to model 1199.
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Model# Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
252 1.3982 D
192 0 4 4 1.3988 290.835 D

1261 3 4 2 1.3256 2318.97 E
1260 3 4 2 1.3146 2329.68 E
982 3 4 2 1.3126 2511.18 D
983 3 4 2 1.3166 2600.45 D
445 2 1 4 12593 2879.49 D
1267 3 4 2 1.3085 2899.06 E
2894 4 3574 1 12537 3013.38 G
253 0 4 3 1.332 3079.31 D

2885 4 4318 1 1.26 3092.17 G

Table 5.11 Geometric and hydraulic properties of the ten closest models in principal
component space to model 252.

12000

model 252
10000  model 192

model 12618000

I
"S

I

model 1260
8000

model 982

model 9234000

0.5 1.5 2 2.5 30 1 3.5 4 4.5 5

Time

Figure 5.37 Breakthrough curves of five closest models to model 252.

280



Model # Angle Spacing/C.I. Aperture Permeability Distance Pattern
2417 2 6190 3 74.7094 0 G
2228 1 5281 3 88.3284 4671.89 G
2225 1 5465 3 84.4982 5041.84 G
2420 2 5966 3 73.8542 5740.12 G
2735 3 6154 5 2489.86 6108.95 G
2723 3 5198 3 73.7538 6434.3 G
2246 I 5639 3 117.661 6875.57 G
2465 2 6098 3 71.7245 6968.78 G
2669 3 5709 3 60.5722 7048.09 G
2714 3 4668 3 51.1947 7376.83 G
2477 2 5448 3 66.5693 8033.71 G

Table 5.12 Geometric and hydraulic properties of the ten closest models in principal
component space to model 2417.
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Figure 5.38 Breakthrough curves of five closest models to model 2417.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
2621 2 5417 2 8.6298 0 G
2861 3 4474 2 7.5551 2094.73 G
2852 3 5168 2 7.8561 2491.86 G
2597 2 5638 2 8.8909 2559 G
2615 2 6098 2 8.6904 267623 G
2570 2 5966 2 8.5094 2705.38 G
2336 1 5157 2 92445 2896.72 G
2627 2 5448 2 8.4357 3076.53 G
2618 2 5787 2 8.5776 3103.59 G
2873 3 5198 2 8.4383 3162.05 G
2381 1 4138 2 9.224 3215.6 G

Table 5.13 Geometric and hydraulic properties of the ten closest models in principal
component space to model 2621.
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Figure 539 Breakthrough curves of five closest models to model 2621.
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Test
Model

Number Table
Position of 

Curve (1-10) Angle
Spacing / 

C.l. Aperture Pattern
542 5.4 1 T T T T

2224 5.5 1 T X T T
1553 5.6 3 T T T T
978 5.7 6 T T T T
1226 5.8 3 T T T T
2334 5.9 1 T T T T
1199 5.10 1 X T T X
252 5.11 9 T T T T

2417 5.12 3 T T T T
2621 5.13 3 T T T T

Table 5.14 The performance of the closest models, in terms o f breakthrough curve 
shape, as predictors of geometric and hydraulic properties, for each example from 
Tables 5.4 to 5.13. A ‘T’ and an ‘X’ represent a correct and incorrect prediction,

respectively.

Figures 5.30 to 5.39 show how well the ten examples perform in terms o f predicting 

the correct breakthrough curve shape. The exception is Figure 5.36 where only one 

curve (model 227) has a reasonable match to Test model 1199. Table 5.14 shows 

the position and performance o f  the curve with the most similar geometric and 

hydraulic properties to the Test Model. All o f the permeabilities are on the same 

order o f magnitude. Table 5.15 shows the difference between the Test Model 

permeability and the permeability o f the ten closest models for each example.
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Model Table Table Table Table Table Table Table Table Table Table 
Position 5.4 5.5 5.6 5.7 5.8 5.9 5.10 5.11 5.12 5.13
Chosen

0.002 0.001 0.001

0.001
0.02
0.01

0.001
0.04

0.002
0.002
0.0030.10 1518 0.06 0.07

Table 5.15 Permeability differences between Test Model and ten closest models. The 
permeabilities o f the models with the most similar geometric properties to the Test 

model are highlighted in grey. The minimum permeabilities are also shown.
Permeabilities differences are in m m-2

5.3 Discussion o f Results o f PC A Classification Test

(1) The curve forms were compared visually and were considered dissimilar if the 

forms were very different or if the curve peaks did not occur in the same time bins. 

For all the Test examples, the PCA technique found at least one curve with a 

suitable form.

(2) The model with the most similar geometric properties and the smallest Euclidean 

distance to the Test model was identified. Suitable fracture apertures, angles, 

spacings and patterns were found for each example, the exceptions being for Test 

models 2224 (Table 5.5) and 1199 (Table 5.10). In Table 5.5 the difference is 

between a 2-set pattern that is just non-percolating (predicted) and Just percolating 

(known). As discussed in Chapter 4 (Section 4.4) it is possible for an en echelon 

like structure to have high flow rates across the separation, and thus high particle 

transport rates, and so an e» echelon type pattern can produce similar breakthrough 

curves to a percolating pattern. In Table 5.10 the difference is between zero and 

67.5° o f rotation and Patterns D and E. Both patterns, though, are similar in that 

they are 1 -set and non-percolating.
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(3) Ali o f  the permeabilities are within an order o f magnitude for the patte ms with 

the most similar geometric properties. Table 5.15 shows that the closest model to 

the Test Model, does not necessarily have the minimum permeability difference. 

The minimum and maximum differences for the models with the most similar 

properties are 0.001 and 3.876 m /̂m ,̂ respectively. The use o f the permeability 

contrast to constrain the model choice is considered in the next section.

The ten examples show diat principal component analysis is suitable for use as a 

model identification approach for breakthrough curve matching. It must be 

emphasized that the method presented compares a breakthrough curve with a 

limited population. This means that some o f the curve forms matches are likely to 

be poor. However, the method does find the best fit within the limited data set.

5.4 Predicting closest models in principal component space: Model 
Identification

Additional models (Test Cases) were run for patterns A, D, E, F and G (Chapter 4, 

Section 4.1.1). The en echelon Patterns B and C were omitted because they are 

variants o f Pattern A and Pattern D. The spacing (or Connectivity Index, C.l ), 

aperture and angle were varied systematically for each pattern, using values close to 

those used for the definitive data set. Patterns D, E, F have a random element and 

so models were simulated using two different seeds for the random number 

generator.

Table 5.16 shows how the variables were altered for each pattern. For the first 

simulation the angle and spacing were fixed at values used for the definitive set and 

the aperture was given a value not previously used. For the second simulation, the 

spacing and aperture were fixed and the angle was given a value not previously 

used, and so on for simulations three and four. Because the upper and lower model 

boundaries for Pattern A were periodic changing the angle also changed the spacing. 

The purpose o f this exercise was to test the effect on the breakthrough curve o f
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altering each parameter systematically and on the position o f that curve in principal 

component space. The angle was therefore fixed for Pattern A and only three 

simulations were run.

Model Number Angle Spacing/Connectivity Index Aperture
1 no no yes
2 yes no no
3 no yes no
4 yes yes yes

Table 5.16 Systematic alterations o f hydraulic and geometric properties, no* and 
yes* correspond to a fixed parameter and to an altered parameter, respectively.

Table 5.17 provides all the parameters altered for each pattern (Test Case). The 

reader is reminded that the numbers 0 to 4 correspond to specific angles, spacings 

and apertures (Chapter 4, Section 4.1.4).
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Pattern
Type

Test Case 
Number

Angle Spacing/ 
Connectivity Index

Aperture

A 1 2 3 (2-3)3
A 2 2 >4 3
A 3 2 >4 (2-3)3
D 4 2 3 (3-4)3
D 5 (1-2)1 3 3
D 6 2 (2-3) 3
D 7 (1-2)1 (2-3) (3-4)3
D 8 2 3 (3-4)3
D 9 (1-2)1 3 3
D 10 2 (2-3) 3
D 11 (1-2)1 (2-3) (3-4)3
E 12 1 3 (2-3)2
E 13 (0-1)1 3 2
E 14 1 (2-3) 2
E 15 (0-1)1 (2-3) (2-3)2
E 16 1 3 (2-3)2
E 17 (0-1)1 3 2
E 18 1 (2-3) 2
E 19 (0-1)1 (2-3) (2-3)2
F 20 3 3 (3-4)3
F 21 (1-2)2 3 2
F 22 3 (2-3)3 2
F 23 (1-2)2 (2-3)3 (3-4)3
F 24 3 3 (3-4)3
F 25 (1-2)2 3 2
F 26 3 (2-3)3 2
F 27 (1-2)2 (2-3)3 (3-4)3
G 28 1 0 (2-3)3
G 29 (2-3)3 0 3
G 30 1 5724 3
G 31 (2-3)3 5093 (2-3)3

Table 5.17 Hydraulic and geometric parameters used for generating Test case models 
breakthrough curves in principal component space

An entry of, for example, (1-2)2 corresponds to a parameter that is in between the 

definitive parameters 1 and 2 but closer to parameter 2. An entry of, for example, 

(1-2) corresponds to the parameter that is mid-way between parameters 1 and 2.

The breakthrough curves produced by the Test Cases in Table 5.17 were classified 

using the PCA classification scheme. Five examples (Tables 5.18 to 5.22 and
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Figures 5.41 to 5.45) are given in this chapter (Test Cases 1, 2, 4, 15 and 19) and the 

remainder are located in Appendix 1. The five examples were chosen because they 

highlight some o f the advantages and disadvantages o f  the method. They contrast 

successful, moderately good and poor predictions, and illustrate generalisations 

drawn from the data.

Each model is assessed in three ways (Figure 5.40), firstly, to compare the 

geometric and hydraulic properties o f  the curve with the smallest Euclidean distance 

to the Test Case (Method 1: Nearest Neighbour). Secondly, to determine whether 

the permeability can be used to identify the model choice (Method 2: Permeability 

Fit). Thirdly, to determine whether any useful information can be gained from the 

geometric and hydraulic properties o f the ten closest models (Method 3: 

Permeability Factor), using permeability as a constraint, for example, is the pattern 

likely to be 1-set or 2-set? Is the pattern likely to be percolating? Are the fracture 

apertures likely to be small? Is the dominant fracture set at a high angle to the 

direction o f  the general pressure gradient? And if there are distinct patterns do they 

actually correspond to the properties o f the Test Case?

The question arises on how the permeability should be used to identify (Method 2) 

and constrain (Method 3) the model choices. In the previous section the 

permeability difference o f the models with the most similar geometric and hydraulic 

properties was shown to vary from 0.001 and 3.876 m /̂m ,̂ however, 50% o f the 

permeability differences for all models (with permeability on the same order o f  

magnitude as the Test Model) are less than 0.09 m /̂m ,̂ thus requiring that the 

permeability difference used in Method 2 to be small. Therefore, a good match is 

identified (by comparing permeabilities with the Test Case permeability) if the 

permeability difference is +/- 0.05 mVm .̂ If more than one model can be identified 

the model with the smallest Euclidean distance is chosen. In field tests, though, it is 

highly unlikely that the spatial average o f  the permeability is known precisely due to 

the subjective interpretation o f pump tests and limited number o f measurements.
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The permeabilities for the percolating patterns vary over three orders o f magnitude, 

thus an alternative method is required to differentiate them. A more appropriate 

method to use in this case is a permeability factor. If the permeabilities o f the 

models are greater than a factor o f 3 o f the Test Case permeability they are 

discarded. It must be noted that a factor o f 3 is likely to be on the low side o f  

natural permeability variance. The geometric properties o f the remaining models 

are summarised and compared with the Test Case. To summarise the geometric 

properties criteria are required. If at least 70% o f the predicted fracture patterns are 

similar to the Test Case fracture pattern then this is considered a good prediction. If 

at least 70% o f the angles, spacings and apertures o f  the predicted models have 

similar ranges to the Test Case then the angle, spacing or aperture is considered to 

be a good prediction. Figure 5.40 shows the decision process.

Method 1 is successful at predicting the properties for Test Cases 1, 2, 4 and 19, 

likewise using Method 2 for Test Cases 2, 15 and 19 and Method 3 for Test Cases 4 

and 19. For each model the ten closest models, in terms o f Euclidean distance, are 

given. The matrix o f  eigenvectors used to predict the position o f the new 

breakthrough curves in principle component space is on the CD and is named 

eigenfunctions.xls.
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Figure 5.40 Flow diagram showing decision process for determining the closest model 
to a Test Case, in terms of breakthrough curve shape and permeability, and assessing 

if their geometric and hydraulic properties are similar.
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Example 1:

Test Case Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
1 2 3 (2-3)3 25.2029 0 A

87 2 3 3 48.1762 5385.84 A
76 1 4 3 89.1348 8910.3 A

2185 1 655 3 40.5426 9683.03 G
16 1 4 2 10.7935 10188.69 B
98 3 2 3 13.8144 10274.63 A

2184 1 524 3 39.8661 10875.36 G
2831 3 4747 2 8.1102 11334.72 G
2378 1 5281 2 9.5867 11500.76 G
2846 3 5524 2 7.9464 11849.99 G
3119 4 4685 2 7.8272 12087.47 G

Table 5.18 Geometric and hydraulic properties of the ten closest models in principal
component space to Test Case 1.
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Figure 5.41 Breakthrough curve of the closest model to Test Case 1.
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Method 1 (Nearest Neighbour):

Firstly, the data is assessed as to whether the closest, in PCA space, breakthrough 

curve to the Test Case has similar geometric and hydraulic properties. Model 87 

(Figure 5.41) is the closest model, in terms o f  principal component space. The 

curves are a good match. The angle, spacing, aperture and pattern type of Model 87 

match the Test Curve exactly (Table 5.18). The permeability for Model 87 is within 

a factor o f 3 o f the permeability o f the Test Case.

Method 2 (Permeability Fit):

Secondly, the data is assessed as to whether the permeability can be used to identify 

the geometric properties o f the Test Case. Table 5.18 shows none o f the 

permeabilities are within +/- 0.05 mVm .̂

Method 3 (Permeability Constraint):

Thirdly, the data is assessed as to whether the geometric and hydraulic properties 

can be constrained by identifying properties common to the majority o f the 

predicted models and the Test Case. Models 76, 2831, 2846 and 3119 have 

permeabilities greater than a factor o f 3 and are discarded. Table 5.18 shows that 

the majority o f the patterns are type A or G and so the pattern is likely to be 

percolating and have either 1 or 2 sets. The fracture apertures are all 2 and 3, 

corresponding to a fracture aperture ranging from 40 to 100 pm. If the pattern is 2- 

set then the Connectivity Index is likely to range from >0 to 6000, corresponding to 

a pattern that is just-percolating to well connected and percolating. There are no 

dominant angles, or range o f angles, and so any fracture angle to the direction o f the 

general pressure gradient is possible. The predicted models fail to capture the bulk 

of the geometric and hydraulic properties o f  the Test Case, with the exception o f the 

aperture and continuity o f the fractures. The only information about the Test Case 

that was accurately predicted is the aperture and that it percolates.
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Exam ple 2:

Test Case Angle Spacing/C.I, Aperture Permeability m^/m^ Distance Pattern
2 2 >4 3 95.5373 0 A
88 2 4 3 95.3305 4451.7 A

2042 0 4870 5 4792.79 12152.02 G
1967 0 4870 3 121.497 13206.03 G
2951 4 3418 3 52.4015 14041.34 G
1973 0 5158 3 121.88 15021.78 G
2183 1 5760 3 98.7263 17311.95 G
2420 2 5966 3 73.8542 18539.55 G
2666 3 5198 3 77.5913 18926.74 G

99 3 3 3 26.6271 19141.66 A
2186 1 5157 3 90.1152 19583.45 G

Table 5.19 Geometric and hydraulic properties of the ten closest models in principal
component space to Test Case 2.
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Figure 5.42 Breakthrough curve of the closest model to Test Case 2.
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Methods I and 2:

Model 88 (Figure 5.42) is the closest model and is a good match. The angle, 

spacing, ^>erture and pattern type o f Model 88 match the Test Curve exactly (Table 

5.19). The permeability for Model 88 is within +/- 0.05 m /̂m  ̂o f  the permeability 

for the Test Case.

Method 3:

Models 2042 and 99 have permeabilities greater than a factor o f 3 and are discarded. 

The majority o f the patterns are o f type G. The pattern is likely to consist o f 2-sets. 

The majority o f the fracture apertures are 3, corresponding to a fracture aperture of 

100 pm. The Connectivity Index is likely to range from 3000 to 6000, 

corresponding to a pattern that is well connected and percolating. There are no 

dominant angles, or range o f angles, and so any fracture angle to the direction o f the 

general pressure gradient is possible. The predicted models fail to capture the bulk 

of the geometric and hydraulic properties o f the Test Case, with the exception o f the 

aperture and continuity o f  the fractures. The only information about the Test Case 

that was accurately predicted is the aperture.
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Exam ple 3:

Test Case Angle Spacing/C.I. Aperture Permeability Distance Pattern

(3^)3 2.5978 0 D

462
495
610
283
513
1665
507
470
1695
511

2.607
2.5365
32101
4.4462
2.6318
2.0076
2.6592
2.1504
2.0188
2.8241

834.07
3071.71
4107.71 
4577.65 
4758.67 
4849.36
5055.7 

5158.02 
5384.96 
5479.17

D

D

D

D

D

F

D

D

F
D

Table 5.20 Geometric and hydraulic properties of the ten closest models in principal
component space to Test Case 4.
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Figure 5.43 Breakthrough curve of the closest model to Test Case 4.
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Methods 1 and 2:

Model 462 (Figure 5.43) is the closest model and is a good match. The angle, 

spacing and pattern type o f Model 462 match the Test Curve exactly (Table 5.20). 

The Test Case has an aperture close to 100, whereas model 462 has a fracture 

aperture o f 1000 pm. The permeability for Model 462 is within +/- 0.05 m /̂m  ̂ o f  

the permeability for the Test Case.

Method 3:

None o f the models have permeabilities greater than a factor o f  3 different from the 

Test Case. The majority o f the patterns are o f type D. Thus, the pattern is likely to 

be a non-percolating 1-set pattern. The fracture apertures are all 3 and 4, 

corresponding to a fracture aperture ranging from 100 to 1000 pm. The fracture 

spacings are all 3 and 4, corresponding to a fracture density ranging from 1.8 to 3.4 

m/m .̂ The majority o f the fracture angles are 2, corresponding to an angle o f 45° to 

the direction o f the general pressure gradient. The predicted models capture well 

the geometric and hydraulic properties o f  the Test Case.
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Exam ple 4:

Test Case Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
15 (0-1)1 (2 D (2 3)2 2.5825 0 E

2899 4 0 3 5.0894 2919.5 G
2847 3 0 2 2.6636 3102.8 G
2833 3 0 2 2.4577 3531.48 G
2832 3 0 2 2.0425 3893.47 G
2836 3 0 2 2.6214 3908.58 G
2898 4 0 3 4.759 3977.49 G
3079 4 0 2 1.9844 4083.65 G
739 1 3 3 4.1047 4118.16 D

3049 4 0 2 2.3724 4157.02 G
2848 3 0 2 2.8558 4239.52 G

Table 5.21 Geometric and hydraulic properties of the ten closest models in principal
component space to Test Case 15.
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Figure 5.44 Breakthrough curve of the closest model to Test Case 15.
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Method 1 :

Model 2899 (Figure 5.44) is the closest model and is a good match. However, none 

o f the geometric parameters match the Test Curve (Table 5.21), although the 

permeability for Model 2899 is within a factor o f 3 o f  the permeability for the Test 

Case.

Method 2:

Table 5.21 shows the permeability for Model 2836 is within +/- 0.05 m^W o f the 

Test Case, but the fracture patterns, angles and spacings do not match.

Method 3:

None o f the models have permeabilities greater than a factor o f  3 different from the 

Test Case. The majority o f the patterns are o f type G and thus the predicted pattern 

is a 2-set pattern. The majority o f  the fracture apertures are 2, corresponding to a 

fracture aperture o f 40 pm. The Connectivity Index is likely to be 0, corresponding 

to a pattern that is just non-percolating. The majority o f  the fracture angles to the 

direction o f the general pressure gradient are 3 and 4, corresponding to a fracture 

angle ranging from 67.5° to 90°. The predicted models fail to capture most o f the 

geometric and hydraulic properties o f  the Test Case, with the exception o f the 

fracture aperture. The only information about the Test Case that was accurately 

predicted is the aperture.
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Exam ple 5:

Test Case Angle Spacing/C.I. Aperture Permeability Distance Pattern
19 (0-1)1 C2 3) (2 3)2 2.1302 0 E

1290 1 2 3 2.075 5889.85 E
1334 1 2 4 2.1055 6354.98 E
1118 2 4 2 2.4036 6540.02 E
1378 1 2 2 1.786 6603.84 E
1431 0 2 3 2.4287 6661.72 E
1475 0 2 4 2.4543 6666.91 E
1519 0 2 2 2.1513 7070.54 E
1418 0 1 3 1.6136 7110.72 E
1385 1 2 2 22419 7141.88 E
2958 4 0 3 4.0966 8262.1 G

Table 5.22 Geometric and hydraulic properties of the ten closest models in principal
component space to Test Case 19.
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Figure 5.45 Breakthrough curve of the closest model to Test Case 19.
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Methods 1 and 2:

Model 1290 (Figure 5.45) is the closest model and is a poor visual match. However, 

the angle, spacing and pattern type o f  Model 1290 match the Test Curve exactly 

(Table 5.22), and permeability is within +/- 0.05 m^W .

