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ABSTRACT 

 

INSIGHTS FROM USE OF A 3-D DISCRETE-FRACTURE NETWORK NUMERICAL MODEL 
FOR HYDRAULIC TEST ANALYSIS 

 

Kenley P. Bairos     Advisors: 
University of Guelph, 2012    B.L. Parker, J.W. Molson, J.A. Cherry  
 
 

Transmissivity (T) and Hydraulic apertures are often calculated from hydraulic test data 

obtained in fractured rock using analytical solutions such as the Thiem and cubic law equations 

developed for flow through unconsolidated porous media.  These analytical solutions use a variety 

of simplifying assumptions, which are often violated due to the complex nature of flow through 

fractured rock systems which introduces error into the calculated hydraulic apertures.   A 3-D 

discrete fracture network numerical model (SMOKER) for flow in dual-permeability media was 

used to simulate constant-head straddle packer tests to assess the errors in fracture 

characterization that result from deviations from the Thiem and cubic law assumptions caused by 

permeable rock matrix, variable aperture fractures, and complex flow patterns.  The simulations 

indicate that SMOKER offers potential as a useful tool for representing non-ideal scenarios of rock 

and fracture network characteristics to assist in estimates and error analysis in T values and 

resultant errors in hydraulic aperture. 
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Background and Problem Statement 
 
The importance of ground water as a resource is increasing steadily in the developed world in response 

to a rising demand for water.  With industry, agriculture and municipalities relying more heavily on 

groundwater for their water supply; there has been a growing need to increase our understanding of 

ground water aquifers and the hydraulic characteristics that control them.  Investigating subsurface 

hydraulic characteristics is challenging and despite advancements in hydraulic testing technology, many 

hydraulic parameters are still difficult to determine due to the scale and complexity of subsurface 

investigations.  This is especially true when investigating the hydraulic characteristics of fractured rock 

aquifers, one of the most common sources of ground water supply, where flow is dominated by the 

geometry of the fracture network.   In these systems, fractures can act as a conduit for flow providing 

easy pathways for water to move through the rock, an otherwise restrictive medium.  These high 

permeability pathways are of particular importance when considering the ability of contaminants to be 

distributed through such systems.  Modern contaminant hydrogeology has recognized that 

contaminants can reside predominately in the porous rock matrix and be transported by fluid through 

fractures.  Rates at which contaminants travel through the sub-surface are of particular importance 

when assessing potential impacts to clean water sources.  The Ontario Government, for example, has 

adopted a “travel time” approach for assessing threats to municipal drinking water sources which is 

greatly dependent on fracture characterization (MOE, 2004).  Therefore, obtaining accurate data that 

describes the physical nature of fractures in an aquifer is extremely important for understanding both 

hydraulic and contaminant behavior in fractured rock systems.   

Fractured rock hydrology is based on the idea that flow occurs through a series of connected fractures 

which transmits flow at a rate controlled by the properties of the fractures and the rock matrix.  This 

concept is illustrated below in Figure 1. 
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Figure 1: Flow through fractured rock aquifers is based on the concept that water flows through a series of well 
connected fractures. Well connected series of fractures transmits flow at a rate controlled by characteristics of 
fractures, fracture network and matrix. 

The complexity of these flow systems makes it extremely difficult to characterize them with a great level 

of certainty on the field scale.  Attempts to understand contaminant migration and fate in fractured 

sedimentary rock has given rise to the Discrete Fracture Network (DFN) approach (Parker, 2007).  This 

method utilizes a number of sophisticated, high-resolution methods to obtain measurements in 

coreholes of contaminants, geology, fracture locations and hydraulic characteristics in the field.  Field 

measurements are then input into discrete fracture network numerical models (e.g., FRACTRAN (Sudicky 

& McLaren, 1998), FEFLOW (Trefry & Muffels, 2007), FRACMAN (Golder, 2010), SMOKER-HEATFLOW 

(Molson & Frind, 2010) and HydroGeoSphere (Therrien, et al., 2010)) in order to develop powerful 

numerical tools for testing, and validating components of conceptual site models and simulating flow 

and contaminant transport in fractured rock aquifer systems.   

Packer testing is a conventional hydraulic testing technique often employed in the DFN approach to 

derive values of hydraulic conductivity and fracture aperture, important input parameters for DFN 

numerical models.   This technique allows hydraulic tests to be conducted in depth-discrete intervals, 

isolated from the rest of the borehole using two inflated packers (e.g., U.S. Bureau of Reclamation, 1974 

& 1977; NRC, 1996; Sara, 2005; Nielsen, 2006).  Four very different categories of hydraulic tests 

conducted within packer intervals are reported in fractured rock literature, including constant head step 
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tests (e.g. Maini, 1971; Gale, 1975; Doe et al., 1981; Price et al., 1982; Mackie, 1982; Lapcevic, 1988; 

Novakowski et al., 1997), pumping tests carried out to near steady state (e.g., (Rushton & Weller, 1985; 

Huntley et al., 1992; Gernand & Heidtman, 1997; Lee & Lee, 1999; Andrews et al., 2002), recovery tests 

involving the response after the pump is shut off (e.g. Horner, 1951; Pollard, 1959; Jacob, 1963; 

Gringarten & Witherspoon, 1972), and slug tests including rising and falling head (e.g. Schwartz, 1975; 

Barker & Black, 1983; Shapiro & Hsieh, 1998; Lee & Lee, 1999; Svenson et al., 2007; Schweisinger et al., 

2009;).  These hydraulic tests are used to obtain interval-specific transmissivity values which are then 

converted to a hydraulic aperture using the Cubic law as described by Snow (1965) based on flow 

through smooth parallel plates, whereby the groundwater flow in each fracture is proportional to the 

aperture cubed.  The squared relationship between aperture and ground water velocity in the Navier-

Stokes equations means that ground water flow and fluid flux values in DFN numerical models are very 

sensitive to fracture aperture.  Therefore, there is a great need to reduce errors in the characterization 

of fracture apertures as much as possible so as to ensure a high degree of accuracy in the output of 

these models.  However, the most common analytical models used to calculate transmissivity values 

(e.g. Thiem, Theis) are based on porous media conceptualizations which assume:  flow is Darcian and 

radial, and flow occurs in a totally confined layer that is homogeneous, isotropic and of infinite extent 

(no lateral boundaries).  In reality, flow through fractured rock does not occur in a way which is 

consistent with these assumptions due to the complex arrangements of fracture networks and dual 

permeability effects caused by flow in the matrix and/or small fractures.  Figure 2 presents a series of 

illustrated examples of how flow through fractured rock can deviate from these assumptions due to the 

nature of these systems.   



4 
 

 
Figure 2: Thiem equation is based on idealized assumption that flow through fractures is confined, radial, and 
homogeneous.  In reality, flow through fractured rock can deviate from these assumptions because a) flow can 
occur into rock matrix, b) fractures have variable aperture, and c) fractured rock aquifers exist as complex 
networks of fractures with various connections. 

Causes of deviation include flow to/from fractures into the matrix, variable aperture fractures and 

complex fracture geometry.  Because the complex hydrodynamic characteristics of fractured rock are 

commonly different than those assumed in the porous media models, errors can arise for fracture 

characteristics produced from packer tests where the data are analyzed using common analytical 

methods without validating the assumptions inherent in the mathematical models.  

Various authors have recognized issues concerning the non-ideal nature of fractured rock and work has 

been done to attempt to identify and reduce error associated with fracture characteristics obtained 

through the use of packer tests in fractured rock (e.g. Quinn et al., 2011).  Most recently, Quinn et al. 

used a high-resolution packer system to quantify the effects of non-Darcian flow associated with this 

type of testing in fractured sedimentary rock.  In order to gain a greater understanding of the potential 

errors associated with fracture characteristics derived from such tests, we must investigate how the 

deviations from EPM assumptions caused by the physical characteristics of a fractured rock system itself 

can influence packer test results.  This task is virtually impossible to accomplish with current field 

techniques due to our inability to obtain a complete and detailed understanding of the fracture network 

controlling the flow dynamics during a hydraulic test.  However, computer-modeling software can 
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simulate hydraulic processes in a simplified, user-defined fractured domain, which offers a means of 

investigating the precision and accuracy of packer test derived apertures under various fracture and 

matrix conditions.  Thus, by using a DFN numerical model, a direct comparison can be made between 

the user-defined fracture characteristics of the model and the fracture characteristics calculated using a 

simulated packer hydraulic test to obtain a measure of the tests accuracy.  

Conceptualization and Modeling of Fractures and Flow in Fractured 
Porous Rock 
 
In all subsurface materials, discontinuities exist to some degree and occur on a scale ranging from micro 

cracks to crustal rifts (Bonnet, et al., 2001).  Fractures occurring in rock act as hydraulic conductors 

providing preferential pathways for fluid flow through a less permeable medium.  Fractures occur in 

highly complex discrete fracture networks (DFN) of varying aperture, roughness, tortuosity and length 

that control the flow dynamics of a ground water system in rock based on fracture frequency and their 

inter-connectivity.   This conceptualization of fractured rock was first introduced by Snow (1965) who 

represented fracture networks with a series of interconnected parallel plates of variable aperture and 

length.  The result is a highly heterogeneous and anisotropic aquifer displaying hydraulic behavior that 

differs greatly from homogeneous aquifers often associated with sand and gravel deposits (Berkowitz, 

2002).   

 

The main conceptualizations of fractured porous rock adopted by researchers can be put into three 

groups: single porosity models, dual porosity models and discrete fracture models. 

Single porosity models attempt to represent fractured rock aquifers as equivalent porous media (EPM).  

These models work under the assumption that at a large scale, a network of fractures will distribute flow 

much like porous media.  The rock matrix and fractures are treated as one entity and parameters such 

as conductivity and porosity are given bulk values and do not distinguish between the two flow regimes.    

This approach was developed by Marcus (1962), Parsons (1966), and Snow (1970).  It requires only bulk 

estimates of hydraulic properties, and, thereby, avoids the problem of detailed characterization of the 

fractured geometry.   Long et al. (1982) applied the theory of flow through fractured rock and 

homogeneous anisotropic porous media to determine when a fractured rock behaved as an EPM.  This 

work showed that fractured rock behaved as a continuum when there is an insignificant change in the 

value of the equivalent permeability when a small addition or subtraction to the test volume occurs; and 

when an equivalent permeability tensor exists which predicts the correct flux when the direction of a 
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constant gradient is changed (Long et al., 1982).  Khaleel (1987) also applied the EPM approach to 

simulate fluid flow in saturated fractured basalt.  In evaluating this approach for fluid flow through 

fractured rock, a two-dimensional generation region was selected and fracture patterns were produced 

according to presumed descriptions of the real fracture system.  Conclusions derived from this work 

were similar to Long et al. in that, from a mathematical standpoint, fractured rock can be approximated 

as an equivalent porous medium when an equivalent hydraulic conductivity tensor exists which 

produces the correct fluid flux under an arbitrary hydraulic gradient direction (Khaleel 1987). This 

approach can at times be useful for regional ground water flow applications but is not suitable for 

modeling small-scale fracture/matrix flow interactions or for investigating deviations from EPM models. 

 

Dual porosity models represent fractures and matrix as two separate porosity units. The development of 

this conceptualization stems from data obtained during large-scale hydraulic tests that suggested that 

fractures and the matrix both contributed to flow in varying degrees.  This situation was first addressed 

mathematically by Barenblatt et al. (1960) and Warren and Root (1963) who derived an analytical 

solution for single-phase, unsteady-state flow towards a well in a homogeneous fractured reservoir.  

Barenblatt et al. (1960) formulated the equations of flow for fractured reservoirs of double porosity 

through a continuum approach.  In his model, the two media, fracture network and matrix blocks, were 

considered to be overlapping continua, whereby the flow and medium parameters were defined at each 

mathematical point.  Unsteady-state flow within the fractures and quasi-steady state flow from the 

homogeneous rock blocks to the randomly distributed fractured were considered. Warren-Root’s (1963) 

model represented the fractured reservoir as an idealized system represented by identical rectangular 

blocks, separated by an orthogonal network of fractures.  Flow towards the borehole was considered to 

take place in the network, while the matrix continuously fed the system of fractures under quasi-steady 

state flow conditions.  These works provided the basis for more advanced dual porosity models 

developed later by researchers (e.g. Kazemi 1968, Braester 1972, de Swaan 1976, Abdassah and 

Ershaghi 1986).   This research has shown that dual porosity models can provide an accurate 

representation of flow dynamics in a fractured aquifer however it fails to characterize the geometry of 

the fracture network and thus is incapable of modeling geometry-dependent fracture flow that occurs in 

reality.   

 

Discrete fracture network (DFN) numerical models recognize fractures as separate elements and are 

able to provide numerical solutions for flow within fractures that incorporate the contribution of flow 

from the surrounding matrix.  Snow (1965, 1970), and Hudson and Priest (1976) first introduced this 
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approach by studying naturally fractured reservoirs using two-dimensional fracture network models. In 

the models, stochastic distributions for the fracture set characteristics, such as facture spacing, 

orientation, length and aperture, were used to estimate the permeability of a fractured rock system. 

Later, Long et al. (1985) developed a model for steady state fluid flow in a random three-dimensional 

network of fractures.  In this model, fractures were represented as disc-shaped discontinuities in an 

impermeable matrix.  These fractures can be arbitrarily located within the rock matrix and have any 

desired distribution of aperture, density and orientation.  A mixed analytical-numerical technique was 

used to calculate steady state flow through the network.  The result is a more realistic depiction of 

fracture flow dynamics that offers a means of modeling the complex fracture/matrix interactions at 

small and large scales.  Although some fracture characteristics such as fracture aperture and length are 

included in this conceptualization, many current DFN models do not incorporate highly realistic fracture 

elements.  Natural fractures in rock have tortuous geometries comprised of rough walls and varying 

apertures influenced by contact area of rock that often contribute to non-Darcian flow dynamics. 

Although much work has been done to incorporate the natural complexity of fractures into discrete 

fracture network flow models (Crandall, Ahmadi, & Smith, 2010, Nazridoust, Ahmadi, & Smith, 2006, 

Masciopinto, et al. 2010), they are yet to be included in most standard DFN modeling software 

packages.  Instead, many commercial codes developed for modeling fluid flow in fractured media 

(FRACMAN, FEFLOW, SMOKER etc.) represent fractures as frictionless, parallel planes separated by a 

void space.  This practice is based on early work done by Lomize (1951) and Snow (1965) who suggested 

that fractures could be represented as smooth parallel plates with a constant aperture equal to the 

mean aperture of a rough-walled fracture.  This parallel plate model is the simplest model of flow 

through a rock fracture (Huitt, 1955; Snow 1965) and allows for simulations of dense, complex networks 

as they have a relatively low computational cost.  This fracture model is also the basis for the “cubic law” 

(Snow 1965, Witherspoon et al., 1980) one of the main analytical solutions for deriving aperture values 

from packer test data.  The cubic law assumes that fractures can be represented by two smooth, parallel 

plates separated by an aperture 2b as is shown below in Figure 3.   
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Figure 3: The Cubic Law is based on the simplifying assumption that the variable nature of apertures in natural rock 
fractures can be represented by smooth parallel plates seperated by a distance reffered to as 2b. 

Flow takes place in between these plates from inlet to outlet under a constant gradient bounded by 

rigid, impermeable walls that constitute no-slip boundary conditions at a specific width.  In DFN models 

this conceptual fracture model is applied to each individual fracture in a three-dimensional fracture set 

to simulate flow through a series of interconnected fractures.  

Calculation of Transmissivity and Aperture from Packer Test Results in Fractured Rock 

Multiple types of hydraulic tests can be conducted using packer testing techniques in fractured rock 

(Quinn et al. 2011). Data from these tests are typically analyzed using common analytical solutions that 

describe a mathematical relationship between the observed data and a hydraulic parameter.  When 

conducting constant head step tests in packer intervals, steady state flow rates (Q) and changes in head 

within the interval (△h) are obtained at a number of steps of increasing pressure to identify linear data 

on plot of flow vs. head change. A value for Transmissivity (T) is obtained using the slope of the linear 

data (Q/dh) in the Thiem equation: 

                                                                        𝑇 = 𝑄
2𝜋∆ℎ

𝑙𝑛 �𝑟2
𝑟1
�              (1) 

 
where Q is the flow rate (m3/s), r1 and r2 are the radial distances of the monitoring wells to the pumping well (m) 
(the pumping well itself can often be used as one of the monitoring wells in which case the distance r1 is the well 
radius – see below), and △h is the change in head observed at the respective monitoring well (m). 
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The Thiem equation is based on the assumption that the tested aquifer has a seemingly infinite areal 

extent and is homogeneous, isotropic and confined to a uniform thickness.  It also assumes that flow is 

perfectly radial and Darcian and that injection/pumping occur at a constant rate.  Originally developed 

to interpret pumping test data in granular porous media using two observation wells, the Thiem 

equation is often used to interpret data from single well packer tests (e.g., Gale 1975, Doe et al. 1981, 

Lapcevic 1988, Novakowski et al. 1997).  The single well application of this formula theorizes that at a 

certain distance from the well (r0), pumping, or injection, will cease to have an observable influence on 

the static water table.  This concept is illustrated in figure 4, which shows a conceptualization of how a 

packer injection test modifies the profile of the original water table outwards from the well to a certain 

distance.  

 

Figure 4: The “radius of influence” (r0) is the assumed distance from the well where pumping or injection ceases to 
have an effect on the static hydraulic conditions of the system. This parameter is used in the Thiem equation for 
computing transmissivty from results from a single well test where observations of head at multiple radii from the 
well are not available. 
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The radial distance from the borehole where the influence of the injection on the natural static 

conditions ceases is known as the radius of influence.   This “radius of influence” becomes a theoretical 

monitoring point, replacing the r2 term with the assumed distance r0 where the head is believed to be 

equal to the static water table.  The second monitoring point becomes the pumping/injection well itself 

where the radial distance is set to the radius of the well (rw) with a head change observed (Δh) within 

the test well to represent the total head change in the aquifer.  Figure 5 provides a visualization of how 

the Thiem equation is applied in the field to derive transmissivity values of fractured rock environments 

for both multiple, and single well cases.   

a) 

 

b) 

 

 

Figure 5: a) Calculating transmissivity using Thiem equation in fractured media from a hydraulic test with two 
monitoring wells involves the measurement of head levels (h1, h2) at two distances (r1,r2) from the borehole at 
steady state during constant pumping at known rate Q.  b) Thiem equation for single well test uses the head 
change in a single well (h2-h1) that results from pumping at a known flow rate (Q) to calculate transmissivity by 
replacing the r2 and r1 terms with an estimated radius of influence term (r0) and the radius of the well (rw). 
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The greatest uncertainty associated with the single well application of the Thiem equation lies in the 

assumption of the radius of influence (r0) term since its true value cannot be measured with a single well 

and its value changes depending on the characteristics of the aquifer and the flow rate.  The uncertainty 

in r0 is generally accepted as small because it is located in the natural log term. In the literature various 

selections of r0 are reported for use with fracture rock data [e.g., r0=60 m (Maini, 1971); r0=2 ft (Ziegler, 

1976); r0=30 m (Haimson & Doe, 1983); 10<r0<15 m (Bliss & Rushton, 1984); r0=10 m (Novakowski and 

Bickerton, 1997)].  The selection of an appropriate radius of influence is part of the scope of this work 

and is investigated in later chapters.   

Although originally used for hydraulic tests in unconsolidated media, the Thiem equation is often used 

to derive the transmissivity of fractures from hydraulic tests in fractured rock aquifers with the idea that 

flow through fractures can be analogous to porous media.  If Thiem assumptions are met in a fractured 

rock system, the Q/Δh relationship described in Equation 1 will reflect the transmissivity of the fractures 

involved in transmitting that flow.  Thus, by assuming the rock matrix is impermeable, and that flow 

meets the validating requirements of the Thiem equation, data from packer injection tests can be used 

to derive the combined transmissivity of the fractures within a test interval in the field.       

Much work has been done to describe the flow of a viscous, incompressible fluid through fractures 

(Lomize, 1951), (Polubarinova-Kochina, 1962) (Snow, 1965) (Romm, 1966) (Louis, 1969) (Bear, 1972) 

(Freeze and Cherry 1979) (Witherspoon, Wang, Iwai, & Gale, 1980) and (Novakowski 2000).  Analytical 

solutions to the problem have been derived using a simplified form of the Navier-Stokes equations 

(vy=vz=0), in which the groundwater velocity in a smooth parallel plate fracture is directly proportional 

to the fracture aperture squared.  Using this model, researchers have shown that under laminar flow 

conditions, the hydraulic conductivity of a fracture with an aperture 2b can be represented by 

                                                                     𝐾𝑓 =  (2𝑏)2𝜌𝑔/12𝜇                                                                          (3) 

If the flow is steady and isothermal, the flux per unit drop in head can be determined using Darcy’s law 

and may be written in simplified form as  

                                                                             𝑄
∆ℎ

= 𝐶(2𝑏)3                                                                                (4) 

where C is a constant, which in the case of radial flow is given by  
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                                                                   𝐶 = � 2𝜋
ln (𝑟2 𝑟1⁄ )

� � 𝜌𝑔
12𝜇

�                                                                           (5) 

       (Witherspoon, et al., 1980) 

This equation is then rearranged to solve for aperture and incorporate transmissivity as defined by the 

Thiem equation (Snow, 1965). 

                                                                          2𝑏 = �12𝜇𝑇
𝜌𝑔𝑁

�
1
3                                                                                 (6) 

Where 2b is the hydraulic aperture assuming smooth parallel plates [L], µ is the absolute viscosity of 
water [M/LT], ρ is the density of water [M/L3], and N is the number of hydraulically active fractures in 
the test interval and assumes all fractures are identical. 

The cubic law is valid for Darcian flow through open, parallel plate fractures and has been validated in 

single fractures under Darcian conditions.  The cubic law is commonly used to derive fracture apertures 

from interval transmissivity determined from packer injection tests in rock.  Typically, it is assumed that 

flow from the injection interval is completely confined to the fractures thus making the derived 

transmissivity a measure of the transmissivity of the hydraulically active fractures.  This transmissivity is 

then converted to an aperture using Equation 6.  There are three significant limitations of the cubic law.  

First, it assumes a constant fracture aperture, whereas fractures typically exhibit points of contact or 

asperities that can hinder flow.  It also makes the assumption that all fractures are the same aperture 

which leads to an average hydraulic aperture that may vary significantly from the largest and smallest 

fractures actually present.   Finally, it is extremely difficult to identify the number of hydraulically active 

fractures (N) in a test interval.  As a result, apertures derived from hydraulic test data are often rough 

estimates and must be looked at with caution.   

There are multiple issues associated with using the cubic law to analyze field derived data which stem 

from the fact that fractures do not exist as smooth parallel plates and flow through them is often non-

Darcian which influences the fluid dynamics and violates the analytical assumptions. Much work has 

been done to investigate the degree to which cubic law derived apertures deviate from reality which has 

lead to proposed correction factors, and effective aperture estimations to account for the effect of 

surface roughness and tortuosity (Iwai, 1976; Witherspoon et al., 1980; Tsang 1984, Brown, 1987; Pyrak-

Nolte et al., 1987; Zimmerman and Bodvarsson, 1996; Ge, 1997; and Waite, 1998).  These works confirm 

the importance of recognizing the error caused by the variable nature of fractures when conducting 

hydraulic test analysis.  It also shows the degree of uncertainty that is inherent in the fracture 

characteristics that are derived using the cubic law.  More recently, advanced computer modeling 
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techniques have been used to analyze how the variable nature of fractures influences the 

hydrodynamics of fracture and highlight the limitations of the cubic law. A comprehensive review of 

these methods and the state-of –the science regarding modeling fluid flow through fractures and 

fracture characterization is presented in the literature (Berkowitz, 2002; Neuman, 2005).  Much of the 

work to date does not provide a direct analysis of the errors involved in cubic law derived apertures 

calculated from injection test.  Specifically, none attempt to use numerical models to simulate packer 

injection tests to investigate how deviations from Thiem, and cubic law assumptions directly influence 

the pressure change within the borehole and in turn the calculated values of fracture transmissivity and 

aperture.  For example, Sarkar, et al., (2004) use computer simulations of flow in parallel plate fractures 

to assess how variability in fracture aperture and connection can influence the aperture predicted from 

the cubic law by observing flow rates in the fracture.  The work presented in this paper focuses on 

observing pressure changes in an injection interval caused by a known injection rate instead of flow 

rates in the fracture to simulate the data available to a researcher when conducting a packer test in the 

field. 

Thesis Hypothesis and Scope 
 
This thesis is based on the hypothesis that the nature and magnitude of errors inherent in T and 

aperture values obtained by constant head step tests in fractured rock can be illustrated using a 3-D DFN 

numerical model by simulating the deviation between the ideal hydrogeological conditions assumed in 

the Thiem equation, and the non-ideal conditions which can exist in reality.  To test this hypothesis, the 

goal is to use a particular 3-D DFN numerical model known as SMOKER to simulate constant head 

injection tests in a packed-off, isolated interval in a fractured domain with assigned properties.  

Constant head injection tests were selected to study because of their prominent use in the 

hydrogeologic industry as well as their steady state nature which makes the test easy to simulate in 

numerical models.  Several different hydraulic scenarios that cause flow to deviate from the ideal 

assumptions made in the EPM-based Thiem solutions and cubic law are assessed, such as dual 

permeability effects, influence of variable fracture apertures and the effects of complex fracture 

connectivity as illustrated in figure 2.  Focus was placed on studying error associated with Thiem-derived 

fracture characteristics due to its popularity in both practice and in the literature as well as its relative 

simplicity.  The effects of dual permeability on predictions of aperture are investigated through 

simulations with various matrix hydraulic conductivity as well as fracture aperture values.  The influence 

of non-homogeneity is addressed by experimenting with various fracture networks that could result in 
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flow dynamics that deviate from this assumption including cross-connecting fractures, variable aperture 

fractures, as well as networks connected in series and parallel.  Fracture and matrix properties assigned 

to the model were based on observations made in a sedimentary rock aquifer at the Guelph Tool 

Research site in Guelph, Ontario by Belan (2010), and Quinn et al., (2011a, 2011b) in order to be 

consistent with realistic ranges of fracture aperture and conductivity for sedimentary fractured rock 

aquifers.  Fracture and matrix characteristics derived through this research were obtained using a 

variety of hydraulic and geo-statistical methods including inspection of rock core, acoustic tele-viewer, 

pumping tests, injection tests, slug tests, and constant head step tests.   These methods produced 

fracture apertures that ranged from 50um-500um and matrix hydraulic conductivity values ranging from 

1.0x10-7 m/s to 3.5x10-9 m/s.  Fracture and matrix characteristics used in the model encompassed a 

slightly wider range of both facture aperture and matrix conductivity values in order to investigate the 

problem in a broader context.  The numerical model used for all experiments presented in this thesis 

does not simulate non-Darcian flow, thus an analysis of the errors induced by non-Darcian flow 

conditions is beyond the scope of this research. 