Method 3 :

None o f the models have permeabilities greater than a factor o f 3. The majority o f  

the patterns are o f type E. The pattern is likely to be a non-percolating 1-set pattern. 

The majority o f the fracture apertures are 2 and 3, corresponding to a fracture 

aperture ranging from 40 to 100 pm. The majority o f  the fracture spacings are 2, 

corresponding to a fracture spacing o f 1.5 m/m^. The majority o f  the fracture angles 

to the direction o f the general pressure gradient are either 0 or 1, corresponding to a 

fracture angle ranging from 0° to 22.5°. The predicted models capture the general 

geometric and hydraulic properties o f the Test Case.

5.5 Summary of Results for Model Identification

Tables 523  (Method 1: Nearest Neighbour), 5.25 (Method 2: Permeability Fit) and 

5.26 (Method 3: Permeability Constraint) summarise the results o f the model 

identification exercise. Metfiod 1 uses the model with the smallest Euclidean 

distance to predict the geometric and hydraulic properties o f the Test Case. Method 

2 uses the permeability to identify the geometric and hydraulic properties o f the Test 

Case using a permeability contrast o f  +/- 0.05 mVm .̂ Method 3 assesses how well 

the majority o f  the geometric and hydraulic properties o f  the predicted models 

match those for the Test Case using a permeability factor o f  3.
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Test Case Angle Spacing/C.1. Aperture Pattern Set Percolating
1 T T T T T I
2 T T T T T T
3 X X T X X X
4 T T X T T T
5 X X X X X X
6 T T T T T I
7 T T X T T T
8 X X X T T T
9 X X T T T T
10 X X X X X T
11 T T T X T I
12 T X X T T T
13 T X T T T T
14 T T X X T T
15 X X X X X I
16 T X X T T T
17 X X T X X T
18 X X X X T X
19 T T X T T T
20 X T X T T T
21 X X T X X X
22 X X T T T T
23 X X I X X T
24 X X T X T T
25 X X X X T T
26 X X X T T T
27 X X T X X T
28 T X T X X T
29 X T T T T T
30 X T T T T I
31 X T T T I T

Table 5.23 Method 1: Nearest Neighbour. Summary o f performance o f closest model. 
‘T ’ corresponds to a good fit. ‘X’ corresponds to a bad fit.

Angle% Spacing/C.l.% Aperture% Pattem% Set% Percolatlnq%
39 39 55 55 71 87

Table 5.24 The proportions of each category for Method 1 that are predicted
correctly.
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Test Case Identified Position Angle Spacing/C.1. Aperture Pattern Set Percolating
1 X
2 T 1 T T T T T T
3 X
4 X
5 X
6 T 2 T T T X T T
7 T 2 X T T T T T
8 X
9 X
10 T 2 X T X T T T
11 T 1 T T T X T T
12 X
13 X
14 T 9 T T X X T T
15 T 5 X X T X X T
16 X
17 T 10 T T T T T T
18 I 5 X T T X T T
19 T 1 T T X T T I
20 T 5 T X T X T T
21 X
22 X
23 T 3 X X X X T T
24 T 4 X X T X I T
25 X
26 T 7 X X X X T I
27 X
28 X
29 X
30 X
31 X

Table 5.25 Method 2: Permeability F it Summary of performance of model 
identification. Identifying the model choice by the permeability difference (+/- 0.05 
m2/m2) between the Test Case and the predicted models. ‘T’ corresponds to a good

fit. ‘X’ corresponds to a bad fit.
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Test Case Angle Spacing/C. 1 Aperture Pattern Set Percolating
1 X X T X X I
2 X X T X X I
3 T X T X X T
4 T T T T T T
5 X T T T T T
6 T X T X T I
7 T T T T T T
8 X T T T T I
9 X T T T T T
10 T T T X T T
11 X T I X T T
12 T T X T T T
13 T T I X T I
14 X X T X T T
15 X X T X X T
16 T T T X T T
17 T T T X T T
18 X X I X T T
19 T T T T T T
20 T T T X T T
21 X X T X X X
22 X T X T T T
23 X X X X X T
24 X X T X T T
25 X X T X X X
26 X X X T T T
27 X X T X X T
28 T T T T T X
29 T T T T T T
30 T T T T T T
31 X T T T T T

Table 5.26 Method 3: Permeability Constraint Summary of performance model 
constraint. How well the majority of the geometric and hydraulic properties of the 

predicted models match those for the Test case using a permeability constraint &ctor 
of 3. ‘T* corresponds to a good fit. ‘X’ corresponds to a bad fit.

Angle% Spacing/C.l.% Aperture% Pattem% Set% Percolating%
45 58 87 42 74 90

Table 5.27 The proportions o f each category for Method 3 that are predicted
correctly.
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Angle% Spacing/C.l.% Aperture% Pattern% Set% Percolating %
84 71 94 90 87 100

Table 5.28 The proportions of each category for Method 3 that are predicted 
correctly, including true negatives.

Table 5.24 summarises the proportions o f  each category o f  Method 1 that are 

predicted correctly and shows that only the set and percolating categories can be 

predicted with confidence.

Table 5.25 shows that only 14 out o f the 31 Test Cases were identified using the 

permeability contrast o f +/- 0.05 m /̂m  ̂(Method 2) and as a result this method is not 

considered adequate for model identification.

Table 5.27 summarises the proportions o f each category o f  Method 3 that are 

predicted correctly and shows that the aperture, set and percolation categories are all 

over 70%. The constraint o f a factor o f 3 makes no difference to the results o f  

Method 3. Table 5.28 summarises the proportions o f  each category o f Method 3 

that do not show false positives in addition to those predicted correctly. A false 

positive is defined as an incorrect prediction.

Table 5.27 shows that Method 3 has been successful at choosing the correct fracture 

aperture, number o f sets and whether the network percolates or not. Table 5.28 goes 

on to show that there are very few false positives and either the correct parameter is 

chosen or a parameter is not chosen at all. Method 3 has shown to be highly 

successful in predicting whether a pattern (and its associated geometric and 

hydraulic properties) is contained within the (limited) population o f  patterns 

simulated in this study. The proportions o f  each category that are predicted 

correctly (or not predicted at all) will vary if the (70%) criteria is altered. Greater 

than 70% will reduce the number o f  false positives (incorrect predictions) but will 

also reduce the number o f  correct predictions. Conversely, less than 70% will 

increase the number o f false positives.
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A tracer breakthrough curve and a permeability measurement are likely to be the 

only data available to assess the flow and transport behaviour o f fractured porous 

rock in the real world. Assumptions about the fracture geometry and flow and 

transport processes are usually made a priori with limited supporting evidence. For 

example, it is commonly assumed that breakthrough curve tailing is an indication 

that matrix diffusion is taking place, or that multiple peaks are a result o f flow 

channelling through a three-dimensional fracture network with varying flow path 

lengths. The model classification and identification method presented here is 

designed to address this problem by either identifying or rejecting fracture 

geometric and hydraulic properties. The major conclusions are:

(1) Even under highly simplified and controlled conditions quite different 

fracture patterns produce very similar breakthrough curves;

(2) A single breakthrough curve cannot reveal with any precision the fracture 

geometry;

(3) The PCA analysis indicates that there is a degree o f correspondence between 

fracture-pattem and breakthrough curve, and thus, in principal, it might be 

possible to make reasonable inferences about possible fracture pattern types 

from tracer tests.

The results and the implications for interpreting tracer breakthrough curves will be 

discussed further in Chapter 7.
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6. Chapter 6

6.1 Methodology for Simulation Study for Radial Flow Tracer 
Tests

Radial flow tracer tests are frequently used in field experiments (Chapter 2, 

Table 2.1) because they allow the flow field to be controlled. Only a few 

simulations o f  such tests were conducted because time did not allow a full 

systematic study o f  radial flow tests but an attempt was made to explore the 

topic partly.

The set up is analogous to a two-well tracer test in the horizontal plane with the 

central well removing tracer that is injected into a non-pumping well located in 

an up-gradient direction from it. A series o f  experiments were conducted across 

a square region with a right-to-left pressure gradient imposed and a pumping 

well positioned at various locations near the centre o f  the region. For each 

borehole position tracer was injected at various positions along the cells o f  the 

up-gradient boundary and the breakthrough monitored at the borehole.

An emphasis in this part o f  the study is on exploring the influence o f  the 

positions o f  the injection and recovery wells in relation to the fi*acture pattern. 

This change o f  emphasis arises because in previous experiments the tracer 

breakthrough curve was composed from arrivals along a target boundary that is a 

line cutting across the fracture pattern, whereas in the radial flow case the target 

is a point nested within the pattern and is therefore much more subject to local 

conditions.

The fracture and matrix porosities, the matrix permeabilities, and the model 

dimensions were as for the natural gradient tracer tests. Because this was only a 

pilot study, just one basic fracture pattern was used, shown in Figure 6.1.
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A

B

Figure 6.1 Injection points A and B, and abstraction points C, D, E and F.

Particles were either injected into the matrix, location A, or into a fiacture, 

location B, (Figure 6.1). An equal number o f  particles (199,000) were injected 

at each injection point, equivalent to the total injected in the natural gradient 

simulations. Pumping boreholes were located at: C, to simulate flow and 

transport along a discontinuous fracture pathway; D, to simulate flow and 

transport along a continuous fracture pathway with several branches; and E and 

F, to investigate breakthrough when the recovery well does not intersect a 

fracture but penetrates the matrix. For each injection point, radial flow and 

tracer transport were simulated for the four abstraction positions in turn, giving a 

total o f  eight injection-recovery well combinations. The total model time was 

set at 5 m^.s. The top and bottom boundaries are impermeable.

The radial simulations were run using variations o f  Figure 6.1 to investigate 

effects o f  aperture and pattern -  as in the previous exercise but in a more 

restricted fashion. The scenarios are summarised as follows:

Radial 1: All the fractures have apertures o f  100 pm. Radial 1 is used as a 

reference case to which all other simulations are compared.
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Radial 2: All the fractures have apertures o f  40 pm.

Radial 3 : The vertical set o f  fractures was removed and all the fractures o f the 

horizontal set have apertures o f  100 pm.

Radial 4: The vertical and horizontal sets o f  fractures have apertures o f  40 pm 

and 100 pm, respectively.

Radial 5 : The apertures in Radial 4 are reversed, that is, vertical and horizontal 

sets o f  fractures have apertures o f  100 pm and 40 pm, respectively.

Radial 6: The Radial 1 model was used and the bin number altered to observe 

the tracer breakthrough at early time. Bin numbers o f  50, 100 and 500 were 

used with a total model time o f  1 m^.s. To investigate very short arrival times a 

10000 bin numbers were used with a total model time o f  0.3 m^.s.

For each scenario. Radial 1 to Radial 5, the pressure in the borehole was varied. 

Figure 6.2 shows the relative positions o f  the regional pressure gradient, the 

inflow and outflow boundaries, the well and the cone o f  depression.
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Inflow Boundorv

Linear drawdownOutflow Boundary

Cone of depression 
due to well

# 1 1Elevation

5 metres

Figure 6.2 Relative positions o f the regional pressure gradient, the inflow and 
outflow boundaries, the well and the cone o f depression. Regional pressure

gradient= 1 kg.m \ s

The inflow and outflow boundaries were elevated to Pe=2000 to remove any 

negative pressures due to the cone o f  depression. The regional pressure gradient 

was not altered. The pressure in the well, Pd, is the pressure below P©, except for 

when Pd=0, which corresponds to the natural gradient case. Pd’s o f  0, 100, 500 

and 1000 were used, corresponding to linear (well) pressure gradients o f  

approximately 1 , 3 , 7  and 12 times the regional pressure gradient, respectively, 

which in turn correspond to hydraulic gradients o f  10^, 3x10^, 7x10^ and 

1.2x10*  ̂ (m.m '). The linear gradient is a construct and is used as a control 

parameter. Table 2.1 shows that hydraulic gradients typically lie in the range 

10'̂  to 10'̂  (m.m*‘) for both natural gradient and radial flow tests and so these 

hydraulic gradients are on the low side. They were chosen so that the area o f  

influence o f  the borehole did not interfere with the boundaries. The well 

pressure gradient in Radial 6 (study o f  early breakthrough) was maintained at 12.
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6.2 Radial Flow Simulations -  Results and Discussion

6.2.1 Presentation of Results

The data set described below is relatively small compared with the natural 

gradient data set and so all the simulated radial flow breakthrough curves can be 

presented here. The injection-recovery combinations and the type o f  pathway 

are summarised in Table 6.1.

Model
Number

Injection
Location

Abstraction
Location Pathway T ype

1 A E Matrix to Matrix
2 B D Fracture to Fracture (Continuous)
3 A D Matrix to Fracture
4 B E Fracture to Matrix
5 B C Fracture to Fracture (Discontinuous)
6 A C Matrix to Fracture (Discontinuous)
7 A F Matrix to Matrix (Offset)
8 B F Fracture to Matrix (Offset)

Table 6.1 Model number and corresponding abstraction and injection points and
pathway type.

The Models 1 to 8 were chosen so as to vary the pathway in between the 

injection and abstraction points. Models involving abstraction points E and F 

have similar pathways (models 1 and 7 are matrix-to-matrix, 4 and 8 are 

fiacture-to-matrix) but the abstraction point, E, is directly down gradient o f the 

injection points, A and B, whereas the position o f  the abstraction point, F, is 

offset.

6.2.2 Hydraulic, geometric and fracture pattern properties and the 
breakthrough curve, Radial Flow examples

The following section presents and discusses the simulated breakthrough curves 

for each scenario (Radial 1 to Radial 6). The graphs show the forms o f  tracer 

breakthrough curve that result from varying the hydraulic properties, pathway 

type and the areal influence o f  the cone o f  depression. The breakthrough curves 

are discussed according to the abstraction, injection and connectivity conditions
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that give rise to them. The injection condition refers to whether the particles are 

injected into the matrix or a fracture. The abstraction condition refers to whether 

particles are abstracted from the matrix or a fracture and whether the abstraction 

well lies directly down gradient from the injection well or not (Figure 6.3). The 

connectivity condition refers to the type o f  pathway (matrix and/or fracture). 

The breakthrough curves for Models 2 , 3 , 5  and 6 (abstraction from fracture) and 

for 1 , 4 , 7  and 8 (abstraction from matrix) are presented separately.

Abstraction Well
Distance fronn abstraction well 

to directly down gradient of injection well

Direction of regional pressure gradient Injection Well

Figure 6.3 Definition o f distance from abstraction well to directly down gradient
o f injection well.

6.2.3 Radial 1

In Radial 1 the fracture pattern shown in Figure 6.1 is simulated and all the 

fractures have an aperture o f  100 pm. Figures 6.4 to 6.12 show the breakthrough 

curves and Table 6.2 shows the particle percent recoveries for the simulations.
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Figure 6.4 Radial 1. Natural Gradient. Well pressure gradient of 1. Models 2 ,3 ,
5 and 6.
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Figure 6.5 Radial 1. Natural Gradient Well pressure gradient of 1. Models 2 ,3 , 
5 and 6. Figure 6.5 is Figure 6.4 with a different vertical scale.
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Figure 6.6 Radial 1. Natural Gradient. Well pressure gradient of 1. Models 1,4,
7 and 8.
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Figure 6.7 Radial 1. Well pressure gradient o f 3. Models 2 ,3 ,5  and 6.
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Figure 6.8 Radial 1. Well pressure gradient of 3. Models 1, 4, 7 and 8.
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Figure 6.9 Radial 1. Well pressure gradient of 7. Models 2 ,3 ,5  and 6.
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Figure 6.10 Radial 1. Well pressure gradient o f 7. Models 1 ,4 ,7  and 8.
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Figure 6.11 Radial 1. Well pressure gradient o f 12. Models 2 ,3 ,5  and 6.
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Figure 6.12 Radial 1. Well pressure gradient o f 12. Models 1,4, 7 and 8.

Pathway Well Well Well Well
Gradient=1 Gradient=3 Gradient=7 Gradient=12

Model C/CO % C/CO % C/CO % C/CO %
model 1 Ato E 0.23 10.97 40 69.55
model 2 Bto D 14.66 24.29 46.68 65.06
model 3 A to D 15.4 25.2 46.88 65.42
model 4 BtoE 0.22 10.38 38.29 67.1
model 5 BtoC 0.09 6.7 20.6 34.62
model 6 Ato C 0.12 7.11 21.19 35.29
model 7 A to F 0.02 3.22 28.94 53.65
model 8 Bto F 0.02 3.04 28.81 53.38

Table 6.2 Particle percent recoveries for breakthrough curves for scenario Radial
1.

Discussion o f  Radial 1

Under natural gradient conditions tracer recoveries are very low (< 1%) for all 

models except Models 2 and 3 (Table 6.2). These have the recovery well located 

directly on a fracture in a continuous network (Table 6.1, Figure 6.1). Where 

injection was also directly into a fracture (Model 2), extremely rapid 

breakthrough results with a peak in the first time bin (Figure 6.4). Injection into
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the matrix (Model 3) results in a later peak but does not affect tracer recovery 

which is approximately 15% for both cases.

As the well pressure gradient is steepened (Figures 6.7, 6.9, 6.11 Table 6.2), the 

recoveries for these two models rise to approximately 65%. This may reflect 

two effects, firstly the greater efficiency o f  capture o f  a dispersing particle plume 

as the pumping rate is increased and the capture zone widens, and secondly an 

increased flushing out o f  particles from the matrix as overall flux o f  water 

increases. Figures 6.13 and 6.14 are the flow fields for abstraction from C under 

natural gradient and a gradient o f  12, respectively. The capture zones are 

superimposed on the flow fields and they demonstrate that the areal extent o f  the 

c^ture zone increases with well pressure gradient. The increased flushing o f  

particles is shown in Figures 6.15 and 6.16. They are particle tracking snapshots 

at times o f  0.01, 0.1, 1 and 3 for the flow fields under natural gradient and a 

gradient o f  12, respectively. The snapshots at times 1 and 3 show that fewer 

particles are present under a natural gradient o f  12 when compared with the 

natural gradient case. The snapshots at a time o f  0.1 show a greater 

concentration o f  particles towards the centre o f  the region.
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Figure 6.16 Snapshots (at times 0.01, 0.1,1 and 3) for abstraction from C under a
well pressure gradient o f 12.

Returning to natural gradient, the other models show differences in breakthrough 

curves, even though all have very low concentrations compared with Models 2 

and 3 (Figure 6.4, 6.5 and 6.6). The continuity o f  the fracture network, and the 

location o f  the abstraction well directly down gradient o f  the injection now 

appear to be critical factors. Figures 6.5 and 6.6 illustrate the influence o f  off- 

axis location for the recovery well when it is situated within the matrix. Models

3 2 1
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5, 6, 7 and 8 have abstraction in positions C and F, and have very flat 

breakthrough curves with one tenth the recovery o f  Models 1 and 4, for which 

the abstraction well (E) lies directly down gradient o f  the injection. These 

differences reflect the dispersion o f  the tracer plume (Figure 6.15 shows the 

positions o f  wells C and D relative to the plume) and the very small radius o f  

capture around an un-pumped well. Injection condition also exerts an influence, 

with injection into the matrix (Model 1) producing later breakthrough, lower 

peak concentration and greater dispersion than injection into a fracture.

Increasing the well pressure gradient and pumping rate (that is, lowering the 

head in the abstraction well) has the general effect o f  raising the overall tracer 

recoveries (Table 6.2, Figure 6.17) and increasing the peak concentrations 

(Figure 6.18). This must be due to the same effects as noted above, o f  wider 

capture zones and more rapid flux through the matrix. However, clear 

differences amongst models persist in the form o f  the curves, and in the timing 

of their main peaks. Some o f  these differences are also brought out by Figures 

6.17 and 6.18 which summarise the effects o f  increasing well pressure gradient 

and injection/abstraction conditions across all Radial 1 models. In Figure 6.17 it 

can be seen that the differences in recovery between abstraction wells located in 

the matrix (E) and on a fracture (D) disappear for the steepest well pressure 

gradients. This is because the matrix well E succeeds in capturing all the flow  

from nearby fractures, when pumped hard enough. Injection condition, whether 

into fracture or matrix has little effect at any well pressure gradient. However, 

wells E and D are both located fairly directly down gradient o f  the injection 

wells A and B. Abstraction from an off-axis location (well F) produces a 

reduced percentage recovery with the difference from the on-axis cases 

increasing in absolute terms but diminishing in relative terms (that is, the ratio o f  

recovery for E to recovery for F), as well pressure gradient increases. The effect 

of abstraction from an isolated fracture (well C) is more marked still, with these 

cases having the lowest recoveries at high well pressure gradients, through still 

greatly increased compared with the low or natural pressure gradient situations.