Numerical Model to Simulate Packer Testing 
 
The packer tests simulated in this study are based on the system design of a high resolution, double 

packer system developed for testing hydraulic characteristics in fractured rock aquifers presented in 

Quinn et al., (2011).  This system uses a 1.5m test interval bound by two inflatable packers to conduct 

depth-discrete hydraulic tests.  Constant head tests are conducted by injecting water into this interval at 

a known flow rate until steady state flow and pressure change is evident.  This pressure change is 

measured using highly sensitive pressure transducers and analyzed using the Thiem equation in order to 

obtain a transmissivity value for the interval.  Pressure changes above and below the injection interval 

are also measured to monitor for leakage to the open hole which would lead to inaccurate results. 

Parameters needed for the design of simulated constant head injection tests in the numerical model 

(interval length, injection rate, borehole diameter) were taken from this study in order to produce 

experimental results that are relevant to packer tests in the field.   

For this research, a discrete fracture network numerical model called HEATFLOW-SMOKER (SMOKER) is 

used to simulate packer injection tests in fractured porous media.  Flow within this system is simulated 

using the saturated density-dependent groundwater flow equation (Molson and Frind, 2010).  The 

model can be used to solve one, two or three-dimensional mass or heat transport problems within a 
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variety of hydrogeological systems, including discretely fractured porous media.  Originally developed as 

a research tool to study aquifer thermal energy storage systems, the model can be used for virtually any 

application involving the storage or transport of mass or thermal energy in the subsurface where 

temperatures remain < 100 °C (Molson and Frind, 2010).  This model has been successfully applied to a 

variety of systems including applications to hydrothermal systems (e.g. “Black Smokers”, Yang et al. 

1996a,b; 1995; Yang and Edwards, 2000; Molson & Yang 2007), heat storage systems (Molson et al. 

1994, 1992, Molson and Frind 1994), thermal tracers in fractured porous media (Molson et al. 2007) and 

groundwater-surface water systems (Markle et al. 2004, 2006; Kalbus et al, 2007).  The model has been 

developed with some of the most efficient and powerful numerical algorithms available.  Finite 

elements are employed for high accuracy and to allow deformable domain geometry, and the Leismann 

time-weighting scheme (Leismann and Frind, 1989) has been incorporated to maintain matrix symmetry, 

which saves memory and execution time.  The mass and heat transport components of the model 

(HEATFLOW) will not be used in the work presented in this thesis as these processes are beyond the 

scope of this research.  Instead, this research will utilize the subsurface flow modeling abilities of the 

model to simulate the hydrogeologic processes of interest.   The capabilities of SMOKER, and its major 

assumptions are summarized below in Table 1.  A complete detailed user guide for the SMOKER 

numerical model is readily available (Molson and Frind 2010). 

Table 1: Summary of capabilities, assumptions and limitations of HEATFLOW-SMOKER (adapted from Molson and 
Frind 2010) 

Capabilities Assumptions and Limitations 

• 3D, 2D or 1D domains 
• Fully coupled density dependent flow and 

thermal transport. 
• Domain can be heterogeneous and anisotropic. 
• Deformable elements can conform to complex 

geometry. 
• Multiple sources and sinks can be 

accommodated including a variable pumping 
history. 

• Versatile boundary conditions options. 
• Automatic watertable search for unconfined 

aquifers. 
• Option available to include a partially saturated 

zone for thermal transport. 
• Accounts for effects of latent heat 
  

• 2D parallel-plate or 1D pipe orthogonal 
fractures 

• Non-deforming aquifer. 
• Fluid and solids are in local thermal equilibrium. 
• Fluid is incompressible. 
• Temperatures remain < 100 °C (i.e. no phase 

change) 
• Well bore storage and well losses are 

neglected. 
• Chemical reactions neglected. 
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The location and aperture of discrete fracture elements are assigned specifically in the SMOKER input 

code allowing for the development of a user-defined fracture network.  1D or 2D fractures can be used, 

however in this research all fractures were represented in 2D.  A fracture generator (FracGen) is also 

available that is compatible with the SMOKER model and allows for the creation of large, random 

fracture networks based on statistical inputs of fracture characteristics.  The FracGen program was not 

used for this research because it was more effective to create relatively small, user-defined networks 

with known fracture characteristics of length and aperture for the purpose of this research.  Although 

the SMOKER numerical software has the ability to run transient simulations, all simulations in this model 

were conducted at steady state. 

Model domain geometry is constructed in such a way as to maximize the available modeled area while 

maintaining reasonable simulation times.  When designing a model domain, there are several restricting 

factors.  These factors include the scale of the problem to be modeled, the amount of detail needed in 

the model output, computer processing speed, computation time, and number of simulations needed.  

Several domains of varying dimensions were developed and tested in the preliminary stages of the 

modeling process.  The domains were tested in order to find a size which was appropriate for the 

numerical simulations while considering the factors outlined above.  The scale of each experiment 

dictated the size of the domain with special attention being paid to ensuring the hydrological processes 

being examined were not influenced by the model boundaries.  The general form of a SMOKER 

generated domain is a three-dimensional system bounded by six faces which are assigned flow and (if 

needed) transport boundary conditions.  Figure 6 provides an illustration of the boundary faces that 

form the general model domain. Flow boundary conditions assigned to these faces may include: 

Impermeable, Fixed Head and Fluid Flux Boundary.  Specific lengths are given to each face in the x, y and 

z direction to define the geometry of the simulated aquifer.  

 



17 
 

 

Figure 6: SMOKER discrete fracture numerical model consists of 6 distinct boundary faces that can be assigned 
various boundary conditions including impermeable boundary, flux boundary, and constant head boundary.  

SMOKER supports a three-dimensional domain discretized using deformable hexahedral brick elements.  

Discretization of the domain into these grid elements defines the locations where solutions to the flow 

equation will be made and presented by the model.  Discretization of the grid was done so as to increase 

the density of elements near areas which experience large hydraulic changes over short distances (e.g. 

injection points, and fractures) and reducing the density where hydraulic changes were less drastic.  This 

reduces computational redundancy and maximizes the computational efficiency of the model while 

maintaining a detailed hydraulic profile in the simulated domain.  A suitable mesh geometry was found 

by increasing refinement until results were stationary within an acceptable limit of numerical precision.  

An example of an element distribution used for a simulated injection test is presented in figure 7, which 

illustrates a case where the injection test occurs within a small interval in the center of the domain.   

 

Figure 7: Example of hexahedral brick element discretization of model domain.  Grid refined around areas which 
exhibit high degree of pressure change over short distance such as injection points and fractures. 
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The grid is highly refined in both the vertical and horizontal directions where the injection takes place so 

as to ensure there are sufficient elements to capture the influence of the injection.   SMOKER 

accommodates the input of several hydraulic parameters associated with fractured rock aquifers.  

Hydraulic conductivity may be defined across the entire domain (homogeneous) and/or specified to 

indexed element ranges in the x, y, z directions to simulate heterogeneities within the aquifer.  For this 

research, a homogeneous, isotropic domain with respect to hydraulic conductivity was used for the 

experiments so as to eliminate the influence of matrix heterogeneities on the simulated packer tests 

and limit matrix influence to matrix/fracture interactions.       

Fractures in SMOKER can be represented by either one or two dimensional elements.  For this 

research, only two dimensional, parallel plate fractures are used to define the fracture geometry in the 

three-dimensional domains.  Simulated fractures are consistent with the discrete fracture network 

model in that they exist as frictionless parallel plates with defined apertures and lengths. Figure 8 

provides an illustration of how fractures are represented in SMOKER. 

 

Figure 8: Parallel-plate flow model for fractures in SMOKER.  Parallel-plate fractures are in the model are user-
defined in the x, y, and z dimensions by specifying a width (W), length (L) and aperture (2b). 

Fractures can be oriented vertically or horizontally and combined to create orthogonal sets with varying 

apertures and lengths to simulate fracture networks.  For larger networks and random distributions, the 

FracGen code is utilized to generate fracture geometries based on a mean and standard deviation of the 

fracture apertures, spacing, lengths and widths.  This code is also useful when attempting to simulate 

flow through real fractured rock systems from aperture and spacing data obtained in the field.    For a 
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majority of the tests presented in this thesis, fractures within each set are specifically designed and 

input individually by the user. 

SMOKER is able to simulate the injection of fluid at a specified rate at any area within the domain.  Fluid 

injection rates are assigned to a specified node or groups of nodes to simulate an injection point or 

interval.  For this research, a continual fluid injection rate (Q) is assigned vertically to a group of nodes 

over a defined distance to simulate injection tests within a packer interval.  The assigned nodes are 

coupled with a vertical, 1D line element that simulates the section of the well space in which the 

injection takes place.  This vertical “well” is given a half-aperture equal to the desired well radius and 

length corresponding to the desired interval length.  A continuous borehole is not included above or 

below the simulated injection interval because in an ideal packer test, the borehole outside the isolated 

interval has no effect on the results of the test and thus does not need to be included in the model 

design.  Simulating injection tests in this manner eliminates the presence of an open borehole above or 

below the injection interval which effectively simulates an isolated packer interval with zero leakage.  

When conducting simulated injection tests, the injection interval was placed on the near face of the 

model (y=0 symmetry plane) for computational efficiency.  This modeling technique is often employed in 

order to minimize domain area.  Knowing that the hydraulic dynamics in all experiments is radially 

symmetric, we can model half of the hydraulic system and eliminate the redundancy that comes by 

modeling the entire radial area of flow.  This technique provides a more efficient means of using the 

available model domain.   

Constraints and Limitations 
 
Several limitations exist when utilizing discrete fracture network models to simulate flow in fractured 

rock environments.  Some of these limitations and constraints are associated with DFN modeling in 

general as discussed by earlier researchers (e.g. Gale, 1982., Novakowski, 1988., Rutqvist, et al., 1992) 

while others are specific to the SMOKER model used for this study.  Because of the number of 

simulations conducted, model run times needed to be practical (less than 15 minutes).   Model run 

times are a function of computer processing speed and the numerical resolution of the model.  

Simulations were conducted using an Intel® Core™ 2 Quad CPU with 3 GHz processor with 3 GB of Ram.  

As such, the resolution of numerical elements needed to be within a certain range (less than two-million 

grid elements) in order to achieve the desired run times with the processing power available.  The model 

experiments needed to be designed in such a way as to eliminate boundary effects or numerical error.  

This was achieved by analyzing the model results in several scenarios and finding designs which were 



20 
 

suitable through trial and error.  Also, the SMOKER numerical model only allows for the incorporation of 

orthogonal fractures thus all fractures used in the experiments are either perfectly vertical or horizontal.  

This model also does not incorporate non-Darcian flow thus all results presented do not account for 

possible non-Darcian flow effects.  The matrix and fractures are assumed rigid, non-deforming under 

pressure changes.  The system is assumed saturated and temperature is assumed constant.  For the 

purposes of this research, the model was constrained to using typical field parameters observed for 

sedimentary fractured rock and therefore all input parameters that pertain to the characteristics of 

fractured rock aquifers (fracture aperture, matrix hydraulic conductivity, and fluid temperature) were 

within a specific range identified by research at the Guelph Tool Research site in Guelph, Ontario (Quinn, 

et al., 2011, Belan, 2010).  Simulations of hydraulic tests were constrained to the design and procedures 

used to perform constant head injection tests using packer equipment as outlined by Quinn et al., 2011.  

Although the SMOKER model is able to conduct transient simulations, all numerical experiments were 

conducted in steady state.    

Model Validation 

Testing flow simulations in an equivalent porous medium domain 
 
Preliminary modeling experiments were conducted to establish confidence in the model’s ability to 

simulate hydraulic tests.  For this, a simple three-dimensional equivalent porous medium domain was 

created which satisfied the physical assumptions made by the Thiem equation.  In this type of domain, 

the Thiem analytical solution should yield accurate estimates of transmissivity because flow dynamics 

are restricted to those that fall within the mathematical and physical limits outlined by the Thiem 

equation.  In this experiment, a fully screened well was placed at the boundary of the domain and 

injected at a known, constant rate (Q).  The observed change in well pressure was input into the Thiem 

equation to calculate a transmissivity value.  The transmissivity calculated using the Thiem equation was 

then compared to the true transmissivity (Transmissivity=hydraulic conductivity x thickness) of the 

simulated aquifer. The two observation well form of the Thiem equation was used to assess the 

accuracy of the model output in order to eliminate the inherent error associated with the estimated 

radius of influence term of the single well variant and limit any discrepancies to errors within the 

numerical model itself.  Thickness of the domain remained consistent between simulations while the 

hydraulic conductivity was varied to assess the model under various hydraulic conditions.  An illustration 

of the grid geometry and an example of the pressure response produced through this test is provided in 

figure 9.   
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a. Fully penetrating well Thiem test for model validation 

 

b. Model element discritization 

 

c. Head distribution during steady injection 

 

Figure 9: a) Conceptualization of numerical test for validating model.  Model designed to satisfy all Thiem 
assumptions by simulating injection into a fully penetrating well in a homogeneous domain injecting at constant Q. 
b) EPM model domain element discretization shows refinement surrounding well (for illustration purposes only, 
grid not to scale.)  c) Three-dimensional pressure distribution generated from simulated injection test in 3.5x10-7 

m/s matrix shows flow is radial.    
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Changes to the static water table after injection (h1, h2) were observed at two points (r1, r2) and input 

into Equation 1 to produce estimates of transmissivity.  Table 2 presents a sample of the results and 

shows the comparison between actual and estimated transmissivities. 

Table 2: Determining the accuracy of simulated transmissivity tests in EPM domains with varying hydraulic 
conductivity using the Thiem equation. 

Matrix K 
(m/s) Q (L/m) h1 (m) h2 (m) r1 (m) r2 (m) Actual T 

(m2/s) 
Calculated T 

(m2/s) % Difference 

3.50E-05 1.00E+01 1.27E-01 5.90E-02 5.00 30.00 1.40E-03 1.40E-03 0.05% 
3.50E-06 1.00E+01 1.27E+00 5.90E-01 5.00 30.00 1.40E-04 1.40E-04 -0.02% 
3.50E-07 1.00E+01 1.27E+01 5.90E+00 5.00 30.00 1.40E-05 1.40E-05 -0.02% 

 

Outputs generated by the model proved to be very accurate, producing nearly perfect estimates of 

transmissivity over a variety of matrix hydraulic conductivities when analyzed using the Thiem equation.  

The results are strong evidence that the modeling software, domain, and grid geometry are well suited 

for simulating hydraulic tests in equivalent porous media.  It is important to note that choosing 

observation points that were near the injection well produced the most accurate results.  This is due to 

the constant head boundary conditions of the model influencing the pressure profile near the boundary 

of the domain. 

Simulated packer test in a discrete fracture network domain 
 
Model validation tests are conducted in a discrete fracture network domain to test the model’s ability to 

simulate hydraulic responses of injection tests in fractured media.  Validation of the model results was 

done as before, by constructing an experiment that satisfies a set of analytical assumptions and checking 

the numerical results using analytical (true) solutions.  The Thiem equation was again used as the 

validating analytical model based on its ability to produce accurate values of fracture transmissivity 

when the matrix is impermeable and flow is restricted to the tested fractures. Calculated fracture 

transmissivities are converted to aperture using the cubic law, which is then compared to the true 

aperture of the fracture in the model to assess the accuracy of the numerical results. For this test, a 

single three-dimensional, horizontal parallel plate fracture is placed within an impermeable matrix.  This 

fracture extends across the domain to the constant head boundaries and intersects a 2m long vertical 

test interval where an injection of fluid at a constant Q takes place.  The design of this experiment 

satisfies the Thiem assumptions for calculating transmissivity of fractures by ensuring virtually all flow 

from the test interval is confined to the fracture and is radial and infinite in nature.  In these conditions, 

the hydraulic dynamics through the simulated fracture will be the same as those of an equivalent porous 
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medium of equal thickness allowing us to analyze the results using EPM techniques.  Changes in head 

were measured at specific points within the fracture and put into the Thiem equation to calculate the 

transmissivity of the fracture from the numerical results. Figure 10a presents the general model design 

for validating the model’s ability to simulate packer injection tests in a DFN network.  This figure 

illustrates the concept of taking measurements of head within the fracture at known radii in order to 

validate the model against the Thiem analytical solution without the error associated with the 

estimation of the r0 term.  The DFN model domain element discretization is presented in figure 10b 

which shows refinement surrounding the well and fractures. Figure 10c presents an example of the 

pressure profile output from the model following a simulated constant head injection packer test for the 

validation experiment.   
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a. Injection test of single parallel plate fracture for model validation 

 

b. Model element discretization 

 
c. Head distribution during steady injection 

 

Figure 10: a) Conceptualized model design for validating fractured model using simulated packer injection tests in DFN network. 
Head measurements following injection (h1 and h2) are taken at specific points in fracture (r1 and r2) and input into the Thiem 
equation in order to produce a transmissivity value for the fracture.  The calculated transmissivity is then compared to the true 
transmissivity of the fracture to check model accuracy. By measuring pressure at specific points, the estimated r0 term is 
eliminated allowing for validation of model results with the Thiem analytical solution without errors associated with estimation.  
b) DFN model domain element discretization shows refinement surrounding well and fracture (for illustration purposes only, 
grid not to scale.) c) Example of head distribution created by simulated injection test in impermeable matrix.  Steady state head 
formed in matrix despite flow being constrained to fracture in very low matrix permeability conditions (1x10-11 m/s)  is a 
numerical artifact.   
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The preceding figure also illustrates an important result which is that the induced pressure penetrates 

into the matrix despite the matrix being assigned a hydraulic conductivity that is considered essentially 

impermeable.  What is important to note is that despite the pressure dissipating into the matrix, flow is 

completely confined to the fracture which means the test is consistent with the Thiem assumptions.  

The elliptical shape of the pressure profile is a result of the preferential flow pathway created by the 

fracture. A sample of the results from the validation experiments is presented below in table 3.   

Table 3: Results from simulated packer injection tests of single parallel plate fracture in impermeable matrix. 

2b (μm) Kmatrix m/s Numerical Tfrac m2/s 2b (um) From Tfrac  % Error 
100 1.00E-11 8.03E-07 98.77 1.23% 
300 1.00E-11 2.17E-05 296.32 1.23% 
500 1.00E-11 1.00E-04 493.86 1.23% 
700 1.00E-11 2.75E-04 691.41 1.23% 

1000 1.00E-11 8.03E-04 987.72 1.23% 
 

Comparison between the aperture of the tested fracture and the aperture derived from the 

transmissivity calculated using the Thiem equation from the simulated injection test results show that 

the model consistently produces accurate results suggesting the numerical model, and the design of the 

simulated injection test is suitable for modeling injection tests in discrete fracture networks.   

Assessing boundary effects 
 
The small discrepancy between the true aperture and calculated aperture has been attributed to 

“boundary effects” or errors cause by the constant head boundary influencing the pressure profile 

within the fracture.  These effects are especially noticeable in this validation experiment because of the 

simplistic nature of the experiment design.  Having a single, parallel plate fracture connect directly to 

the constant head boundary is necessary to satisfy the Thiem assumption of infinite, radial flow.   This 

design, however, allows the constant head boundary to have an influence on the pressure profile within 

the fracture, especially where the fracture intersects the boundary.  To reduce error in the numerical 

experiments, several simulations were run to investigate how the distance of the boundary from the 

test interval influenced the results.  Boundary effects were found to be highly dependent on the domain 

size with respect to influencing the pressure profile within the fracture.  The effects were reduced as the 

size of the domain increased and the boundary moved further away from the injection interval.  The 

process that was used to test the simulations for boundary effects and find a suitable domain size that 

reduced these effects is illustrated below in Figure 11. 
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Figure 11: Conceptualization describing the approach taken in order to determine the minimum size of the model 
domain needed in order to eliminate the influence of the boundary conditions on the results of simulated injection 
tests.  Simulated injection tests were conducted in domain sizes (x-y direction) ranging from 10m to 500m.  
Characteristics of test (fracture aperture, injection rate) were kept consistent between runs and the pressure 
profile inside the fracture was plotted.  Influence of boundary conditions on results considered eliminated once 
pressure profiles remain consistent between simulations. 
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Results from experiments investigating boundary effects (presented in figure 12) show the pressure 

profiles taken within the fractures in domains less than 200m in size are not equal. However, the 

pressure profiles in domains of 200m and 500m overlap suggesting that boundary effects (although not 

completely eliminated), begin to remain constant at domain sizes over 100m, or more specifically, when 

the injection interval is located more than 50m from the boundary.   

 

Figure 12: Head distribution for injection of 0.1 L/m within a single, 500um parallel plate fracture in different sized 
domains during steady state injection generated using SMOKER numerical model.  Pressure within test interval is 
consistent between all domain sizes however; the pressure profile away from the test interval differs until the 
domain size is 200m.  The consistency between pressure profiles 200m or greater suggests boundary effects are 
limited at domains of this size. Head fixed at 0 at model domain 

It was also found that the slope of the pressure profile very near the injection interval (less than 1m 

distance) remained fairly consistent in domains greater than 50m. Based on this investigation, a 100m 

domain was used for validation experiments. Furthermore, measurements of pressure used to 

determine transmissivity were taken at a distance less than 1m from the interval where the pressure 

profile is consistently dominated by the simulated injection and less influenced by the constant head 

boundary.  Although a larger domain could have been used it would be computationally intensive 

leading to longer simulation run times.  A 100m domain proved to be effective for validating the model 

outputs so long as the data points used for the investigation were taken close to the injection interval.    

Determination of true radius of influence (r0)  
 
Obtaining an accurate value for the radius of influence term that is to be used with the Thiem equation 

to obtain transmissivity values from the simulated single well injection test experiments was done 

through a mathematical approach that utilized model outputs.  This approach is illustrated and 

summarized in Figure 13 which provides a breakdown of the approach taken for determining the radius 

of influence.   
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Figure 13: Flow chart describing the approach used to determine a radius of influence value numerically.  A radius 
of influence of 100m was produced through a mathematical means and applied to all single well injection test 
experiments for determining transmissivity using Thiem equation. 
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First, a model which satisfied the Thiem assumptions for flow through fractures was created which 

included a single fracture with known transmissivity.  Injection was simulated into this fracture at a 

known injection rate from an isolated injection interval with known radius.  The pressure change in the 

injection interval was observed at steady state following constant injection.  The observed change in 

pressure and all known parameters were input into the Thiem equation leaving the radius of influence 

as the only unknown allowing the radius of influence to be calculated.  It is important to note that the 

pressure change observed in the test interval is dependent upon the fracture and matrix characteristics.  

Thus, the radius of influence varies depending on the fracture and matrix characteristics prescribed to 

each test.  However, because the relationship between the transmissivity and radius of influence is 

logarithmic, and the range of fracture and matrix parameters used in the model is relatively small, the 

difference between the radius of influence in each of the tested cases is relatively small and doesn’t 

have a significant impact on the final results.  This method of determining radius of influence found a 

value of 100m produced accurate results for fractures ranging from 50um to 2000um under 

impermeable matrix conditions. 

Investigating the influence of matrix permeability on characterization of 
fractures using packer injection tests and a three-dimensional discrete 
fracture network numerical model. 
 
Fractured rock is can often exist as a heterogeneous dual permeable media with flow occurring in both 

the fracture network and the rock matrix.  Resultant flow patterns depend greatly on the degree to 

which these two systems contribute to flow but this interaction remains poorly understood since much 

of the earlier research either investigated fractures only, or assumed a stagnant matrix.  The three 

general conceptual flow patterns of typical fractured rock environments are: 1) Fractures do not actively 

convey flow and have a negligible effect on the effective permeability. 2) Fractures convey as much or 

more fluid as the rock matrix.  3) Fractures carry all of the flow while the matrix is essentially 

impermeable  (Matthai & Belayneh, 2004).  These regimes have been in the past defined by the relative 

permeability (Kf/Km) of the two flow systems.  In general, the influence of hydraulically active fractures 

on the flow pattern increases as matrix permeability decreases.  Finite element simulations of flow 

partitioning between fractures and the permeable rock matrix have revealed critical permeability ratios 

that mark the transition from matrix to fracture-dominated flow.  These permeability ratios and the flow 

dynamics associated with them are presented below in table 4.   
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Table 4: Relationship between permeability ratio Kf/Km and fracture contribution to flow. Adapted from data 
presented by Matthai and Belayneh  (2004) 

Kf/Km Contribution of Fractures to Flow 

10-100 Fractures begin to influence flow 
~104 Fractures assume equivalent role as matrix 

105 - 106 Fractures dominate flow, matrix stagnates 
 

The permeability ratio is important to consider when characterizing fractures using hydraulic tests 

because matrix contributions to flow can have a significant impact on results.  As the contribution of the 

matrix to flow decreases, we can expect the accuracy of hydraulic techniques for fracture 

characterization to increase until flow is completely fracture controlled.   A portion of this section 

studies the influence of the permeability ratio on the determination of fracture aperture from packer 

injection tests using the cubic law.  

Single Fracture Experiments 
The ratio between fracture and matrix permeability was found to have a strong influence on simulated 

packer injection tests in fractured rock aquifers.  Measurements of pressure within the test interval 

following a constant injection of 0.1 L/min showed that pressure within test interval remains constant 

between tests once the permeability ratio between fracture and matrix is 1E+06 or greater due 

insignificant amount of flow entering the matrix at this permeability ratio.  Data from this experiment is 

plotted in figure 14b which presents the pressure head measured in the borehole in various 

permeability ratio conditions.  
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a. 

 

b. 