The forms o f  the breakthrough curves are affected by a steepening well pressure 

gradient in a more complex fashion. The natural gradient curves for Models
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2&3 and 1&4 provide use Ail templates for comparison. As well pressure 

gradient is steepened, the different models produce curves that first resemble the 

low recovery curves o f  Models 1 and 4 at natural gradient, then at steeper 

gradients resemble the higher recovery curves o f  Models 2 and 3. The influence 

of injection on the shape and timing o f  the curves becomes more obvious as well 

pressure gradients increase. Thus in Figures 6.11 and 6.12, for a well pressure 

gradient o f  12, all models with injection into the matrix ( 1 ,3 ,6  and 7) resemble 

natural gradient Model 3 in Figure 6.4, displaying a delayed first arrival and 

lower peak than counterparts with injection into a fi-acture. These latter models 

(2, 4, 5 and 8), on the other hand, have their peak concentrations in the first time 

bin, and closely resemble natural gradient Model 2 o f  Figure 6.4. Similarly, 

Figures 6.11 and 6.12 show that the effects o f  on-axis versus off-axis abstraction 

are subdued at high well pressure gradient, and that injection into fracture or 

matrix is the determining factor on the form o f  the breakthrough curve.

The same patterns are seen at a well pressure gradient o f  7, vsith injection 

condition the dominant factor responsible for determining the shape o f the 

breakthrough curve (Figures 6.9 and 6.10). However at a well pressure gradient 

of 3, transitional forms o f  breakthrough curve are evident, which resemble those 

of the low recovery Models 1 and 4 in the natural gradient case (Figures 6.7 and 

6.8). Abstraction fi*om a connected fracture is still a necessary condition for 

high peak height (Figure 6.7), and there are the same differences between matrix 

and fracture injections (Models 3 and 2 respectively) as in the natural gradient 

case. Now, however, all other models show recoveries o f  in excess o f  1%, 

though all have lower peak heights and recoveries than Models 2 and 3. Figure 

6.8 shows that for abstraction via the matrix (wells E and F), injection into a 

fracture (Models 4 and 8) results in breakthrough and peak concentrations in the 

first time bin (natural gradient Model 2 type o f  breakthrough curve), whereas 

injection into the matrix (Models 1 and 7) results in delayed breakthrough and 

lower peak concentration (natural gradient Model 3 types o f  breakthrough curve, 

see Figure 6.4). Off-axis abstraction (Models 7 and 8) results in lower 

concentrations and percentage tracer recovery (Figure 6.8, Table 6.2), suggesting 

that at a pumping well pressure gradient o f  3 the capture zone o f  well F is not 

wide enough to include the whole tracer plume.
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To summarise, the greatest effect on tracer recovery in radial flow is the 

abstraction well pressure gradient, which determines the size o f the abstraction 

well’s capture zone in relation to the spread o f  the plume and the rate o f flow 

towards the well. At low well pressure gradient recoveries are strongly 

influenced by whether abstraction occurs directly from a connected fracture or 

not, with very low recoveries for wells on non-connected fractures or in the 

matrix. At higher gradients, abstraction conditions exert much less effect on 

recovery because the low head o f  the abstraction wells cause flow to be diverted 

from adjacent parts o f  the connected fracture network. The shapes o f the 

breakthrough curves conform essentially to one o f  the two templates, determined 

by whether injection is into the matrix or directly into a fracture. One has 

breakthrough and peak in the earliest time bin, with a declining tail o f  

concentration thereafter and results from injection into a fracture via well B. 

The other results from injection into the matrix via well A and has delayed first 

arrival and peak (cf. natural gradient Model 3).
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Figure 6.17 Particle percent recovery against well pressure gradient. “M-F” 
corresponds to injection into matrix and abstraction from fracture. ^Offset^ 

corresponds to abstraction from F and ^dis” corresponds to abstraction from C.

324



g  - * - ( A  to E); Model 1
2  100000 - Ih - ( B to D ) ,M o d a l2

■(A toD ),M odd3 
' (B toE);M odel4 

(BtoC);M ode<5 
.<AtoC);M ocW 6 
' (A to F): Model 7 
■ (B to F): Model 8

ë
S.

80000

I
CO
s .

20000 M-F dis

2.00 5,00 6.00 7 00 8 00

Pressure Gradient
10.00 11.00
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6.2.4 R ad ia l 2

In Radial 2 the fracture pattern shown in Figure 6.1 is simulated and all the 

fractures have an aperture o f  40 pm. Figures 6.19 to 6.26 show the breakthrough 

curves and Table 6.3 shows the particle percent recoveries for the simulations.
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Figure 6.19 Radial 2. Natural Gradient. Weil pressure gradient o f l .  Models 2 ,3 ,
5 and 6.
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Figure 6.20 Radial 2. Natural Gradient. Well pressure gradient o f 1. Models 1 ,4 ,
7 and 8.
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Figure 6.21 Radial 2. Well pressure gradient of 3. Models 2 ,3 , 5 and 6.
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Figure 6.22 Radial 2. Well pressure gradient o f 3. Models 1 ,4 ,7  and 8.
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Figure 6.23 Radial 2. Well pressure gradient o f 7. Models 2 ,3 ,5  and 6.
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Figure 6.24 Radial 2. Well pressure gradient o f 7. Models 1 ,4 ,7  and 8.
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Figure 6.25 Radial 2. Well pressure gradient o f 12. Models 2 ,3 , 5 and 6.
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Figure 6.26 Radial 2. Well pressure gradient o f 12. Models 1 ,4 ,7  and 8.
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Pathw ay Well W ell W ell Well
Gradient=1 G radient=3 G radient=7 G radient=12

M odel C/CO % •C/CO % C/CO % C/CO %
m odel 1 A to E 1.01 4 4 .2 9 9 3 .0 2 9 9 .9 8
m odel 2 B t o D 8 .9 3 2 9 .3 4 7 9 .1 3 99.31
m odel 3 A to D 15.71 4 9 .1 6 9 6 .9 9 9 .9 8
m odel 4 B t o E 0 .7 3 3 6 .0 7 8 6 .4 7 9 9 .9 3
m odel 5 B t o C 0 .0 4 1 4 .8 7 6 2 .2 9 5 .5 4
m odel 6 A t o C 0 .4 3 2 5 .0 4 7 9 .7 5 100
m odel 7 A to F 0 .1 5 2 9 .3 6 9 0 .8 5 9 9 .9 7
m odel 8 B t o F 0.01 1 7 .0 2 6 7 .3 3 98

Table 6.3 Particle percent recoveries for breakthrough curves for scenario Radial
2.

Discussion o f  Radial 2

The determining factors show the same influences in Radial 2 as in Radial 1. 

However, the smaller aperture makes the influence o f  abstraction well pressure 

gradient less marked, so that transitional breakthrough curve shapes are evident 

at higher well pressure gradients. The lesser heterogeneity and lower overall 

permeability produced by smaller (aperture) fractures results in higher recoveries 

at high well pressure gradients, as the whole tracer plume is captured by the 

broader well-capture zone that results from smaller permeability. The areal 

extent o f  the capture zone in Figure 6.27 (abstraction from C) is larger than the 

corresponding case for Radial 1 (Figure 6.14). At high well pressure gradients 

the abstraction and injection conditions have little effect on the tracer percent 

recovery (Figure 6.28).
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Figure 6.28 Particle percent recovery against well pressure gradient. “M-F” 
corresponds to injection into matrix and abstraction from fracture. “Offset” 

corresponds to abstraction from F and “dis” corresponds to abstraction from C.

6.2.5 Radial 3

In Radial 3 the fracture pattern shown in Figure 6.1 is simulated with the vertical 

fracture segments removed and all the fractures have an aperture o f  100 pm 

(This is a case o f Pattern E). Figures 6.29 to 6.36 show the breakthrough curves 

and Table 6.4 shows the particle percent recoveries for the simulations.
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Figure 6.29 Radial 3. Natural Gradient. Well pressure gradient o f 1. Models 2 ,3 ,
5 and 6.
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Figure 6.30 Radial 3. Natural Gradient. Well pressure gradient of 1. Models 1 ,4 ,
7 and 8.
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Figure 6.31 Radial 3. Well pressure gradient o f 3. Models 2 ,3 ,5  and 6.
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Figure 6.32 Radial 3. Well pressure gradient o f 3. Models 1, 4, 7 and 8.
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Figure 6.33 Radial 3. Well pressure gradient o f 7. Models 2 ,3 ,5  and 6.
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Figure 6.34 Radial 3. Well pressure gradient o f 7. Models 1 ,4 ,7  and 8.
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Figure 6.35 Radial 3. Well pressure gradient o f 12. Models 2 ,3 ,5  and 6.
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Figure 6.36 Radial 3. Well pressure gradient o f 12. Models 1 ,4 ,7  and 8.

Pathway Well W ell W ell Well
Gradient=1 G radient=3 Gradient=7 Gradient=12

Model C/CO % C/CO % C/CO % C/CO %
model 1 A t o E 1.52 29.87 81.41 92.02
model 2 B to  D 0.42 1.76 37.36 75
model 3 A to D 8.75 28 .08 87.35 97.29
model 4 B t o E 2.96 37.85 72.92 89.46
model 5 B t o C 0 0.26 2.61 15.04
model 6 A to C 0 4 .28 32.6 70.46
model 7 A t o F 0 6 .19 28.47 56.9
model 8 B t o F 0 0.34 2 .43 8.25

Table 6.4 Particle percent recoveries for breakthrough curves for scenario Radial
3.

Discussion o f  R adial 3

The removal o f the vertical fractures causes a reversal in the injection condition 

trend. Figure 6.35 shows that the arrival o f  the early time curves occurs for 

particles injected into the matrix at A and the arrival o f  the curves at later time 

occurs for particles injected into the fracture at B (cf. the corresponding curves 

for Radial 1, Figure 6.11). The injection well at A is up-gradient o f  an en 

echelon like fracture which extends to abstraction point D (Figure 6.37). The 

fracture aperture is large enough to set up transfer zones between the en echelon
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separations. It is the proximity o f  the abstraction wells to this (and other) en 

echelon fracture that controls the particle percent recovery and the form o f the 

tracer breakthrough curve. The en echelon transfer zones control the rapid 

transport from A to the abstraction wells, whereas the relatively slow matrix 

flow controls the transport rate from B to the abstraction wells. The lack o f  

vertical fracture connectivity reduces the rate o f  particle movement in the 

vertical direction.
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Figure 6.37 Flow field for abstraction from D. Well pressure gradient of 12.

The removal o f the vertical fractures reduces the connectivity o f the injection 

well at B with the abstraction wells such that under natural gradient conditions
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only abstraction directly from a fracture (M iodel 3) or injection directly into a 

fracture (Model 4) produces a discernible breakthrough curve (Figures 6.29 and 

6.30) and injection into B, and abstraction from C&F show the lowest peak 

heights (Figure 6.38) and tracer percent recoveries (Figure 6.39).
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iijectioB and abstraction wells. (II)-transmissive en echelon fracture offset from 
direct abstraction and injection well pathway.
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Figure 6.41 Flow field for abstraction from C. Well pressure gradient of 12.

In summary the transfer zones control the rapid transport from A to the 

abstraction wells, whereas in general the relatively slow matrix flow controls the 

transport rate from B to the abstraction wells. The exception being for Model 4 

(Figure 6.38) in which peirticles are injected into a fracture at B and abstracted 

from the matrix at E.
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6.2.6 R ad ia l 4

In Radial 4 the fracture pattern shown in Figure 6.1 is simulated with the vertical 

and horizontal fracture having apertures o f  40 and 100 pm, respectively. Thus, 

while not as anisotropic as the single set pattern o f  Radial 3, it has a smaller 

vertical permeability than Radial 1. Figures 6.42 to 6.49 show the breakthrough 

curves and Table 6.5 shows the particle percent recoveries for the simulations.
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Figure 6.42 Radial 4. Natural Gradient. Well pressure gradient of 1. Models 2 ,3 ,
5 and 6.
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Figure 6.43 Radial 4. Natural Gradient. Well pressure gradient of 1. Models 1 ,4 ,
7 and 8.
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Figure 6.44 Radial 4. Well pressure gradient of 3. Models 2 ,3 , 5 and 6.
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Figure 6.45 Radial 4. Well pressure gradient of 3. Models 1,4, 7 and 8.
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Figure 6.46 Radial 4. Well pressure gradient of 7. Models 2 ,3 ,5  and 6.
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Figure 6.47 Radial 4. Well pressure gradient of 7. Models 1 ,4 ,7  and 8.
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Figure 6.48 Radial 4. Well pressure gradient of 12. Models 2 ,3 , 5 and 6.
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Figure 6.49 Radial 4. Well pressure gradient of 12. Models 1 ,4 ,7  and 8.
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Pathway W ell W ell W ell Well
Gradient=1 G radient=3 Gradient=7 Gradient=12

Model C/CO % C/CO % C/CO % C/CO %
model 1 A t o E 0.63 12.42 45.01 77.69
m odel 2 B to D 9 .87 20 .0 6 47 .32 78.35
model 3 A t o D 13.7 25 .34 52.58 82.69
model 4 B t o E 0.7 13.01 42 .12 73.7
model 5 B t o C 0 3 .67 18.31 36.85
model 6 A t o C 0 4 .83 20 .6 39.3
m odel 7 A t o F 0 2 .92 2 6 .08 46.43
model 8 B t o F 0 2.25 21 .37 41.24

Table 6.5 Particle percent recoveries for breakthrough curves for scenario Radial
4.

Discussion o f  Radial 4

The tracer breakthrough curves are similar to Radial 1. The smaller vertical 

fracture apertures reduce the vertical flow  and transport rates with respect to 

Radial 1 because o f  the their effect on the flow anisotropy and the width o f  the 

capture zone. The weaker vertical permeability restricts the capture zone and 

ensures that for natural gradient the injected plume escapes the influence o f  

wells at C and F (Table 6.5).

Similarly to Radial 1 the position o f  the abstraction well (on-axis versus off-axis) 

is the main control on the particle percent recovery (Figure 6.50), and the 

position o f  the injection well (matrix or fracture injection) is the main control on 

the peak breakthrough height (Figure 6.51). Injection into the matrix promotes 

lower peak heights and abstraction from (connected) fractures promotes higher 

percent recoveries. The horizontal fracture set dominates the flow and transport, 

as evidenced by the percent recoveries being closer to Radial 1 (Table 6.2) than 

Radial 2 (Table 6.3).
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Figure 6.50 Particle percent recovery against well pressure gradient “M-F” 
corresponds to injection into matrix and abstraction from fracture. “Offset” 

corresponds to abstraction from F and “dis” corresponds to abstraction from C.
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6.2.7 R a d ia is

In Radial 5 the fracture pattern shown in Figure 6.1 is simulated with the vertical 

and horizontal fracture having apertures o f  100 and 40 pm, respectively. Figures 

6.52 to 6.59 show the breakthrough curves and Table 6.6 shows the particle 

percent recoveries for the simulations.
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Figure 6.52 Radial 5. Natural Gradient. Well pressure gradient of 1. Models 2 ,3 ,
5 and 6.
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Figure 6.53 Radial 5. Natural Gradient Well pressure gradient of 1. Models 1,4,
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Figure 6.54 Radial 5. Well pressure gradient of 3. Models 2 ,3 ,5  and 6.
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Figure 6.57 Radial 5. Well pressure gradient of 7. Models 1, 4 ,7  and 8.
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Figure 6.59 Radial 5. Well pressure gradient o f 12. Models 1 ,4 ,7  and 8.

Pathway Well Well Well Well
Gradient=1 Gradient=3 Gradient=7 Gradient=12

Model C/CO % C/CO % C/CO % C/CO %
model 1 AtoE 0.64 43.19 91.41 99.85
model 2 B to D 12.95 39.55 82.67 99.11
model 3 Ato D 17.28 50.89 93.46 100
model 4 BtoE 0.51 37.22 85.18 99.65
model 6 BtoC 1.05 23.94 73.13 98.54
model 6 AtoC 2.13 32.1 79.33 99.94
model 7 A to F 0.78 34.56 92.26 99.99
model 8 BtoF 0.4 25.84 80.89 99.25

Table 6.6 Particle percent recoveries for breakthrough curves for scenario Radial
5.

Discussion o f  Radial 5

The breakthrough curves resemble Radial 1 but with less differentiation between 

fracture and matrix injections. The greater vertical permeability results in higher 

peaks for off-axis versus on-axis cases (Figure 6.60) and a widening o f the 

capture zone resulting in higher tracer percent recovery (Figure 6.61). The 

fr^cture-to-fracture pathway (B to D) gives the largest initial breakthrough (for
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well pressure gradients o f  1, 3 and 7), whereas the ffacture-to-matrix pathway (A 

to D) gives significantly less (of. Figures 6.18 and 6.60). Similarly to Radial 2 

the abstraction and injection conditions have little effect on recovery at high well 

pressure gradients.
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6.2.8 R ad ia l 6

In Radial 6 the simulations are identical to Radial 1 but the bin number is 

gradually reduced to observe the tracer breakthrough at early time.
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Figure 6.62 Radial 6. Natural Gradient. Bin number of 50. Well pressure 
Gradient 12. Models 2 ,3 ,5  and 6.
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Figure 6.63 Radial 6. Natural Gradient. Bin number o f 50. Well pressure
Gradient 12. Models 1 ,4 ,7  and 8.
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Figure 6.64 Radial 6. Bin number of 100. Well pressure Gradient 12. Models 2,
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4, 7 and 8.
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Figure 6.67 Radial 6. Bin number of 500. Well pressure Gradient 12. Models 1,
4, 7 and 8.

For presentation purposes the 10000 bin number breakthrough curves for a well 

pressure gradient o f  12 are presented individually. The time axes are adjusted so 

that the majority o f  the breakthrough curve is shown. The time axis for Model 2 

has a log scale.
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Discussion o f  Radial 6

Reducing the size o f  the time bin (Figures 6.63 to 6.70) reveals that the uni- 

modal breakthrough curves o f  Radial 1 are in fact bi-modal or multi-modal. The 

injection condition (matrix or fracture) influences the time o f  arrival o f  the 

breakthrough curve. Models 2, 3, 5 and 6 show that if  the abstraction is from a 

fracture the breakthrough curves are likely to be uni-modal or bi-modal with 

relatively steep backward tailing. Conversely i f  the abstraction is from the 

matrix the curves are likely to be multi-modal with extensive backward tailing. 

This holds true irrespective o f  the pathway type.

6.3 Summary of Radial Flow

The importance o f  the abstraction and injection condition on the form o f  the 

breakthrough curves depends on the permeability anisotropy and the relative 

positions o f  the injection and abstraction wells (cf. Radial 1 and Radial 2).

The breakthrough curves can be separated into two distinct groups (Radial 1 to 

5). In general, if  the fractures in between the injection and abstraction wells are 

connected, and the particles are injected into a fracture, the breakthrough curves 

will arrive at early time with respect to injection into the matrix and will have 

the greatest peak breakthroughs. At low  well pressure gradients percent 

recoveries are strongly influenced by whether abstraction occurs directly from a 

connected fracture or not, with very low  recoveries for wells on non-connected 

fractures or in the matrix. At higher gradients, abstraction condition exerts much 

less effect on recovery because the low head o f  the abstraction wells cause flow  

to be diverted from adjacent parts o f  the connected fracture network. Under 

certain flow anisotropy conditions and a high- (well) pressure gradient the 

abstraction and injection conditions have virtually no effect on the percent 

recovery (Radial 2&5).

Radial 3 demonstrates that i f  the abstraction well is adjacent to a highly 

transmissive fracture, and the fracture is not on a direct flow path between the
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injection and abstraction wells, increasing the well pressure gradient results in 

relatively low peak breakthrough curve heights and particle percent recoveries.

More frequent monitoring (Radial 6) reveals that uni-modal breakthrough curves 

may be bi-modal or multi-modal. Abstraction from a fracture results in uni- 

modal and bi-modal curves and abstraction from the matrix results in multi

modal curves with extensive tailing. The form o f  the breakthrough curve is not 

affected by the injection condition, which only affects the time o f  arrival.
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7. Chapter 7

7.1 Discussion and Conclusions

The flow and transport simulations presented here demonstrate that tracer 

breakthrough curves similar to those observed in real tracer tests, can be formed 

by imposing simple fracture patterns on a homogeneous porous matrix. As has 

been demonstrated the orientation o f  the fractures with respect to the general 

pressure gradient and the type o f  separation can have a large influence on the 

transport, and the identification o f  the main water conducting fractures may be 

more important for determining transport processes than trying to describe the 

fracture network in detail.

The subjective classification scheme described in Chapter 4 has shown that the 

combination o f  geometric properties forming a particular breakthrough curve is 

not necessarily similar between different fracture patterns. Moreover, C huter 4 

shows that it is not possible to classify the transport properties into clear-cut 

groups, as initially postulated, with similar geometric and hydraulic 

characteristics. Building on the results o f  Chapter 4 the results o f  the Principal 

Component Analysis (PCA) method, presented in Chapter 5, demonstrate that 

even under highly simplified and controlled conditions it is not generally 

possible to use model inversion to recover precise information on underlying 

fracture geometry.

Fracture networks are commonly modelled in a stochastic framework but they 

generally fail to capture the true flow and transport processes, partly because 

there seems to be little consensus on the appropriate distributions to use for the 

various fracture properties (length, aperture etc), perhaps because o f  the 

complicated stress histories o f  many fractured rocks and the problem o f  

identifying and extracting those sets o f  fractures which are genetically related, 

and partly because it is possible that no single scale exists that could be regarded 

as a Representative Elemental Volume. It has also been suggested that it may 

not be necessary to include every single fracture when simulating transport
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through a fractured porous media (Odling, 1995). The work presented here 

reinforces this concept and suggests that the stochastic approach needs to be 

simplified.