 

Figure 14: a) Conceptualization of numerical experiment for assessing influence of matrix flow on injection test 
results.  Pressure head within test interval is measured during simulated steady state injection test of single 100um 
fracture in various matrix hydraulic conductivity scenarios.  b) Pressure head is plotted against the ratio between 
the hydraulic conductivity of the fracture (Kf) and the hydraulic conductivity of the matrix (Km). Pressure within test 
interval remains constant between tests once permeability ratio between fracture and matrix is 1E+06 or greater 
due to an insignificant amount of flow entering the matrix at this permeability ratio.  
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When the permeability ratio (Kf/Km) is less than 106, the pressure within the interval begins to drop 

signifying that the matrix is contributing to flow dissipation from the test interval.  When there is 

significant flow in the matrix, predictions of the fracture’s aperture are significantly larger than the true 

value. The discrepancy between the true fracture aperture and the aperture calculated from the 

hydraulic test is directly related to the violation of the Thiem assumption that flow is confined to the 

fracture.   This violation is a result of the matrix providing a significant contribution to flow when the 

permeability ratio between the fracture and matrix is 106 or less.  This effect is illustrated in figure 15 

which plots the aperture calculated from the hydraulic test against permeability of the matrix when 

testing a 100um fracture.   

 

 

Figure 15: Hydraulic aperture derived from observed head in injection interval during steady injection is plotted 
against the ratio between the hydraulic conductivity of the fracture (Kf) and the hydraulic conductivity of the 
matrix (Km). Aperture of fracture in model is 100um.  Results show the test produces accurate predictions of the 
fracture aperture once the permeability ratio between fracture and matrix is 1E+06 or greater suggesting no 
influence of matrix at this ratio. 
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In this case, a matrix permeability of ≤10 -9 m/s results in accurate calculations of aperture when 

assuming an impermeable matrix using the Thiem and cubic law equations suggesting that matrix flow 

has an insignificant impact on the pressure in the test interval at a certain ratio between the fracture 

and matrix permeabilities. Alternatively, at permeability ratios greater than 105, predictions of 

transmissivity and aperture from simulated packer injection tests are accurate.  Therefore, flow from the 

test interval is controlled by fracture flow and matrix contributions are negligible when the permeability 

ratio exceeds 106.  For typical fractured rock aquifers (50um fractures or greater), this permeability ratio 

typically translates to a matrix permeability of 1E-08 m/s or lower.  Figure 16 presents a plot of the error 

associated with calculations of hydraulic aperture through a typical range of fractured rock matrix 

permeabilities for a range of apertures (50-300um).    

 

Figure 16: Accuracy of hydraulic aperture derived from packer injection test conducted on single fracture 
conducted in various matrix hydraulic conductivity scenarios within ranges consistent with fractured rock.  Results 
show that degree of error is highly dependent on the aperture of the tested fracture.  These findings suggest 
hydraulic aperture derived from injection tests are accurate for fractures with aperture greater than 100um in rock 
which has a matrix hydraulic conductivity of 1E-7 m/s or lower. 
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A summary of these findings is presented in Figure 17 which plots the potential accuracy of calculated 

hydraulic aperture versus the permeability ratio and highlights the flow domain (matrix or fractures) 

that dominates the flow regime for each respective ratio.   

 

Figure 17: Accuracy of calculated 2b dependent on ratio between the permeability of the tested fractures and the 
rock matrix.  Permeability ratio that results in accurate calculation of aperture from simulated injection test found 
t occur between 105 and 106.  At this critical ratio fractures dominate flow and the rock matrix ceases to influence 
test results. 

The conclusions derived from the numerical experiments agree with the work regarding permeability 

ratios presented by Matthai and Belayneh (2004) as well as Taylor et al. (1999) which found fractures to 

dominate the flow regime when the permeability ratio was 105 – 106 or greater. 

Correcting for Matrix Flow Error in Aperture Predictions 
It has been shown that error in aperture predictions made using simulated packer injections under high 

permeable matrix conditions is directly related to the additional transmissivity offered by the rock 

matrix.  Under these conditions, the assumption that flow from the test interval is restricted to the 

fractures is violated and as a result, apertures calculated from the interval transmissivity are 

overestimated due to the additional transmissivity offered by the rock matrix.  When flow occurs in both 

the fractures and matrix the transmissivity calculated from packer injection results is a bulk 

transmissivity (Tbulk) made up of a combination of the transmissivities (Tmatrix and Tfracture) of the two flow 

systems.   
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Tbulk = Tmatrix + Tfracture 

This expression suggests that Tmatrix could be subtracted from the Tbulk in order to produce a value that 

represents the transmissivity of the tested fractures, which could then be used to produce a corrected 

aperture value.  The difficulty with this procedure is deciphering exactly what the transmissivity (T=K·b) 

of the matrix is, although the hydraulic conductivity of the matrix is known (K), the thickness of the rock 

exposed to flow (b) is not as clear.  One might assume the contribution of Tmatrix to be directly related to 

the length of the test interval, and, although it is true that a large amount of flow into the matrix occurs 

through the borehole walls one must also consider the contribution of the matrix exposed to flow in the 

fractures.  Pressure profiles taken within fractures in a low permeable matrix during model validation 

experiments (figure 12) suggest that the largest contribution of fracture induced matrix flow would 

occur near the borehole (within a radius of 2m) where pressure within the fracture is high. This concept 

was tested using the results gathered from simulated injection tests of single fractures in matrix 

permeabilities of 1E-5 m/s – 1E-7 m/s where significant error in predicted values of aperture occurred.  

When testing this concept, an “effective” matrix transmissivity was calculated by changing the length of 

area exposed to flow (b) until the difference between the bulk transmissivity and the theorized 

transmissivity of the matrix was equal to the transmissivity of the fracture.  This process is outlined in 

Table 5 and compared to transmissivity calculated by only using the length of the injection interval. 

Table 5: Calculating “effective” matrix transmissivity by changing the length of area exposed to flow (b) until the 
difference between the bulk transmissivity and the theorized transmissivity of the matrix was equal to the 
transmissivity of the fracture. 

Tmatrix (K·b) 
Tbulk (m

2/s) Tbulk – Teffective Tfracture (m2/s) 
K (m/s) Binterval 

(m) 
Tinterval 
(m2/s) 

beffective 
(m) 

Teffective 
(m2/s) 

1.00E-05 1.5 1.5E-5 5.4 5.4E-5 5.46E-05 8.33E-07 8.33E-07 

1.00E-06 1.5 1.5E-6 5.6 5.6E-6 6.42E-06 8.33E-07 8.33E-07 

1.00E-07 1.5 1.5E-7 6.8 6.8E-7 1.51E-06 8.33E-07 8.33E-07 

 

The results show that the value of b for matrix flow needed to produce correct results of fracture 

transmissivity in this particular scenario varied from 5.4 to 6.8 m.  These values confirm the original 

theory that the majority of matrix induced error occurs within the first 2m of the fracture (taking into 

account a 1.5m injection interval and symmetrical pressure profile within intersecting fracture to either 

side of borehole).   It is also seen that the value of b needed to produce accurate results decreases as 
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matrix conductivity increases suggesting that the potential for flow from the fractures into the matrix is 

lower in higher permeability conditions.  This behavior has been attributed to the fact that the pressure 

gradient within the fracture becomes smaller as the matrix permeability increases as a result of flow 

dissipating into the borehole wall during the injection.  Realistically, this correction could not be applied 

in the field due to the difficulty of investigating how much of the matrix is contributing to flow.  

However, this experiment provides important insights into fracture/matrix flow dynamics and how 

permeability influences injection test results and shows that using test interval length for matrix T will 

cause Tf to be biased high.  

Multiple, Equal Aperture Fractures 
The focus of this section is to investigate how the presence of multiple fracture pathways in a packer 

injection interval affects pressure dissipation and in turn influences the results of Thiem/Cubic Law 

derived transmissivity and aperture predictions.  When using the Thiem equation to determine the 

transmissivity of a fracture in a packer test interval, 100% of the fluid injected into the interval is 

assumed to travel through that fracture.  When multiple fractures exist in the interval, that flow is 

distributed through each of the hydraulically active fractures.  The presence of multiple hydraulically 

active fractures can increase the potential pathway for flow by increasing the number of high 

permeability conduits of flow through the additional fractures, and through increased matrix flow 

caused by the additional surface area provided by the confining walls of each fracture.  This concept is 

illustrated in Figure 18, which shows how the increase in flow pathways exposes a greater area of rock 

matrix to fracture flow.   
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Figure 18:  Conceptualization of numerical experiment for assessing effect of multiple fractures on the influence of 
matrix flow on injection test results.  Pressure head within test interval is measured during simulated steady state 
injection test of multiple fractures (2-4) with equal aperture (100 – 500um) in various matrix hydraulic conductivity 
scenarios (1x10-5 – 1x10-7 m/s).   

For these experiments, each fracture that intersects the test interval is connected in parallel to the 

boundary to ensure flow through each fracture is limited only by the fracture’s permeability.  Fracture 

apertures were kept equal to eliminate flow effects that may arise from having variable aperture 

fractures, a concept which is investigated in detail in later sections.  A conceptualization of the model 

design and grid discretization are presented in Figure 19 as well as an example of the head distribution 

created by a simulated injection test of these test conditions. 
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a. 

 

b. 

 

c. 

 
Figure 19:  a) Conceptualized model design for assessing the effect of multiple fractures on the influence of matrix flow on 
injection test results.  Injection into interval occurs at constant Q, multiple (2-4) fractures of equal aperture are tested in various 
matrix hydraulic conductivity conditions b) DFN model domain element discretization shows refinement surrounding well and 
fractures (for illustration purposes only, grid not to scale.) c) Example of head distribution created by simulated injection test 
with two fractures of 300um in interval with matrix conductivity of 1x10-9 m/s.   
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Experiments in low permeable matrix conditions show that increasing the number of equal aperture 

fractures in the injection interval does not coincide with an increase in the error of the calculated 

aperture.  This is supported by results from multi-fracture experiments that show the level of agreement 

between the calculated aperture and true apertures increasing as fractures are added to the system 

(Figure 20).   

 

 

Figure 20: The error of calculated hydraulic aperture caused by flow into matrix is reduced when number of 
fractures in test interval is increased suggesting the increase in fracture permeability (Kf) caused by the addition of 
fractures to the test interval has a more significant impact on flow from the interval than the increased surface 
area for matrix flow they provide. 
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These results suggest that the increase in matrix surface area created by additional fractures does not 

significantly increase flow dissipation into the matrix.  Each additional fracture results in a decrease in 

pressure within all hydraulically active fractures, the hydraulic force available to dissipate from the 

fracture into matrix also decreases.  A plot of pressure profiles along individual fractures in single, 

double, triple and four fracture cases illustrates the pressure reduction caused by the addition of 

fractures (Figure 21). 

 

 

Figure 21: Head distribution within individual fractures decreases with every additional fracture added to the test 
interval.  Reduction of pressure head reduces force available to drive water into the matrix which reduces the 
potential for the rock matrix exposed within the fractures to contribute to flow. Therefore the increase in fracture 
conductivity (Kf) has a more significant impact on flow from the interval than the increased surface area for matrix 
flow caused by the addition of fractures.   
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Simulated injection tests performed in this series of experiments indicate that the presence of multiple, 

equal aperture fractures increases the range of matrix permeabilities through which predictions of 

aperture are accurate   This positive effect is due to the flow regime becoming more fracture dominated 

as the permeability ratio (Kf/Km) moves towards the critical ratio of 105 due to the increased overall 

fracture permeability offered by additional fractures.  It is important to note, however, that in these 

experiments, all fractures existing in the test interval were hydraulically active. Therefore; in reality, 

having more fractures in an interval does not necessarily mean flow is more likely to be fracture 

dominated, this hydraulic behavior is dependent on the ability of each fracture to conduct flow.  This 

idea will be explored in greater detail in later sections. 

Investigating the influence of fracture connection geometry and 
aperture on characterization of fractures using packer injection tests 
using a three-dimensional discrete fracture network numerical model. 

Flow through Fractures Arranged in Series  
The fractures that comprise fractured aquifer systems exhibit a high degree of physical variability 

(roughness, contact area, 2b variability) and thereby depart from the simplified flow paths of the parallel 

plate model that forms the basis of the Cubic Law.  In order to use the cubic law to predict transmissivity 

of a real rock fracture, one could assume that Equation 6 still holds if the aperture 2b is replaced by an 

equivalent aperture 2beq.  Therefore, a more generalized form of the cubic law which can be applied to 

any fracture geometry can be expressed as 

                                                                             2𝑏𝑒𝑞 = �12𝜇𝑇
𝜌𝑔𝑁

�
1
3                                                                            (7) 

In impermeable matrix conditions, the “equivalent aperture” concept produces an aperture value that is 

reflective of the hydraulic dynamics of the fracture network involved in distributing flow rather than a 

true physical aperture.  Thus, 2beq derived from injection test data represents the theoretical, parallel 

plate, hydraulic aperture that would produce the observed hydraulic response.  The experiments in this 

section focus on investigating how simulated injection tests respond to fracture networks consisting of 

variable aperture fractures connected in complex, series and parallel geometries and what subsequent 

calculations of fracture transmissivity and equivalent aperture predict.  This is similar to previous 

experiments; however in this section the fracture geometries are more complex and new hydraulic 

concepts are introduced and investigated.  Previous research done using numerical experiments 

suggests that flow from the injection interval is controlled by the smallest flow path (Nazridoust, et al., 
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2006) (Crandall, et al., 2010).  In an impermeable matrix environment, these restrictive effects should in 

theory control the hydrodynamic behavior of the injection test and be reflected in calculations of 

transmissivity and aperture.  More recently, research conducted by Sarkar et al., 2004, has shown that 

flow through connected sets of fractures is analogous to electrical resistors connected in series and/or 

parallel.  This theory draws a comparison between a fracture’s resistance to flow and an electrical 

resistor’s ability to resist current.  Their work showed that, the principles used for computing equivalent 

resistance (or conductance) of parallel or series resistors can be used to compute an equivalent 

hydraulic aperture for fractures. Their definition of equivalent aperture for n fractures connected in 

series is presented below. 