Natural Gradient Simulations and Subjective Analysis

Chapter 4 describes a detailed investigation o f  the simulation o f  flow and 

transport through a series o f  artificial fracture patterns. The purpose was to 

explore, within a simplified modelling framework, the prospects for 

understanding characteristics o f  the internal heterogeneities in a medium from 

evidence provided by tracer experiments. The systematic alteration o f  the 

fix tu re pattern, firacture angle to direction o f  bulk flow, aperture and density 

demonstrates that different types o f  breakthrough curve map onto restricted sets 

o f  structures. Moreover, it demonstrates that similar breakthrough curves can be 

formed by quite dissimilar fracture patterns. In addition, many o f  the simulated 

curves are uni-modal and non-Gaussian, the types o f  which are commonly 

observed in tracer tests conducted in fractured porous media.

Chapter 2 highlights the issue o f  non-uniqueness as being the general problem in 

fracture flow and transport modelling approaches (Section 2.8). The analytical 

methods rely on a system o f  parameterisation and assume Fickian processes. 

The (stochastic) numerical methods fail to capture the true fiacture network 

backbone and connectivity. This raises the concept o f  the use o f  multiple types 

o f evidence in constraining (fracture geometric and hydraulic) possibilities, a 

methodology used by Winberg et al. (2003) in the TRUE block scale project at 

the Âspô Hard Laboratory, Sweden. The method presented here outlines a 

possible methodology for an alternative type o f  evidence. The subjective 

classification o f  breakthrough curves in Chapter 4 revealed that there is no 

simple correspondence between fracture pattern and breakthrough curve form 

(sh^>e and timing). Thus the problem persists o f  non-uniqueness for identifying 

fiacture patterns from breakthrough curves. Careful analysis o f  the data reveals 

that breakthrough curve type is related to combinations o f  fracture patterns with 

different angles to the direction o f  the bulk flow, apertures and densities. 

Breakthrough curve type varies systematically, albeit in a complex way, as these 

factors are changes systematically. Certain types o f  breakthrough curve never
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arise from certain types o f  fracture pattern, raising the possibility that the 

structure o f  a fractured porous medium can be constrained on the evidence o f a 

breakthrough curve, by elimination o f  such unlikely structures.

It must be mentioned that the form o f  the simulated tracer breakthrough curve is 

sensitive to the injection condition, constant mass versus constant concentration 

(Chapter 3, Section 3.6.2), and the top and bottom boundary condition, 

impermeable versus periodic (Chqjter 4, Section 4.1). Alteration o f  the injection 

and boundary conditions will alter the shape and timing o f  the breakthrough 

curves but will detract from the main findings o f  this study.

Objective Classification and M odel Identification

Chapter 5 attempts a different approach to the issue o f  identification, by seeking 

to define smaller groups o f  models that match individual breakthrough curves 

using multivariate analysis. PCA was used as a means o f  model identification 

based on a particular breakthrough curve and specifically as a means to identify 

the fi^cture geometric (pattern, angle, aperture, density) properties o f  additional 

(previously un-modelled) tracer breakthrough curves. The PCA analysis was 

based on a restricted population and thus only variations o f  that population were 

used for identification. This is a positive approach, but subject to uncertainty 

where the nearest-neighbour group is diverse.

A method o f  fracture geometry constraint (Chapter 5, Method 3, Section 5.6) has 

shown to be highly successful in predicting whether a pattern (and its associated 

geometric and hydraulic properties) is contained within the (limited) population 

o f  patterns simulated in this study. The important implication o f  the results 

being that it is only possible to use model inversion to make general statements 

about the underlying fracture geometry, even under highly simplified and 

controlled conditions. One could argue that the predictions made by the PCA 

method are dependent on the extent o f  variation within this (limited) population. 

But the advantages o f  this method are in its ability to identify a range o f  

geometric properties that are comparable with the breakthrough curve and 

hydraulic properties, and more importantly to assess the extent to which other 

patterns and hydraulic properties, which might initially have seemed plausible.
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can be rejected. Thus it is possible to say with some certainty what the real 

world does not resemble even when we cannot be sure exactly what it does 

resemble. Though limited, such constraining inferences can result in further 

refinement o f  possible conceptual models and help in making an informed 

assessment as to whether particular mathematical models (Chapter 2, Section 

2.7) are applicable as a means o f  representing the main factors governing 

transport o f  solutes through the particular example o f  a fractured medium that 

might be under study.

Chapter 4, Section 4.1.2 describes the relationship between the simplified 

fracture geometries used in the study and those encountered in the real world. 

The synthetic patterns are designed to capture some o f  the architectural features 

o f  more complex real fracture networks. The idealised synthetic geometries 

reduce the complexity and interpretation o f  the tracer breakthrough curves and 

enable a detailed study o f  the effects o f  fracture connectivity, density, continuity, 

length and orientation on flow and transport in a controlled environment. The 

results o f  Chapter 5 demonstrate that only general statements about the synthetic 

fracture geometry can be made. In addition, because o f  the idealised nature o f  

the study the methodology is capable o f  highlighting the more important fracture 

geometric relationships that control flow and transport, but is not designed to 

provide a precise description o f  real fracture geometries.

However, the range o f  conditions that could be simulated in this project was 

quite restricted. So the question arises o f  how fully the methodology and results 

relate to the real world. For instance would the results alter with length scale? 

How do the simulated breakthrough curves relate to real tracer breakthrough 

curves? What would be the effect o f  modelling in 3D? What would be the 

effect o f  incorporating matrix diffusion in the model? These factors are 

considered in the next section.
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7.2 Scale and Tracer Breakthrough Curve

The doubling o f  scale o f  the area o f  interest while at the same time doubling the 

length and spacing o f  the fractures does not change the relative length scale, but 

does change the absolute length scale. This would change the time axis o f  the 

breakthrough curve but not its shape. Conversely, changing absolute scale o f  the 

area, but not the absolute scale o f  the fracture pattern, does alter the relative 

scale. This investigation does not touch on this directly but the effects o f  

fracture density on breakthrough curve form (shape and timing) suggest that 

there would be a change o f  form i f  tracer transit were for greater distances 

through the same pattern (cf. Figures 4.40 and 4.43).

In the real world flow and transport processes may be similar at different scales 

(relative scale does not change). For example, at small scales Pattern A (Chapter 

4, Section 4.1.1) could represent a series o f  short, closely spaced fractures 

embedded within a matrix, and at large scales it could represent a series o f  long, 

widely spaced fractures within a fine network o f  micro-fractures. Or it could be 

possible that very different fracture geometric and hydraulic properties are 

important at different scales (relative scale does change). For example, it has 

been shown that fracture flow dominates the transport in Pattern A type 

networks (Chapter 4, Section 4.3.5), whereas matrix flow dominates the 

transport in Pattern E networks (Chapter 4, Section 4.3.9). Therefore 

understanding the flow and transport at one scale does not necessarily 

significantly improve the understanding o f  the flow  and transport at another 

scale. It is the presence o f  en echelon transfer zones and zones that are thinly 

populated with fractures that cause flows in the matrix to be important and as 

pointed out by Odling (1997) these features might be more common at larger 

scales.

7.3 Simulated Versus Real Breakthrough Curves

In order to compare a simulated to a real tracer breakthrough curve the time and 

concentration axes must be adjusted in order to compare like with like, and the 

relative scale o f  the fracture pattern (between the simulated and real world) must
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be similar. The following describes a possible approach. The simulated 

breakthrough curves are essentially histograms with 101 bins. The models were 

run for long enough so that nearly all o f  the particles arrived at the outflow 

boundary. Due to the restriction on time for miming a real tracer test (and due to 

tracer being lost in the system) the breakthrough curves are usually only partially 

complete. A definition o f  timescale is therefore required, as well as holding the 

spatial relative scale the same for a model and the real situation, ensuring that 

treai ~ tmodei (t being a timescale o f  the breakthrough curve such as time to peak). 

Two possible time scaling methods are:

(1) The model and real situation could have their time axes scaled by:

K w.
L  KK  » .

where h and Im are the real and model flow path lengths (m)

kr and km are the real and modelled bulk permeabilities (m^) 

ir and i„ are the real and model bulk hydraulic gradients (m.m‘*)

Hr and rim are the real and model bulk total porosities [-],

or, (2) the breakthrough curves could simply be scaled by the time for say, 50 % 

tracer recovery.

The particle and tracer percent recoveries could then be used as an additional 

constraint on the identification o f  the appropriate model. The concentration axes 

o f  the simulated and real curves would need to be normalised. This could be 

done with respect to the injection mass or the total mass recovered.

7.4 2D Versus 3D Fracture Pattern

Pure 2D or 3D fiacture networks are likely to exist in nature as end members. 

Actual fiacture network dimensions are likely to lie somewhere in between (for 

example, Karami and Younger, 2003; Van Tonder et al., 2003). Therefore, the 

analysis o f  2D fractured porous media is likely to reveal aspects o f flow and 

transport that also occur in 3D. One could argue that the ‘transfer’ and 

‘retardation’ zones described in Chapter 4 (Sections 4.3.6 and 4.3.9) are an
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artefact o f  the 2D construction o f  the fracture network and that in a natural 

system this effect will only be observed if  the fracture network is not connected 

in the third dimension. However, such effects will certainly be observed if  the 

fracture network connectivity dimension is closer to 2 than 3.

7.5 Effects of Matrix Diffusion

Diffusional exchange o f  solute between a fracture and the adjacent matrix could 

have a significant effect on the form o f  a tracer breakthrough curve. To assess 

the significance o f  matrix diffiision, in practice, the combined use o f  tracers with 

different diffusion coefficients, especially the combination o f  particles and 

solutes, is to be encouraged. Diffusional exchange is likely to dominate 

transport processes in either a single fracture under conditions o f  low flow  

and/or in a fracture network in which the fracture flow is low  and the flow  

distribution is spatially uniform. In networks in which the spatial flow variation 

is high, advective transport is more likely to dominate. Matrix diffusion would 

alter the shape o f  the breakthrough curves presented in this study for those 

patterns with small fracture apertures, resulting in an increase in dispersion and 

enhancement o f  backward tailing. Both matrix diffusion and advective 

dispersion can produce similar transport effects, complicating the interpretation 

o f  a breakthrough curve. Therefore, in order to assess the influence o f  fracture 

geometry on transport these effects would have to be separated by conducting 

simulations with and without matrix diffusion.

7.6 Further Work

Although the fi^cture geometries and transport processes used in this study are 

over-simplified - flow and transport (generally) takes place in 3D; fracture 

apertures have a distribution o f  sizes and are commonly correlated with the 

fracture length; and matrix diffusion and sorption processes may be important - 

the natural gradient methodology presented shows promise as a potential tool for 

inferring fractured aquifer geometric and hydraulic characteristics from the 

analysis o f  tracer breakthrough curves. Further work on the statistical 

methodology might involve investigating the influence o f  the geometric 

constraints used to assess suitable model fits (Section 5.5), and the applicability
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o f  statistical methods such as Cluster Analysis (Brauchler et ah, 2003; Suess et 

ah, 2003).

A possible avenue for further work would involve a more comprehensive and 

systematic study o f  radial flow and transport, similar to the simulations 

described in Chapter 6. Riley et ah (2001) conducted a series o f  radial flow tests 

in the Lincolnshire Limestone (Longwood Quarry) and in their study the 

borehole array was designed to allow investigation o f  hydraulic and transport 

properties over different scales. Two tests were carried out over distances o f  20 

and 40 m. Simple dual-porosity models were calibrated using the data from the 

20 m tests and an attempt was made to predict the results o f  the 40 m tests 

culminating in one success and one significant failure. Riley at ah (2001) 

conclude that the use o f  a dual-porosity model, even in such a well-understood 

situation, should be used with caution when making deterministic predictions o f  

contaminant transport in fractured rock. Fracture surveys from Longwood 

Quarry are shown in Figure 7.1. The top pattern is a trace m ^  in plan view o f  

the vertical joints. 0.5 m o f  rock was removed from the surface and the mapping 

exercise was repeated on the newly exposed surface (bottom pattern).

N/i\

Figure 7.1 Fracture trace maps in plan view from Longwood Quarry (Lloyd et al.
1996).
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It is also noticeable that only one or two fractures in the upper bed can be 

recognised in the lower bed i.e. the fractures are stratabound. Therefore, flow in 

this system will be 2D and closely analogous to the simulated models presented 

in Chapter 4 i f  the bedding plane permeability is insignificant. A systematic 

study o f  radial flow and transport using the methodology described in the thesis, 

in combination with the fracture mapping and tracer testing conducted at the 

Longwood Quarry site, may, firstly, throw light on the results obtained by Riley 

et al. (2001) and, secondly, provide a way o f  testing the applicability o f  the 

methodology.

7.7 Alternative Method

Finally, an alternative method o f  research is suggested: the use o f  a Simulated 

Annealing (for example, Mauldon et al., 1993) algorithm. Simulated annealing 

is an optimisation method which involves searching along a stepped pathway in 

parameter space. This is quite different from the approach adopted in this 

project which involves simulation o f  a list o f  cases. The cases have been chosen 

systematically so there is similarity between my approach and grid-search 

routines, which cover the whole o f  a parameter space on a systematic grid. In 

general, pathway approaches are computationally more efficient because they 

use criteria o f  increasing goodness o f  fit to ‘home-in’ onto an optimal fit. But 

there is a danger that the routing will find a local minimum and not climb out o f  

it. Simulated annealing is one way o f  trying to avoid this and arrive at the global 

optimum in the parameter space. Grid searching is better at covering the whole 

field but will not necessarily find minima because the grid size may be too large.

The annealing process can be described using the analogy o f  creating the 

‘strongest possible glass’. The steps are as follows: (I) Glass is heated to a high 

temperature so that the glass is a liquid and the atoms can move relatively freely;

(2) The temperature o f  the glass is slowly lowered so that at each temperature 

the atoms can move enough to begin adopting the most stable orientation; (3) If 

the glass is cooled slowly enough, the atoms are able to relax’ into the most 

stable orientation. The following paragraph describes a possible algorithm.
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Starting from an initial point, the algorithm takes a step and the function is 

evaluated. The starting point is a complete %cture lattice and the evaluation o f  

the function involves running 2DFlow and the formation o f  the breakthrough 

curve. The local optimum is a best fit between a simulated and a real 

breakthrough curve. Fracture bonds are removed and the function is re

evaluated. The process is continued until the function is minimised. When 

minimising a function, any downhill step (better curve fit) is accepted and the 

process repeats from this new point. An uphill step (worse curve fit) may also 

be accepted and thus the algorithm can escape from local optima. As the 

optimisation process proceeds, the length o f  the steps decline and the algorithm 

closes in on the global optimum. Ideally, the resulting simulated fiucture pattern 

will have similar architectural fracture features to the real fracture pattern.
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Appendix a 

Building a M odel

The following section describes how to set up a fracture pattern and run the model. 

The input files are provided to highlight the parameters used to construct and run a 

model.

STEP 1: Create fracture pattern using Parenechelon.exe and 
Fracdist.exe.

STEP 1 involves the creation o f  the fracture pattern. The fracture end points for the 

fracture pattern o f  type A were determined using a spreadsheet. The en echelon 

patterns o f  the En Echelon patterns B and C were formed using the code 

Parenechelon.exe (Appendix d). The input file for Parenechelon.exe is given in 

Table a .l. Parenechelon.exe can be used to convert parallel fractures to en echelon 

type fractures. To form an en echelon type fracture a parallel fracture is split into 

three sections o f  equal length. The central section stays in the same place; the left 

section is shifted slightly upwards from the central section; and the right section is 

shifted slightly downwards from the central section. The amount o f overlap, O, and 

separation, S, are controlled by the O/S ratio. The O/S ratio is commonly in the 

range 1-10 (Gupta and Scholz, 2000; Schultz, 2000). The shift o f the left and right 

sections reduces the fracture spacing between adjacent en echelon fractures. In 

order to make sure that the en echelon fractures do not become too close (at least 

one matrix node is required between adjacent fractures) the minimum vertical 

spacing between any two parallel fractures is determined, and a check is performed 

to ensure that the en echelon separation chosen is at most half the fracture spacing.
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Table a.l. An example of the input file for Parenechelon.exe. Used to rotate fractures 
in and to convert parallel fractures to en echelon type fractures.

frac, in # input parallel fractures
frac.out # output en echelon fractures
n # convert parallel to en echelon (y/n)
y # rotate grid (y/n)
5 # O/S ration (1-10)
0.5 # separation between en echelon fracture
45 # angle o f rotation (degrees)

FracDist.exe (Appendix e) was written to create the patterns o f the type shown in 

Figures a.l, a.2, a.3 and a.4. Table a.2 is an example o f the input file, Dist.inp, for 

FracDist.f. Initially FracDist.exe reads in the name o f the fracture output file, for 

example, frac.out, and the co-ordinates for the grid, for example, 0 0 20 20.

frac, in # output file
0 0 20 20 # co-ordinates o f grid
20 # size o f grid
y i n  -7621 # constant spacing-random

# horizontal (y/n).
# spacing, fix seed (y/n), seed

1.0 # fracture length
15 # number fractures per row
0 # starting point
20 # number fractures rows
n 10 # completely random (y/n), % coverage
n 200 n -1234 # ladder pattern (y/n), number 2”*̂

# set fractures, fix seed (y/n), seed
Table a.2. An example of the input file, Distinp, for FracDistexe. Text highlighted in

red has to be on the same line.

There are four types o f patterns that FracDist.exe can produce:

(I) A I -set, constant vertical spacing and random horizontal spacing fracture 

pattern, for example. Figure a .l. Each horizontal fracture can be thought o f as 

consisting o f a series o f  smaller fracture segments. So if the grid size is 20 units, 

and each fracture segment is I unit in length, a fracture that is continuous will 

consist o f 20 equal length segments. The positions o f each segment do not vary.
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that is, each segment has a designated location, for example, segment 1, if chosen, 

will always be positioned in location 1 etc. along the fracture length. A 

discontinuous fracture can therefore be formed by choosing say, 15 o f the 20 

segments and randomly allocating the 15 segments, creating a fracture with 75% of  

the total coverage and because each segment has a fixed location there will be no 

overlap and the fracture length will always be the same. The fractures will initially 

be horizontal, as with (2) and (3) below. A link-list type technique is used to create 

the discontinuous fracture pattern (Appendix e). The link-list technique allocates an 

x,y- position to each segment and maintains that position throughout the fracture 

generation process, ‘y 1 n -7621’, from Table 3.8, is an example o f the input for 

Pattern A and it corresponds to a constant vertical spacing (‘y’), with a spacing o f 1 

unit (on a 20 by 20 grid), a fixed random number generator seed (‘y/n’), with a seed 

of -7621 if fixed. By varying the seed the particular segments allocated will vary. 

The seed can either be chosen either manually or randomly by using the PC internal 

clock. The fracture segment length, number o f vertical fractures and initial vertical 

fracture starting position can also be varied.

Figure a .l. A uniformly spaced varying coverage single set fracture pattern.
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(2) A 1-set, random vertical spacing and random horizontal spacing fracture pattern, 

for example. Figure a.2. Figure a.2 is generated in exactly the same way as Figure 

a.l except that the vertical spacing is random. In order to make sure that the 

horizontal fractures are not adjacent vertically, at least one matrix node is 

maintained between the fractures, and if, due to the restriction on the positions o f  

the vertical fractures a suitable combination cannot be found, another seed is 

chosen. Again, the fracture segment length and number o f  vertical fractures can 

also be varied.

Figure a.2. A random vertical spacing and random horizontal spacing fracture

pattern.

(3) A 1 -set, random location pattern with fixed fracture length fracture, for example. 

Figure a.3. Both the x- and y- co-ordinates are chosen randomly. A separation o f at 

least one matrix node is maintained between the fractures vertically and 

horizontally. If a new fracture is positioned within one node o f another fracture the 

new fracture is removed. The maximum number o f fractures allowed is determined, 

taking into account the grid size and the restrictions on the fracture positions, and a 

percentage o f the maximum is chosen, for example, if the fracture length is 1 on a 

20 by 20 co-ordinate grid and the model is discretised using 200 by 200 nodes, and 

if a minimum o f 1 node is maintained between each fracture, then the maximum 

number o f fractures cannot exceed 1000. If, for example, 10% were chosen and
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using the above example this would correspond to 200 fractures. As some o f the 

fractures are removed, due to the restrictions on their positions, the actual percent 

coverage is likely to be smaller than the chosen percent. Because, on average, the 

number o f  fractures for, say, 10% coverage, does not vary greatly from one model 

to the next, irrespective of the random seed used, the effect o f varying the percent 

coverage on the flow pattern is not lost. Table a.3 shows how the actual percent 

coverage is less than the chosen percent (10% for this example) and that the number 

of fractures is similar from one model to the next.

Number Fractures Actual Percent Coverage
141 7.05
140 7.00
138 6.90
138 6.90
135 6.75
132 6.60
141 7.05
131 6.55
138 6.90
136 6.80

Table a.3. The number of fractures randomly chosen for 10% coverage of a 
completely random fracture pattern. Actual percent used is less than chosen percent 

due to restrictions on fracture positions.

Figure a.3. A random location with fixed fracture length fracture pattern.
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(4) A ladder type fracture pattern, for example, Figure a.4. The first set is the same 

as for Pattern 1 and is set up in exactly the same way. The second set is formed by 

randomly choosing any x,y co-ordinate, an imaginary line is extended vertically 

from that point in both directions until the model boundaries are reached. The 

distances between the initial ‘growth’ point and all intersections o f the imaginary 

line with the horizontal first set are determined, from which the closest intersections 

to the growth point are found. A fracture is formed between these two intersections. 

The number o f second set fractures and the random seed can be altered.
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Figure a.4. A 2-set ladder type fracture pattern.

STEP 2: Reading Fracture Data and Determining Fracture Intersection 
Type using Intfrac.exe.

STEP 2 involves the reading o f the fracture end points and determining the fracture 

intersection type (Odling and Webman, 1991). Table a.4 is an example o f the initial 

input file for STEP 2. The program records the type and position o f  each 

intersection, be it a knee-, cross or a T-junction (Figure a.5). The ‘size o f unit in 

metres’ is given as 0.25, so for a grid size o f 20, the area o f the grid is 5 m by 5 m. 

The ‘allowable error in grid units’ allows for a small overlap for the knee- and T- 

Junctions so that any intersection, which has a +/- 0.0001 m separation, will be 

classified as a knee- or T-Junction.
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frac.out # input file o f fracture end points
frac.intf # output file o f intersections
0.25 # size o f unit in metres
0.0001 # allowable error in grid units

Table a.4. An example of initial input file for STEP 2.

Knee-Junction T-Junction Cross-Junction
Figure a.5. Type of fracture intersections.

Single fracture 
0 0 20 20 # grid co-ordinaries
1 0 # fracture number
-5 10 # fracture end point
15 10 # fracture end point
99999 # end o f file
99999

Table a.5. An example of the fracture end point input file, for STEP 2.

Table a.5, the second input file for STEP 2, provides the co-ordinates o f  the end 

points for each fracture (determined in STEP 1), for example, the fracture end points 

in Table a.5 are x,y co-ordinates -5,10 and 15,10, creating a fracture that is 

horizontal, continuous and runs through the centre o f the grid. Two rows o f ‘99999’ 

are given to specify the end point o f  the fracture end point file.
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Table a.5 also provides the co-ordinates for the grid size, for example, 0 0 20 20, 

that is, the lower left hand corner o f the grid is at x,y co-ordinate 0,0 and the upper 

right hand corner o f the grid is at x,y co-ordinate 20,20.

STEP 3: Rotation o f the Grid using Parenechelon.exe.

The ft âcture pattern can be rotated with respect to the direction o f the general 

pressure gradient using Parenechelon.exe (Appendix d) and the input file given in 

Table a .l. Either the whole pattern or the largest rotatable square (LRS) can be 

rotated. The LRS is generated by altering the grid co-ordinates, for example, the 

LRS for a grid with co-ordinates o f (0,0) and (20,20) is (3,3) and (17,17). The angle 

is specified in degrees.

STEP 4: Discretizing Fractures and Matrix using Sqrgrid.exe.

STEP 4 involves the discretization o f  the fractures onto a regular grid ensuring that 

all fracture intersections are preserved (Odling and Webman, 1991). Table a.6 is an 

example o f  the input file for STEP 4. Ech.sdat and ech.intf are the same files as for 

STEP 2. The grid co-ordinates are transformed from a continuous to a discrete grid 

with a fixed number o f  node. The program allows for up to 1000 by 1000 nodes. 

Sqrgrid.exe allows the whole grid to be rotated by 90°, fractures smaller than a 

certain length, for example, 0.0001 m to be ignored, and the fracture apertures, in 

microns, to be fixed. Sqrgrid.exe also allows for the modelling o f stress effects, but 

as the purpose o f  this work is to study shallow aquifers stress effects are ignored.
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ech.sdat # input file name (fractures)
ech.intf # input file name (intersections)
1 # whole grid
n # rotate? y/n
200 # number grid elements
y # contains comp numbers
0.0001 # cut off length for fractures (m)
1 # constant ^erture
1000 # fracture aperture (microns)
1 # no stress effects
0.5 # size co-ordinated unit (in metres)

Table a.6. An example of the input file for STEP 4. Fractures are either not rotated
or rotated by 90°.

The output file is gridtotLdat. Gridtoti.dat consists o f the discretised fracture co

ordinates, the angle o f rotation, in radians, and the fracture aperture.

STEP 5: Solving for the flow field using Perflo_open.exe.

Table a.7 is an example o f  the input file for STEP 5. In STEP 5 the flow field is 

solved for using a finite difference method (Odling and Webman, 1991). If the 

presence o f  a well is not specified then the flow field is under a natural gradient. 

The boundary conditions, grid size, number of nodes, impermeable/permeable 

matrix, average matrix permeability, log-normal standard deviation o f matrix 

permeabilities, presence o f  wells, well location and pressure head at well are 

specified in Table a.7.
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n # read permeabilities from file (y/n)
2 # boundary; 1. periodic, 2. no-flow, 3. linear.

# 4 constant
1 # pressure gradient factor
gridtoti.dat # input file name
5 # size o f area (m)
200 # size o f grid, number o f  nodes
0 0 # bottom left comer co-ordinates
1 # 1 ) permeability 2) backbone
l.Oe-15 # matrix permeability, km (m^)
0.57 # lognormal standard deviation matrix perm
2000.0 # elevation o f pressure field
n # insert a well (y/n)
50 100 # (x,y) location o f well 1
1000.0 # pressure at well
n # insert a well (y/n)
150 100 # (x,y) location o f well 1
0.0 # pressure at well

Table a.7. An example of the input file for STEP 5.

Determ ining Percolation and Connectivity

To determine whether a 2-set fracture pattern fully percolates the model area a code 

Backbone.f was written (Appendix f). If a 2-set model is run using an impermeable 

matrix, the point at which the model fully percolates occurs when flow bonds 

become ‘active’. A flow above 10'̂  [m‘*.s’*] was considered active. The degree o f  

fracture connectivity is then a function o f the number o f active bonds.
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STEP 6: Particle Tracking using Partac_open.exe.

Table a.8 is the input file for STEP 6. In STEP 6 tracer transport (Odling and 

Roden, 1997) is simulated using an advection-biased, random walk technique.

flowgriddat # input file name for flows
fracts.dat # input file name for fracture locations
100 # number o f  time bins
50 # X coordinate for breakthrough well
100 # y coordinate for breakthrough well
0.2 # matrix porosity
0.7 # fracture porosity
2e-04 # fracture aperture (m)
5 # size o f area (m)
1 # flow multiplication factor
195 # initial x coordinate
100 # initial y coordinate
100 # final y coordinate
199999 # no particles per grid bond
5 # time limit
1 # option 1) with and 2) without dispersion
1 # model number

Table a.8. Input file for STEP 6.

Partac open reads in the flows for each bond, for example, flowgrid.dat, and the 

fracture positions, for example, ffacts.dat. STEP 5 produces Flowgrid.dat and 

ffacts.dat. The number o f time bins, position o f tracer abstraction position (for a 

well), matrix and fracture porosities, fracture aperture, size o f area, tracer injection 

position, number o f  particles released and time limit are specified in Table a.8.

3 9 4



A ppendix  b

Description: CXTFIT input file. Used for comparing dispersion o f breakthrough 

curves for matrix only models and varying node numbers.

*** BLOCK A: MODEL DESCRIPTION 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Steady saturated flow

INVERSE MODE NREDU 
1 1 1 

MODC ZL(BLANK IF MODE=NREDU=l )
3

*** BLOCK B: INVERSE PROBLEM 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

MIT ILMT MASS
150 1 0

*** BLOCK C: TRANSPORT PARAMETERS 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

V D R Mu
2.17 1.0 1.0 0.0
0 1 0 0

999 0.01 999 999
999 100 999 999

*** BLOCK D: BVP; MODB=0 ZERO; =1 Dirac ; =2 STEP; =3 A PULSE 
* * * * * * * * * * *

MODB =4 MULTIPLE; =5 EXPONENTIAL; =6 ARBITRARY
2 
1.0

*** BLOCK E: IVP; MODI=0 ZERO; =I CONSTANT; =2 STEPWISE; =3 
EXPONENTIAL *♦

MODI
0

*** BLOCK F: PVP; MODP=0 ZERO; =1 CONSTANT; =2 STEPWISE; =3 
EXPONENTIAL **

MODP
0

♦♦♦ BLOCK G: DATA FOR INVERSE PROBLEM 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

INPUTM =0; Z,T,C =1 ; T,C FOR SAME Z =2; Z,C FOR SAME T 
1

2.45
TIME CONC (Give "0 0 0" after last data set.)
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Appendix c

Description: Subroutine for generating lognormal distribution o f matrix

permeabilities using Gasdev function (Press et al., 1992). Written in Fortran 77.

Gup: The up bond permeabilities

Gright: The right bond permeabilities

Xmean: The average matrix permeability

Beta: The standard deviation o f lognormal permeabilities

Leng: The number o f nodes

c
c
c subroutine logdis (gup,gright,leng, b e t a )
c
c converts random numbers to lognormal distribution using Gasdev
c ...................................................................................
c

parameter (lmax=1000)
r e a l *8 g u p (1 : (lmax-1),0 :Imax),g r i g h t (0 : (lm a x - 1 ),1 :I m a x ) 
real*8 gtem,grtem, gasdev
real*8 seed, pi, xmean, beta, sum, xincl,xinc2, xdel 
r e a l *8 r a n d ( (lmax+1)*Imax) 
real*8 f x (0:1000),c d f (0:500) 
data pi / 3.1415927 / 

c data seed / 3496.44 /
n = 1000

c
c
c Create normal distribution and store in rand 
c

num = (leng+l)**2 
if (beta.g t .0.OdO) then 
do 77 i = 1,num 
rand(i) = d b l e ( g a s d e v (idum))

77 continue
end if

c
c Adjust standard deviation to beta and fill arrays gright 
c and gup with permeabilities 
c

g r t e m = 0 .
do 110 j=0,leng

do 111 i = l,leng-l 
grtem=rand((j*leng)+i) 
grtem=grtem*beta
if (abs(grtem) .I t .(4*beta))then 
g r i g h t ( i , j )=dexp(grtem)
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else 
g r i g h t (i ,j )=1 

end if
w r i t e (6,*)g r i g h t ( i , j )

111 continue
110 continue
c
c do the same for gup
c

if (beta.g t .0.O d O ) then 
do 150 i = 1;num 
rand(i) = d b l e ( g a s d e v (idu m ) ) 
w r i t e (60,*)r a n d (i )

150 continue
end if 
g t e m = 0 .
do 210 j=0,leng 
do 211 i = l,leng-l 
g t e m = r a n d (j *leng+i ) 
gtem=gtem*beta 

if (abs(gtem).I t . (4*beta))then 
g u p (i , j )=dexp(gtem) 

else 
g u p ( i , j )=1 

end i f
c w r i t e (61,*)g u p (i ,j )
211 continue 
210 continue 
c

return
end

c
c random number generator (Press et al., 1992)
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

FUNCTION ran2(idum)
INTEGER idum, IMl, I M 2 , I M M l ,lA l ,IA 2 ,IQl,IQ2,IRl,IR2,NTAB, NDIV 
REAL ran2, AM,EPS,RNMX 

PARAMETER (IM1 = 2 14748 3 5 6 3 , IM2=2147483399,A M - 1 ./IMl,IMM1=IM1-1, 
*IA1 = 40014, IA2-4 0692,IQl-53668,IQ2-52774,IRl-12211,IR2-3791, 
*NTAB=32,NDIV-l + I M M l / N T A B , E P S - 1 .2 e - 7 ,R N M X - 1 .-EPS )
INTEGER i d u m 2 , j ,k, i v ( N T A B ) ,iy 
SAVE iv,iy,idum2
DATA idum2/123456789/, iv/NTAB*0/, iy/0/ 
if (idum.l e . 0) then 

i d u m - m a x (- i d u m , 1) 
idum2=idum 
do 11 j = N T A B + 8 , 1,-1 

k=idum/IQl
idum-IAl*(idum-k*IQl)-k*IRl 
if (idum.It.0) idum=idum+IMl 
if (j.le.NTAB) iv(j)-idum 

11 continue
i y = i v (1) 

endif 
k=idum/IQl
i d u m = I A l * (i d u m - k * I Q l )-k*IRl
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if ( idum. I t . 0 ) idum=iduin+IMl 
k=idum2/IQ2
idum2=IA2*(idum2-k*IQ2)-k*IR2 
if ( idum2 . I t . 0) idum2==iduiti2 + IM2 
j=l+iy/NDIV 
i y = i v (j )-idum2 
i v (j )=idum
if(iy.lt.l)iy=iy+IMMl 
ran2=min(AM*iy,RNMX) 
return 
END

c

c Determines normal distribution
c Function gasdev(idum) (Press et al., 1992)
c
c

function gasdev(idum)

integer idum, iset
real gasdev, fac, gset, rsg, vl,v2, ran2 
save iset,gset 
data iset/0/

data iduml / -3496 / 
n = 1000

c
c form normal distribution and store in gasdev 
c

if (iset.eq.O) then 
1 v l = 2 .*r a n 2 (i d u m l )-1.

v 2 = 2 .* r a n 2 (idu m l )-1. 
r s q=vl**2+v2* *2
if (r s q .g e .1..o r .r s q .e q .0)goto 1 
f a c = s q r t (-2.*log(rsq)/rsq) 
gset=vl*fac 
gasdev=v2 * fac 
iset=l 

else 
gasdev = gset 
iset = 0 

end if 
return 
end
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Appendix d

Description: Reads in single fracture end points and converts to En Echelon type 

fractures. Reads in fractures and rotates network by any angle with respect to the x- 

axis. Written in Fortran 77.

c P R O G R A M  Parallel to En Echelon and Fracture Rotation 
c
c reads digitised parallel fracture data and converts to En Echelon 
c output in file ech.sdat and allows for rotation of fractures 
c
c numfrac - m a x imum no of fractures possible

c
PARAMETER (numfrac = 5000)
real*4 p n t (2,150,numfrac),spac,OS,O, leng, min, dev, ang 
real*4 c e n t (2),p n t 3 (2,150)
integer*4 num(numfrac) , c a l (2, 2) , p n t 2 (2,150,n u m f r a c ),numl 
integer nfrac, )c 
character*20 title, ansi, ans2 
character*30 filnaml,filnam2

READ INPUT DATA
c 
c 
c
c read input data from input file 
c

open (5,fi l e = 'P a r E n .i n p ')
c
c
c open input and output files
c
c specify 0/S ratio, the overlap to separation ratio, between 1 and 
1 0 ,
c also specify spacing between en echelon fractures 
c

write (6,*) 'enter name of input fracture file:'
read
write
read

555

5.555) filnaml
(6,*) 'enter name of output fracture file:'
5.555) filnam2

format (a30)
read 5,* ) ans 1
write 6,* ) 'Converting parallel to en echelon
read 5,* ) ans2
write 6,* ) 'Rotating parallel fractures',ans2
write 6,* ) 'enter 0/S ratio: between 1 and 10
read 5,* ) OS
write 6,* ) 'enter spacing between en echelon'
read 5,* ) spac
write 6,* ) 'enter angle to rotate fractures'
read 5,* ) ang

open (77,fi l e=filnaml) 
open (88,file=filnam2)
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i f  ( a n s i . e q . ' y ' ) t h e n
c
c
c read title and calibration points from input file 
c

read (77,12) title 
12 format (a20)

read (77,*) c a l (1,1),c a l (2,1),c a l (1,2),c a l (2,2)
c

nfrac - 0
do 900 j = 1,numfrac

c
c read label and points defining fracture
c

read (77,*,e n d = 9 1 0 ) label 
c 5 format (a6) 

n u m (j ) = 0  
do 10 i = 1,151 
read (77,*,end=910) pnt ( 1,i ,j ),p n t (2, i , j ) 
if ( pnt(1,i ,j ).g e .9999.0) go to 11 
n u m (j ) ^ n u m (j ) + 1  
numl=numl+l
if ( num(j ).g t .150) write (6,*)'n u m (j )>150,array bounds 
e x c e e d e d '
if ( num(j ).g t .150) write (6,*)'label = ' , label

c
10 continue
11 continue 

backspace (unit=77)
if (num(j ).n e .0) nfrac = nfrac+1 

900 continue 
910 continue

write (6,*) 'initial number fractures == ',nfrac 
mfrac=nfrac*3

c
c
c Determine m i n imum distance between 2 fractures
c

m i n = a b s ( p n t (2,1,2)- p n t (2,1,1)) 
d e v = 0 .
do 14 k=l,nfrac-l 
do 15 j=l,nfrac-l 
d e v = 0 . 
i = l
d e v = a b s ( p n t (2,i , j + 1 ) - p n t (2,i , k ) ) 
i f ( d e v . I t . m i n . a n d .k.ne.j+l)then 
m i n = a b s ( p n t (2,i , j + 1 )- p n t (2,i , k ) ) 

end i f 
15 continue
14 continue

w r i t e (6,*)'The min vertical distance between 2 
# fractures:',min
c
c check to see if spacing is less than half minimum fracture 
spacing
c

i f (s p a c .g e .m i n )w r i t e (6,*)'WARNING : spacing way too large'
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c
c
c

0 = 0 S * s p a c * 1000 
s p a c = s p a c * 1000 
k=l
do 22 j=l,nfrac 
l e n g = 0 . 
i=l

c
c length of each segment is third length of original fracture 
c

if(p n t ( l , i + l , i ) .gt.pnt(l,i,]))then 
l e n g = ( p n t (1,i + 1 ,j )-pnt(l,i,j))/3. 

else
l e n g = ( p n t (1,i , j )-pnt(l,i+l,j))/3. 

end if
leng= l e n g * 1000

c
c Arrangement of new fractures 
c
c F------- E
c A ---------B
c C ------- D
c
c The fracture A-B is centred at the mid-point of the grid
c
c point A
c

p n t 2 (l,i,k)=nint(1000*((pnt(l,i+l,i)-pnt(l,i,]))/2. 
# + p n t (1,i ,j ))-l e n g / 2 .)

p n t 2 ( 2 , i,k)=nint(1000*pnt(2,i , j ))
c
c new point B 
c

p n t 2 (l,i+l,k)=pnt2(l,i,k)+leng 
p n t 2 ( 2 , i+1,k)=pnt2(2,i,k)

c
c new point C 
c

p n t 2 (l,i,k+l)=pnt2(1,i+1, k) -O 
p n t 2 (2,i,k+l)=pnt2(2,i+l,k)-spac

c
c new point D
c

p n t 2 ( 1 , i + 1 ,k + 1 )=pnt2(l,i,k+l)+leng 
pn t 2 (2,i+l,k+l)=pnt2(2,i,k+l)

c
c new point E
c

pn t 2 (l,i+l,k+2)=pnt2(1,i,k)+0 
p n t 2 ( 2 , i + 1 , k + 2 ) = p n t 2 (2,i,k)+spac

c
c new point F
c

pnt2 (1, i , k + 2 )= p n t 2 (1,i + 1,k+2)-leng 
p n t 2 (2, i, k+2 ) =pnt2 (2, i + 1, k+2)
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c
k=k+3

22 continue 
k=k-l

c
c write to output file 
c

w r i t e (88,*) title 
write (88,*) cal (1,1),c a l (2,1),c a l (1,2),c a l (2,2) 
do 23 i=l,k 
w r i t e (88,*)],' ','0'
do 24 i=l,2 
p n t (1,i,j)=float(pnt2 (l,i,j))/1000. 
p n t (2,i , j )=float(pnt2 (2,i,j) )/1000. 
w r i t e (88,*)p n t (1,i , j ), p n t (2, i, j )

2 4 continue
write (88,*) '99999999'

23 continue
w r i t e (88,*)'99999999' 
write (88,*) '99999999' 

c30 format (f 6.2,Ix,f6.2,Ix,f6.2,Ix, f6.2)
w r i t e (6,*)'new number fractures^',nfrac 
l e n g = l e n g / 1 0 0 0 . 
w r i t e (6,*)'l e n g t h = ',leng 

end if
c
c Rotate horizontal and vertical fractures 
c

i f ( a n s 2 .e q .'y ') then
c
c
c read title and calibration points from input file 
c

read (77,25) title 
25 format (a20)

read (77,*) c a l (1,1),c a l (2,1),c a l (1,2),c a l (2,2)
c
c write title and calibration to output file
c

nfrac = 0 
numl=0
w r i t e (88,*) title
write (88,*) c a l (1,1),c a l (2,1),c a l (1,2),c a l (2,2)

c
do 1000 j = 1,numfrac

c
c read label and points defining fracture
c

read (77,*,end=1010) label 
numl=0
do 50 i - 1,151 
read (77,*,e n d = 1 0 1 0 ) p n t 3 (1,i ) , p n t 3 (2, i) 
if (pn t 3 (1,i ).g e .9999.0) go to 45 
i f ( i .e q .2)w r i t e (88,*)j ,' ','0'
nu m l = n u m l + 1 
w r i t e (6,*)'numl',numl
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if (n u m (j ) .g t .150) write (6, * ) 'n u m (j )>150,array bounds 
# exceeded'

if (n u m (j ).g t .150) write (6,*)'label label
c
50 continue
4 5 continue
4 4 continue
c backspace (unit=77)

backspace (unit=77) 
nfrac = nfrac+1

c

c Rotate Whole Grid
( - . * ★ * * * * *  +  * * * * * * * * * * * * * * * ■ * * * * * * * * ★ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

c calculate centre of grid
c

height = c a l (2,2) - c a l (2,1)
width = c a l (1,2) - c a l (1,1)
if (height.ge.width) 1 then
sqrl = width

else
sqrl = height

end if

c e n t (1) = c a l (1,1) + (sqrl/2.0)
c e n t (2) = c a l (2,1) + (sqrl/2.0)

c
c Rotate fracture about centre of plot into required position 
c new points returned in 'pnt'. 
c

call rotate (pnt3,numl,ang, c e n t )
c
c
c Write rotated fracture postions to ***.sdat
c

w r i t e (88,*)pnt3 (1,1), p n t 3 (2,1) 
w r i t e (88,*)p n t 3(1,2),p n t 3(2,2) 

w r i t e (88,*)'99999999'
1000 continue 
1010 continue

w r i t e (88,*)'99999999' 
w r i t e (88,*)'99999999' 

end if 
end

c Subroutine Rotate (from Sqrgrid.f: Noelle Odling code)
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

subroutine rotate (pnt,n u m l ,ang, cent )
c
c rotates points 'pnt' about point 'cent', by angle 'rotang' in 
c anticlockwise 
c direction from x axis, 
c
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real*4 pnt (2,151), cent(2), ang, rotang 
integer numl

c
rotang = (ang/180.0)* 3.1415927 
do 60 1=1,2

c
c translate points so that point 'cent' lies at the origin 
c

pnt(l,i) = pnt(l,i) - cent(l)
pnt(2,i) = pnt(2,i) - cent(2)

c
c rotate point through angle rotang
c

xcoord = (pnt(1,i)*cos(rotang)+pnt(2,i)*sin(rotang)) 
ycoord = (pnt(2,i)*cos(rotang)-pnt(1,i)*sin(rotang)) 
pnt(l,i) = xcoord
pnt(2,i) = ycoord

c
c translate point back to position relative to original origin 
c

pnt(l,i) = pnt(l,i) + cent(l)
pnt(2,i) = pnt(2,i) + cent(2)

c
60 continue

return 
end
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Appendix e

Description: Program FracDist. Generates fracture patterns D to G. Written in 

Fortran 77.