                                                              2𝑏𝑒𝑞𝑠𝑒𝑟𝑖𝑒𝑠 = 1 �∑ 𝐿𝑖
𝐿
� 1

(2𝑏𝑖)3
�𝑛

𝑖=1
𝟑�                                                                (8) 

(Sarkar, et al., 2004) 

The definition of 2𝑏𝑒𝑞𝑠𝑒𝑟𝑖𝑒𝑠  offered by Sarkar et al., 2004 is based on electrical resistance (which will be 

referred to as electrical analog for fractures in series or EAS) and deviates slightly from the 2𝑏𝑒𝑞𝑠𝑒𝑟𝑖𝑒𝑠  

derived using principles taken from hydrogeologic literature (which will be referred to as porous media 

analog for fractures in series or PMAS).  Hydrogeologic principles utilize a weighted harmonic mean and 

incorporate the hydraulic conductivity of each layer and its respective thickness to establish an 

equivalent hydraulic conductivity.  A similar concept was applied to flow through flow through variable 

aperture fractures to see if a similar expression could be derived to predict an equivalent K and in turn, 

2b (Figure 22) 
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Figure 22:  Equation for computing equivalent aperture of multiple fractures connected in series derived from 
concepts used to compute equivalent hydraulic conductivity for flow across a series of porous media beds 
(harmonic K).  K and L of porous layer analogous to K and L of each aperture in series connection.    
 

Using equations derived for calculating the equivalent (or effective) hydraulic conductivity (Keq) of flow 

through porous media, orthogonal to bedding through multiple porous units (Figure 21) we can derive 

an expression for 2𝑏𝑒𝑞𝑠𝑒𝑟𝑖𝑒𝑠  from K as described below: 

                                                                           𝐾𝑒𝑞𝑠𝑒𝑟𝑖𝑒𝑠 =  𝐿 ∑ 𝐿𝑖
𝐾𝑖

𝑛
𝑖=1�                                                                     

where Li is the thickness of porous unit i and Ki is its respective hydraulic conductivity. 

Hydraulic conductivity is related to hydraulic aperture through the following expression 

𝐾𝑓 =
2𝑏2𝜌𝑔

12𝜇
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where Kf is the hydraulic conductivity of a parallel plate fracture, ρ is fluid density, g is gravitation acceleration and 

µ is fluid viscosity. 

Substituting Kf for K : 

2𝑏𝑒𝑞
2𝜌𝑔

12𝜇
=  1 �

𝐿𝑖
2𝑏2𝜌𝑔

12𝜇 𝑖

𝑛

𝑖=1

�  

By simplifying we derive a formula that describes the equivalent aperture for fractures connected in 

series.   

                                                                   2𝑏𝑒𝑞𝑠𝑒𝑟𝑖𝑒𝑠  = 1 �∑
𝐿𝑖
𝐿

× 1
2𝑏𝑖

2
𝑛
𝑖=1�   (9) 

 

Although EAS was successfully applied as an analytical means of checking numerical flow experiments in 

fractures done by Sarkat et al. (2004), a mathematical review suggests the formula is an un-suitable 

analytical solution for comparison to our numerical models.  The EAS formula suggests that the 

equivalent hydraulic aperture is equal to the inverse of the cubed root of the apertures in the series 

when in fact, the derivation presented above using porous media concepts states that the equivalent 

aperture is in fact proportional to the square of the apertures in the series.  The two methods of 

computing 2𝑏𝑒𝑞𝑠𝑒𝑟𝑖𝑒𝑠  will be compared to numerical results in order to assess their suitability in context 

of the numerical simulations of packer tests conducted on fractures arranged in series. 

Flow through Fractures Arranged in Parallel  
A parallel combination of fractures implies that each fracture in the system is subjected to the same 

pressure.  Under such conditions, the ability of each fracture to conduct flow becomes a function of its 

individual permeability.  Total flow through the system will be controlled by the fractures contained in 

the parallel network.  For such a case, Sarkar et al. (2004) again used principles of computing equivalent 

resistance of parallel resistors (which will be referred to as electrical analog for fractures in parallel or 

EAP) to derive an expression for computing the equivalent hydraulic aperture :  

                                                             2𝑏𝑒𝑞𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =  �∑ (2𝑏𝑖)3𝑛
𝑖=1

3      (10) 

 

(Sarkar, et al., 2004) 
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The concept of parallel flow has also been explored in the context of porous media where an equivalent 

hydraulic conductivity has been described for parallel flow through multiple porous layers of varying 

hydraulic conductivity (which will be referred to as porous media analog for fractures in parallel or 

PMAP).  In this approach, a weighted arithmetic mean is used to compute an equivalent hydraulic 

conductivity that incorporates the permeability and thickness of each layer. This formula can be 

redefined to incorporate hydraulic aperture in the following manner: 

𝐾𝑒𝑞𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
1
𝑊
�𝑊𝑖𝐾𝑖

𝑛

𝑖=1

  

where W is the total width of the flow area, Wi is the width of each layer, and Ki is the respective hydraulic 
conductivity. 

𝐾𝑓 =
𝜌𝑔2𝑏2

12𝜇
 

where Kf is the hydraulic conductivity of a parallel plate fracture, ρ is fluid density, g is gravitation acceleration and 
µ is fluid viscosity. 

 

Figure 23 presents an illustration of how the concept of flow through parallel porous media beds can be 

applied to flow through fractures connected in parallel.   
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Figure 23:   Equation for computing equivalent aperture of multiple fractures connected in parallel derived from 
concepts used to compute equivalent hydraulic conductivity for parallel flow through porous media beds 
(arithmetic mean).   K and W of each porous layer are analogous to K and W of each aperture in parallel 
connection.  In fracture flow, the width of the flow area (W) is equal to the aperture of the fracture (2b)  
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In the context of fractures, the width of each flow layer is equal to the aperture of the fracture.  The 

total width of the flow area W is the summation of fracture apertures in the parallel network and 

therefore W becomes ∑2b (Figure 23).  Substituting Kf in for K and ∑2b in for W: 

𝜌𝑔(2𝑏𝑒𝑞)2

12𝜇
=  

1
∑2𝑏

�
𝜌𝑔(2𝑏𝑒𝑞)3

12𝜇

𝑛

𝑖=1

 

Simplifying: 

2𝑏𝑒𝑞
2 =  

1
∑2𝑏

�(2𝑏𝑒𝑞
3)

𝑛

𝑖=1

 

 

Finally we arrive at an equivalent aperture formula for fractures arranged in series derived from porous 

media concepts: 

                                                                2𝑏𝑒𝑞𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = �( 1
∑ 2𝑏

∑ 2𝑏3)  (11) 

 

These two definitions of equivalent aperture for fractures arranged in parallel (Equations 10 and 11) are 

slightly different.  The EAP formula suggests that the equivalent aperture is directly proportional to the 

total fracture transmissivity of the network.  The PMAP formula uses a weighted arithmetic mean to 

represent the equivalent aperture suggesting that total flow through the system is controlled by an 

average value of the transmissivities of each fracture in the network.   However, when deriving the 

PMAP, if we assume the summation of the transmissivities of all fractures in the network is equal to the 

equivalent hydraulic transmissivity we see that the resultant equation is in fact the same as the equation 

derived using electrical principles as described in Equation 10. 

2𝑏𝑒𝑞𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = �� 2𝑏33
   

The two methods for computing 2𝑏𝑒𝑞𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  will be compared to numerical results in order to assess 

which is the most accurate means of representing an equivalent aperture of fractures arranged in 

parallel.  
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Connecting several fractures in series is a simple means of simulating a single fracture that varies in 

aperture along its length.  This method will provide important insight into the effects of varying aperture 

fractures on flow and provide a depiction of how the heterogeneity within fractures can influence 

injection tests.   

Model Designs 

Secondary Connection Effects 
The model used for this series of experiments was adapted from the design used for the validation 

experiments to ensure accuracy.  A fully saturated, homogeneous, isotropic, three-dimensional domain 

was constructed with dimensions 100m x 50m x 40m.  A 2m long, single discrete fracture element was 

used to simulate a fully sealed packer interval in a .01m diameter borehole.  Steady state injection tests 

were simulated in this interval by injecting 0.1 L/m at a constant rate.  Several simple fracture networks 

were designed that focused on assessing the influence of near-hole hydraulically active vertical fractures 

that intersect the horizontal fracture in the test interval.  The aperture of the tested fracture was kept 

constant at 100um while the vertical intersecting fracture ranged from an aperture of 50um to 1000um 

and was placed 0.1m to 10m from the injection interval in order to assess aperture and distance effects.  

A conceptualization of this model design is presented in Figure 24. 

 

Figure 24: Schematic of model design for testing influence of a vertical intersecting fracture on injection test 
results.  Vertical fracture intersects single, horizontal tested fracture and is connected to constant head model 
boundary.  The aperture and distance of vertical fracture are varied between runs and a hydraulic aperture is 
calculated from simulated injection test in each case in order to assess the influence of the vertical fracture 
properties on the derived hydraulic aperture. 
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Primary connection effects 

The same, fully saturated, homogeneous, isotropic, three-dimensional domain with dimensions 100m x 

50m x 40m was used as in previous experiments. The fracture geometry of this experiment has 2 parallel 

horizontal fractures connected by one or more vertical fractures.  The horizontal fracture running 

through the test interval terminates within the matrix or “dead-ends” whereas the other fracture 

extends to the boundary providing infinite flow, thus ensuring a hydraulically active fracture network. 

The vertical fracture also terminated within the matrix leaving the horizontal fracture as the only means 

for water to escape the simulated system.  This design will assess the influence of the vertical 

intersecting fracture in a scenario where it provides the sole or “primary connection” for flow from the 

test interval to a secondary hydraulically active fracture. A conceptualization of this model design is 

presented in Figure 25. 

 
 

Figure 25: Schematic of model design for testing influence of a vertical fracture which connects tested fracture to 
hydraulically active network.  Vertical fracture provides sole connection between tested fracture and the 
hydraulically active fracture network represented by the constant head boundary.  The aperture of the vertical 
fracture is varied between runs and a hydraulic aperture is calculated from simulated injection test in each case in 
order to assess the influence of the vertical fracture properties on the derived hydraulic aperture.  The apertures 
of the tested fracture and parallel fracture vary between runs but remain equal to one another so as to focus on 
the influence of the properties of the vertical connecting fracture. 

Variable aperture fractures connected in series 
This experiment utilized the same, isotropic, homogeneous domain that was used in the previous 

experiments. “Single”, variable aperture fractures are simulated by connecting several individual parallel 

plate fractures of different apertures end-to-end in series (Figure 26).   
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Figure 26:  Illustration showing how variable aperture fractures can be represented by connecting parallel-plate 
fractures of various 2b end-to-end in series. 

Tests of the two analytical solutions for computing an equivalent aperture for fractures connected in 

series were conducted by connecting 3 parallel plate fractures of different aperture end-to-end in series.  

Simulated steady state injection tests were done on several variations of the simplified variable aperture 

fracture.  Results from the injection tests were used to calculate transmissivity and aperture values using 

the Thiem and cubic law methods as outlined before.  Values of aperture derived from the hydraulic 

testing using the cubic law were then compared to the two analytical solutions for computing equivalent 

apertures for fractures connected in series using aperture values of all fractures in series presented in 

Equation 8 and 9. 

Variable aperture fractures connected in parallel 
This experiment utilized the same, isotropic, homogeneous domain that was used in previous 

experiments.  Variable aperture fractures of equal length were connected to the injection interval in 

parallel.  The design was similar to previous parallel network experiments however in this series of tests 

the apertures of the fractures within the parallel network were not equal.  Investigations of fractures 

connected in parallel are done using parallel sets of fractures of equal lengths connected to a single 

vertical injection interval and a constant head boundary.  This ensures that all fractures within the 

parallel combination of n equi-length fractures are subject to the same pressure gradient necessary for 

Equation 9 to be valid. Various combination of fracture apertures were used in order to investigate how 
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flow from the injection interval reacted to different parallel fracture networks.  Steady state injection 

into the packer interval was done using a constant injection rate. 

Results and Discussion 
Assessing effects of secondary connection 

The presence of a close hole, vertical fracture that provides a secondary connection to a tested fracture 

was found to have the potential to significantly impact injection test results.  The degree to which the 

vertical fracture influenced the pressure change observed following the simulated injection test 

depended on its aperture, distance and the permeability of the matrix.  Aperture effects proved to be 

depended on the relative size of the vertical intersecting fracture in relation to the 100um horizontal 

tested fracture.  An intersecting fracture which was smaller in aperture (50um) produced a negligible 

effect on pressure within the injection interval at even small distances (0.1m). A vertical intersecting 

fracture of equal aperture (100um) was shown to have significant effects on interval pressure by 

influencing results by up to 17% depending on its relative distance from the borehole.  Finally, vertical 

intersecting fractures of 300um and above were shown to have a virtually equal influence on interval 

pressure.  Intersecting fractures of 300um or greater size proved to cause a maximum of 35% error in 

apertures derived from the observed steady-state interval pressure following injection.  Vertical 

intersection effects dissipate significantly once the intersecting fracture is located 2m away from the 

interval for all apertures.  Visualization of the results from these numerical experiments are presented in 

Figure 27 and plotted in figure 28.    
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Figure 27: Head distributions for simulated injection tests of 100um fracture with vertical intersecting fracture 
shows how influence of vertical connecting fracture depends on its relative size to the test fracture and distance 
from the borehole a) 500um fracture 50cm from borehole has significant effect on pressure in interval. b) 50um 
fracture 50cm from borehole has insignificant effect on head in test interval.  c) 500um fracture 6m distance has 
effect on head distribution but results show an insignificant effect on head in borehole and thus no effect on 
calculated hydraulic aperture.   