Program FracDist
c

character*20 filnaml,ansi, sr,ans2, ans3, rs 
real spac, fracl,percf
integer leng, fn,seed,ol,o2, o3,o4,y, vcov, n, vs
open(10,file='tim.dat' )
open(14 0,file='timladder.dat')
open(110,file='temp.dat ')
open(100,file='ladder.dat ' )
open(130,file='test.dat')
open(150,file='fracnumber.dat')

c
c READ INPUT PARAMETER FILE
c
c read file name for fracture data and open file 
c

open(5,file='dist.inp')
write (6,*) 'Enter output filename - fracture dist data:' 
read (5,4) filnaml 

4 format (a20)
open (20, file=filnaml)

c
read(5,*)ol,o2,o3,o4
write(6,*)'co-ordinates',ol,o2,o3,o4 
read(5,*)leng
write (6,*) 'Grid Size:', leng 
read(5,*)ansi,spac,sr, seed
write (6,*) 'Constant Spacing - Y/N',' ',ansl 
write (6,*) 'Random Seed - Y/N',sr, seed 
write(6,*) 'spacing chosen :',spac 
read(5,*)fracl

c
c the fracture length must divide evenly into the grid length 
c

write ( 6,*) 'fracture length :',fracl 
read(5,*)fn
write(6,*)'number of fractures per row:',fracn 
read(5,*)y
write ( 6,*) 'y-cordinate of initial fracture' 
read(5,*)vcov
write(6,*)'number of vertical fractures',vcov
read(5,*)ans2, percf
write (6,*) 'completely random',ans2
read(5,*)ans3, n, rs, vs
write(6,*)'ladder pattern',' ',ans3

c
c
c Fracture distributions
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c
c
c completely random 
c

if(ans2.eq.'y')then 
call crand(percf,fracl,leng, seedr, seed,ol,o2,o3,o4) 
go to 10 

end if
c
c constant spacing, random horizontal (link list) 
c

if(ansi.eq.'y')then 
call cspac(spac,fracl,leng, fracn,y,seedr,seed,ol,o2,o3, o4) 

end i f
c
c random vertical, random horizontal (link list) 
c

if(ansi.eq.'n ')then 
callranv(fracl,leng,fn,sr,seed, ol,o2,o3,o4,

# vcov,ans3,n,rs,vs)
end i f 

10 continue
stop 
end

c

c Subroutine: Fracture network for fixed (vertical) spacing and 
c randomly chosen horizontal position. To Ensure that whole grid is 
c represented with fractures after rotation of whole grid, make the 
c grid size large,say 20 by 20 and place bottom left hand corner at 
c 5,5
c and top right 
c at 15,15.

subroutine cspac(spac,fracl,leng,fracn, y, seedr, newt, ol,o2,o3,o4)
c

character*20 seedr
real p n t (2,2,2000), spac,fracl,xx
integer newt,aa,leng,fracntot,x(lOOO),fracn, ar,m(1000) ,a 
real 1(1000)
integer siz,siztot, newtt,y, step,ol,o2,o3,o4

c
i f (seedr.eq.'y ')then

c
c Generate new seed for Random Numbers generator 
c

call pctime(newt) 
end if

c
c Determine right end of horizontal fracture positions 
c The number of fractures, fracntot, must be a whole number, 
c 
c

write (20,*) 'uniform spacing fractures' 
write(20,*)ol,o2,o3,o4

c
fracntot=leng/fracl
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c
c aa is fracture number counter; ar makes sure new random numbers 
c are chosen 
c

aa=l
ar=0
si z=fracn 
siztot=fracntot 
step=int(leng/spac) 
write(6,*)'step',step

c
c loop for fracture of equal spacing 
c

do 20 i=y,step
c

do i=l,fracn 
X(i)=0 
m(i)=0 
1 (i)=0 

enddo
c

newtt=newt
call link(x,fracntot,fracn,ar, siz,siztot,newtt)

c
c check to see if fractures are adjacent, if they are then 
c make sure they are counted as one fracture, required for 
c intfrac.exe 
c

call fracadj(x,fracn,siz,m,a,1)
c
c
c
c loop for fracture length 
c

do 30 1=1,a
c
c X is the left hand end of fracture 
c

if(m(i).eq.0)write(6,*)'equal0' 
if(m(i).It.0)write(6,*)'lessO'
xx=(float(m(i)-l)/float(fracntot))* float(leng)

c
c end points for intitial fracture 
c

pnt(1,1,aa)=xx+ ( 1(i)* fracl) 
p nt(1,2,aa)=xx 
pnt(2,1,aa)=j*spac 
write(20,*)aa,' ','0'
write(20,*)pn t (1,1,aa) , pnt(2,1, aa) 
write(2 0,*)p nt(1,2,aa),pnt(2, 1, aa) 
write(20,*)'99999' 
aa=aa+l 

30 continue
xx=0.
ar=ar+fracn 

20 continue
write(6,*)'number fractures',aa-1
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write(20,*)'99999' 
write(20,*)'99999'

c
return
end

subroutine link(xpos,fracntot,fracn,ar,isiz,isiztot,newt)
c

parameter (lmax=1000)
integer rand(lmax**2),fracntot, ar, pos
integer newt, xposition(isiztot),fracn, xpos(isiz)

c
c Input: fracn, the number of fractures; fracntot, 
c the total number of possible fractures,
c fracn must be .le. fracntot; the size of arrays fracntot,isiztot, 
c and fracn, isiz and the random number seed, newt, 
c
c Initialise array containing fracture positions 
c

do 17 j=l,fracntot 
xposition(j)=0 

17 continue
c
c Set up initial array of fracture positions for fracn fractures 
c and store in array position, fracn is the maximum number of 
c possible fractures given by the physical dimension of the grid
c

num=l
do 30 j=l,fracntot 
xposition(j )=num 
num=num+1 

30 continue
c

do 40 i=0,fracn-1 
xpos(i )=0 

40 continue
c
c Remove randomly chosen fractures and
c adjust linkage by a downward shift of fracture positions, 
c The number of total fractures and the random number 
c generator are adjusted to account for the reduction 
c in the number of fractures
c
c loop for fractures (up to fracn) across grid
c

do 45 k=0,fracn-1
c
c store random numbers is array, rand, and adjust 
c min/max numbers to the reduction in fracture number 
c for each loop (fracntot-k)
c

do 47 i = 1,5000 
rand(i) = ran2(newt)*(fracntot-k)+1 
if(rand(i ) .eq.0)write(6, *)'o'

47 continue
c
c do not use same random numbers each loop
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c
pos=rand(k+l + ar )

c
c store fracture position to remove in xpos
c

xpos(k)exposition(pos)
c
c shift fractures in positions above removed fracture 
c to account for reduction in fractures 
c

do 60 j=pos+l,fracntot-k 
xposition(j-1)exposition(j )

60 continue
4 5 continue

return 
end

c
c
c
c
Q - k  -k -k -k *  *  -k *  -k *  *  -k -k *  -k -k *  -k * * * * * * * *  -k * * * * * * * * * * *  -k * * * * * * * * * * * * * * * * * * * * * *  *

c subroutine to calculate random number generator seed
Q *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *

subroutine pctime(newt)
c

character*8 time@ 
integer h,m,s,newt

c
write(10,*)time©() 
backspace(10) 
read(10,20)h,m,s 
write(10,*)h,m,s 
newtem+s
If(newt.ge.0.and.newt.It.10)newte-newt*1000+h 
If(newt.ge.10.and.newt.It.100)newte-newt*100+h 
If(newt.ge.lOO.and.newt.It.120)newt=-newt*10+h 
write(10,*)'The random seed:',newt 

20 format(13,Ix,12,Ix,12)
return 
end

c subroutine fracadj: checks to see whether horizontal fractures 
are adjacent
c and merges fractures together

subroutine fracadj(x,fracn,isiz,maxi,a, lengad)
c

integer x(isiz), fracn, k, a, maxi(isiz), big,temp 
real lengadj(isiz), lengad(isiz)

c
k=l
do 1=0,fracn-1 
lengadj(i)=0 
lengad(i)=0 
maxi(i)=0 

end do
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3 — 0
iflag=0 
iiflag=0 
big=0 
temp=0

c
c place fracture postions in descending order 
c

do 20 i=0,fracn-2 
big=x(i)
do 30 j=i+l,fracn-1 
if(x(j).gt.big)then 
temp=x(j )
X (j)=x(i)
X (i)=temp 
big=x (i) 

end if 
30 continue
20 continue
c
c if the next fracture is adjacent then add adjacent fractures, 
c store new length in lengadj 
c

do 40 i=0,fracn-2
if ((x(i)-l).eq.x(i+l))then 

k=k+1
lengadj(i)=lengadj(i)+k 
iflag=l 
iiflag=0 

end if
c
c if next fracture is adjacent and is last fracture set iiflag=l 
c

i f ((x(i)-l).eq.x(i+l).and.i+1.eq.(fracn-1))iiflag=l
c
c for single fractures in the middle 
c

i f (i .g e .1.and.i .le. (fracn-2))then 
i f ((x(i)-l).ne.X(i+1).and.(x(i)+l).ne.(x(i-l)))then 
a=a+l
maxi(a)=x(i) 
lengad(a)=1 

end if 
end if

c
c for single fracture at edge 
c

if(i.eq.0)then 
if(x(0).ne.(x(l)+l))then 
a=a+l
maxi(a)=x(0) 
lengad(a)=1 

end if 
end if

c
c for single fracture at other edge 
c
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if(i+1.eq.fracn-1)then 
if((x(i+l)).ne.x(i))then 
a=a+l
maxi(a)=x(i+1) 
lengad(a)=1 

end if 
end if

c
c
c if an adjacent fracture is present and then a single fracture or
c if the fracture terminates at edge then....
c

i f (iflag.eq.1.and.(x(i)-l).ne.x(i+1).or.
# (x(i)-l).eq.x(i+l).and.i+l.eq.(fracn-1))then

c
c store new fracture length in "lengad", fracture number in "a", 
c and fracture counter position in "maxi". Two cases: if 
c iiflag=0 then a fracture is followed by a single fracture; and if 
c iiflag=l
c then the fracture terminates at boundary
c

a=a+l
if (iiflag.eq.0)then 
maxi(a)=x(i) 
lengad(a)=lengadj(i-1) 

end if
if(iiflag.eq.l)then 
maxi(a)=x(i+1) 
lengad(a)=lengadj(i) 

end if 
iflag=0 
ii flag=0 
k=l 

end if 
40 continue
c
c maxi, a and lengad are passed back to subroutine cspac 
c

return
end

c
*  *  *  -k *  *  *  -k * * * * * * * * *  -k *  *  *  -k * * * * * * *  -k -k * * * * * * * * * * * * * * * * * * * * * *  -k * * * * * * *  *

c random number generator (Press et al.,1992)
Q ^ ' k - k ' k ' k ' k ' k ' k ' k ' k ' k ' k ' k ' k ' k - k ' k ' k ' k ' k - k - k - k ' k ' k ' k ' k ' k ' k ' k ' k ' k i c ' k ' k ' k ' k ' k ' k - k ' k ' ^ ' k ' k ' k - k ' k ' k ' k ' k ' k ' k ' k ' k ' k - i r ' k ' k ' k ' k ' k ' k - k ' k

FUNCTION ran2(idum)
INTEGER idum,IMl,IM2 ,IMMl,lAl,IA2,IQl,IQ2,IRl, IR2,NTAB, NDIV 
REAL ran2,AM,EPS,RNMX
PARAMETER (IM1=2147483563,IM2=2147 4 83399,AM=1./IMl,IMM1=IM1-

1,
*IA1 = 40014,IA2 = 4 0692,IQ1=53668,IQ2 = 5277 4, IR1=12211, IR2=37 91, 
*NTAB=32,NDIV-1+IMMl/NTAB,EPS=1.2e-7,RNMX=1.-EPS)
INTEGER idum2,j,k,iv(NTAB),iy 
SAVE iv,iy,idum2
DATA idum2/123456789/, iv/NTAB+0/, iy/0/ 
if (idum.le.0) then 

idum=max(-idum,1) 
idum2=idum
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do 11 j-NTAB+8,1,-1 
k=idum/IQl
idum=IAl*(idum-k*IQl) -k*IRl 
if (idum.It.0) idum=idum+IMl 
if (j.le.NTAB) iv(j)=idum 

11 continue
iy=iv(1) 

endif 
k=idum/IQl
idum=IAl*(idum-k*IQl)-k*IRl 
if (idum.It.0) idum=idum+IMl 
k=idum2/IQ2
idum2=IA2*(idum2-k*IQ2)-k*IR2 
if (idum2.1t.O) idum2=idum2+IM2 
j=l+iy/NDIV 
iy=iv(i)-idum2 
i v (j )=idum
if(iy.lt.l)iy=iy+IMMl 
ran2=min(AM*iy,RNMX) 
return 
END

c Subroutine ranv: create a spatially random pattern vertically and 
c horizontally

subroutine ranv(f1,leng,fn,sr,newt,ol,o2, o3, o4 , vcov, ans3,n, rs,vs)
c

character*20 sr, ans3,rs 
real pn t (2,2,2000),f1,xx
integer newt,aa,leng,fracntot,x(lOOO),fn,ar,m(1000) ,a,n,vs 
real 1(1000), rand(1000000), test
integer siz,siztot, newtt,ol, o2, o3, o4 , vcov, t, newttt,b

c
if(sr.eq.'y ')then

c
c Generate new seed for Random Numbers generator
c

call pctime(newt) 
end if

c
c Determine right end of horizontal fracture positions 
c The number of fractures, fracntot, must be a whole number.
c
c

write(20, *)'uniform spacing fractures' 
write(20,*)ol,o2,o3,o4

c
fracntot=leng/fl

c
c aa is fracture number counter; ar makes sure new random numbers 
c are chosen 
c

aa=l 
ar=0 
siz=fn
siztot=fracntot

c
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c create array of random numbers and store in rand 
c

t=0
newtt=newt 
do 10 i = 1,1000000 
rand(i) = ran2(newt)*leng

10 continue 
c
c check to see if fractures overlap or are closer than 2 grid units 
c if they are then choose another set of random numbers 
c

b=3000
11 continue

do 15 i=b,b+vcov-l 
do 17 k=i+l,b+vcov 
test=abs(rand(k)-rand(i ) ) 
if(test.It.0.2)then 
t=t+l
if(t.gt.100)write(6,*)'warning' 
b=b+vcov 
go to 11 

end if 
17 continue
15 continue

write(6,*)'number of fractures that coincide',t
c
c loop for fracture of random vertical spacing 
c

do 20 j=b,b+vcov-l
c

do i=l,fn 
X ( i ) = 0  
m(i)=0 
1 (i)=0 

end do
c

newttt=newtt
call link(x,fracntot,fn,ar,siz,siztot, newttt)

c
c check to see if fractures are adjacent, if they are then 
c make sure they are counted as one fracture, required for 
c intfrac.exe
c

call fracadj(x,fn,siz,m,a,1)
c
c
c
c loop for fracture length 
c

do 30 i=l,a
c
c X is the left hand end of fracture
c

if(m(i ).eq.0)write(6,*)'equal0' 
if(m(i).It.O)write(6,*)'lessO'
xx=(float(m(i)-l)/float(fracntot))* float(leng)
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c  e n d  p o i n t s  f o r  i n t i t i a l  f r a c t u r e
c

p n t (1,l,aa)=xx+(1(i)*fl) 
p nt(1,2,aa)=xx 
p n t (2,1,aa)=rand(j ) 
write(20,*)aa,' ','G'
write(20,100)pnt(1,1,aa),pnt(2,1,aa) 
write(20,100)pnt(1,2,aa),pnt(2,1,aa) 
write(20,*)'99999' 
aa=aa+l 

30 continue
xx=0 . 
ar=ar+fn 

20 continue
write(6,*)'number fractures',aa-1 
i f (ans3 .eq.'n')then 
write(20,*)'99999' 
write(20,*)'99999' 

end if
100 format(Ix,f5.2,Ix,f5.2)
c
c
c ladder pattern 
c

aa=aa-l
if(ans3.eq.'y ')then 
call ladder(pnt,aa,n,leng,fracl,rs,vs) 

end i f 
return 
end

c Subroutine crand for completely random pattern

subroutine crand(percf,fracl,leng,seedr, newt,ol,o2,o3,o4)
c

character*20 seedr
real p nt(2,2,5000),xx(10000),yy(10000) , fracl,maxf 
integer newt,aa,leng,b,incl(10000)
real randx(1000000),randy(1000000),testl,test2,percf,test3 
integer newtt,ol,o2,o3,o4, newttt

c
if(seedr.e q .'y ')then

c
c Generate new seed for Random Numbers generator
c

call pctime(newt) 
end if

c
c Determine right end of horizontal fracture positions 
c The number of fractures, fracntot, must be a whole number.
c
c

write(20,*)'uniform spacing fractures' 
write(20,*)ol,o2,o3,o4

c
c
c aa is fracture number counter
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aa=l
c
c create array of random numbers and store in rand
c

t=l
newtl=newt 
newt2=newt+30

9 continue
do 10 k = t,1000000 
randx(k) = ran2(newt1)*leng 
randy(k) = ran2(newt2)*leng

10 continue 
c
c randomly choose x and y positions 
c

maxf=leng/fracl
b=nint(percf/100.*maxf*100)
if(b.gt.5000)write(6,*)'too many fractures, >5000' 
do i=l,b 
X X (i )=randx(i ) 
yy(i)=randy(i) 

end do 
do i=l,b 
incl(i)=0 

end do
c
c check to see if fractures are within 2 nodes, either 
c vertically or horizontally if 
c they are then remove clash 
c

do 15 i=l,b-l 
do 17 j=i+l,b 
testl=abs(yy(j)-yy(i)) 
test2=xx(j)+fracl/2.+0.2 
test3=xx(j)-fracl/2.-0.2 
test4=xx(i)+fracl/2. 
test5=xx(i)-fracl/2. 
if(testl.lt.0.1)then

c
c check to see if x(i) +/- 0.5 lies within x(j) +/- 0.6
c

if(test4.ge.xx(j).and.test4.le.test2.or.test4.le.x x (j
# .and.test 4.ge.test3.or.test5.ge.X X (j ) .and.test5.le.
# test2.or .test5 . le.X X (j) .and.test5.ge.test3)then 

incl(j )=1
end if 

end if 
17 continue
15 continue
c
c plot fractures 
c

do 30 i=l,b
c
c
c X is at the centre of fracture
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c  e n d  p o i n t s  f o r  f r a c t u r e s
c

if(incl(i ).eq.0)then 
write(110,*)'incl',incl(i ) 
p n t (1,1,aa)=xx(i)-fracl/2. 
p n t (1,2,aa)=xx(i)+fracl/2 . 
p nt(2,1,aa)=yy(i) 
write (20,*)aa, ' ','0'
write(20,100)pnt(1,1,aa),pnt(2,1,aa; 
write(20,100)pnt(1,2,aa),pnt(2,1,aa; 
write(20,*)’99999’ 
aa=aa+l 

end if 
30 continue
100 format(Ix,f5.2,Ix,f5.2)

write(20,*)’99999’ 
write(20,*)’99999’ 

c write(20,*)’number fractures’,aa

return
end

c subroutine ladder: create ladder pattern

subroutine ladder (pnt,b,n,leng,fracl, rseed, newt)
c

real pnt(2,2,5000),pnt2(2,2,5000),randx(1000000) 
real randy(1000000)
real x x (10000),yy(10000),minup(10000),mindown(10000) 
real distdown(10000),incl(10000),fracl,distup(10000) 
integer b,n,aa,newt, fu, fd,leng,newt 
character rseed

aa=l
minup=0. 
mindown=0. 
do i=l,10000 
distup(i)=0. 
distdown(i )=0. 

end do
c

i f (rseed.eq .'y ')then
c
c Generate new seed for Random Numbers generator 
c

call petime2(newt) 
end i f

c
c
c create array of random numbers and store in rand 
c

t = l 
f u=0 
fd=0
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newtl=newt 
newt2=newt+10

9 continue
do 10 k = t,1000000 
randx(k) = ran2(newtl)*leng 
randy(k) = ran2(newt2)*leng

10 continue 
c
c randomly choose x and y positions for second set 
c number fractures=n 
c

do i=l,n 
X X (i )=randx(i) 
y y (i )=randy(i) 

end do 
do i=l,n 
incl(i)=0 

end do
c
c
c X X , yy is at the centre of fracture
c end points for fractures, 2nd set fractures terminate at closest 
c fracture 
c or the boundary
c

do 20 i=l,n/2 
do 22 k=l,10000 
distup(k)=0. 
distdown(k)=0.