 

a. 

b. 

c. 
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Figure 28: Influence of vertical fracture on calculated hydraulic aperture dependent on its aperture and distance 
from the borehole.  Vertical intersecting fracture has significant influence on results when its aperture is equal to 
or greater than that of the tested fracture. Effects significantly reduced when vertical fracture is 2m from borehole 
and become insignificant once the vertical intersecting fracture is 6m away from borehole regardless of aperture.    

Secondary connection effects are also created when tested fractures experience “cross-connection” to 

the non confined section of the borehole.  These effects are a common issue in packer injection tests 

and arise when the fractures exposed to the injection interval are connected hydraulically to the 

borehole space located outside the packed-off interval through secondary fractures. The vertical 

intersecting fracture simulates this by providing an outlet for pressure from the tested fracture to a flow 

boundary that can accept an “infinite” amount of flow.  This experiment specifically simulates a case 

where the cross connecting fractures do not provide the sole means of connectivity to the network but 

instead are a secondary source of connectivity.  These results suggest that in this fracture geometry, 

cross connection effects observed in the field are a result of cross connecting fractures located very near 

the borehole (<2m radius).  The results also show that when cross connecting fractures are a secondary 

source of connectivity their effects are only significant if their effective aperture is equal to or greater 

than that of the tested fracture.  It is important to note that the frictionless nature of the parallel plate 

fractures used in the model likely exaggerates to some degree the effect the vertical intersections would 

have in reality.      
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 Assessing effects of primary fracture connection 

Results show that a primary connecting, vertical fracture providing the sole connection from a single, 

tested fracture to a second hydraulically active horizontal fracture has the potential to have a significant 

influence on the pressure change observed within an injection interval during an injection test.  Because 

the tested fracture does not connect to the boundary, the vertical connecting fracture becomes the 

primary conduit for pressure dissipation from the tested fracture which in turn controls the pressure 

inside the injection interval.  If the vertical connecting fracture aperture is smaller than that of the 

tested fracture then pressure from the test interval will dissipate at a rate largely controlled by the 

transmissivity of the limiting vertical fracture (assuming no significant contribution to flow by the matrix) 

(Figure 29).   
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a. 

 

b. 

 

Figure 29: Pressure profiles for simulated packer injection tests conducted on 300um fracture in test interval 
connected to a parallel, 300um fracture by single vertical fracture. a) 100um vertical connecting fracture limits 
flow from test interval.  Calculated aperture reflects 100um fracture.  b) 500um vertical fracture does not limit 
flow through 300um fracture.  Calculated aperture reflects 300um fracture.  
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Because of this, calculations of transmissivity and aperture from field-based packer injection results 

usually do not reflect the fracture transmissivity and aperture of the tested fracture but instead produce 

values which are more reflective of the aperture of the fracture restricting flow.  These findings are 

presented in Figure 30 which plots the aperture of the vertical connecting fracture versus the aperture 

calculated using observed pressure following the steady state injection test.   

 

Figure 30: Aperture of the vertical connecting fracture versus the calculated hydraulic aperture, matrix hydraulic 
conductivity 1E-11 m/s.   Derivation of aperture from injection test results can produce a hydraulic aperture which 
does not coincide with the tested aperture.  Only when the vertical fracture aperture is greater than the tested 
aperture does the predicted aperture equal a value that represents the tested fracture.  When the vertical 
connecting aperture is smaller than the tested aperture flow through the system is restricted by its transmissivity 
and as a result the calculated hydraulic aperture is smaller than that of the tested fracture 

The data shows that pressure changes within a packer injection interval can produce an aperture which 

does not coincide with the tested aperture.  Only when the vertical fracture aperture is greater than the 

tested aperture does the predicted aperture equal a value that represents the tested fracture.  The data 

also reveals that the aperture derived from the hydraulic test does not coincide directly with the 

aperture of the vertical fracture when it is the smallest fracture in the connected network.  This suggests 

that the larger fractures in the network have some influence in how pressure in the injection interval is 

dissipated.  This behavior is explained in later sections where the hydraulic dynamics of fractures of 

variable aperture connected in series is presented in great detail.  

The effects associated with a constricting vertical connecting fracture were found to be reduced when 

the matrix permeability was 1E-7m/s.  Under these permeability conditions, the restrictive effects of the 
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vertical fracture on flow are not as pronounced due to the ability of the matrix to dissipate pressure 

from the tested fracture.    

The number of vertical intersecting fractures in the model was increased in order to investigate how the 

increase in vertical flow paths from the tested fracture to the parallel horizontal fracture can influence 

injection test results.  A conceptualization of this experiment is presented in Figure 31a which shows 

how the aperture of the tested fracture is kept constant while the number of equal aperture vertical 

connecting fractures is increased incrementally.  The focus of this experiment was to investigate how 

the restriction of relatively small vertical connections to flow changes with the addition of vertical 

pathways.  Results show that increasing the number of vertical connecting fractures in this scenario 

(impermeable matrix, horizontal fractures larger than vertical connecting fracture) causes an increase in 

the transmissivity which is exactly proportional to the transmissivity of each added fracture.  The 

incremental increase in transmissivity occurs until the transmissivity of the larger tested fracture is 

matched or exceeded by the combined transmissivity of the vertical connections (Figure 31). 
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a. 

 

b. 

 

Figure 31: a. Schematic of model design for testing influence of multiple connecting vertical fractures on calculated 
hydraulic aperture.  b. Addition of vertical connecting fracture increases the Thiem derived transmissivity until 
combined transmissivity of vertical fractures matches or exceeds that of the horizontal tested fracture. 

The results show that a large range of vertical fracture number/aperture variations can combine to 

produce a single value of transmissivity for a tested fracture which suggests that highly transmissive 

zones in fractured rock can be a result of either a few well-connected large fractures, or several well-

connected small fractures.  It is also evidence that near-hole fracture geometry can control the pressure 
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dissipation during a packer injection test and in turn determine the transmissivity of a tested section.  

Thus, it is important to recognize that the volume of aquifer sampled using high resolution injection 

tests can vary greatly depending on the nature of the fracture geometry and the characteristics of the 

fractures within the network.  Moreover, the hydraulic behavior exhibited in these experiments shows 

that the specific physical properties of individual fractures within a test interval cannot always be 

characterized using packer injection tests.  In reality, packer injection tests as well as other forms of 

hydraulic testing produce generalized values representative of the complex hydraulic interaction 

between various fractures within a fracture network rather than the individual fractures themselves.  

This concept has been studied extensively and is the basis for the “effective aperture” concept that is 

commonly associated with hydraulic test data and will be discussed in detail in the next section.  

Variable Aperture Fracture (Fractures Connected in Series) 

Tests of the two analytical solutions for computing an equivalent aperture for fractures connected in 

series were conducted by connecting 3 parallel plate fractures of different aperture end-to-end in series.  

Simulated steady-state injection tests were done on several variations of the simplified variable 

aperture fracture.  Results from the injection tests were used to calculate transmissivity and aperture 

values using the Thiem and cubic law methods as outlined before.  Values of aperture derived from the 

hydraulic testing using the cubic law were then compared to the two analytical solutions for computing 

equivalent apertures for fractures connected in series using aperture values of all fractures in series 

presented in Equation 8 and 9.  A sample of results from this test is presented in Table 6.   

Table 6: Comparison between apertures calculated using equation for computing equivalent 2b for fractures 
connected in series and calculated hydraulic aperture derived from simulated injection test of fractures of variable 
aperture connected in series 

Aperture (μm) Length (m) 
Equivalent 2b (um) 

Equation 8 (EAS) 
Equivalent 2b (um) 
Equation 9 (PMAS) 2b from hydraulic test (um) 

500 20.0       
300 15.0 138.47 156.46 158.12 

100 20.0       
 

Aperture (μm) Length (m) 
Equivalent 2b (um) 

Equation 8 (EAS) 
Equivalent 2b (um) 
Equation 9 (PMAS) 2b from hydraulic test (um) 

500 10.0       
300 40.0 198.26 230.81 228.08 

100 5.0    
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Comparison between the two analytical approaches for computing an equivalent aperture from a series 

of fractures shows that the two equations produce values which are consistently different when applied 

to the same set of fractures.  When the two analytical solutions are compared to values of 2b derived 

from simulated injection tests it is clear that PMAS produces equivalent apertures which are more 

consistent with the apertures calculated using the numerical results.  This suggests that Equation 9, 

derived directly from hydraulic principles for computing the effective hydraulic conductivity for flow 

orthogonal to porous beds is a more appropriate analytical solution for validating numerical results.  

Therefore, Equation 9 will be used as the analytical solution for computing equivalent aperture fractures 

for variable aperture fractures connected in series for the remainder of this research.  It is important to 

note that the theoretical expression for equivalent aperture (Equation 9) assumes fully-developed 

laminar flow in each fracture section and does not take into account the additional head losses 

produced during geometry changes.  In reality, head losses would occur at intersections between 

fractures; however the modeling software used does not incorporate these effects so flow remains 

laminar throughout the fracture and hence we see good agreement between the equivalent aperture 

magnitudes predicted by the analytical solution and those computed from the simulation. 

In the previous experiment, the fracture geometry was designed so that flow occurred progressively 

from the widest aperture into the smallest (500um to 300um to 100um).  With this geometry, the 

restriction to flow from the injection interval progressively increases as the fracture transmissivity 

decreases and the resultant pressure change in the injection interval reflects an aperture equal to the 

weighted harmonic mean of the apertures and their respective lengths when analyzed using the Thiem 

equation and cubic law.  However, in reality, aperture distribution within a fracture is highly variable and 

it is highly unlikely that the transmissivity of a tested fracture will decrease progressively over its length.  

The theoretical, equivalent aperture formula does not account for the relative position of the aperture 

within the fracture.  Thus, the order in which the apertures exist in the series should not influence 

theoretical equivalent apertures values.   

To see if the relative position of each aperture variation within the fracture influenced the simulated 

packer injection results, several simulations were conducted with various fracture geometries.  An 

example of the results obtained from these simulations is presented in Table 7.   
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Table 7: Assessing the effect of order of fracture aperture for fractures connected in series.  Hydraulic apertures 
derived from injection tests presented for various fracture scenarios 

Aperture (μm)  Length (m) 
Equivalent 2b theory 

(um)  dH_well (m) T m2/s 
2b-from hydraulic test 

(um) 
500 20.0         
300 15.0 156.46 .7560 3.20E-06 158.12 

100 20.0     
Order of apertures: 500-300-100 

Aperture (μm) Length (m) 
Equivalent 2b theory 

(um)  dH_well (m) T m2/s 
2b-from hydraulic test 

(um) 
300 15.0         
500 20.0 156.46 .8061 3.03E-06 156.73 

100 20.0     
Order of apertures: 300-500-100 

Aperture (μm) Length (m) 
Equivalent 2b theory 

(um)  dH_well (m) T m2/s 
2b-from hydraulic test 

(um) 
100 20.0         
500 20.0 156.46 1.828 1.34E-06 155.16 

300 15.0     
Order of apertures: 100-500-300 

Aperture (μm) Length (m) 
Equivalent 2b theory 

(um)  dH_well (m) T m2/s 
2b-from hydraulic test 

(um) 
100 20.0         
300 15.0 156.46 1.829 1.34E-06 155.42 

500 20.0     
Order of apertures: 100-300-500 

Results from this experiment show excellent agreement between the theoretical equivalent 2b and 

simulated equivalent 2b for all combinations of fractures tested.  These results suggest that the order in 

which the fractures exist in the series network does not affect the cubic law derived, equivalent 

aperture obtained from simulated packer tests.   It also shows that the equivalent aperture is heavily 

weighted towards the smallest aperture fracture in the series network.  It is important to note that slight 

modifications had to be made to the model in order to achieve good agreement between the theoretical 

equivalent 2b and the simulated equivalent 2b when the smallest fracture in the series network was 

connected to the injection interval.  By distributing pressure along the entire inlet of the fracture series 

the predicted aperture is consistent with the harmonic mean regardless of the position of the fractures 

in the series network.  Inconsistencies arose when injecting in a relatively short, simulated injection 

interval due to the pressure build up caused by the smallest fracture in the network.  When the smallest 
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fracture is located later in the series, pressure is built up within the fractures in front of it and an even, 

horizontal pressure gradient occurs across the entire, 20m face of the smallest fracture.  When the 

smallest fracture is connected to the borehole, the pressure buildup is contained within the injection 

interval and pressure is only dissipated radially from that point causing a relatively higher observed 

pressure change.  Thus, in order to ensure the hydraulic mechanisms driving force through the fractures 

was consistent between each series network; pressure was injected along the entire face of the fracture.   

This hydraulic behavior may be relevant for consideration in field applications. 