22 continue
fu=0 
f d=0 
flagu=0 
flagd=0

c
c distup is distance to each fracture vertically up and distdown 
c is distance to each fracture vertically down 
c

do 30 j=l,b
if(xx (i) . It .pnt ( 1,1,j).and.XX(i).gt.pnt(1, 2, j ) )then 
if(pnt (2,1,j) .gt.yy(i))then 
flagu=l 
fu=fu+l
distup(fu)=abs(pnt(2,l,j)-yy(i) ) 

end if
if(pnt(2,l,j).It.yy(i))then 
flagd=l 
fd=fd+l
distdown(fd)=abs(pnt(2,1,j )-yy(i)) 

end if 
end if 

30 continue
c
c find minimum vertical up distance and call minup 
c

if(flagu.eq.1)then 
minup(i )=distup(1)
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do 4 0 j=2,fu
if(distup(j).It.minup(i).and.distup(j).gt.le-6)then 
minup(i)=distup(j) 

end if 
4 0 continue

end if
c
c find minimum vertical down distance and call mindown 
c

if(flagu.eq.0)minup{i)=leng+l 
if(flagd.eq.1)then 
mindown(i)=di stdown(1) 
do 50 j=2,fd
if(distdown(j).It.mindown(i).and.distdown(j).gt.le-6) 
then
mindown(i )=distdown(j) 

end if 
50 continue

end if
i f (flagd.eq.0)mindown(i)=0 
write(130,*)minup(i)

20 continue
fu=0 
fd=0

c check to see if fractures are within 2 nodes, either 
c vertically or horizontally if 
c they are then choose clash 
c

do 60 i=l,n/2-l 
do 70 j=i+l,n/2 
testl=abs(xx(j)-xx(i) ) 
test2=yy(j )+minup(j)+0 .2 
test3=yy(j )-mindown(j )-0 .2 
test4=yy(i)+minup(i) 
test5=yy(i)-mindown(i ) 
if (testl.lt.0.2)then

c
c check to see if x(i) +/- minup/mindown lies within x(j) +/- 
c minup/mindown+0.2 
c

i f (test4.ge.y y (j).and.test4.le.test2.or.test4.le.yy(j)
# .and.test4.ge.test3.or.test5.ge.yy (j ).and.test5.le.
# test2.or.test5.le.yy (j ).and.test5.ge.test3)then 

incl(j)=1
end if 

end if 
70 continue
60 continue
c
c write second set to file and add 1 node on either end of fracture 
c to ensure fracture meets first set (e.g .minup+0.05) 
c

do 80 i=l,n/2 
if (incl(i) .eq.0)then 
a=a+l 
pnt2(1,1,i )=xx(i) 
pnt2(2,1,i )=yy(i)+minup(i)+0 . 05
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pnt2(2,2,i )=yy{i)-mindown(i)-0 . 05 
i f(mindown(i) .lt.le-6)pnt2(2,2,i ) =0  
if(minup(i ).gt.leng)pnt2(2,1,i)=leng 
b=b+l
write(20,*)b, ' ' , ' 0 '
write(20,100)pnt2(1,1,1),pnt2(2,1, i) 
write(20,100)pnt2(1,1,1),pnt2(2,2,1) 
write(20,*)'99999' 

end if 
80 continue
100 format(Ix,f5.2,Ix,f5.2)

write(20,*)'99999' 
write(20,*)'99999' 
write(150,*)n/2,a 

return 
end

c subroutine to calculate random number generator seed for ladder 
c pattern

subroutine petime2(newt)
c

character*B time© 
integer h,m,s,newt

c
write(140,*)time©() 
backspace(140) 
read(140,20)h,m,s 
write(140,*)h,m,s 
newt=m+s
If(newt.ge .0.and.newt.It.10)newt=-newt*1000+h 
If(newt.ge.10.and.newt.It.100)newt=-newt*100+h 
If(newt.ge.100.and.newt.It.120)newt=-newt*10+h 
write(140,*)'The random seed:',newt 

20 format(13,Ix,12,Ix,12)
return 
end
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Appendix f

Description: Program Backbone. Determines the number o f active flow cells when 

the matrix is impermeable. Written in Fortran 77.

Program Backbone
c

integer x (10000),y,addflow 
real z

c
open(10,file='backbone.dat') 
open(20,file='flownumber.dat ' )

c
c reads header 
c

read(10,*) 
read(10,*) 
read(10,*) 
addflow=0

c
c counts number flows greater than le-5 
c

do 20 1=1,10000 
read(10,*)x (i ) , y, z 
if(x(i).It.999)then 
if(z.gt.le-5)addflow=addflow+1 

else 
read(10,*) 
go to 50 

end if 
20 continue
50 continue

do 60 1=1,10000 
read(10,*)x (i ),y,z 
if(x(i).It.999)then 
if (z .gt .le-5)addflow=addflow+1 

else 
go to 70 

end if 
60 continue
70 continue

write(20,*)'flows over le-5',addflow
stop
end
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Appendix g

Description: S-PIus algorithm for determining covariance matrix and the Principal 

Component Scores. Written in S-Language.

PCA is the data set o f objects and variables:

int _  PCA 
d <- dim(int) 
p <- d[2]

The covariance matrix and the column averages are determined and stored in 

covlist:

covlist <- cov.wt(int, center = T, cor = F)

The covariance matrix, cmat and the averages, center are extracted:

cmat <- covlistScov 
center <- covlistScenter 
scales <- rep(l, p)

The eigenvalues and eigenvectors of the covariance matrix are determined and 

stored in ans:

ans <- eigen(cmat, symmetric = T)

The eigenvalues are extracted and stored in values:

values <- ans$values

No negative eigenvalues are allowed:

values[values < 0] <- 0 
ans$values <- values

The matrix corrs is determined. Each element o f each eigenvector is multiplied by 

its respective e i g e n v a l u e f o r m i n g ,  by definition, the loadings matrix. The 

loadings matrix is a matrix o f covariances between the variables and the principal 

components. The loadings matrix is then divided by the t r a c e o f  the covariance 

matrix to form corrs:
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corrs <- diag(cmat)^-0.5 * ans$vectors * rep(values^0.5, rep.int(p, p))
names(ans) <- c("sdev", "loadings")[match(c("values",’’vectors"), names(ans))]
c name s <- paste("Comp.", l:length(ans$sdev), sep = "")
names(ans$sdev) <- cnames
Corrs is renamed ans%loadings:
dimnames(corrs) <- dimnames(ans$loadings) <-
list(dimnames(cmat)[[ 1 ]],cnames)

The average o f each column of the original data set, center, is subtracted from each 

variable:

int <- int - rep(center, rep.int(dim(int)[l],p ))
SCO rest <- p
ansSloadings <- ans$loadings[, 1 :scorest,drop =F]

The data set is multiplied by ans$loadings to give the principal component scores: 

ansSscorest <- int %*% ans$loadings

It is not clear why the matrix corrs is formed in the way it is. It is more usual to 

simply multiply the data set by the matrix o f eigenvectors in order to determine the 

principal component scores. The code may have been written in this way to 

standardise the data set. Alternatively:

corrs <- diag(cmat)^-0.5 * ans$vectors * rep(values^.5, rep.int(p, p)), 

should simply be written as:

corrs <- ansSvectors

A test was conducted to compare the two methods o f calculating corrs. The relative 

positions o f the breakthrough curves in principal component space are not affected 

by how corrs is determined.
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Appendix h

Description: Algorithm used to determine the cumulative percentage o f the 

eigenvalues. Written in S-Language.

eig.pct 100*eig/sum(eig) 
cat(“\nCumulative Percentage:\n\n”) 
print(round(cumsum(eig.pct[ 1 inffac]), 1 ))

Appendix i

Description: Algorithm used to visualize breakthrough curves in principal 

component space. Written in S-language.

PCA is the data set of objects and variables:

useraw <- PCA[,(2:102)]

Calculate principal component scores using the Princomp function: 

pcs_princomp( useraw )

Plot the eigenvalues against the number o f principal components, or the scree plot:

plot(pcs$sdev,xlab="Component no.”,ylab="Eigenvalue") 
scores_pcs$score

Plot the principal component scores for the first two components only: 

pbt(scores[,l],scores[,2],xlab=”PCA coord 1 ",ylab="PCA coord 2")

# superimpose shape subplots

Choose a subset o f  the total number o f objects, or models, and superimpose the 

breakthrough curve for that model on its positions in principal component space. 

The curves are normalized and so the heights are differentiated using colour:

a < -  c(2880:3119) 
loc <- a
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fun_expression( { plot(0:100, unlist(useraw[k,l :101]), col=c,type="I", 
xlim=c(0,100), ylim=c(0,ma),xlab=”", ylab="",axes=F) } ) 
pIot(z[b,l],z[b,2],"Principal Component Analysis for Pattern G - 90 degrees 
rotation",type="n",xlab="Principal Component l",ylab="Principal Component 2")

for ( i in 1 :length(loc)){ 
k_loc[i]
ma_max(useraw[k, 1:101]) 
ifl[ma<=5000)c_l 
if(ma>5000&ma<=l 0000)c_2 
if(ma> 10000&ma<=30000)c_3 
ifl[ma>30000)c_4
subplot(fun, z[k,l], z[k,2],vadj=0.5, size=c(0.5,0.5))
}
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Appendix j

Description: Algorithm to extract data o f  nearest neighbours to chosen model in 

Principal Component Space. Written in Fortran 77.

Program PCAanalysis
c

integer n, fixpos, dimn, datan, pos, rand(6000),newt 
integer count(3500),test(3500),odata(3500,200) 
integer curve(3500,110)
real pcad(3500,200),newPCAd(3500,200),bulk(3500) 
real min, minj(3500), dist(3500),sum(3500) 
character ansi,patt

c
open(5,file='inpPCA.dat' ) 
open(10,file='PCAraw.dat ' ) 
open(15,file='PCAout.dat') 
open(100,file='time.dat ' ) 
open(140,file='output.dat') 
open(160,file='dist.dat' ) 
open(170,file='curve.dat' )

c
c PCA.dat is the origonal data file and PCA.inp is the PCs.
c
c
c READ INPUT PARAMETER FILE 
c
c read file name for fracture data and open file
c
c

read(5,*) ansi
write(6,*)'random (Y/N)',ansi 
read(5,*)fixpos
write(6,*) 'fixed position', fixpos
read(5,*) datan
write(6,*) 'number of data points', datan
read(5,*) n
write(6,*) 'closest "n" values',n
read(5,*) dimn
write (6,*) 'dimension number',dimn

c
c choose position to find closest n points to, either randomly or 
for a fixed position 
c

newt=0
if (ansi.eq .'y ')then 
call pctime(newt)

c
do 10 i = 1,5000 
rand(i) = ran2(newt)*datan 

10 continue
pos=rand(10) 

end if
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if (ansi.eq.'n ')pos=fixpos 
write(6,*)'Position chosen:',pos

c
c open PCs data and store in PCAd
c the "36" reads in newdata, but only fixpos is used 
c

do 20 i=l,datan+31
read(15,*)(PCAd(i,j),j=l,dimn)

20 continue
c make the chosen position the origin, i.e., (0,0)
c

do 50 i=l,datan 
do 60 i =1,dimn

newPCAd(i,j)=PCAd(i,j)-PCAd(pos,j)
60 continue
50 continue
c
c sum the squares to find distance from chosen position
c

do i=l,datan 
sum(i)=0. 

end do
c

do 70 i=l,datan 
do 80 i ==1, dimn 
sum(i) = sum(i) + newPCAd(i,j)**2

80 continue
70 continue
c
c find "n" shortest distances to chosen position
c
c
c find "n" closest positions and store in count 
c

k=0
do i=l,datan 
test(i)=0 

end do 
do i=l,n 
minj(i)=0 

end do 
ii = l 
min=0.
do 100 j=l,n 
min=sum(ii) 
do 110 i=l,datan 
i f (sum(i).It.min.and.pos.ne.i .and.test(i).eq.0)then 
min=sum(i ) 
k=i
count(j)=k 

end if 
110 continue

test(k)=1
if(k.eq.ii)ii=ii+l 
mini ( j ) ==min 

100 continue
c
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write(6,*)' 'model number'
do 120 1=1,n

write(6,*)minj(i),count(i)
120 continue
c
c extract hydraulic data for those positions and write to file 
c
c read in model number and hydraulic data
c

do 140 i=l,datan 
read(10,*)(odata(i,j),j=l,5)

140 continue
c
c read in model number and BTCs
c

do 142 i=l,datan+31
read(170,*) (curve(i,j), j=l, 102 )

142 continue
c
c find hydraulic data for closest models 
c

do 145 k=l,n 
do 150 i=l,datan 
if(i •eq .count(k))then 
sum(i )=sum(i)* *(1/2. ) 
i f (i .gt.1.and.i .le.69)patt='B ' 
i f (i .gt.69.and.i.le.l20)patt='A' 
if(i.gt.12 0.and.i.le.168)patt='C ' 
if(i.gt.168.and.i.le.988)patt='D ' 
if(i.gt.988.and.i.le.l548)patt='E' 
if(i.gt. 1548.and.i.le.1920)pat t='F ' 
if(i.gt.l920)patt='G' 
bulk(i)=odata(i,5)/lOOOO. 

write (14 0,*) (odata(i,j),j = l,4),bulk(i),sum(i), ' ',patt
end if 

150 continue
145 continue
160 format(5(2x,i8,2x),f8.2)
c write(14 0,*)(odata(pos,j),j=l,4),bulk(pos)

write(14 0,*)
c
c find BTC data for closest models 
c

write(14 0,161)(curve(pos,j),j=l,102) 
do 170 k=l,n 
do 180 i=l,datan 
if(i .eq.count(k))write(140,161)(curve(i,j),j=l,102)

180 continue
170 continue
161 format(102(2x,i8,2x)) 
c
c test to see whether min are found, following places sum in 
c descending order 
c
c do 190 1=1,datan-1
c big=sum(i)
c do 200 j=i+l,datan
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c if(sum(j).gt.big)then
c temp=sum(j)
c sum(j )=sum(i)
c sum(i)=temp
c big=sum(i)
c end if
c200 continue
cl 90 continue
c do 210 i=datan-n+l,datan
c sum(i)=sum(i)* *(1/2 . )
c write(160/*)sum(i)
c210 continue

stop 
end

c

c subroutine to calculate random number generator seed 

subroutine pctime(newt)
c

character*8 time0 
integer h,m/S/newt

c
write(100/*)time©() 
backspace(100) 
read(100/20)h/m/s 
write(100/*)h/m/S 
newt=m+s
If(newt.ge.0•and.newt.1t .10)newt=-newt*1000+h 
If(newt.ge.10.and.newt.It.100)newt=-newt*100+h 
If(newt.ge.100.and.newt.It.120)newt=-newt*10+h 
write(100/*)'The random seed :'/newt 

20 format(13/Ix/12/Ix/12)
return 
end

c random number generator (Press et al./ 1992)

FUNCTION ran2(idum)
INTEGER idum/IMl/IM2/IMMl/lAl/IA 2 /IQl/IQ2/IRl/IR2/NTAB/NDIV 
REAL ran2/AM/EPS/RNMX
PARAMETER (IM1=2147 4 83563/IM2=2147483399/AM=1./IMl/IMM1=IM1-

1,
*IA1=4 0014/IA2=40692/101=53668/102=52774/IR1=12211/IR2=3791/ 
*NTAB=32/NDIV=1+IMM1/NTAB/EPS=I.2e-7,RNMX=1.-EPS)
INTEGER idum2/j/k/iv(NTAB)/iy 
SAVE iv/iy/idum2
DATA idum2/123456789// iv/NTAB*0// iy/0/ 
if (idum.le.0) then 

idum=max(-idum/1) 
idum2=idum 
do 11 j=NTAB+8/1/-1 

k=idum/I01
idum=IAl*(idum-k*101)-k*IRl 
if (idum.It.0) idum=idum+IMl 
if (j.le.NTAB) iv(j)=idum 

11 continue
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iy=iv(1) 
endif
k=idum/IQl
idum=IAl*{idum-k*IQl)-k*IRl 
if (idum.It.0) idum=idum+IMl 
k=idum2/IQ2
idum2=IA2*(idum2-k*IQ2)-k*IR2 
if (idum2.1t.O) idum2=idum2+IM2 
j=l+iy/NDIV 
iy=iv(j )-idum2 
i v (j )=idum
i f (iy.lt.1)iy=iy+IMMl 
ran2=min(AM*iy,RNMX) 
return 
END
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Appendix k

Description: Algorithm to find the position o f a Test Case in Principal Component 

Space.

DataSet includes original data set and Test Cases: 

int _  as.matrix(DataSet)

The data in is centred by subtracting the average o f each column and stored in 
TCI:

TCI <- int - rep(center, rep.int(dim(int)[l],p ))

The Principal components o f the Test Cases are determined by multiplying the 
centred data by the matrix o f eigenvectors, ans$loadings:

TC2 _  TCI %*% ans$loadings

4 3 0



Appendix I -  Chapter Five PCA classification results.

Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
3 2 >4 D 3)3 49.4129 0 A

1967 0 4870 3 121.497 8713.94 G
88 2 4 3 95.3305 8862.08 A

2042 0 4870 5 4792.79 9311.54 G
99 3 3 3 26.6271 14026.81 A

2951 4 3418 3 52.4015 14287.83 G

2666 3 5198 3 77.5913 15807.22 G
1973 0 5158 3 121.88 16174.96 G
2183 1 5760 3 98.7263 16780.75 G
2420 2 5966 3 73.8542 16935.33 G
2280 1 0 5 10.7562 17565.02 G

Table 1.1. Geometric and hydraulic properties of the ten closest models in principal
component space to Test Case 3.

45000

40000

Test C ase  3
35000

30000I
a .

m odel 1967
25000

0

1
20000

15000
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0 0,1 0.2 0 5 0.7 0 80.3 0.4 0.6 0.9 1

Time

Figure 1.1. Breakthrough curve o f the closest model to Test Case 3.

Test Case 1 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - T  T T T T T
Method 2 X - - - -
Method 3 - X (P) X_________T X (P) X (P) T

Table L2. Performance o f Test Case 3.
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M odel # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern

5 (1 2)1 3 3 3.9518 0 D

3064 4 0 2 1.7353 4584.81 G

218 0 2 4 1.9579 4734.17 D

610 4 4 3 32101 5044.67 D

751 1 4 3 5.1155 5076.46 D

511 2 4 3 2.8241 5087.29 D

1305 1 3 3 2.9193 5172.39 E

300 0 2 3 2.1022 5228.96 D

1058 2 3 4 1.9771 5251.47 E

507 2 4 3 2.6592 5334.7 D
614 4 4 3 2.7618 5629.08 D

Table 1.3. Geometric and hydraulic properties of the ten closest models in principal
component space to Test Case 5.

500C

4500

Test Case 5

I
a
o

model 3064I 3000

2500

1 1500

1000

500

3.5 4.5 5Z5 3 40.5 20 1

Time

Figure 1.2 Breakthrough curve o f the closest model to Test Case 5.

T est Case 5 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - X X X X X X
Method 2 X -  - - - - - -

Method 3 - X ( P ) T T T T T
Table L4. Performance of Test Case 5.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern

6 2 (2 3) 3 1.6405 0 D
490 2 2 3 13837 2116.68 D
1658 2 2 3 1.6569 2730.69 F
441 2 1 4 13595 3338.11 D
457 2 2 4 1.3903 3386.39 D
1223 3 4 4 13785 4367.93 E
1688 2 2 4 1.6625 4498.57 F
1173 3 4 3 1.4112 4681.57 E
474 2 1 3 13475 4867.44 D
780 1 2 4 1.7827 5010.58 D
1178 3 4 3 1.391 5210.96 E

Table 1.5. Geom etric and hydraulic properties o f the ten closest models in principal
component space to Test Case 6.
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Figure 1.3. Breakthrough curve o f  the closest model to Test Case 6.

Test Case 6 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - - T T T T T T
Method 2 T 2 T T T X T T
Method 3 - - T X T X T T

Table L6. Performance of Test Case 6.
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Model # Angle Spacing/C.I. Aperture Permeability Distance Pattern
7 (1-2)1 0-3 ) (3-1)3 2.0699 0 D

775 1 2 4 2.5766 3209.66 D
608 4 3 3 2.0531 3417.02 D

2895 4 0 3 3.8726 3938.07 G
731 1 2 3 2.4833 4182.41 D
500 2 3 3 2.0351 5032.71 D

2896 4 0 3 5.3441 5394.17 G
491 2 2 3 1.5213 5493.79 D
823 1 2 2 1.7688 5543.08 D
734 1 2 3 1.7693 5776.59 D
1688 2 2 4 1.6625 5876.4 F

Table 1.7. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 7.

4000

Test C ase  7
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model 7752500
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Figure L4. Breakthrough curve o f  the closest model to Test Case 7.

Test Case 7 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - - T T X T T T
Method 2 T 2 X T T T T T
Method 3 - - T T T T T T

Table L8. Performance of Test Case 7.
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Model # Angle Spacing/C.I. Aperture Permeability m /̂m  ̂ Distance Pattern
8 1.9458 D

700
2898 
183

2899 
282 
284 
611 
773 
497 
1031

2.381 4638.97 D
4.759 5859.85 G
3.6467 6186.66 D
5.0894 6261.27 G
3.84 6461.29 D

3.5648 6480.55 D
2.4969 6833.59 D
2.009 6869.3 D

2.1311 6879.55 D
2.628 6965.48 E

Table 1.9. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 8.
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Figure 1.5. Breakthrough curve o f  the closest model to Test Case 8.

T est Case 8 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - X X X T T T
Method 2 X - - - - - -

Method 3 - X T T T T I
Table LIO. Performance of Test Case 8.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
9 (1-2)1 3 3 2.4157 0 D

611 4 4 3 2.4969 3796.46 D
785 1 3 4 3.1923 4223.95 D

464 2 3 4 2.1699 4360.27 D

497 2 3 3 2.1311 4420.06 D

655 4 4 4 2.5296 4449.83 D

1473 0 2 4 3.1567 4870.35 E

741 1 3 3 3.131 5074.49 D
700 4 4 2 2.381 5085.84 D

1760 1 3 3 3.1328 5339.93 F
789 1 3 4 2.999 5418.44 D

Table 1.11. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 9.
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7000
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6000I
Ql

model 6115000
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Figure 1.6. Breakthrough curve o f  the closest model to Test Case 9.

Test Case 9 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - X X T T T T
Method 2 X -  - - - - - -

Method 3 - X T T T T T
Table L12. Performance of Test Case 9.
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M odel# Angle Spacing/C.I. Aperture Permeability m /̂m  ̂ Distance Pattern
10 1.6857 D

3075
692
1684
1654
593
1687
1657
769
637
n i l

1.5187 5975.7 G
1.743 6330.2 D

1.7144 6720.68 F
1.7052 6830.91 F
1.4862 7048.25 D
1.7316 7434.8 F
1.722 7490.96 F

1.5477 7598.31 D
1.4984 7662.46 D
1.7306 7709.94 E

Table L13. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 10.
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Figure 1.7. Breakthrough curve o f the closest model to Test Case 10.

Test Case 10 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - - X X X X X T
Method 2 T 2 X T X T T T
Method 3 - - T T T X T T

Table 1.14. Performance of Test Case 10.
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M od el#  Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern

J_L
1292
1336
1102
603
737
647
649
471
605
1023

(1-2)1 
1 
1 
2 
4 
1
4 
4 
2 
4 
2

2
2
3
3
2
3
3
3
3
4

( 3 Æ
3
4 
2 
3
3
4 
4 
4 
3 
3

2.2305 I)

22882 5075.23 E
23275 5364.69 E
1.7514 5840.18 E
1.8776 6270.52 D
1.7841 6337.31 D
1.8989 6349.47 D
2.0516 6382.34 D
2.0412 6426.41 D
2.0252 6546.31 D
1.8717 6605.03 E

Table L15. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 11.
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Figure 1.8. Breakthrough curve o f the closest model to Test Case 11

Test Case 11 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - - T T T X T T
Method 2 T 1 T T  T X T T
Method 3 - - X T T X T T

Table 1.16. Performance of Test Case 11.
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Model # Angle Spacing/C.I. Aperture Permeability mVm^ Distance Pattern
12 1 3 (2 3 » 3.6947 0 E

1310 1 4 3 52976 4760.7 E
2910 4 0 3 2.4887 4767.05 G
1483 0 3 4 4.5227 5213.46 E
2938 4 0 3 4.6351 5258.12 G
1439 0 3 3 4.4386 5499.54 E
1447 0 3 3 5 3026 5695.14 E
1299 1 3 3 3.9776 5704.64 E
1491 0 3 4 5.4577 5721.33 E
2926 4 0 3 2.7004 5810.9 G
1311 1 4 3 4.1499 5836.86 E

Table L17. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 12.
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Figure 1.9. Breakthrough curve o f the closest model to Test Case 12.

Test Case 12 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - T X X T T T
Method 2 X - - - - - -

Method 3 - T T X T T T
Table 1.18. Performance of Test Case 12.
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Model # Angle Spacing/C.I. Aperture Permeability Distance Pattern
13 tfO-l>l 3 2 3.2321 0 E

1401 1 4 2 3.569 3001.86 E
2826 3 0 2 2.5444 4363.59 G
286 0 3 3 3.4562 4369.85 D
1575 0 3 3 4.0763 4553.33 F
185 0 3 4 35212 4569.18 D
830 1 3 2 2.7326 4968.26 D
1389 1 3 2 3.4173 4972.53 E
1573 0 3 3 3.5698 4976.96 F
847 1 4 2 3.9194 5018.45 D
1398 1 4 2 3.965 5029.38 E

Table 119. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 13.
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Figure 1.10. Breakthrough curve o f the closest model to Test Case 13.

Test Case 13 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - T X T T T T
Method 2 X -  — - - - - -

Method 3 - T T T X T T
Table L20. Performance o f Test Case 13.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
14 1 (2 3) 2 2.0022 0 E

730 1 2 3 1.8653 2766.58 D
558 2 4 2 2.151 3051.89 D
774 1 2 4 1.886 3329.47 D

3108 4 0 2 1.914 3548.23 G
2863 3 0 2 23146 4197.07 G
3054 4 0 2 2.4118 4349.09 G
1524 0 2 2 2.141 4735.4 E
1101 2 3 2 2.221 4749.8 E
1753 1 2 3 1.9476 4798.65 F
151 3 2 3 2.0292 4824 C

Table 1.21. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 14.
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Figure 1.11. Breakthrough curve o f the closest model to Test Case 14.

T est C ase  14 identified Position Angle Spacing/C.I. Aperture Pattern S et Percolating
Method 1 - - T T X X T T
Method 2 T 9 T T X X T T
Method 3 - - X X T X T T

Table 1.22. Performance of Test Case 14.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
16 1 3 C2 3» 3.2326 0 E

1296 1 2 3 2.1818 3662.83 E
1340 1 2 4 22091 3699.15 E
1480 0 2 4 2.4172 3699.15 E
698 4 4 2 2 3953 4176.57 D
1333 1 2 4 2.6774 4181.07 E
1289 1 2 3 2.6364 4292.19 E
707 4 4 2 22016 4501.3 D

3052 4 0 2 2.4366 4504.8 G
345 0 3 2 2.8668 4607.8 D
346 0 3 2 3.1715 4713.8 D

Table L23. Geometric and hydraulic properties of the ten closest models in principal
component space to Test Case 16.
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Figure 1.12. Breakthrough curve o f  closest model to Test Case 16.

Test Case 16 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - T X X T T T
Method 2 X - - - - -

Method 3 - T T T X T T
Table 1.24. Performance of Test Case 16.
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M odel#  Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern

17 W 1)1 2.9633

3109 4 0 2 22011 3501.86 G
1289 I 2 3 2.6364 3622.65 E
3046 4 0 2 2.4764 3679.4 G
3052 4 0 2 2.4366 3779.22 G
836 1 3 2 23908 3885.09 D
346 0 3 2 3.1715 3982 D
1333 1 2 4 2.6774 3999.9 E
1388 1 3 2 2.5916 4134.34 E
1436 0 2 3 2 3937 4140.94 E
1392 1 3 2 2.9666 4265.99 E

Table L25. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 17.
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Figure 1.13. Breakthrough curve o f closest model to Test Case 17.

Test Case 17 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - - X X T X X T
Method 2 T 10 T T T T T T
Method 3 - - T T T X T T

Table 1.26. Performance of Test Case 17.
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Model # Angle Spacing/C.I. Aperture Permeability m Distance Pattern
18 1 0 3 1 2 1.839 0 E
109 0 5 1 1.5316 4731.55 A
544 2 3 2 1.762 4747.73 D
996 2 1 3 1.494 4878.81 E
1103 2 3 2 2.0251 5161.02 E
603 4 3 3 1.8776 5471.61 D
825 1 2 2 1.5918 5517.75 D
696 4 3 2 1.7406 5555.35 D
1040 2 1 4 1.5079 5561.38 E
822 1 2 2 1.5874 5658.99 D

3102 4 0 2 1.4035 5690.55 G
Table L27. Geometric and hydraulic properties o f the ten closest models in principal

component space to Test Case 18.
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Figure 1.14. Breakthrough curve o f  closest model to Test Case 18.

Test Case 18 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - - X X X X T X
Method 2 T 5 X T T X T T
Method 3 - - X X T X T T

Table 1.28. Performance of Test Case 18.
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Model # Angle Spacing/C.I Aperture Permeability m^/m^ Distance Pattern
20 3 3 (34)3 1.5345 0 F

1698 2 3 4 1.9327 5521.91 F
1694 2 3 4 1.9708 6153.41 F
1664 2 3 3 1.9596 6274.59 F
1668 2 3 3 1.9219 6719.94 F
592 3 2 3 1.5049 6754.37 D
636 3 2 4 1.5217 6958.37 D
607 3 3 3 2.1125 7230.82 D
486 2 2 3 1.5236 7476.47 D
1692 2 2 4 1.5438 7580.51 F
593 3 2 3 1.4862 7686.91 D

Table 1.29. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 20.
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Figure 1.15. Breakthrough curve of closest model to Test Case 20

Test Case 20 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - - X T X T T T
Method 2 T 5 T X T X T T
Method 3 - - T T T X T T

Table 1.30. Performance of Test Case 20.
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Model # Angle Spacing/C.I. Aperture Permeability Distance Pattern

21 (1 2)2 3 2 4.9003 0 F
3089 4 4435 2 6.4318 4137.84 G
844 1 4 2 4.9892 4404.49 D

1453 0 4 3 6.1649 4548.02 E
2626 2 0 2 4.8161 4682.75 G
3090 4 1191 2 3.9148 5023.94 G
1497 0 4 4 62858 5154.42 E

370 0 4 2 6.1934 5202.59 D
2568 2 0 2 4.7598 5516.74 G

3047 4 3951 2 7.0637 5679.01 G
2109 0 0 2 6.8685 6334.39 G

Table L31. Geometric and hydraulic properties o f  the ten closest models in principal
component space to Test Case 21.

16000

14000

Test Case 2112000

Ia.
o

E

10000

8000 model 3089
6000

4000

2000

2 2.5 3 3.5 4,5 50.5 1 1.5 40
Time

Figure 1.16. Breakthrough curve o f  closest model to Test Case 21.

Test Case 21 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - X X T X X X
Method 2 X - - - - - -
Method 3 - X X T X X X

Table 1.32. Performance of Test Case 21.
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M odel#  Angle Spacing/C.I. Aperture Permeability Distance Pattern

22 (2 3)3 1.5559
1812
1657
1687
1655
634
1728
1685
590
689
1752

1.8028 5088.74 F
1.722 5521.86 F

1.7316 5553.23 F
1.6748 5775.18 F
1.4988 5782.69 D
1.7898 5815.86 F
1.6825 5925.9 F
1.4894 6311.51 D
1.7263 6407.14 D
1.9203 6829.17 F

Table L33. Geometric and hydraulic properties o f the ten closest models in principal
com ponent space to Test Case 22.
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Figure 1.17. Breakthrough curve o f  closest model to Test Case 22.

Test Case 22 Identified Position Angle Spacing/C.I. Aperture Pattern Set Percolating
Method 1 - X X T T T T
Method 2 X - - - - - -

Method 3 - X T X T T T
Table 1.34. Performance of Test Case 22.
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Model # Angle Spacing/C.I. Aperture Permeability Distance Pattern
23 (1 2)2 (2 3)3 (3-4)3 7.4916 0 F

2659 3 0 3 8.9817 5775.54 G
1959 0 0 3 25.2482 6036.25 G
799 1 4 4 7.4953 6080.48 D

2446 2 0 3 9.6305 6639.12 G
2370 1 0 2 72115 6768.57 G
1502 0 4 4 7.236 6778.48 E
1458 0 4 3 7.0311 7133.19 E
2371 1 2822 2 7.7479 7147.26 G
2689 3 0 3 3.8181 7163.61 G
2144 0 3783 2 93896 7374.86 G

Table L35. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 23.
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Figure 1.18. Breakthrough curve o f  closest model to Test Case 23.

Test Case 23 Identified Position Angle Spacing/C.1. Aperture Pattern Set Percolating
Method 1 - - X X T X X T
Method 2 T 3 X X X X T T
Method 3 - - X X X X X T

Table 1.36. Performance of Test Case 23.
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Model # Angle Spacing/C.I Aperture Permeability mVm^ Distance Pattern

24 3 3 1.5552 0 F
593 4 2 3 1.4862 5885.05 D
637 4 2 4 1.4984 6503.51 D
1684 2 2 4 1.7144 6748.51 F
486 2 2 3 1.5236 7032.48 D
1654 2 2 3 1.7052 7497.97 F
1692 2 2 4 1.5438 7630.44 F
453 2 2 4 1.5359 7731.11 D
692 4 3 2 1.743 8175.9 D
1662 2 2 3 1.5376 8424.25 F
1782 1 2 4 1.9298 8943.83 F

Table L37. Geometric and hydraulic properties o f the ten closest models in princ
component space to Test Case 24.
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Figure 1.19. Breakthrough curve o f  closest model to Test Case 24.

Test Case 24 Identified Position Angle Spacing/C.1. Aperture Pattern Set Percolating
Method 1 - - X X T X T T
Method 2 T 4 X X T X T T
Method 3 - - X X T X T T

Table 1.38. Performance of Test Case 24.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern

25 (1 2 * 3 2 4.7493 0 F
1453 0 4 3 6.1649 2840.42 E
844 1 4 2 4.9892 4552.33 D
1497 0 4 4 62858 4754.58 E
2626 2 0 2 4.8161 5118.58 G
3090 4 1191 2 3.9148 5284.7 G
3089 4 4435 2 6.4318 5679.17 G
1360 1 4 4 6.8326 5886.89 E
1316 1 4 3 6.4615 5962.74 E
2104 0 209 2 6.4642 6050.38 G
2625 2 0 2 4.4494 6395.73 G

Table L39. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 25.
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Figure 1.20. Breakthrough curve o f  closest model to Test Case 25.

Test Case 25 Identified Position Angle Spacing/C.l. Aperture Pattern Set Percolating
Method 1 - X X X X T T
Method 2 X - - - - - -

Method 3 - X X T X X X
Table 1.40. Performance of Test Case 25.
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Model # Angle Spacing/C.l. Aperture Permeability Distance Pattern

26 3 (2-3)3 2 1.542 0 F

1657 2 2 3 1.722 5806.8 F

1687 2 2 4 1.7316 5978.87 F

1717 2 2 2 1.6133 6664.97 F

1655 2 2 3 1.6748 6814.55 F

1812 1 2 2 1.8028 6816.74 F

1685 2 2 4 1.6825 6882.6 F
634 4 2 4 1.4988 6939.75 D
590 4 2 3 1.4894 7094.65 D

769 1 1 4 1.5477 7389.25 D
1752 1 2 3 1.9203 7722.35 F

Table L41. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 26.
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Figure 1.21. Breakthrough curve o f  closest model to Test Case 26,

Test Case 26 Identified Position Angle Spacing/C.l. Aperture Pattern Set Percolating
Method 1 - - X X X T T T
Method 2 T 7 X X X X T T
Method 3 - - X X X T T T

Table 1.42. Performance of Test Case 26.
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Model # Angle Spacing/C.l. Aperture Permeability m Distance Pattern

27 C 2)2 (2 3)3 (3-4)3 7 2325 0 F
2689 3 0 3 3.8181 6961.44 G
207 0 4 4 6.8756 7022.49 D
1496 0 4 4 8.7105 7687.28 E
799 1 4 4 7.4953 7749.03 D

1959 0 0 3 25.2482 7898.99 G
2902 4 0 3 83117 8529.89 G
267 0 4 3 6.6403 8600.46 D
2688 3 0 3 3.6416 8647.68 G
1452 0 4 3 83827 8729.66 E
2989 4 0 5 2.6736 8823.31 G

Table L43. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 27.
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Figure 1.22. Breakthrough curve o f  closest model to Test Case 27.

Test Case 27 Identified Position Angle Spacing/C.l. Aperture Pattern Set Percolating
Method 1 - X X T X X T
Method 2 X - - - - -

Method 3 - X X T X X T
Table 1.44. Performance of Test Case 27.
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Model # Angle Spacing/C.l. Aperture Permeability m^/m^ Distance Pattern
28 1 0 (2-31^ 9.8984 0 G

1315 1 4 3 7.6152 4724.67 E
1359 1 4 4 8.1399 5302.37 E
2130 0 0 2 82958 5516.66 G
2131 0 2300 2 8.4489 5675.08 G
2352 1 0 2 53192 5790.01 G
2353 1 0 2 5.6883 5955.91 G
756 1 4 3 8.4699 6009.56 D

2181 1 309 3 26.829 6064.32 G
2151 0 0 2 8 2728 6083.77 G
2380 1 542 2 63501 6099.74 G

Table 1.45. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 28.
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Figure 1.23. Breakthrough curve o f  closest model to Test Case 28.

Test Case 28 
Method 1 
Method 2 
Method 3

Identified Position Angle Spacing/C.l. Aperture Pattern Set Percolating

Table 1.46. Performance of Test Case 28.
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Model # Angle Spacing/C.I. Aperture Permeability m^/m^ Distance Pattern
29 (2-3)1 0 3 7.4646 0 G

2436 2 0 3 8.9525 4429.54 G
2415 2 0 3 9.9364 4522.89 G
2439 2 0 3 11.6028 5155.49 G
2430 2 0 3 6.728 5472.08 G
2665 3 0 3 14.4108 5839.36 G
2664 3 0 3 13.4242 5924.83 G
1963 0 227 3 34.1306 6092.39 G
2434 2 0 3 10.6067 6098.61 G
2443 2 0 3 83158 6131.27 G
2710 3 0 3 5.1985 6198.54 G

Table L47. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 29.
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Figure 1.24. Breakthrough curve o f  closest model to Test Case 29.

Test Case 29 Identified Position Angle Spacing/C.l. Aperture Pattern Set Percolating
Method 1 - X T T T T T
Method 2 X - - - - - -

Method 3 - T T T T T T
Table 1.48. Performance of Test Case 29.
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M odel# Angle Spacing/C.l. Aperture Permeability m^/m^ Distance Pattern
30 5724 77.9061 G

2417 2 6190 3 74.7094 5006.13 G
2228 1 5281 3 88.3284 5368.37 G
2420 2 5966 3 73.8542 6223.61 G
2246 1 5639 3 117.661 6301.45 G
2426 2 5329 3 78.6102 6407.66 G
2723 3 5198 3 73.7538 6444.48 G
2225 1 5465 3 84.4982 6575.09 G
2477 2 5448 3 66.5693 6666.79 G
2465 2 6098 3 71.7245 6706.8 G
2735 3 6154 5 2489.86 6727.83 G

Table 1.49. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 30.
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Figure 1.25. Breakthrough curve o f  closest model to Test Case 30.

Test Case 30 Identified Position Angle Spacing/C.l. Aperture Pattern Set Percolating
Method 1 - X T T T T T
Method 2 X - - - - - -

Method 3 - T T T T T T
Table 1.50. Performance of Test Case 30.
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M odel#  Angle Spacing/C.l. Aperture Permeability m^/m^ Distance Pattern

31 (2 3 » 5093 (23)3 22.0203 G
2234 1 5224 3 62.5778 5524.42 G
2666 3 5198 3 77.5913 7568.72 G
2000 0 4377 3 101.444 7573.48 G
2309 1 5224 5 1985.72 8852.75 G
1937 0 4469 3 94.4663 9593.25 G
2003 0 4340 3 103.655 9742.93 G
2462 2 4688 3 62.3216 9951.08 G
2231 1 4138 3 72.3421 10070.69 G
2021 0 4009 5 3411.26 10294.21 G
2723 3 5198 3 73.7538 10317.76 G

Table LSI. Geometric and hydraulic properties o f the ten closest models in principal
component space to Test Case 31.
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Figure 1.26. Breakthrough curve o f  closest model to Test Case 31.

Test Case 31 Identified Position Angle Spacing/C.l. Aperture Pattern Set Percolating
Method 1 - X T T T T T
Method 2 X - - - - - -

Method 3 - X T T T T T
Table 1.52. Performance of Test Case 31.
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