Variable Aperture Fracture (Fractures Connected in Parallel) 

Tests of the two analytical solutions for computing an equivalent aperture for fractures connected in 

parallel were conducted by injecting fluid into 3 hydraulically active parallel plate fractures of different 

aperture arranged in parallel.  Simulated steady state injection tests were done on several variations of 

the parallel network.  Results from the injection tests were used to calculate transmissivity and aperture 

values using the Thiem and cubic law methods as outlined before.  Values of aperture derived from the 

hydraulic testing were then compared to the two analytical solutions for computing equivalent 

apertures for fractures connected in parallel presented in Equation 10 and 11.  A sample of results from 

this test is presented in Table 8.   

Table 8: Equivalent aperture values for described parallel network of fractures calculated using analytical equations 
described in equation 10 and 11, and numerically from simulated packer injection results 

Aperture 
(μm) 

Equivalent 2b (um) 
Equation 10 (PMAP) 

Equivalent 2b (um) 
Equation 11 (EAP) 

2b-from hydraulic 
test (um) 

300       
100 412 535 550 

500    
 

Aperture 
(μm) 

Equivalent 2b (um) 
Equation 10 (PMAP) 

Equivalent 2b (um) 
Equation 11 (EAP) 

2b-from hydraulic 
test (um) 

600       
200 490 660 680 

400    
 

Aperture 
(μm) 

Equivalent 2b (um) 
Equation 10 (PMAP) 

Equivalent 2b (um) 
Equation 11 (EAP) 

2b-from hydraulic 
test (um) 

500       
500 500 721 744 

500    
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Comparison between the theoretical equivalent apertures derived using the analytical solutions 

described in Equations 10 and 11 shows that the two formulas produce significantly different results for 

the same parallel fracture network.  PMAP, derived from porous media principles for computing an 

equivalent hydraulic conductivity for parallel flow through porous layers is consistently lower than the 

equivalent aperture computed using the EAP.  The reason for this discrepancy is that the PMAP formula 

uses a weighted arithmetic mean of the aperture transmissivities while the EAP formula is simply the 

summation of the transmissivity of each fracture in the parallel network.  Thus, the PMAP will 

consistently produce an equivalent aperture which is smaller or equal to the largest fracture in the 

parallel network while the EAP will produce a value that is consistently larger or equal to the largest 

fracture in the network.  Conceptually, the approach taken in the EAP seems more appropriate because 

the addition of hydraulically active fractures to a packer interval should in theory increase the overall 

transmissivity of the tested section and in turn result in a larger equivalent aperture.  This theory is 

supported by the simulated packer injection experiments which produce equivalent apertures that are 

similar to those derived using the EAP.  Equivalent apertures produced from the simulated injection 

interpreted using the pressure change in the injection interval and the Thiem and Cubic law show that 

the transmissivity of the interval is greater than that of the largest fracture and is almost exactly equal to 

the sum of the fracture transmissivities of each fracture in the interval.   Assuming that the numerical 

results are accurate we can verify that Equation 11 provides a good estimate of the equivalent fracture 

hydraulic aperture of a fracture network where individual fractures are arranged in parallel with the axis 

of the pressure gradient.  This also means that 2𝑏𝑒𝑞𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  is equivalent to the summation of the 

apertures in the parallel network.  Thus the PMAP formula can be rearranged to produce an equation 

that is identical to Equation 11.  

This experiment has revealed that under steady state conditions, each fracture in a parallel network 

transports fluid at a rate equal to its individual transmissivity.  Thus, we can conclude that a majority of 

flow occurs through the thickest and most transmissive fracture.   

In a parallel fracture network consisting of 500um, 300um and 100um fractures, the 500um fracture 

occupies 55% of the total available flow area in the system, but it transports about 82% of the total flow.  

Therefore, a general conclusion for parallel networks of fractures is that, when there are fractures of 

different aperture in a parallel network, the largest, hydraulically active fracture will dominate the flow 

regime.  This is a very important observation to consider when using standard practices to derive 

fracture apertures from packer injection results.   
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Standard methods for interpreting injection test results involve the estimation of the number of 

hydraulically active fractures in the tested interval which is then incorporated into the cubic law as the 

“N” term as described in Equation 6.  The resultant equivalent hydraulic aperture is then applied equally 

to all fractures in the interval.  In reality, the range of hydraulic apertures between fractures in a single 

interval can vary greatly. Figure 32 presents acoustic tele-viewer images of 1.5m intervals inside two 

boreholes.  These images show the degree which fracture aperture can vary within a relatively small 

distance.    

 

 

Figure 32: Acoustic Tele-viewer images of 1.5m intervals inside two separate fractured rock boreholes.  The images 
show the degree to which fracture aperture can vary within a relatively small distance. 

If we consider the simulated, three fracture (500um, 300um, 100um) parallel network it is found that 

that a relatively small, 200um difference between the 500um, and 300um fractures results in a 64% 

change in transmissivity.  A summary of these results is presented below in Table 9. 
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Table 9: Comparison of flow area, and percentage of flow provided by three varying aperture fractures subject to 
equal pressure and arranged in parallel 

Fracture Aperture % of Flow Area % of Flow 

100um 11% <1% 

300um 33% 18% 

500um 55% 82% 

In that example we also see that the 100um fracture contributes <1% to the total transmissivity of the 

fracture network (Figure 33).   

 

Figure 33: Percentage of total flow that occurs from the injection interval through each fracture arranged in a 
parallel network is not proportional to the percentage of the total flow area it represents.  Model has shown that 
when fractures are connected in parallel, the proportion of total flow carried by each fracture is extremely 
sensitive to its aperture as is predicted by the cubic law.  This suggests that individual or small numbers of 
fractures have the potential to completely control the dissipation of head from an injection interval.  However, it is 
common to incorporate all hydraulically active fractures into the cubic law when calculating fracture aperture 
which can result in a hydraulic aperture that is significantly smaller than the aperture of the fractures contributing 
most to flow. 

Therefore, the percentage of total flow area that occurs from the injection interval through each of the 

fractures is not proportional to the percentage of the total flow area it represents.  Thus, despite being 

hydraulically active and occupying 10% of the flow area, the smallest fracture in this parallel network is 

insignificant in regards to total flow.   To get a general sense of how this hydraulic behavior relates to a 
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wider range of fracture scenarios, we compare a simple, two fracture parallel network and plot the 

percentage of flow transmitted through a single fracture as the transmissivity of the second fracture 

increases (Figure 34).   

 

Figure 34: Percentage of flow carried though fracture decreases rapidly as transmissivity of parallel network 
increases. Once the bulk transmissivity of the parallel network is 1.5 times that of the smallest fracture, the 
contribution of the smallest fracture to flow is reduced to 20% and when the bulk transmissivity is 2.7 times that of 
the smallest fracture, it carries less than 5% of the flow from the injection interval.  This suggests that individual or 
small numbers of fractures have the potential to completely control the dissipation of head from an injection 
interval and can therefore result in significant error in hydraulic apertures calculated using the cubic law which 
assumes all fractures contribute equally to flow.  

The results show that the percentage of flow carried through a fracture decreases rapidly as the 

transmissivity of the second fracture increases.  Once the transmissivity of the network is 1.5 times that 

of the individual fracture, the fracture contribution to flow is reduced to 20% and at 2.7 times it is 

reduced to less than 5%.  Therefore, incorporating every hydraulically active fracture in an interval into 

the cubic law may not necessarily be the most appropriate means of deriving equivalent hydraulic 

apertures depending on the ratio between the transmissivities of the fractures in the interval and the 

way the fractures are connected to the fracture network.  Including relatively small fractures into 

calculations of an average cubic law derived aperture will ultimately result in an average hydraulic 

aperture that is likely smaller than the true hydraulic aperture.   

Aside from highlighting the errors in cubic law derived fractures from injection test, results from this 

research also reveals issues in the typical methods of constructing simulated fracture networks from 
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field derived fracture characteristics for DFN models. When creating random fracture networks for use 

in DFN models, common commercial software generates 3-dimensiaonl networks based on user inputs 

of fracture statistics.  Common fracture statistics used include: frequency, intensity, spacing, aperture, 

length, and orientation.  What is often omitted from these models is the spatial information related to 

fracture characteristics.  Applying fracture characteristics to a domain in this manner ignores depth 

discrete, high flow pathways observed in hydraulic tests and thus the spatial relationship between 

fracture characteristics and flow is lost in the simulated network. 

Summary of Conclusions 
1) The 3-D numerical model for flow in discretely fractured porous media proved to be useful for 

simulating three-dimensional fracture networks with variable apertures and investigating the effects of 

non-ideal formation characteristics on T and aperture estimation. Hundreds of simulations were made 

to accomplish this examination and the robustness of the model allowed simulations to encompass a 

range of formation characteristics that are relevant to many field site conditions and hydraulic test cases 

using straddle packers.  Thus, the SMOKER numerical model and the approach taken in this investigation 

can be used by others as a means of investigating potential sources of error associated with constant 

head injection tests specific to their fractured rock environment.  For this research, a specific straddle 

packer test design was used; however a multitude of hydraulic tests and system designs can be used 

without extensive modifications to the model, making it a versatile tool for evaluation of various test 

and site conditions.  

2) In the calculations of T values from single well packer test field data, it is necessary to assume a value 

of the “radius of influence” because the Thiem equation requires measured head values at two points 

with different radii from the test well.  The first radius value is taken to be the borehole radius (rw) and 

the second radius term (r2) becomes the assumed “radius of influence” (ro).  In fractured rock literature, 

r0 values range from 2 ft (Ziegler, 1976) to 60m (Maini, 1971).  In the numerical simulations, r1 and r2 can 

be taken as any two radii in the flow domain, thereby avoiding the radius of influence assumption and 

allowing for the validation of the model against the Thiem analytical solution without potential error 

associated with the estimation of the r0 term.  Once validated, the numerical model was used to solve 

for the “radius of influence” based on the correct T value derived using the head values at the two 

known radii.  The radius of influence by this method was found to be 100m, in the model domain 

bounded 50m from the well.  This 100m radius of influence value is towards the upper range of values 

assumed by many investigators reported in the literature.  The r0 proved to be sensitive to the pumping 
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rate, fracture aperture and matrix hydraulic conductivity.  However, because the r0 term is inversely 

related to the natural log of the transmissivity, and the pumping rate was constant between simulations, 

the small difference in r0 caused by matrix and fracture properties did not have a significant influence on 

the results allowing for the use of a single r0 of 100m for all experiments. 

3) As expected, for planar fractures in a permeable rock matrix, the Thiem/Cubic Law derived aperture 

calculated from simulated packer injection results was found to be larger than the model aperture 

because of the flow into the rock matrix when the matrix permeability exceeds a critical value.  This 

value was found to be dependent upon the permeability ratio between the hydraulically active fractures 

in the test interval and the rock matrix.  This critical permeability ratio (Kf/Km) was found to be 1x105 or 

greater, consistent with values reported in the literature for fracture dominated flow under non 

injection conditions.  When the permeability ratio is an order of magnitude lower than the critical value 

of 1x105, calculated apertures were observed to be as much as 70% greater than their true value.  For 

fractured rock environments with matrix permeability 1x10-7 m/s or less, influence of matrix flow on 

determination of T and aperture using injection test results is insignificant. Increasing the number of 

fractures in the test interval was found to lessen the effects of matrix permeability, because the increase 

in fracture permeability (Kf) has a more significant impact on flow from the interval than the increased 

surface area for matrix flow caused by the addition of fractures.   

4) Injection into fractures connected to the model boundary (infinite outflow, non-confined) shows that 

nearly all the applied head is dissipated close to the borehole, generally 2m or less for the range of 

fracture apertures investigated with larger aperture fractures dissipating pressure over a shorter 

distance.  Vertical intersecting fractures were shown to only impact injection test results if larger than 

the tested fracture and within a 2m radius of the borehole.  This suggests that the greatest potential for 

encountering fracture conditions that can contribute to injection test errors (e.g borehole cross 

connection) is within a 2m radius of the borehole.   

5) The formula presented in rock mechanics literature (Sarkar, et al., 2004) to calculate a single 

equivalent aperture for multiple fractures of varying aperture connected in series did not produce an 

equivalent aperture consistent with the hydraulic aperture calculated from the injection test results.  A 

weighted harmonic mean formula for fractures connected in series derived from porous media concepts 

for orthogonal flow through porous beds did produce equivalent apertures consistent with hydraulic 

apertures calculated from simulated injection tests of fractures of variable aperture connected in series.  
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The relative position of aperture variations within the fracture series was found to not significantly 

influence the calculated equivalent aperture.  

The formula derived for calculating a single, equivalent 2b of a parallel network of fractures was derived 

from porous media concepts for flow through parallel beds.  This formula produced values of equivalent 

2b consistent with hydraulic apertures calculated from simulated injection tests conducted on parallel 

networks consisting of varying aperture fractures using the Thiem and cubic laws.  This showed that flow 

from an injection interval into a parallel network of fractures was controlled by the individual 

transmissivity of each fracture.  The proportion of total flow carried by each fracture in the parallel 

network was found to be extremely sensitive to its aperture as is predicted by the cubic law.  Once the 

bulk transmissivity of the parallel network is 1.5 times that of the smallest fracture, the contribution of 

the smallest fracture to flow is reduced to 20% and when the bulk transmissivity is 2.7 times that of the 

smallest fracture, it carries less than 5% of the flow from the injection interval.  This suggests that 

individual or small numbers of fractures have the potential to completely control the dissipation of head 

from an injection interval and can therefore result in significant error in hydraulic apertures calculated 

using the cubic law which assumes all fractures contribute equally to flow.   
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